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Abstract 
 

Globally, the number of children born every year with a rare anaemia exceeds 500,000. 

The symptoms of rare anaemias range, depending on the mutation, from mild to severe, 

and in many cases prove to be fatal. The geographical prevalence of rare anaemias is 

concentrated in developing countries where resources available for diagnosis and 

treatment are scarce. The gold standard diagnosis of rare anaemia requires a three-tier 

investigation which is costly and not readily available in the areas most afflicted. As such, 

there is a need for a low-cost and user friendly method of diagnosis for these diseases.  

 

This thesis investigates the diagnostic abilities of a bio-chemical assay that exposes red 

blood cells to a low pH shock using microfluidic techniques. This involved the 

development of a novel low-cost microfluidic instrument, which has been named 

MeCheM, to run Lab-on-a-Chip devices. The experimental techniques and protocols 

developed are critically reviewed using healthy blood samples as the control. The results 

from the control population establish baselines for comparison against the diseased 

samples. Subsequently, the developed methods are investigated for diagnostic capabilities 

using rare anaemia blood samples.  

 

The results from these investigations suggest that there are observable differences for the 

developed Flow Test in the case of the Thalassaemia and Hereditary Spherocytosis 

disorders. Similarly, the developed Cell-Surface Adhesion measurements highlighted 

significant differences among the Sickle Cell samples. Additionally, secondary 

investigations indicated correlations between the gold standard Red Blood Cell Count and 

the RBC Count as measured using MeCheM, and Mean Corpuscular Volume and  

Average Cell Projected Area (pre-acid addition). The development of MeCheM, a novel 

microfluidic instrument, as a stand-alone device is a key output from this body of work.  
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Research output 
 

 

 

 

US Patent application number: 16604400 

Title: Microfluidic Device and Apparatus 

Link: http://surl.li/dorsu 

Description: A microfluidic test apparatus including a microfluidic device having a first 

reservoir for receiving a first fluid containing a sample of cells, a microfluidic test region, 

a first microfluidic pathway provided between the microfluidic test region and the first 

reservoir; and a port for connection to a pump, the apparatus including a first pump 

connected to the port and configured to pump a priming fluid into the port, a second pump 

connected to the port and configured to apply suction at the port when operated and a 

controller configured to control operation of the first and second pumps, where the 

controller operates the first pump to prime the microfluidic device and operates the second 

pump to draw a test volume from the first reservoir into the microfluidic test region. 
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“Once you make a decision,  

the universe conspires to make it happen”  
– Ralph Waldo Emerson 
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Chapter 1 Introduction 
 

1.1 Anaemia 
Globally, anaemia affects approximately 1.93 billion people, with Iron Deficiency 

Anaemia (IDA) being the most common form of this blood disorder.1,2 Typically, iron 

deficient red blood cells (RBCs) are smaller in size, with lower levels of haemoglobin 

(oxygen carrying protein) and ferritin (iron carrying protein). Most forms of IDA are mild 

and can be treated with dietary changes and iron supplements. Blood transfusion is also 

a treatment option in more severe cases.3 

 

However, there is an uncommon sub-group of anaemias described as ‘rare’, ‘hereditary’, 

or ‘inherited’, that are much more complicated with respect to both their diagnosis and 

treatment. These hereditary anaemias range from mildly symptomatic to fatal and their 

prevalence largely dominates in developing countries.4  

 

1.2 Rare anaemia in developing countries  
Although the prevalence of rare anaemias is increasing in Europe due to immigration, 

most cases are found amongst the ethnic populations of Sub-Saharan Africa, 

Mediterranean countries, Southeast Asia and India.4–8 

 
Figure 1-1 Data from the World Health Organisation (WHO) on the global prevalence of iron deficiency and inherited 
anaemia in women of reproductive age shows that >40% of the cases are found in Sub-Saharan Africa, the Middle 
East and India.9 Data is described as percentage. Image sourced from WHO website, 2021.10 
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The predominance of RBC disorders in these regions is related to the following factors; 

(i) the association between consanguineous relationships and genetic disorders, and (ii) 

the protection afforded against Malaria by the heterozygous sickle cell trait.11,12  

  

1.2.1 Consanguineous relationships  

A consanguineous relationship is described as a union with a close family member such 

as a first or second cousin.13 Such close relationships do not provide enough gene 

heterogeneity. Elevated gene homogeneity increases the risk of autosomal recessive gene 

mutations.14 Many inherited diseases can be traced back to consanguineous 

relationships.14,12  

 

Inbreeding is almost non-existent in Europe due to the prohibition of marriage if the 

individuals are within 4 degrees of consanguinity by Roman civil law, with the notable 

exception of European nobilities.15 There is a high prevalence of consanguineous 

marriage in regions, such as Sub-Saharan Africa, the Middle East and Southeast Asia, 

that are the most effected by inherited anaemia.16 

 
Figure 1-2 Worldwide distribution of consanguineous relationships from Bittles and Black shows high percentages in 
regions most affected by anaemia.16 Reprinted with permission from Bittles and Black. 

The low socio-economic status of these localities also contributes to the issues of the 

inherited disorders and consanguinity.7 In developing countries, there is often less access 

to education, particularly for females, and it is characteristic that couples will marry and 

become pregnant at an early age.16 The insufficient education means that, in many cases, 

people are not aware of the risks associated with consanguineous relationships, owing to 

their prevalence in developing countries.  
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1.2.2 Malaria paradox  
Malaria is a life-threatening disease caused by the bite of a female mosquito infected with 

the parasite Plasmodium Falciparum.17 According to the World Malaria Report 2019 by 

the WHO, 93% of worldwide Malaria cases were recorded in the Africa region, with 19 

countries in Sub-Saharan Africa and India carrying almost 85% of those cases.18 

 
Figure 1-3 Global incidence of Malaria,  from the World Malaria Report 2019, shows the case incidence rate per 1000 
at risk population.18 Source: WHO estimates. 

Interestingly, the regions with high incidence of Malaria also show a high rate of infants 

born with Sickle Cell Disease (SCD).19  

 
Figure 1-4 Incidence of infants born with Sickle Cell Disease show the majority of cases are found in Sub-Saharan 
Africa and India.19 Reprinted with permission from Springer Nature. 

The correlation between SCD and Malaria is not coincidental. In fact, links between both 

diseases have been reported in multiple studies.20–22  For carriers of the sickle cell trait, 

HbS, it has been found that the HbS gene mutation affords some protection against 

Malaria upon infection.17,23  
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Whilst individuals with the HbS trait can succumb to Malaria, it is rare that the contraction 

of Malaria will prove to be fatal.23  Research conducted by Archer et al. reports that the 

polymerization of HbS upon deoxygenation is responsible for the growth arrest of the 

Plasmodium Falciparum parasites.21 It is suggested that this is the mechanism responsible 

for the protection afforded against Malaria by the HbS trait.  

 

1.3 Sub-divisions of Rare Anaemia 
Rare anaemia is an umbrella term that covers a range of mutations of the red blood cell. 

These mutations can be classified into haemoglobinopathies, membranopathies and 

enzymopathies.  

 

Any mutation associated with the haemoglobin protein is categorized as a 

haemoglobinopathy. Mutations of the red blood cell membrane are classified as 

membranopathies and, similarly, mutations associated with the enzymes of a red blood 

cell are referred to as enzymopathies.  

 

1.3.1  Haemoglobinopathies 

Haemoglobin (Hb) is the most abundant protein the in red blood cell and is vital for 

oxygen transport around the body.24 For a healthy individual, the adult haemoglobin 

molecule consists of 4 protein sub-units; 2 sub-units of α-globin and 2 sub-units of β-

globin.  

 

Each of these 4 sub-units are attached to haeme which contains an iron atom in its centre.25 

One iron molecule will bind to one oxygen molecule and there are approximately 270 

million haemoglobin molecules per red blood cell.26 The optimal functioning of 

haemoglobin is absolutely critical for oxygen delivery. Abnormalities in this protein will 

diminish the oxygen-carrying capacity of the RBC which can result in serious and life-

threatening conditions.  

 

Approximately 7% of the global population carries a trait for a mutant haemoglobin 

making it the most common form of inherited anaemia worldwide.27 

Haemoglobinopathies are divided further into 2 sub-categories; (i) Thalassaemias, and 

(ii) Sickling disorders.28 
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(i) Thalassaemias  

Thalassaemias are caused by mutations of the α and/or β-globin sub-unit of the 

haemoglobin molecule. 

 

α-Thalassaemia 

Alpha-thalassaemia is caused by anomalies (reduced; α+ and/or absent; α0) in the 

production of the α-globin chains of haemoglobin29.  The severity of anaemia varies from 

mild (if only one gene is involved) to severe (no expression of α-genes).  

 
Figure 1-5 Categorization of the variations of α-gene mutations. ‘Silent’ α-thalassaemia is termed as such due to the 
mild anaemic clinical presentation. α-thalassaemia trait is characterised by microcytic anaemia and is often 
misdiagnosed as iron deficiency anaemia. Hb Bart’s Hydrops Fetalis Syndrome is fatal if not treated immediately. If 
the child survives birth, it will have irreversible abnormalities and  will require lifelong transfusions.29 Reprinted with 
permission: © 2018 The Authors. Published by Elsevier Inc. 

The α-Thalassaemia trait can be misdiagnosed as iron deficiency anaemia due to both 

disorders displaying microcytic red blood cells.30 Undiagnosed α-deletion types can 

increase the risk of carrying a foetus with Hb Bart’s Hydrops Fetalis Syndrome which 

often results in foetal demise by the third trimester.31 In addition to miscarriage, women 

carrying a foetus with Hb Bart’s Hydrops Fetalis Syndrome have a heightened chance of 

developing severe pre-eclampsia throughout the pregnancy.32   

 

Correct and early diagnosis of the α-Thalassaemia trait is essential to provide the 

individuals/families with information about the risks of this inherited disease.  

 

β-Thalassaemia 

Beta Thalassaemia is characterised by reduced (β+) or absent (β0) synthesis of the β-globin 

chains on the haemoglobin molecule.33 β-thalassaemia is a heterogeneous disease with 

over 200 mutations identified thus far.34 The disease can be further divided into 3 sub-

categories; (i) β-Thalassaemia Minor, (ii) β-Thalassaemia Intermedia, and (iii) β-

Thalassaemia Major.  
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As the name might suggest, β-Thalassaemia Minor (BTm) is the least severe of the 3 sub-

categories. In this condition, there is one mutated or deleted β-globin gene alongside one 

fully functional β-globin gene33. Affected individuals typically display mild anaemic 

symptoms and often don’t require a treatment plan.35 

 

However, despite the relatively benign presentation of BTm, the correct diagnosis of the 

disease is essential as parents carrying the β-Thalassaemia Minor trait have a 25% chance 

of conceiving a child that will suffer from the fatal β-Thalassaemia Major.36  

 

β-Thalassaemia Intermedia (BTI) is a homozygous disease of moderate severity caused 

by 2 defective β-globin genes which results in decreased function of the red blood cell.37 

The clinical presentation of BTI is generally more pronounced than BTm with patients 

sometimes displaying retardation of growth and development.33 Individuals affected by 

BTI are also at risk of facial deformities and osteoporosis, among other bone 

abnormalities, due to hypertrophy of erythroid marrow.38  

 

Treatment of BTI is dependent on the clinical manifestation of the disease in the patient 

and can include splenectomy, drug therapies and blood transfusions.39  

 

β-Thalassaemia Major (BTM) is a life-threatening homozygous disease caused by 2 

defective β-globin genes.34 With a predicted survival rate of only 50% for patients 

suffering with BTM by aged ~29, it is essential that this disease is diagnosed as early as 

possible to increase patient quality of life.40 

 

Frequent blood transfusions are the most common form of treatment for BTM. If a patient 

does not undergo transfusion often, it is likely they will die from high-output heart 

failure.33  

 

Unfortunately, there are many complications associated with frequent blood transfusion 

such as; growth retardation in children, failure to reach sexual maturation, liver fibrosis, 

hypersplenism among others.41,42,43  

 

As mentioned previously, carriers of the β-Thalassaemia Minor trait are at risk of 

conceiving a child with BTM. Genetic screening for BTm is an option available to some 
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families, however, it is not a universal solution. Most of the affected areas are located in 

the developing world and genetic screening is often not financially possible.44 The lack 

of genetic screening results in significant numbers of infants born with BTM which puts 

a severe burden on the patients, their families and health services.45 

 

(ii) Sickling disorders  

Healthy RBCs have a specific biconcave morphology which is optimal for oxygen 

transport and delivery.46 The discus shape of the RBC allows for the compression required 

for its passage through the small capillaries and vessels of the body.47  Any shape which 

deviates from this disc-like architecture will result in reduced oxygen delivery.48 Such is 

the case for sickling disorders. 

 

Sickling disorders, more commonly referred to as Sickle Cell Disease (SCD), is a blanket 

term which covers a range of haemoglobin mutations that result in the loss of the 

biconcave shape referred to as sickling of the RBC.  

 

SCD was first reported in 1910 by James Herrick with the observation of irregularly and 

sickled shaped cells, as such, the term ‘sickle cell’ was coined.49 The specific mutation 

which generates SCD is caused by a single amino acid substitution (glutamic acid for 

valine) in the β-globin sub-unit of Hb.19 This substitution produces the mutant 

HaemoglobinS (HbS). Upon deoxygenation, HbS crystallises creating polymers of 

haemoglobin which give the sickle cell its characteristic sickle shape.50 

 
Figure 1-6 Scanning electron microscope image of sickled RBCs adapted from Abay et al.51Reprinted with permission: 
© 2019 Abay, Simionato, Chachanidze, Bogdanova, Hertz, Bianchi, van den Akker, von Lindern, Leonetti, Minetti, 
Wagner and Kaestner. 
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Sickled RBCs show a great reduction in cell deformability which limits their travel 

through the narrow capillaries of the body.52 This reduces oxygen delivery to tissues and 

can result in acute vaso-occlusive pain.53  

 

Patients suffering with SCD also have a range of other associated complications and 

comorbidities including chronic pain, heart failure, kidney problems, liver disease, delay 

in growth and puberty, increased risk of stroke, and premature death among many 

others.54,55,56 

 

SCD can present itself as homozygous (HbSS) or heterozygous (HbS), where HbS is a 

carrier of the trait and HbSS is severely clinically symptomatic.57 There are other 

variations of HbS which can also induce sickling such as; HbSC, HbSE, HbSβ, and 

others.58 

 

SCD can be cured by the patient undergoing allogeneic haematopoietic stem cell 

transplantation (HSCT).59,60 However, this procedure is not frequently conducted due to 

difficulties in finding matched donors, the procedural risks involved and the overall 

associated expense.60,61,62 More generally, the primary treatments of SCD are regular 

blood transfusions and drug therapy (Hydroxyurea).54   

 

Parents carrying the HbS trait also have a 25% of conceiving a child with homozygous 

SCD. Although there are screening tests for SCD, they are not readily available in Sub-

Saharan Africa where the disease is most prevalent resulting in high numbers of infants 

born with the hetero/homozygous sickle cell disease.63,64,65 

 

1.3.2 Membranopathies  

The erythrocyte membrane is ~8 µm in diameter, ~2 µm in thickness and adopts a 

discocyte shape.66 This biconcave architecture allows for optimal flow through the small 

vessels of the body.67 The geometry of the RBC is maintained by a complex 2-

dimensional membrane structure, consisting of a cytoskeleton anchored to a lipid bilayer 

via membrane proteins.68,69,70 RBCs have unique and extraordinary membrane properties 

which allow their deformability along a linear axis up to 250%. However, just a 3 – 4% 

increase in surface area will result in haemolysis.71  
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Figure 1-7 Schematic diagram from Paradkar and Gambhire72 of the RBC membrane structure displaying the 
peripheral (spectrin, 4.1R) and integral (Band 3, Rh complex) proteins. Reprinted with permission from Springer 
Nature. 

RBC membrane proteins are classified into 2 distinct groups; (i) peripheral membrane 

proteins, and (ii) integral membrane proteins.73 A filamentous network of peripheral 

proteins (Spectrin, Actin, protein 4.1R, to name a few) are located on the cytoplasmic 

surface of the phospholipid bilayer.68  

 

These proteins are commonly referred to as the membrane skeleton and are responsible 

for the membrane elasticity and mechanical stability of the RBC.68 Integral proteins 

(Band 3, Aquaporin-1, glycophorins) are anchored into the lipid membrane through 

hydrophobic, electrostatic and other non-covalent interactions with lipids in the bilayer.74  

 

These proteins are responsible for the transport of anions across the cell surface.75 

Abnormalities of these membrane proteins can result in fatal diseases such as Hereditary 

Spherocytosis (HS)76,77,47 and other RBC disorders.48  

 

(i) Hereditary Spherocytosis  

Hereditary spherocytosis (HS) is an umbrella term referring to a group of heterogeneous 

inherited membrane defect disorders which result in the spherical appearance of the 

RBCs.78 HS is the most common red cell membrane disorder with a prevalence of 1:2000-

5000 in people of Northern European descent.79 Deformities in the membrane proteins 

band 3, spectrin, ankyrin and/or protein 4.2 are typically found as the cause of HS and 

there is a multitude of isolated gene mutations encoding these membrane proteins.80  
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HS can range in disease severity from asymptomatic to the patient requiring regular blood 

transfusions.6 Early diagnosis is advantageous as delays in treatment can cause long-term 

complications such as gall stones and severe anaemia.81 The most common laboratory 

diagnostic tests for HS are; (i) Complete Blood Count (CBC), (ii) Eosin-5’-maleimide 

(EMA) Test, (iii) Plasma Membrane Protein Electrophoresis, and (iv) Osmotic Fragility 

Test (OFT).  

 

Although a general diagnosis of Hereditary Spherocytosis can be inferred from the CBC, 

OFT and EMA tests, specific diagnosis involves a more complex and expensive test.81,82 

A low-cost test with specific mutation diagnosis would be very beneficial for the patients 

and for future research of Hereditary Spherocytosis. 

 

(ii) Elliptocytosis  

Hereditary Elliptocytosis (HE) refers to a group of red cell membrane disorders which 

are characterised by the elliptical shape of the RBCs.83 Like Hereditary Spherocytosis, 

HE is highly heterogenous with genetic mutations found in the spectrin, band 3 and 

protein 4.1 membrane proteins of the RBC.69 HE can be classified into the following sub-

categories; (i) HE trait, (ii) typical HE, (iii) Pyropoikilocytosis, and (iv) Neonatal 

Poikilocytosis. In the case of HE trait and typical HE the symptoms are rare, however, 

for Pyropoikilocytosis the anaemic effects are severe and patients will require regular 

blood transfusions to improve quality of life.76 

 
Figure 1-8 Pyropoikilocytosis blood sample image from Da Costa et al.83 with characteristic elliptical cells (red 
arrows), ovalocytic cells (blue arrows) and fragmented cells (black arrows). Reprinted with permission: © 2013 
Elsevier Ltd. All rights reserved. 

Neonatal Poikilocytosis presents clinically as severe haemolytic anaemia in the first year 

of life and often requires regular blood transfusions throughout that period. Typically by 



 

 

11  

11 

the second year, the symptoms will have subsided and the infant will experience mild 

Hereditary Elliptocytosis.83,84  

 

The clinical diagnosis of HE is similar to HS with a focus on aberrant RBC morphology, 

protein 4.1R deficiency and spectrin variants.76  

 

1.3.3 Enzymopathies 

Lacking a nucleus and other cytoplasmic cell organelles, the mature RBC requires 3 

fundamental metabolic pathways to carry out transport and delivery of oxygen around the 

body; (i) anaerobic glycolysis, (ii) anti-oxidant pathways, and (iii) nucleotide 

metabolism.85  

 

Anaerobic oxidation of glucose (glycolysis) is the exclusive source of energy for the 

RBC. Glycolysis is responsible for maintenance of RBC structure and function.86 

 

Anti-oxidant pathways are essential to maintain cellular oxidant and anti-oxidant 

homeostasis.87 Although oxidants serve an important role in the RBC, an excess can lead 

to damage of cellular components.88 Thus, the role of the anti-oxidant pathways is to 

preserve the balance of oxidants within the RBC thereby allowing for the protection of 

the RBC components. 

 

Nucleotide metabolism supports the production of ATP and guanosine triphosphate 

(GTP) by providing the substrates adenine monophosphate (AMP) and adenine 

diphosphate (ADP).89 The optimal functioning of these enzymes is critical for the 

maintenance of the RBC membrane. 

 

Enzymopathies are inherited disorders of the red cell enzymes which can emerge as point 

mutations, insertions, deletions or splice defects.90 These abnormalities are the cause of 

inherited anaemias termed ‘hereditary non-spherocytic haemolytic anaemia’.91 Unlike 

haemoglobinopathies and membranopathies, enzymopathies often show no visible 

morphological abnormalities rendering them difficult to diagnose via conventional 

clinical methods.90,92 The 2 most commonly observed  enzymopathies are Pyruvate 
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Kinase Deficiency (PKD) and Glucose-6-Phosphate-Dehydrogenase Deficiency 

(G6PD).90   

 

(i) Pyruvate Kinase Deficiency  

Pyruvate Kinase Deficiency is a chronic haemolytic anaemia whereby the patient’s blood 

cells undergo premature haemolysis.93 PKD is caused by a recessive enzyme defect of the 

glycolytic pathway.94 The Pyruvate Kinase enzyme regulates glycolysis which is essential 

for ATP production in the RBC thus a mutation in this enzyme will result in an ATP 

shortage.95 This ultimately affects the deformability of the RBC which results in a 

shortened life span. PKD can present a range of clinical manifestations from 

asymptomatic to hydrops fetalis.96,97  

 

The haematological indices of PKD are similar to those observed in other red cell 

disorders.98 These similarities give rise to challenges with discerning one disorder from 

another using the standard clinical testing.  

 

As the haematological indices of PKD are non-specific, the diagnosis typically follows 

exclusion of any other red cell disorders.99 For specific diagnosis, there must be a 

demonstration of decreased enzyme activity and/or the identification of mutations in the 

PKLR gene.97  

 

There are 2 gold standard methods for diagnosing PKD at present; (i) measurement of PK 

enzyme activity in RBC lysates with confirmation by DNA sequence analysis of PKLR, 

(ii) screening by NGS panels.100–102  

 

Although these approaches are the most widely used, they have some drawbacks. The 

assay for the detection of PK enzyme activity may give false results due to a high number 

of immature red blood cells (reticulocytes) and interference of donor RBCs from 

transfused individuals. Confirmation by DNA sequencing analysis has many advantages 

such as relatively rapid time to achieve results (2-10 working days) and low cost with 

high sensitivity and specificity. However, DNA sequencing is unable to differentiate 

between homo/heterozygous carriers and can face interference from the same issues 

mentioned above for the detection of enzyme activity.99  
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Recent advances in Next Generation Sequencing (NGS) has been showing success for 

genetic mutation diagnosis.92,103,104 However, although NGS can give highly accurate 

diagnosis, there is a lot of data complexity caused by a large number of variants of 

unknown clinical significance.103 

 

(ii) Glucose-6-Phosphate-Dehydrogenase Deficiency 

Glucose-6-Phosphate-Dehydrogenase is an enzyme located in the RBC cytoplasm which 

holds a crucial role in the prevention of damage to the RBC due to reactive oxygen species 

(ROS). ROS is an unstable oxygen-containing molecule which reacts with other 

molecules in a cell. Premature haemolysis of the RBC can be caused by oxidative stress 

due to abnormally high levels of  ROS.105 Deficiencies or mutations of the G6PD enzyme 

can generate an acute haemolytic anaemic response throughout the production of ROS.106   

 

Most carriers of the G6PD deficiency are asymptomatic.106 For symptomatic individuals, 

a jaundice complexion is present along with haemolytic anaemia occurring shortly after 

the onset of an infection, exposure to a new chemical or drug, and/or ingestion of fava 

beans.105 Typically, individuals with G6PD deficiency will not require treatment beyond 

the removal of oxidative stressors from their diet. Iron and folic acid supplements can be 

helpful during a haemolytic episode but are generally not necessary.106  

Diagnostic tests for G6PD deficiency are akin to those of the aforementioned PKD with 

the initial testing of the enzyme activity levels, followed by confirmatory DNA sequence 

analysis and, if appropriate, NGS sequencing.106  

 

1.4 Diagnosis of rare anaemias  

1.4.1 Clinical practices for diagnosing rare anaemias   
Multiple rare anaemia disorders can present similar clinical features upon preliminary 

evaluation of a complete blood count (CBC). The implication of this is that the specific 

diagnosis of these inherited blood disorders can require several lines of investigation 

comprising; (i) clinical investigations, (ii) biochemical testing, and (iii) molecular 

analysis.107 
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(i) Clinical investigations  

Complete blood count analysis includes a battery of tests used as the first investigative 

layer in diagnosing a rare anaemia.4 Typically, the initial focus is on the following 

parameters; (i) Red Blood Cell Count (RBC Count), (ii) Haemoglobin Concentration 

(Hb), (iii) Mean Corpuscular Volume (MCV), (iv) Mean Corpuscular Haemoglobin 

Concentration (MCHC), (v) Red Cell Distribution Width (RDW), and (vi) Reticulocyte 

Count.108 

Test Description 

RBC count 

The average healthy human will have an RBC count between 3.92 – 

5.61 x 1012/L.109 Decreased RBC counts may suggest premature 

removal of RBCs from the circulatory system which could be indicative 

of their health status and suggest the presence of anaemia.  

Hb concentration 

Hb concentration quantifies the amount of Hb per RBC. Low levels of 

Hb are typical in patients with both iron deficiency and inherited 

anaemia.110,33  

MCV 

MCV results indicate the average size of the RBCs in a sample. A low 

MCV result could suggest microcytic anaemia, which is common in 

iron deficiency anaemia or Thalassaemia.111 

MCHC 

MCHC considers the amount of Hb per unit volume of the RBC. It is 

not unusual for a patient with hereditary spherocytosis to show a high 

result for MCHC.112 MCHC is also observed in theThalassaemias.113 

RDW 

RDW measures the size distribution of the RBC sample. Patients with 

Sickle Cell Disease often display higher values in contrast to a healthy 

sample.114  

Reticulocyte 

count 

Reticulocytes (immature RBCs) are produced at a higher rate if the 

body requires compensation for premature RBC destruction, indicating 

the presence of a haemolytic anaemia. Contrary to that, reticulocytes 

are produced at a lower rate if the anaemia is caused by erythropoietic 

insufficiency.4  
Table 1-1 Preliminary investigations to decipher whether the patient has anaemia are carried out via CBC analysis. 
Although these can point a clinician towards an anaemic diagnosis, the results are not disease specific and further 
testing is required to determine the type of anaemia. 

In addition to a CBC, peripheral blood smears (PBS) can also give an insight into the 

possible cause of anaemia through visual examination. This is particularly important for 

rare anaemias that display morphological deformities, for example, SCD where the RBCs 

are abnormally sickle shaped.115 
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Figure 1-9 Peripheral blood smear of a blood sample from a patient positive for SCD, (a), and a healthy control, (b). 
The abnormally shaped cells in (a) are highlighted with a yellow circle. Image obtained from work conducted within 
this thesis. 

CBC and PBS coupled with knowledge of the familial history help to point clinicians in 

the right direction for more in-depth rounds of testing.  

 
(ii) Biochemical testing  

Biochemical testing is used to further reduce diagnostic ambiguity by either eliminating 

or highlighting certain disease phenotypes. Clinicians will carry out a variety of 

biochemical tests depending on the suspected anaemia, some of which are described in 

Table 1-2 below. 
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Method Description 

Sickling test 

HbS will tend to sickle under low oxygen conditions. The Sickling test 

introduces an oxygen depletion chemical to the blood sample to induce 

sickling of the RBCs if HbS is present.  This sicking can be observed with 

the use of a microscope.116 

Solubility test 

For a blood sample containing HbS, incubation with sodium dithionate will 

produce a turbid solution due to precipitation of HbS. In contrast, a healthy 

control (HbA) will appear clear, albeit with a red colouring.117 

Electrophoresis 

Electrophoresis is based on the principle that proteins contain either a 

positive or negative charge which is determined by their amino acid 

sequence. Upon the application of an electric field, the migration of proteins 

will either be in favour of the cathode (positively charged proteins) or the 

anode (negatively charged proteins). A stain is applied to visualise the 

locations of the Hb bands. For the typical HbA, there is a characteristic band, 

and this will differ in the case of a mutated Hb (HbS, HbE, Hbα, Hbβ).118 

EMA binding 

test 

The Eosin 5-Maleimide (EMA) binding test is used in the diagnosis of HS. 

EMA is a dye that binds to the Band 3 protein on the RBC membrane.  For 

HS and other membranopathies the levels of Band 3 binding will be reduced 

in comparison to a healthy blood sample. The samples are analysed via their 

fluorescent intensity output during flow cytometric investigations.76   

AGLT test 

The Acidified Glycerol Lysis Test (AGLT) uses acidified glycerol to lyse 

RBCs. A spectrophotometer measures the turbidity of the solution, and thus, 

the cell lysis over time. Output results are analysed as the time taken to 

achieve 50% lysis. Results showing < 5 minutes are typically classed as 

pathological and suspect for HS.119 

OFT 

The principle behind the Osmotic Fragility Test (OFT) is that healthy RBCs 

will lyse within a certain timeframe upon exposure to a hypotonic solution. 

For a patient with HS, the osmotic fragility of the cells will be increased thus 

they will lyse quicker than a healthy sample. In comparison, the dehydrated 

sickle cell will take longer to complete lysis.120,121  
 Table 1-2 Listed above is a non-exhaustive list of tests conducted following preliminary haematological testing. The 
results of the investigations list in the table above are used as good indicators for disease type, but samples will still 
require confirmatory testing.   

 
High-performance liquid chromatography 

High-performance liquid chromatography (HPLC) is the favoured laboratory method due 

to its high sensitivity and specificity for detection of the most prevalent haemoglobin 
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variants and its fast turnaround time (< 3 minutes). The basic principle behind HPLC is 

that proteins with a greater charge will move more slowly through a chromatography 

column. The time taken for this passage is termed the ‘retention time’.116 HPLC allows 

for the separation and quantification of the various types of haemoglobins as each Hb 

protein will possess a different charge and therefore the retention times should also differ. 

 
Figure 1-10 Chromatogram output adapted from ChromSystems showing the characteristic retention times for various 
haemoglobin types. HbA0 is normal, healthy adult Haemoglobin and should be the most prevalent  Hb in a healthy 
adult individual.122 © 2023 Chromsystems Instruments & Chemicals GmbH. 

A disadvantage with this method is that some haemoglobin variants will have a retention 

time in a similar or identical range.123 This is clearly a problem as clinicians could 

misdiagnose a patient based on HPLC results. Thus, a confirmatory test must be 

conducted to ensure the reliability of the diagnosis.116  

 

As previously mentioned, biochemical testing is not used for conclusive diagnostic 

purposes. Clinicians are required to analyse the results from the preliminary clinical 

investigations and the biochemical testing to determine a possible diagnosis and take this 

knowledge forward to the final stage of testing: molecular analysis. 

 

(iii) Molecular analysis  

The final, and confirmatory, step in diagnosing an inherited anaemia is the application of 

molecular diagnostic techniques such as DNA sequencing, Polymerase Chain Reaction 

(PCR), and Next Generation Sequencing (NGS). These methods are highly sensitive and 

require trained personnel for their operation.124–126    
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 Polymerase chain reaction 

PCR is a widely utilised laboratory technique for the amplification of short DNA 

sequences from a relatively low number of copies.127 PCR techniques have been 

transformative in molecular diagnostics for a range of areas including forensics, 

infectious diseases and, of course, inherited disease diagnosis.128,129  

 

Although PCR is a highly sensitive and specific method for highlighting known 

mutations,124 the heterogeneous nature of the inherited RBC disorders would likely 

provide previously undiscovered gene sequence mutations. As PCR is dependent on some 

knowledge of the DNA sequence of interest, unknown sequences would present a 

diagnostic challenge.   

 
Next Generation Sequencing 

NGS is a method by which the nucleic acid sequence of a sample is determined.126  It is 

a relatively recent technological advancement but its ability to detect a range of genetic 

variants has already transformed the diagnostic field. As such, it is clear to see that this 

technique is imperative for not only the confirmatory diagnosis of rare anaemias, but also 

for new genetic mutation discovery.  

 

Agarwal et al. have successfully demonstrated NGS as a highly sensitive molecular 

diagnostic approach for hereditary anaemias.92 However, the use of NGS is not a universal 

solution in many cases considering the expense (£6000 - £7000) and time (~ 4 hours) 

required to obtain results.130,131 Particularly, employing NGS remains unrealistic in many 

countries where these blood disorders are most prevalent.132,133,134  

 

With the vast majority of rare anaemias predominant in developing countries, a low-cost, 

point-of-care device would be invaluable in the diagnosis of these diseases.135 
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Figure 1-11 A summary diagram of the different categories of Rare Anaemia, their clinical characteristics, 
investigative tests and treatment options.  

 

1.4.2  Diagnosis in developing countries 

Developing countries face major obstacles with respect to their diagnostic and screening 

resources. Few clinics are equipped to execute genetic diagnostics and there is a lack of 

available resources for the general population due to inadequate expertise, facilities and 

financial limitations.134,136 As a result, inherited anaemias can be misdiagnosed, if 

diagnosed at all, resulting in either incorrect, or a complete absence of, treatment.  
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Figure 1-12 The socioeconomic status of countries can be defined by the Human Development Index (HDI). The HDI 
scale goes from 0-1, with 1 being the most developed. The above map from ‘Our World in Data’ allows a visual 
representation of the regions that have a mid (0.55-0.7) to low (<0.55)  score on the HDI scale.137 These countries also 
have the highest prevalence of anaemia and malaria, see maps in previous sections. Reprinted with permission: © 2020  
Heidt, Siqueira,  Eersels, Diliën, Grinsven, Fujiwara, and Cleij. 

With approximately 750,000 anaemic related deaths per year in Africa and India alone, it 

is fair to say that anaemia is a severe burden to the health systems of the aforementioned 

and other developing countries.8  

 

1.4.3  Challenges for current point-of-care diagnostics for rare anaemia 

As previously mentioned, one of the biggest constraints on the testing and diagnosis of 

inherited anaemia in developing countries is the lack of financial resources with respect 

to laboratory equipment and trained personnel. Though a considerable effort has been 

made to develop low-cost and point of care solutions.138–140 

 

Paper-based haemoglobin solubility assays and or lateral flow immunoassays have been 

developed for detection of SCD and sickle trait and G6PD deficiency.141–144 For the 

Thalassaemias and Spherocytosis, NESTROFT (Naked Eye Single Tube Red cell 

Osmotic Fragility Test) was developed for disease detection. NESTROFT exploits the 

knowledge that the aforementioned disorders will display resistance or increased 

susceptibility to environmental osmotic changes.76,145,146 

 

However, although these developments are continuing to progress in the hereditary 

anaemia diagnostic field, thus far, there are no gold standard confirmatory point of care 

diagnostic tests available. A brief description of the advantages and challenges associated 

with current point of care (POC) technologies is given in the following sections.  
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(i) Haemoglobin solubility  

The Hb solubility assay is used in low resources settings as a screening technique for 

HbSS, HbS, HbSC and HbS-β. The objective of this assay is to identify the presence of 

HbS in a blood sample.141 

 

The principle of this test relies on the dissolvability of haemoglobin in a blood sample 

upon mixture with a solubility (phosphate) buffer. A drop of the blood sample mixed with 

the solubility buffer is placed on chromatography paper. Healthy Hb will disperse and 

form an evenly distributed pale red circle around the drop whereas the insoluble HbS will 

precipitate and become trapped in the fibres of the paper. This will form a concentrated 

dark red circle in the centre of the paper which is clearly distinguishable from the evenly 

distributed pale red of the normal Hb.147 Results can be obtained visually by the user or 

digitally by a custom image analysis program as demonstrated by Piety et al.143  

 

An advantage of this test is its low-cost (< $0.25 per sample), and although this technique 

reports good sensitivity and specificity for detection of HbS (94.8% and 87.8% 

respectively148), it does not give information about other possible Hb mutations within 

the sample or any indication of disease severity. Thus, this test cannot be used for 

confirmatory diagnosis of disease or specific Hb mutations.  

 

(ii) Lateral flow  

The first commercial application of the lateral flow test (LFT) was used for the detection 

of the hormone hCG in urine, which is produced in the early stages of pregnancy.149 Since 

then, lateral flow tests have been transforming the diagnostic field due to their ease of 

use. The principle of LFTs is the detection of a molecule of interest (antibody, antigen, 

hormone etc.) through specific bio-recognition molecules which are immobilised on to 

the surface of a porous membrane, typically chromatography paper.150  

 

In 2016, McGann et al. presented a paper on a lateral flow immunoassay (Sickle SCAN) 

for the diagnosis of common Hb mutations which lead to Sickle Cell Disease. The paper 

reports very high sensitivity (98.3-100%) and specificity (92.5-100%) for the detection 

of; HbA, HbS, and HbC.151   
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Although the sensitivity and specificity of Sickle SCAN is quite high, there is a potential 

risk of overlooking less common mutations as the test concentrates on screening for the 

most prevalent mutations.  

 

In effect, there is no ‘one size fits all’ approach when it comes to POC screening and 

diagnosis where the tests currently available are searching for a few specific mutations 

that are not inclusive of all the mutations that cause rare anaemia.  

 

(iii) Osmotic fragility  

The osmotic fragility of erythrocytes has been a topic of interest since the initial 

observations of William Hewson (1773) when he reported swelling or shrinking of RBCs 

dependent on the salt concentration of their dilution media.152,153  

 

There is an osmotic pressure in RBCs that is attributed to a concentration difference of 

solutes across the cell membrane. In a hypotonic solution, a pressure difference is created 

due to the change in salt concentration of the solution surrounding the RBC. This pressure 

difference causes the cell membrane to become more permeable to water due to 

osmosis.154  

 

Parpart developed the Osmotic Fragility Test (OFT) in 1946 to measure the degree of 

haemolysis of red blood cells when subjected to osmotic stress and this was later 

optimised by Kattamis et al. (1981) to be used for screening of β-thalassaemia trait, and 

other anaemias, in the one tube osmotic fragility screening test.155,156  

 

The principle of the one tube osmotic fragility test is to dilute RBCs in solutions of 

different salt concentrations to induce haemolysis. The rate at which haemolysis occurs 

provides information about the hydration status of the RBC or it’s membrane stability and 

may suggest the presence of a rare anaemia.   

 

For this test, 0.02 mL of whole blood is pipetted into Eppendorf tubes containing a 0.36% 

saline solutions. The results are visually interpreted as negative if the sample solution 

appears as clear and red following a 5 minute incubation time at room temperature with 

a 0.36% saline solution, and positive if the sample displayed a turbid solution following 

the same conditions. Kattamis et al. reported high sensitivity for detection of β - 
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thalassaemia trait (>96%) using a 0.36% saline solution with a 5-minute incubation time, 

however, the test is unable to distinguish between the various β-thalassaemia mutations.   

 

Further evaluations of the one tube osmotic fragility test for detection of β-thalassaemia 

trait, later termed NESTROFT (Naked Eye Single Tube Red cell Osmotic Fragility Test), 

have been conducted and all observe high sensitivities between 91 and 100% for detection 

of β-thalassaemia trait.146,157,158 NESTROFT specificities have a wider range from 66 – 

100% as outlined in the review by Piplani et al.158  

 

Unfortunately, this test does not give any definitive information regarding specific 

mutations or disease severity and other types of anaemias present in the sample, for 

example, it has been reported that iron deficiency anaemia can produce false positives 

using the NESTROFT method.158,159 

 

NESTROFT is incomparable to more advanced and commonplace laboratory techniques 

however, due to the prevalence of rare anaemias in developing countries, a low cost 

solution like NESTROFT is ideal where laboratory facilities are lacking.160 

1.5 Haemolysis by low pH  

1.5.1  Proposed mechanism for acid haemolysis 

The most abundant protein in the RBC membrane is the Band 3 protein which is 

responsible for cell volume maintenance, HCO3-/Cl- exchange, and conservation of the 

RBC architecture.161–164  

 
Figure 1-13 Schematic diagram of the RBC membrane structure displaying the peripheral (spectrin, 4.1R) and integral 
(Band 3, Rh complex) proteins. Reprinted with permission. © 2016 American Society of Hematology. 
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The transport of HCO3-  is critical for the maintenance of cellular pH and the Band 3 

protein facilitates this by exchanging intracellular HCO3- for extracellular Cl- across the 

RBC membrane.165  

 

Upon entering a low pH environment, the HCO3-/Cl- channel is activated and Cl- enters 

the cell. In the case of the acid stress test, the additional Cl- ions present in the sample is 

due to the dissociation of HCl to H+ and Cl- ions.  

 

The increase of negatively charged intracellular chloride ions also causes a rapid change 

in the RBCs membrane potential which causes the opening of Na+ gated ion channels.166 

This leads to an influx of Na+ ions via either the Na+/H+ antiporter or sodium channel.161  

 
Figure 1-14 Proposed mechanism for haemolysis by low pH shock. Water enters the RBC via aquaporin channels in 
the membrane of the RBC after the RBC has been exposed to a low pH shock causing swelling of the RBC membrane 
and, finally, haemolysis.  

In an effort to maintain the osmotic balance between the intra and extra cellular fluid, 

water will also enter through aquaporin channels resulting in cell swelling.167,168 In the 

absence of any counteracting method, the cell will continue swelling until reaching its 

critical volume causing cell necrosis by haemolysis, see above in Figure 1-14.169 

 

Past studies have shown that the pre-treatment of RBCs with DIDS (4,4′-

diisothiocyanato-stilbene-2,2′-disulfonic acid), a HCO3-/Cl- exchanger (Band 3 protein) 

inhibitor, prevents the effects of acid haemolysis.170,171 Inhibition of the Band 3 protein 

with DIDS suggests that this protein is responsible for the influx of extracellular Cl- ions 

into the cell upon exposure to a low pH environment. Band 3 function is reported as 

reduced, and in some cases, severely reduced, in all Rare Anaemias. It is considered that 
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applying a low pH shock to RBCs with known Band 3 impairments may highlight a novel 

diagnostic factor. 172,173,174 

 

1.5.2  Microfluidics for point-of-care diagnostics in low resource settings 
Microfluidics is the science of fluid flow on the microscale, concerned with volumes in 

the nano to microlitre ranges.175 The sub-categories of microfluidics include Lab-on-a-

Disc (LoaD), droplet-based microfluidics, and Lab-on-a-Chip (LoaC).176–178  

 

There are many advantages to using microfluidic technology. One such benefit is that the 

sample and reagent consumption are significantly reduced in comparison with the 

accepted gold standard methods in many cases. For example, due to low concentrations 

of bacteria in the blood of a patient suffering with life-threatening sepsis, high sample 

volumes (10 – 30 mL) are required for detection using standard protocols.179 There are 

other indicative diagnostic factors for sepsis, such as measurement of neutrophil 

dysfunction in a blood sample.  Ellet et al reports a microfluidic platform which measures 

the phenotype of neutrophils from only one droplet of blood (~ 35 μL) with 97% 

sensitivity and 98% specificity for identification of sepsis.180  

 

For comparison, standard haematological analysis requires a blood volume of ~120 µL.181 

Whilst this volume is not typically a significant loss for the average adult, it could prove 

to be critical in the case of neonates.182,183 Thus, the reduction of sample requirements 

would be particularly beneficial for neonatal screening and diagnosis.   

 

Importantly, another advantage of microfluidics is the decreased sample reaction time 

due to reduction of length scales, thus a reduction in diffusion times. Time from test to 

result is especially important for high throughput of samples and reducing these times is  

highly advantageous for on-site testing in rural villages. 

 

Pumping systems for microfluidic devices can be both passive (non-mechanical) and 

active (mechanical). The obvious benefit to a passive system is that there is no 

requirement for external instrumentation.184  
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Passive flow techniques include but are not limited to; Gravity-Driven, Capillary Action, 

Osmosis, and Vacuum Driven. Each of these have their advantages but also have 

limitations, see Table 1-3. 

 
Table 1-3 Examples of non-mechanical, or passive, microfluidic flow techniques, their general principle and 
limitations.  

Contrastingly, active, or mechanical, flow systems require the use of external 

instrumentation, like syringe pumps, external motors for centrifugal microfluidics, and 

electroosmotic pumps. 184,185  An example of some common types of active flow systems 

are described below in Table 1- 4. Although the requirement for external instrumentation 

may be considered a drawback for active pumping systems, the precision of the flow 

within the microchannel is greatly increased. 

 
Table 1- 4 Examples of active flow techniques. Each technique requires the use of external instrumentation, but overall 
system flow control is greatly increased in comparison to the passive flow techniques. 

However, despite the increased flow control, instrumentation required to run microfluidic 

chips can be bulky and the experimental setup can be labour intensive.  

 

To run a LoaC device, the user will require at the very least a syringe pump and a 

microscope.186 The sample will be loaded into the syringe and infused at a flow rate 

determined by the user. Reactions within the chip can be visualised on a microscope and 

recorded for further probing if the setup includes a camera.   

 

The requirement for a new syringe per test to prevent cross contamination adds a costly 

element to an otherwise inexpensive test. Replacing the syringe also increases the time 

per test reducing test throughput. Although most laboratories are equipped with a bench-

top microscope, this is not always true in the case of developing countries where facilities 

are lacking.187  
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Thus, there is a need for a user-friendly, low-cost and compact microfluidic testing kit 

that has a high throughput ability for rapid diagnosis of blood mutations from minute 

samples of blood. 

1.6 Thesis overview   
As detailed in this review, the requirement for a low-cost, point of care test with high 

sensitivity and specificity for distinguishing between the different types of rare anaemias 

is essential. The current gold standard diagnostic tests comprise a 3-tier investigation 

from clinical investigations to molecular analysis. These investigation methods are 

expensive, time consuming and require trained personnel and advanced technology.  

 

Often rural villages in localities where these blood disorders are most prevalent do not 

have the facilities for such investigations. In addition to diagnosis, a low-cost pre-marital 

screening test would be of great benefit for prevention of unions between carrier parents.  

 

This section has outlined the different types of hereditary anaemias, the current methods 

of diagnosis and a potential new application of the acid haemolysis test in rare anaemia 

diagnostics. The acid haemolysis test has been mostly used to date in Eastern Europe and 

Russia for monitoring the resistance of erythrocytes to chemical haemolysis. The acid 

haemolysis test gives a measure of Band 3 functionality, which is markedly reduced in 

Rare Anaemic red blood cells, particularly for Haemoglobinopathies and 

Membranopathies. 

 

The adaptation of the acid resistance test in a user-friendly microfluidic setup and 

investigation of acidic lysis on various hereditary anaemias is the forefront of the research 

aim.  

 

Chapter 2 outlines the materials used throughout this work. 

 

Chapter 3 describes the development of a microfluidic cartridge and operational 

instrumentation. This chapter also details the development of the system and experimental 

protocols. The work conducted in this chapter directly relates to the patent, see Appendix 

A.5.  
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Chapter 4 investigates the application of the developed instrument and methods for 

repeatability within a healthy population. This chapter will give a comprehensive view of 

the advantages and disadvantages of each method highlighting the successful tests.  

 

Chapter 5 compares rare anaemic samples with the healthy population for the previously 

determined successful methodologies.  

 

Finally, Chapter 6 summarises the main findings of Chapters 3 – 5 and future 

recommendations for system optimisations is discussed here.  
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Chapter 2 Materials  
 

2.1 Materials   
BSA (Bovine serum albumin, CAS no: 9048-46-8) was purchased from Sigma Aldrich, 

UK. 0.9% NaCl (Sodium chloride, CAS no: 7647-14-5) was purchased from Fisher 

Scientific, UK. EDTA (ethylenediaminetetraacetic acid, catalog no: 12967666) coated 

vacutainers for blood collection were purchased from Fisher Scientific, UK. 37% HCl 

(hydrochloric acid, CAS no: 7647-01-0) was purchased from Sigma Aldrich, UK and 

diluted to a stock solution of 25% HCl. 

2.2 Dilution medium preparation 
A stock solution of BSA and 0.9% NaCl was prepared by adding 50 mg of BSA to 50 mL 

of 0.9% NaCl. Gentle mixing by hand aided the dissolving of the BSA powder. The stock 

solution was stored at 4ºC until required for testing. This solution was used as the dilution 

medium for both the blood sample and the acid sample.   

2.3 Ethics for blood collection  
Informed consent was given by all volunteers and patients who donated blood for this 

research. Donor anonymity was protected by using codes for each sample. Each volunteer 

and patient was informed of the right to withdraw consent at any point during this 

research.  

2.4 Blood preparation 
Fresh whole blood samples from all donors were collected in the EDTA coated 

vacutainers unless otherwise stated. Samples were stored at 4°C in the vacutainers. 

Samples were used within 2 hours of collection, unless otherwise stated.  

 

8 µL of whole blood was measured by pipette (P10) and diluted in 800 µL of the dilution 

medium (1% BSA, 0.9% NaCl). This diluted sample was used as the working sample for 

all tests unless otherwise stated. 



 

 

30  

30 

2.5 Acid preparation 
25% hydrochloric acid, HCl (CAS no: 7647-01-0, Merck, UK) was diluted in 1% BSA 

and 0.9% NaCl to achieve a pH of 0.7 ± 0.1 and made up to a volume of 2 mL. 

2.6 Microfluidic cartridge 
The microfluidic cartridge was manufactured using both standard SU-8 photolithography  

and proprietary bonding methods. The dimensions of the microfluidic channel were as 

follows:  

 

• Width of (a)-channel: 0.5 mm 

• Width of (b)-channel (b): 0.25 mm 

• Width of the merged channels: 0.75 mm 

• Channel depth: 0.04 mm 

• Channel length: 30 mm 

 

The microfluidic channel used was referred to as the ᚴ-channel due to its shape.  

 
Figure 2-1 The microfluidic channel designed used for comparative testing between healthy and diseased samples was 
the ᚴ-channel. Diluted blood was stored in reservoir (a) and diluted acid sample was stored in reservoir (b).  

2.7 Experimental protocols 
Design and development of all systems and experimental protocols described in this 

section is thoroughly discussed in Chapter 3. 

 

All experiments were carried out at room temperature ~ 20°C ± 2°C. Fresh blood (used 

within 2 hours of extraction) was used unless otherwise stated and all whole blood 

samples were stored at 4°C. Once diluted, samples were used immediately.  
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2.7.1  Flow test 
Sample preparation 

1. Blood diluted in 1% BSA and 0.9% saline to a concentration of 15%. Final volume 

in Eppendorf tube should be 50 µL. 

2. HCl added to Eppendorf tube by drop until pH is 0.7 as read by pH meter. 

Experimental setup 

1. Chip is inserted into holder on MeCheM and is secured to microfluidic circuit 

board. 

2. MeCheM is switched on via the switch at the back of the instrument. 

3. User opens up operating programme on laptop and uses the real-time view to adjust 

the focus if required using the z-focus wheel. 

4. System is primed by initiating the priming step via the operating programme which 

primes the channel with the priming solution at a flow rate of 1.8 mL/min for a 

volume of 0.8 mL. 

5. Upon completion of priming step, a pipette is used to remove excess priming 

solution from the sample reservoirs. 

6. User pipettes 50 µL of the blood and acid sample into their allocated reservoirs. 

 

MeCheM operation 

1. User runs the testing phase via the operating programme which includes pre-set 

‘fast’ flow rate of 5 µL/min for a volume of 1.5 µL followed by the testing flow 

rate of 0.5 µL/min for a volume of 1.5 µL. 

2. User starts a timer for 120 seconds for flow stabilization. 

3. Immediately after 120 seconds, user begins image and video capture. 

4. The first position to be captured is in the blood sample channel prior to the 

intersection with the acid sample channel and is unmarked. 

5. User should use the multi-capture function to capture 10 images per position. 

6. User should move the XY-stage manually to the next marked position for image 

capture. 

7. Upon completion of positional image capture, user should scan along the channel 

and image any areas of interest (cell adhesion to surface). 
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System reset 

1. Following the completion of the testing phase, the user employs the ‘Empty 

syringe’ function on the operating programme. 

2. Once this function has been completed, the user removes the chip and disposes of 

it in a biohazard bin. 

 

2.7.2  Low magnification drop test 

Experimental setup 

1. Microscope slide placed on top of MeCheM holder. 

2. MeCheM switched on via switch at back of instrument. 

3. User pipettes 5 µL of dilute blood sample on to the microscope slide and allows 

~ 90 seconds for cells to settle into the plane of focus. 

4. User opens up operating programme on laptop and uses the real-time view to 

adjust the focus as required using the z-focus wheel until the cells come into view. 

 

Low magnification drop test protocol 

1. User initiates video recording via the MeCheM operating programme. 

2. User pipettes 2.5 µL of HCl stressor on top of the diluted blood sample. 

3. User concludes video recording when cell lysis has been completed or the test 

time had reached 3 minutes. 

4. User disposes of microscope slide in biohazard bin. 

 
Figure 2-2 (a) Typical image of the LMDT prior to acid addition, (b) example of complete haemolysis by HCl exposure. 
The remaining artefact was debris on the microscope slide. Faint spherical structures can be seen in (b). These are 
referred to as ‘ghosts’ and are the remains of the RBCs after their contents have been evacuated from the cytoskeleton. 

2.7.3  High magnification drop test 
Experimental setup 

1. HMS is switched on via the switch at the back of the instrument. 

2. User pipettes 100 µL of blood sample into well and allows ~ 90 seconds for cells 

to settle. 

(a) (b)
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3. User opens up operating programme on laptop and uses the real-time view to 

adjust the focus as required using the z-focus wheel until the cells come into view. 

 

 High magnification system protocol 

1. The manual XY-stage is used to navigate through the well to capture image of the 

cells prior to acid addition. 

2. User initiates video recording using the operating programme. 

3. 50 µL of HCl stressor is carefully added to the well plate by angling the pipette 

tip to make contact with the side of the well surface. 

4. Upon lysis of the last cell in the FOV, or if the test time had reached > 3 minutes, 

the video recording is stopped and the test is considered completed. 

5. Once the well plate is full, it is disposed of in a biohazard bin. No further system 

reset is required. 

2.8 Analysis  
Graphs and analysis were carried out using Microsoft Excel and GraphPad Prism.  

2.9 Haematology analyser measurements 
The haematology analyser used for blood measurements within this body of work was 

the CELL-DYN Sapphire Haematology Analyser. The CELL-DYN Sapphire 

Haematology Analyser measures peripheral blood cells in whole blood samples by way 

of impedance for Red Blood Cell count (RBC), Mean Corpuscular Volume (MCV), and 

Red Cell Distribution Width (RDW). The optical scatter method is also an option which 

can be utilised for RBC count. Haemoglobin concentration is measured by 

spectrophotometry.  
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2.10 Patient RBC indices 

 
Table 2-1 Compilation of all patient samples with their haematological values reported for; Red Blood Cell Count 
(RBC), Mean Corpuscular Volume (MCV), Mean Corpuscular Haemoglobin (MCH), and Red cell Distribution Width 
(RDW), for the investigations carried out in this thesis.   

Si
ck

le
d 

D
is

ea
se

s
Sample code Disease RBC, 1012/L MCV, fL MCH, fmol RDW, %

S1 HbSS 4.74 58.1 1.17 22.1

S2 HbSS 2.83 97.8 2.08 20.1

S3 HbSS 3.46 80.5 1.69 24.4

S4 HbS/BT 2.70 116.0 2.60 17.3

S5 HbS/BT 2.88 86.9 1.69 28.7

S6 HbS/BT 4.42 71.3 1.40 20.6

S7 HbSC 4.75 64.9 1.43 19.1

Th
al

as
sa

em
ia

s

S8 BTM 3.01 84.6 1.74 15.6

S9 BTM 3.10 76.2 1.73 24.5

S10 BTI 2.42 83.9 1.59 28.1

S11 BTm 5.77 53.4 1.05 16.3

S12 HbH 5.68 59.6 0.86 26.1

S13 HbA/HbH 4.31 72.6 1.55 28.1

S14 HbE/HbH 4.90 75.6 1.64 12.2

M
em

br
an

op
at

hi
es S15 HS 4.41 83.5 1.86 16.8

S16 HS 3.20 82.0 1.79 21.6

S17 HX 3.15 101.0 2.16 11.3

S18 HX 4.25 87.7 2.04 12.9
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Chapter 3 Microfluidic platform development 
 

3.1 Introduction and justification  
Microfluidic point of care (POC) devices have been altering the diagnostic field since the 

emergence of the technique in the 1980s.175 As the name suggests, microfluidics is the 

study of fluid on the micro-scale, that is, in the region of nano to microlitres.188 Operating 

with fluid on the micro-scale allows for faster experimental reaction times with much 

smaller volumes of sample and reagents.189 This makes microfluidics an attractive 

solution for neonatal screening and diagnosis, particularly in developing countries where 

large reagent consumption could be expensive.  

 

The World Health Organization have defined a set of criteria for the development of 

diagnostic technologies for low-middle income countries. Their recommendations report 

any such devices should be user-friendly, low-cost and robust, and provide rapid and 

accurate results.190 Microfluidic technology satisfies many of these requirements thus it 

is an appealing option for diagnostic test development.  

 

There have been many successful outputs of microfluidics devices including but not 

limited to; the pregnancy test and, most recently, the COVID-19 antigen tests, both of 

which utilise lateral flow paper-based microfluidic technology.191,192 

 

However, microfluidic technology is not without its challenges. Whilst microfluidic 

devices independently tend to be small and easily portable, the instrumentation required 

for operation can often be bulky and difficult to transport.193  Although this is not 

problematic for a standard working laboratory, developing countries typically lack many 

of the resources necessary for operation and analysis of these devices.194 As such, it would 

be beneficial for low-middle income countries to have a user-friendly and relatively 

portable microfluidic instrumentation setup for rapid testing.140 

 

As outlined in Chapter 1, the diagnosis of rare anaemias requires multiple laboratory tests 

prior to disease confirmation. An example of this is the diagnosis of α-thalassaemia 

whereby a clinician is required to carry out a 3-tier investigation including; complete 
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blood count with iron studies, haemoglobin electrophoresis and genetic testing before 

confirmation of a diagnosis is achieved.195 Currently, this amalgamation of tests is 

necessary, but it is far from an ideal single test that gives clinicians a definitive yes or no 

answer. 

 

For the success of a novel diagnostic instrument, it must be, at the very least, as accurate 

as the current laboratory standards. Following that, it should have notable advantages 

such as reduced sample volume and reagent consumption, faster testing times, ease of 

use, potentially novel useful information output, and reduced overall cost196. Another 

imperative function of a new instrument is ease of use. This is especially important for 

developing countries where minimal training on diagnostic devices is a necessity.197  

 

The aim of this chapter describe the development of the research instrumentation to 

investigate the value of the analytical methods and their readouts. This is a necessary step 

towards developing a machine prototype with the ultimate aim of commercialisation.  

 

This chapter will describe; (i) the operation of the novel microfluidic instrument, (ii) the 

microfluidic chip, and (iii) the optimisation of the proposed biochemical assay for 

detection and diagnosis of rare anaemias. 

3.2 Instrument specifications    
In the interest of developing an optimised platform for the proof-of-principle biochemical 

assay, it was critical to consider the user requirements. The areas of most importance for 

the integration of a bioassay on to a Lab-on-a-Chip device are; (i) ease of use of the 

system, and (ii) chip to chip repeatability.  

 

A conventional setup requires the use of standard equipment including a microfluidic 

chip, a syringe pump and a commercial microscope. This equipment is expensive, 

requires training to operate and a suitable laboratory environment. We need a low-cost, 

mobile, user-friendly screening and diagnostic device for developing countries. As such, 

the first challenge to be addressed was combining the necessary components into a 

portable instrument that required minimal training.  
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 3.2.1 Technical requirements  
The specifications for the proposed instrument were centred on the 2 main system 

requirements; (i) flow, and (ii) imaging capabilities. 

 

(i) Flow requirements  

A popular syringe pump that is used in Lab-on-a-Chip setups is the Mirus-Evo-1311-02 

(Cellix Limited, Ireland). This pump, shown below in Figure 3-1, permits connection to 

8 microchannels simultaneously, it has automatic syringe refill and boasts an incredibly 

low flow rate (100 nL/min – 20 µL/min with 100 µL syringe). This pump comes with an 

impressive capability, however, it is costly at €9,595 (priced February 2022).  

 
Figure 3-1 Mirus Evo syringe pump from Cellix Limited. 

One of the selling points of the pump, automatic syringe refill, is, in fact, a disadvantage 

when multiple samples require testing. One of the aims in developing this system was to 

run multiple samples as required. The Mirus Evo pump would require a new syringe and 

system clean each time a new sample was tested to avoid contamination between samples, 

increasing testing time and decreasing the ease of use of the system.  For the proposed 

assays the flow precision of the Miro Evo pump was not required. 

 

The requirements for the new pumping system were; (i) low flow rate capabilities, and 

(ii) removal of any potential areas for system contamination.   

 

(ii) Imaging requirements  

In a typical microfluidic setup, the imaging system uses a standard upright light 

microscope. The microfluidic chip is attached to an XY-stage and the user manually 

moves the stage to image the points of interest on the chip. This requires training on the 
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mechanics of the microscope and the software for image capture. While it is fair to note 

that this is not particularly taxing for the user, the insertion and removal of the 

microfluidic chip and the necessary microscope refocusing all increase assay testing time.  

To fully understand the challenges of a standard microfluidic setup, its recreation was 

attempted at Epigem with a low precision syringe pump.  

 
Figure 3-2 The original setup was clearly not easily portable requiring a syringe pump, microscope and computer to 
conduct the assay. Access to such equipment is taken for granted in well-equipped laboratories. It is important to 
realise that this is not always the case in the laboratories of developing countries.  

 
The main disadvantages of this imaging system was the lack of portability and the total 

bench space it consumed, along with the necessity for training on any microscope and 

pump control software.  

 

The requirements for the imaging system were simple; the RBCs travelling down the 

microchannel needed to be imaged. It was not important to have high magnification or 

resolution for this as the test output was a cell count verses position along the channel, 

monitoring cell survival over time with exposure to the chemical challenge, namely acid. 

It would be advantageous to simultaneously capture image and video footage, and this 

should be stored in a file format that is suitable for analysis in any standard programme 

(Microsoft Excel, GraphPad Prism etc).  

 

(iii) Essential system 

Following many trial runs of the initial setup, a list of essential and desired system 

requirements was determined.   
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Component Requirement 

Flow Multi-use. Inexpensive syringe pump. Portable. 

Image capture 
Multi-use. Inexpensive imaging system. Portable. Sufficient magnification to see 
the RBCs travelling through the microchannel. Image capture essential. Video 
capture desired. 

Image analysis Analysis of captured data should give the diagnostic output. This will be given in 
terms of cell count per position along the channel. 

Cartridge Single-use, disposable. Inexpensive. Portable. 
Table 3-1 Essential requirements for instrumentation. 

As can be seen from the above Table 3-1 the system requirements are simple. The 

fundamental steps in the protocol were agreed to include the following; 

 

- Microfluidic chip insertion: the single-use chip is inserted and secured in place 

to couple it to the instrument. 

 

- Sample input: user is required to insert pre-made sample/reagent solutions into 

respective sample reservoirs.  

 

- Sample flow: the low flow pump is initiated, and sample/reagent are withdrawn 

from their respective reservoirs through the microchannel. 

 

- Image capture and analysis: user should capture images of cells at distinct 

distances along the microchannel which correspond to the time of the reaction. 

Appropriate analysis should be conducted. 

 

- Results reporting: results of image analysis are utilised to report the test results.  

 

- System clean and cartridge disposal: low flow syringe should be reset to its zero 

position and chip can be disposed of appropriately.   

3.3 Instrument development  
Flow through a microfluidic chip can be achieved by various methods including pressure 

driven flow and, more commonly in a standard laboratory setup, positive displacement 

pumping.198  
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Positive displacement pumping uses a syringe pump to execute fluid flow through 

microchannels.199  

 

With aims of establishing a device that is economically accessible for developing 

countries, the syringe pump is an attractive solution given that it is a relatively 

inexpensive instrument.200 

 

3.3.1  Fluidic components  
The pump used in the microfluidic setup in Figure 3-2 was an Aladdin Syringe Pump 

(AL-1000; World Precision Instruments, USA) costing ~ €1,000 (priced June 2022). 

While the specifications of this pump were as required and it was programmable, the 

additional manual settings increased the cost of this pump. The Aladdin pump was also 

quite bulky, which would increase final instrument dimensions. In an effort to keep 

instrument dimensions and costings as low as possible, it was decided to source lower 

cost and smaller original equipment manufacturer (OEM) pump. The syringe pumps 

chosen for instrument development were positive displacement pumps (New Era NE-500 

OEM, Pump Systems Inc. USA) which cost ~ €500. 

 

To remove the requirement for thorough system cleaning, the application of negative 

displacement pumping, or withdrawal mode, was investigated. Withdrawal mode would 

allow the samples to be stored on a single use chip, thus removing the requirement for 

intensive system cleaning.  

 

(i) Proof of principle for use of syringe in withdrawal pumping mode 

An initial concern for using the syringe pump in withdrawal mode was that there would 

not be sufficient suction within the system to pull the samples through the microchannel 

at a low flow rate. To test the validity of this option, the microfluidic chip was redesigned 

to have 2 reservoirs in which the samples would be stored and a tube fitting at the end of 

the microchannel which would connect the chip to the syringe pump.  
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Figure 3-3 (a) original chip setup with 2 separate syringe connections to the microfluidic chip. Syringes were filled 
with sample and syringe pump infused samples at the same flow rate into the microfluidic chip. The test waste was 
collected in a reservoir at the end of the microchannel on the chip. (b) Re-design of the chip included reservoirs to 
store the samples, meaning that the syringes were no longer required to store the sample and reagents. This 
configuration was used in withdrawal mode which moved the samples from their reservoirs through the microchannel.  

To achieve the low flow rates required, the syringe that was chosen for these 

investigations was a gas tight glass 100 µL syringe (Kloehn, part no: 17593; IMI 

Precision, USA). The flow rates that were investigated were between 0.1 and 10 µL/min.  

 
Figure 3-4 This sequence of images shows a fluorescent dye (neon green) and water (dark green) travelling through 
the microchannel. (a), (b) and (c) correspond to different positions along the channel. (a) shows the junction where the 
2 liquids meet in the channel. (b) is a midpoint where the two fluids have diffused into each other and (c) is the end of 
the testing channel. White dashed lines have been added to the image to highlight the microchannel edges. Orange 
cross denotes the connection of the chip to the syringe pump. Fluorescent sample and water was stored in external 
reservoirs connected to the chip on the LHS, not shown above. Images were captured using an inverted Nikon Ti-E 
microscope. Flow rate was 0.1 µL/min. 

The result of this investigation confirmed that the syringe pump maintained sufficient 

power to pull the samples through the microchannel for all of the flow rates investigated. 

The dimensions of the microchannel in Figure 3-4 are as follows; (i) length = 30 mm, (ii) 

(a) (b) (c)

Direction of flow

500 !m
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width = 0.5 mm, and (iii) depth = 0.04 mm. An example of samples moving through the 

channel using fluorescent dye and water is shown above in Figure 3-4.   

 

Although this initial step to investigate the use of negative displacement pumping for 

movement of fluid through the microchannel was successful, an issue was found 

concerning air entrapments within the channel. Air entrapments, bubbles, were 

problematic as their presence disturbed the smooth flow of cells through the channel, 

leading to turbulence and inconsistent test results. 

 

Upon investigation, it appeared there were 2 factors which resulted in air leakage and 

entrapments in the channel. One element was the chip design which is discussed in detail 

in Section 3.5, and the second element was that the storage conditions of the chip naturally 

allowed air to reside in the channel. This required a system priming step to purge the 

channels of air using a priming solution. 

 
(ii) Microfluidic circuit board for system priming 

To accommodate the priming step, a second OEM pump was designed into the system. 

The purpose of this pump was to purge the microchannel of any air by infusing the 

channel with a priming solution at a high flow rate. The high flow rate of the solution 

through the microchannel forced the air out of the channel via the external reservoirs.  

 

However, as there was only one connection from the chip to the syringe pump, the 

addition of a second pump required the development of microfluidic pathways with 

valves to direct fluid flow correctly through the system.  

 

A microfluidic circuit board was designed in-house containing channel pathways, 2 non-

return valves (Part no: 12130; Cambridge Reactor Design, UK) and an electric valve (Part 

no: 6724, Burkert, Germany). This circuit board setup ensured only one pump could 

control the fluid flow at any one time. A schematic of it is given below in Figure 3-5. 
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Figure 3-5 Microfluidic circuit board containing 2 non-return valves in opposing directions (direction of valve 
openings marked with arrow) and an electric valve.  

The second pump was required to withdraw priming solution from an external reservoir 

and pump it through the circuit board via the valves to the microchannel. Although most 

system elasticity was removed through the use of glass syringes and PEEK 

(Polyetheretherketone) tubing instead of plastics, the higher flow rate utilised for priming 

(1.5 mL/min) had the potential to create pressure build-up within the microfluidic circuit 

board system. This pressure build-up would reduce to atmospheric pressure over time, 

however, to remove this variable an electronic valve was employed. The electronic valve 

physically prevented any connection between the high and low flow pumps. This ensured 

that the low flow pump was not influenced by any remaining pressure build-up from the 

high flow pump during testing.  

 

The priming step could be repeated as many times as necessary to remove all air within 

the channel, although typically the air was removed by one purging sequence.  

 

Figure 3-6 describes the new protocol sequence for the user based upon the addition of 

the priming step.  
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Figure 3-6 High flow pump is used for preparing the channel with priming fluid. Low flow pump controls the testing 
conditions under flow. Upon completion of the testing phase, the low flow pump infuses the sample fluid back into chip. 
Chip is then removed and disposed of in a biohazard bin. 

A significant advantage of this system is the reduced user interaction with the instrument. 

The pumps withdraws and infuses the samples as required which eliminates the necessity 

for the user to regularly reload the syringes with a sample and clean the system.  

 

The in-house development of the integrated fluidics system provided a specific path along 

which the fluid would flow and this was imperative for the instrument operation.  

 
3.3.2  Imaging components 

Traditionally, the well-established bench top microscope is the imaging technique of 

choice for microfluidic experimental setups. Other approaches have been developed as 

outlined in a review by Wu et al. including digital in-line holography, scanning based 

techniques and others.201  Advances in the field of optical imaging techniques and data 

processing revolutionised microfluidic applications. However, it is up to the discretion of 

the user to decide the imaging system which is best suited to their application. 

  

For this thesis, the ability to record populations of red blood cells travelling down a 

channel was imperative. Following on from that, it was advantageous for the components 

to be low-cost and readily available for implementation into the system. 
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(i) Camera 

The first area of investigation was the camera for image and video capture. There are a 

wide variety of low-cost solutions for image capture. To allow for creative control over 

the user interface and imaging software, it was advantageous to choose a camera with 

programming capabilities. The camera of choice was the Raspberry Pi, V2 (RS 

Components, UK).   

 
Figure 3-7 The compact size of the Raspberry Pi camera makes it an ideal choice of camera for integration into a 
portable system. The dimensions are 23.86 x 25 x 9mm with 8 megapixel resolution. 

The Raspberry Pi camera module, with a frame rate of 15 FPS and pixel resolution of 

3280 x 2464, could be operated in 2 modes; (i) continuous video mode, and (ii) snapshot 

mode. An advantage of using this camera was that it was possible to simultaneously 

record a video and capture images. This camera proved to be suitable producing very 

clear images and videos, see below in Figure 3-8, and was priced at ~ €40.  

 

(ii) Magnification 

The native magnification of the Raspberry Pi (RPi) camera was not adequate to view the 

RBCs moving along the microfluidic channel. For that reason, an objective lens (Nikon 

achromatic finite conjugate objective lens, 4x, NA: 0.10, Edmund Optics, UK) was 

required for higher magnification, priced at ~ €85.  

 

The distance required between the RPi camera and the lens for optimal focusing of the 

microfluidic channel was 130 mm. Visual observation of the microchannel coming into 

focus on the live video feed informed on this optimal distance. A cylindrical holder was 

designed and manufactured for attachment of the camera and the lens. The holder was 

connected to a z-axis which was adjusted as necessary for fine focusing purposes. 

 

(iii) Light  

Illumination was provided by a white LED (H2A3-NW, 4.0 V; Roithner Laser, Austria) 

which was held in a fixed position above the microfluidic cartridge. To scatter the light 
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more evenly across the field of view of the camera, a diffuser lens (Ground glass diffuser, 

DG10-600; Thor Labs, UK) was positioned just below the LED. This was important for 

analysis of the images at a later stage. This is a very simple microscopy illumination 

system but was found to be adequate for our application. 

 
Figure 3-8 Image of RBCs in microchannel captured by RPi camera with magnification lens connection. Illumination 
was provided by the LED light with diffuser lens for smoothing of light. Visible black lines show channel edges.  

(iv) Chip alignment 

Alignment of microfluidic cartridge was achieved using a manual X-Y stage (Dino-lite 

rotational base, RS, UK) which included an internally manufactured holder specific to the 

design of the microfluidic cartridge. Following initial alignment, the Y-axis subsequently 

required minimal alignment.  

 

Movement of the chip by the user in the X-axis was required to record observations at 

predefined positions along the microfluidic cartridge.  

 

3.3.3  Electronic circuit board 

Ease-of-use is an important factor to consider for the development of any instrument. To 

provide easy operation for the user, it is crucial for the device to be as convenient as 

possible. For this, an electronic circuit board was assembled in-house which supplied 

power and data transfer to the system. This allowed the user to control all aspects of the 

instrument via a specifically designed programme.   

 

250 !m
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In this instrument, the syringe pumps, electronic valve, and light source were all 

controlled via the electronic circuit board, as shown below in Figure 3-9. The only 

interaction the user has with the electronics of the instrument is a common plug 

connection to a power outlet. 

 
Figure 3-9 Schematic of the control setup for the instrument provided by Epigem.  Red arrows indicate data transfer, 
black arrows indicate power. 

 
3.3.4  High magnification imaging 

For the diagnosis of rare anaemias, it is common practice that clinicians will observe a 

patient’s blood smear under a microscope to investigate if there are any abnormal RBC 

shapes that may help in the diagnosis of the patient. The rationalisation for the 

development of high magnification imaging was based on the benefit of viewing RBCs 

for this shape analysis.  

 

This was developed in conjunction to the primary instrument with intentions to integrate 

into the primary instrument at a later stage.  

 

(i) Hardware and imaging 

The components of the high magnification imaging system were similar to that of the 

primary instrument; (i) RPi camera with cylinder attachment to objective lens (Olympus 

50 x, ULWD MSPLAN50) with a distance of 200 mm between camera and lens, (ii) LED 

in fixed position with diffuser lens, (iii) manual XY stage and Z-focusing, see schematic 

below in Figure 3-10. The casing to hold the imaging system together was made in-house. 
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Figure 3-10 Schematic of the high magnification setup. 

Due to its relatively simple setup, the high magnification system did not require too many 

optimisations prior to use. Figure 3-11 shows the optimisation of the high magnification 

imaging setup.  

 

 
Figure 3-11 (a) insufficient magnification and poor lighting conditions made analysis of the image difficult, (b) addition 
of a diffuser lens greatly improved the image for analysis, however the magnification was much too small, and (c) a 
higher objective lens (50 x) produced much better quality images for shape analysis of the cells.  

It was intended that this high magnification setup could be used for shape analysis of 

RBCs prior to and during the biochemical assay experiments. 
 

3.3.5  Summary 

The objective of Section 3.3 was to design an instrument to which a microfluidic chip 

could easily be attached to run biochemical assays. Section 3.3 highlights the 

development of the main instrument with imaging and flow capabilities, see Figure 3-12. 

It also describes an additional imaging tool – the high magnification setup, see Figure 3-

13. This was not integrated into the primary instrument during the course of this thesis, 

but it will be integrated in future instrument iterations.   

50x magnification 
lens

(a) (b) (c)

10 !m30 !m30 !m
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Considering the overall system (instrument, chip, and biochemical assay) was designed 

to use both mechanical (flow) and chemical (acid) stress to the cells, the primary 

instrument was termed MeCheM, and shall be referred to as MeCheM herein.  

 
Figure 3-12 (a) shows MeCheM enclosed in a white outer casing. This casing was 3D printed by collaborators in 
Northumbria University. (b) a diagram of the internal components of MeCheM.  

 

 
Figure 3-13 (a) shows the high magnification prototype, (b) diagram of the components of the high magnification 
system  

50x magnification 
lens

(a) (b)

5 cm 
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3.4 User interface and data outputs 

3.4.1  Interface for MeCheM and High Magnification setup 

Similarly to the hardware, it was also of high importance to provide the user with an 

uncomplicated software for running the system. The requirements for MeCheM were that 

the  user had full control over the pump flow rates, lighting parameters and image/video 

capture.  

 

For the high magnification setup, all that was required was the ability to change lighting 

parameters and capture images and videos. A programme was developed in Python by 

Epigem containing all the necessary components required for the operation of MeCheM 

and the High Magnification test. The user could manually control these parameters, see 

below in Figure 3-14.  

 
Figure 3-14 User interface for MeCheM shows lighting parameter options (top LHS) and syringe pump controls for 
the priming (Pump 0) and testing (Pump 1) pumps (top RHS). (b) displays the real-time test recording, and (a) shows 
the last image that has been captured.  

 

(i) Pumping control 

The user was required to input criterion for the flow rate and fluid volume withdrawn in 

the case of the priming and testing phases of the experiment.  
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The first function to be executed was the “Prime” function. This opened up the electronic 

valve to allow for the removal of a user-determined volume of priming solution at a set 

flow rate from the external reservoir. Upon completion, the electronic valve automatically 

closed preventing any interference from the priming pump throughout the duration of the 

test. 

 

The second operation was to run the ‘Test’ function. Again, this followed the users pre-

set conditions for flow rate and fluid volume removal.  

 

After the test function has run its course, the user is required to implement the ‘Empty 

Syringe’ function. This resets the testing syringe back to its zero position by infusing the 

volume of fluid withdrawn during the test back into the chip for removal. 

 

The pumping control was only required for the operation of MeCheM. This option could 

be disregarded if High Magnification System experimentation was being investigated. 

 

(ii) Camera control 

To accurately monitor cell flow through the channel and cell shape changes using the 

high magnification setup, it was necessary to observe the experiments in real-time. This 

was done via a real-time video capture that the user could see in a designated window 

within the programme. The ability to record the test was also available.  

 

The video capture function was imperative to monitor shape changes of the RBCs over 

time in the high magnification setup. It was also useful in the case of MeCheM to 

highlight any unusual flow patterns of the RBCs  in the channel which may have been 

caused by  abnormal cell shapes (such as sickle).  The video recordings were saved 

automatically to a previously assigned folder. 

 

Camera setup 

Prior to beginning the test, the user was required to turn on the camera using the ‘Start 

camera’ button. A preview window appeared and the user could use this to align the chip 

to the desired position and adjust the focus as desired.  
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Other parameters that could be adjusted at this point were; (i) brightness of the LED, (ii) 

image contrast, and (iii) the magnification. 

 

The user then saved the files to their directory of choice by using the ‘Browse’ function 

which is typical of most applications. 

 

Video recording 

To commence video recording, the user implemented the ‘Record video’ function. This 

recorded a video continuously until otherwise commanded by the user. The video file was 

stored in the user-selected directory as previously described. 

 

Image capture 

Capture of images could be obtained in two different ways; (i) manual, or (ii) automatic. 

To obtain manual images, the user simply used the ‘Capture image’ function, which 

would capture one image. This function was frequently used for the high magnification 

setup to capture high magnification images of abnormal cells. It was also useful in the 

case of MeCheM function to capture any observed abnormalities within the 

microchannel, such as severe cell-surface adhesion.   

 

The automatic capture of multiple images was a more controlled process of image capture 

and was used only with MeCheM during the flow analyses. With this function, the user 

defined the time points at which to take an image, (0.3 – 1.5 seconds) and the number of 

images taken at that position. The files were automatically stored with their position and 

image number reference, e.g. Position 0 Image 1 would be P0_1, and so forth.  

 

For any given experiment, it was recommended to take 10 images at each position which 

totalled 140 images from Position 0 – Position 13. For this reason, the automatic multi-

capture function was the preferred method of image capture. 

 

3.4.2  MeCheM analysis software 

An in-house analysis programmed termed ‘MeCheM Cell Analysis’ was developed by 

Epigem for automated counting of RBCs in the microchannel and on a microscope slide. 

For the flow test, images were uploaded in the sequence they had been taken (i.e. from 
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the 0th to the 13th position). The software could analyse single and multiple images, and 

video recordings. The output was a .txt file with the number of cells counted with the 

associated image number and a raw graph with the data plotted. The .txt file could be 

opened within Microsoft Excel  and GraphPad Prism for further analysis. 

 

Parameters that influenced variation in particle counting included the ‘zoom’ of the 

image, minimum particle size, minimum separation and box size.  

 

The default ‘zoom’ was pre-set specifically for images captured by imaging system in 

MeCheM thus changing the default parameters of this function was not required during 

the course of this work.  

 

Minimum particle size relates to the minimum size of the smallest cell. If this parameter 

was set too high, the programme could not find all the cells within an image. Similarly, 

if it was set too low, the programme would detect smaller particles in the channel that 

were not cells (debris etc.). The user was required to monitor this parameter as it varied 

between different blood samples. Minimum separation is the minimum distance between 

cells. Again, setting this parameter too high or too low may result in inaccurate detection.  

 

Box size is a function that allows the user to determine the region of interest for particle 

counting. For these experiments, the absolute image was taken into account for analysis, 

thus this function was not used.  

 

To check the parameters for uploading multiple images, the user should first upload one 

image and check that all cells in the image are detected accurately. A black circle with a 

cross through it was added over each cell that was detected giving the user a visual of the 

detected cells, see Figure 3-16(a). Once the satisfactory parameters had been established, 

the user then employed the multi-image analysis function.  

 

The particles were counted and a raw graph output was displayed on screen, an example 

is shown below in Figure 3-16 (b). A data file was stored in .txt format and the user 

uploaded this to Microsoft Excel for further analysis. Below in Figure 3-15, a diagram of 

the analysis work flow is given.   
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Figure 3-15 Typical workflow for the image analysis software 

 
Figure 3-16 Data output of multiple flow test images. (a) MeCheM Cell analysis program counts the cell number in a 
field of view. User can manually adjust settings to ensure all cells have been located using the ‘min particle size’ and 
‘min separation’ functions. (b) Output graph from program gives the raw cell count per image.   
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A template was designed using Microsoft Excel macros which quickly provided the 

average cell number for 10 images per position and output a graph with normalised cell 

population count as a function of position along channel.  

 
Figure 3-17 Example output image from Excel® showing the normalised cell count per position for 12 healthy samples 
obtained from University Medical Centre, Utrecht. The error bars are standard deviation.   

 

3.4.3  High magnification analysis 

The analysis program for the high magnification data was written in Python and 

developed between collaborators in the Technical University of Munich and Epigem. The 

interface for the high magnification system analysis was more rudimentary than the 

MeCheM analysis. 

 

The data output obtained from the high magnification video analysis was cell lysis as a 

function of time, cell size distributions as a function of time, and cell size changes as a 

function of time. The output of this program were .csv and .xlsm files containing all the 

information relevant to the aforementioned parameters. These files were further analysed 

as required in Microsoft Excel and GraphPad Prism.  

 

(i) Command Prompt for analysis 

The Command Prompt application in Windows was used to execute the analysis. The user 

ran the following command ‘inferbatch_v2.py’ which called up the analysis programme. 

Once the programme commenced, a browser window appeared prompting the user to 

select the video for analysis, see visual in Figure 3-18.  
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Figure 3-18 Using ‘Command Prompt’ the user can select the videos to be analysed. (a) shows the Command Prompt 
window where user will decide the programme, (b) upon selecting the ‘inferbatch_v2.py’ programme, a window will 
pop up allowing the user to select the videos for analysis.  

Upon selection of a video, the programme requested the user to choose a starting frame. 

This gave the user the option of including or omitting the analysis of the first few frames 

of the video which corresponded to the time before acid addition. Following the starting 

frame decision, the user then had to decide how many frames to analyse. All frames in 

the video could be analysed, or the user could ‘skip’ a number of frames to speed up the 

analysis. It was found that important detail could be lost if the user skipped more than 5 

frames for this analysis, thus, 5 frames was chosen as the maximum number of frames 

that could be omitted.  

 
Figure 3-19 (a) user is given the choice to skip frames within the videos, (b) output files are recorded in a folder 
selected by the user. 

Finally, the user was requested to choose a folder in which to save the output files. Once 

this was selected, the programme began analysing the frames until completion, the time 

for this typically took 15 minutes, although it varied for videos of different length. 

 

(ii) Analysis programme data output 

The data output from the inferbatch_v2.py programme were in the forms of; (i) a .plt.csv 

file containing data recording the cell count over time and the projected area 

measurements over time, and (ii) two .avi files, each highlighting different aspects; (1) 

(a) (b)

(a) (b)
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Figure 3-20 (b) displayed a brightly coloured blob over each cell detected, and (2) Figure 

3-21 shows a circle around each cell that increased or decreased in size with the cell over 

time. 

 
Figure 3-20 The recorded experimental video is shown in (a) and the blob detection analysis is shown in (b). 

 

 
Figure 3-21 Grid marks were added to the video as each cell was given a location within the frame. This allowed the 
user to review specific cells based on their location from the excel spreadsheet. Green circles were drawn around the 
detected cells and the red dot corresponded to the centre of the cell.  

 

(iii) Microsoft Excel compilation  

A macro-enabled template was created in Excel which allowed the user to upload the 

.plt.csv files. As each test was carried out in triplicate, the template required the input of 

3 .plt.csv files. The programme would automatically search for and determine the ‘zero’ 

point, that is, the point after acid addition. Due to the testing method procedure, the pipette 

tip required for acid addition would obscure the view of the camera and, typically, the 

frames would go dark until the pipette tip had been removed. This was logged on the 

(a) (b)
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analysis programme as an error because the cells and their projected area could not be 

measured. In the Excel file, it was recorded as ‘ #N/A’.  

 

The Excel programme would detect an influx of these ‘errors’ and use their location to 

set the zero point. The user could then confirm that the chosen zero point was correct. If 

it was correct, the user could then run the consolidate macro that consolidated the output 

graphs to the zero time point. If the zero point was chosen incorrectly by the excel 

programme, the user could manually change it to the correct zero point before running 

the consolidate macro, see sample data below in Figure 3-22. 

 
Figure 3-22 Example of the data output from the Python analysis programme. Each patient sample was run in triplicate 
and the respective video files were reported in the Excel file as ‘data1, data2, data3’. The information obtained from 
these videos was consolidated and raw charts were reported in the ‘output charts’ sheet. 

The final macro to run was a data binning macro. This macro separated the projected area 

measurements into pre-determined projected area ranges for different time points 

throughout the experiments. The user could modify the time points via the Microsoft 

Excel template. For these experiments, the time points chosen were; (i) t = -5, (ii) t = 20, 

(iii) t = 40, (iv) t = -60, (v) t = 80, and (vi) t = 100, with t = -5 corresponding to 5 seconds 

before the addition of the acid. Figure 3-23 shows the output graphs from the Microsoft 

Excel template. 
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Figure 3-23 Output graphs from high magnification analysis program. (a) shows cell count over time for three runs on 
the same sample (#1 - #3) and their sum (total). Acid addition is at t=0, t<0 is pre-acid addition. (b) projected area 
distribution of cells at selected time intervals. -5=pre-acid addition, 20-100=post acid addition. (c) projected cell area 
over time for all cell tracks. A cell track is defined as a single cell that remains in the field of view of the camera 
throughout the test until lysis or test completion.   
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3.5 Microfluidic chip development  
Whilst the protocol and chip development happened simultaneously, the design and 

optimisation of the microfluidic chip will be discussed first. All microfluidic chips were 

manufactured in-house by Epigem using both standard and proprietary photolithography 

methods. 

 

 3.5.1 Microfluidic chip design  

The original design utilised 2 separate syringe connections to the chip. As previously 

discussed, one of the aims of MeCheM was to remove the need for syringe replacement 

or cleaning after each test.  

  

(i) Version 1   

Prior to the development of MeCheM, the microfluidic cartridges were manufactured for 

connection to an external syringe pump and monitored with an on-bench microscope. The 

first system optimisation was to use the syringe pump in withdrawal mode, meaning that 

only one syringe connection was required. Thus, the first chip design optimisation was to 

manufacture external reservoirs to store the samples and  position the syringe connection 

at the end of the channel so the pump could withdraw samples from the external reservoirs 

through the channel, Figure 3-24.  

 
Figure 3-24 (i) Blood sample and acidic stressor were stored in their respective reservoirs; (A) and (B). The 
microfluidic chip was connected to the syringe pump via an attachment fitting at (C). Fluid from (A) and (B) travelled 
down their separate paths and merged in the interaction channel. (ii) The original design had 2 tests per chip. The 
microchannel was 1 mm in width and 20 !m in depth. The length of the testing channel was 30 mm . This image was 
designed using the 3D CAD software SolidWorks. 

  

(i) (ii) 
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Challenges to overcome 

The most concerning observation of this design was the propensity for air to become 

trapped within the microchannel, Figure 3-25 (b) and (c). 

 
Figure 3-25 Bubbles attached to the wall of the microfluidic channel caused by air leakage around the reservoir 
connection point prevented stable flow of cells through the channels. 

Rubber ferrules were used to seal the external reservoirs to the microchannel. However, 

they appeared to not have adequate sealing, leading to air leaking into the channel when 

the syringe was driving fluid. Leaking of air formed bubbles within the channel which 

affected the fluid flow. These bubbles, Figure 3-25, often adhered to the channel walls 

before or at the point of intersection and would sometimes release into the stream of fluid 

further along the testing channel. The formation of bubbles was problematic due to 

inconsistent flow of fluid around these air entrapments and would often cause incorrect 

software recognition of bubbles instead of cells.  

 

A second issue was the direct connection of the sample channel to the syringe. For 

pumping in withdrawal to be beneficial, it was required that no sample would enter the 

syringe to contaminate it. Version 1 of the chip design would only allow for a very short 

testing time before the samples would contaminate the syringe. Thus, it was decided that 

a ‘sample waste’ serpentine channel should be designed on to the chip that would store 

any of the waste samples on chip without concern about system contamination.  
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(ii) Version 2   

With the advantage of the constant ‘primed’ state of the tubing within MeCheM, a 

significant reduction of air within the channels was observed. However, the external 

reservoirs on the chip remained an outstanding problem for air entrapments. As such, 

sample reservoirs were integrated into the chip design as shown below in Figure 3-26. 

These reservoirs were manufactured by drilling directly into the plastic casing of the chip 

before sealing it to the microchannel.  

 
Figure 3-26 (a) optimised chip design with integrated sample reservoirs. (b) initial chip design with external reservoir 
fittings. 

The design of the casing of the chip was altered to optimally secure into MeCheM 

instrument via a pressured O-ring connection. With this new design, bubbles within the 

channel were consistently removed with the priming step. 

 

The geometry of the channel was designed to be as wide and as shallow as possible 

ensuring that all cells within the channel were in the field of view and field of depth of 

the camera. The length of the interaction channel was 30 mm. The channel depth was 20 

µm with a width in the interaction channel of 1000 µm. This gave an aspect ratio of 50:1.  

 

Challenges to overcome 

With this high aspect ratio came significant issues for chip to chip reproducibility, Figure 

3-27. During the manufacturing process, the bonding of the separate layers caused an 

irreparable buckling of the surface channel wall. This affected the flow within the channel 

and in more severe cases the surface channel would collapse thus preventing any fluid 

flow. 



 

 

63  

63 

 
Figure 3-27 The initial high aspect ratio chip design had very low reproducibility. (a) shows a cross sectional schematic 
of the surface collapse of the channel. (b) The points on the graph represent the mean of the measured cell population 
(n=5) along 4 testing points in the channel. Error bars were calculated from the standard deviation.  

The effect of this surface buckling could result in the measured cell population 

significantly increasing from position 1 to position 2 along the channel. This was due to 

blockages in the acid fluid pathway causing the blood sample pathway to dominate in the 

interaction channel leading to an influx of RBCs in the field of view (FOV).  

 

It was also noted that there appeared to be disturbances of the RBC population around the 

joining of the sample channels to the testing channel. It was unclear whether this was 

caused by channel buckling or if it was a product of the channel design. This was under 

investigation in the next design iteration. 
 

(iii) Version 3  

The final optimisations were to eliminate channel blockages due to surface buckling and 

to remove any uneven flows within the channel. Surface buckling was caused by the high 

aspect ratio of the channel (50:1). Reduction of the high aspect ratio could be easily 

achieved by increasing the depth of the microchannel and decreasing the overall channel 

width. Uneven flow patterns within the channel were suspected to be a by-product of 

sample channel proportions and angles in relation to each other and the testing channel. 

This supposition required investigation. 
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The specifications for the chip were that a sufficient number RBCs (~ 500 cells) could be 

clearly observed in the microchannel, the flow of the cells was laminar, and the chip was 

reproducible.  

 

Reduction of aspect ratio 

Various configurations of channel depth and width were tested to determine the optimal 

channel geometry for reproducible clinical testing, see descriptions of chip designs tested 

below in Table 3-2.  

 

The first design alteration reduced the channel width from 1 mm to 0.5 mm. The reduction 

of the channel width was investigated for a range of channel depths (20 – 100 µm).  

 
Figure 3-28 The image on the LHS shows the initial interaction point of the acid and RBC channels. The image on the 
RHS shows a point further down the channel in the ‘testing’ region. (a) FOV of the MeCheM imaging system for the 
original chip dimensions (1 mm width, 20 µm depth), (b) FOV of the MeCheM imaging system for the new chip 
dimensions (0.5 mm width, 40 µm depth).  

It was found that the increased channel depth caused focusing issues for the camera, i.e. 

the camera could not observe all the cells flowing through the channel in the same field 

of focus. As such, the depth range for the channel was found to be between 20 and 40 

µm.  

 

(a)

(b)
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Notwithstanding the reduction of the channel width, channel blockages were still 

observed for the 20 µm depth chips. Thus, it was decided to fix the channel depth at 40 

µm for future chip variations. 

 

Removal of channel turbulence 

The issue of the channel turbulence and uneven flow patterns still remained. There 

appeared to be an almost reproducible pattern of a RBC velocity increase around the 

corner of the intersection channel for the cells closest to the channel wall.  

 

To investigate the cause of this velocity increase, various chip designs were developed 

and tested including; (i) varying sample channel angles, and (ii) varying sample channel 

proportions.  

 
Figure 3-29 An increase in cell velocity around the corner of the channel was observed for all angle variations of the 
channel design. Here, the acid concentration is 0.25% HCl and the RBC sample was diluted to 15%. 

The result of the sample channel angle variations was that for every angle > 0° tested, the 

increase in RBC velocity around the corner at the interaction of the sample channel and 

the testing channel remained.  Thus, the optimal channel design for  uniform velocity of 

cells was to remove all angles from the RBC sample channel, i.e. a straight pathway from 

RBC channel to testing channel.  

 

Although designing a direct pathway from the RBC sample channel to testing channel 

removed the increased velocity of cells at the channel walls, the cell population still 
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appeared, albeit homogenously, to change velocity as they entered the testing channel. 

This was likely to be caused by fluid constriction as both 0.5 mm sample channels were 

flowing into one 0.5 mm testing channel. Various configurations of channel proportions 

were investigated, Table 3-2 (C – F), and it was found that the optimal design for  uniform 

velocity and sufficient cell numbers for observation was a blood sample channel width of 

0.5 mm and an acid sample channel of 0.25 mm merging into a testing channel of 0.75 

mm.  

 
Table 3-2 Sample of microfluidic chip geometry variations during optimisation tests. Based on visual and graphical 
observations, the chip that was concluded to be the optimal design was iteration F. This chip was used for all flow tests 
unless otherwise stated. 

 
Figure 3-30 SolidWorks design of the optimal chip design for the flow test, iteration F, herein referred to as ᚴ-channel 
(“k-channel”). (a) integrated blood sample reservoir. (b) integrated acid sample reservoir. Measurement bars are 
marked along the interaction channel. Waste from test flows into the serpentine channel which is ~10 cm in length (full 
serpentine not shown in image) and can store a volume of up to 100 µL. 

These chips were highly reproducible and all of the aforementioned issues were resolved 

with this design, Figure 3-30. Thus, it was chosen as the standard chip design for testing 

advancement. Additional markers were added along the outside of the channel to be used 

as reference points for imaging. This chip design is herein referred to as the ᚴ-channel 

(“k-channel”), alluding to its similarity to the symbol.  
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3.6 Development of experimental procedures  
Prior to interrogation of the robustness of MeCheM and the High Magnification System, 

it was critical to develop a standard working protocol for the system. This section 

discusses the development of the experimental procedures that were brought forward for 

interrogation as discussed in the next chapter. Protocols for the developed methods can 

be found in Chapter 2.7. 

 

3.6.1  MeCheM 

The requirement for the flow test was that a measurable reaction (sufficient cell lysis ~ 

80%) must be observable within the testing channel length (30 mm). To achieve this, the 

parameters that were varied; (i) flow rate, and (ii) acid concentration, are discussed below. 

 

(i) Flow rate  

The maximum experimental flow rate was determined by the frame rate of the camera. 

For these experiments, the camera frame rate was 15 frames per second (FPS). It was 

found that the camera could accurately image cells travelling through the channel at a 

flow rate of up to 1 µL/min, Figure 3-31.  

 
Figure 3-31 (a) cells travelling through channel at 1 µL/min. The image is unclear and the cells appear blurred. It was 
not possible to analyse this image using the particle counter programme. (b) cells travelling through channels at 0.5 
µL/min. This image shows clear definition of each cell in the FOV.   

The recognition of the maximum flow rate gave a range for flow rate analysis from 0.1 – 

1 µL/min.  

 

(ii) Flow stabilization 

The initial experimental protocol commenced image capture of the channel immediately 

following the observation of cells in the channel. However, during the course of 

repeatability measurements, it was observed that the measured cell population appeared 

(a) (b)
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to increase in the initial positions of the microfluidic channel where cell reduction due to 

acid lysis was the expected outcome, Figure 3-32.  

 
Figure 3-32 The initial position corresponding to t=0 on the x-axis was expected to show the highest number of cells. 
Cell count was normalised to the number of cells counted at this position. R1 – R4 indicates the test ‘run’. 

To investigate the apparent cell increases, an experiment was conducted using a control 

saline solution in the acid reservoir of the chip to monitor cell population fluctuations in 

one position over time, see Figure 3-33.  

 
Figure 3-33 An image was recorded every 10 seconds for 25 minutes at the junction of the blood and acid channel. The 
results show a flow stabilization time of approximately 2 minutes, where the cell count increases up to that timepoint. 
The flow rate remained stable, albeit with cell fluctuations, between 120 and 1100 seconds. The recommended 
maximum test time for the ᚴ-chip at 0.5 µl/min is therefore 18 minutes.  

The results show that between 0 and 120 seconds the cell population increases as the flow 

stabilizes within the microchannel. There are further cell population fluctuations within 

the recommended testing timeframe of 18 minutes. These fluctuations in the plateau 

region are very likely to be statistical noise associated with the cell population varying in 

number for each image recorded. To account for these fluctuations, it was recommended 
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that the user took an average cell count of 10 images per position and used this average 

cell count for analysis. After ~18 minutes, the RBCs numbers began to decline due to cell 

sedimentation and emptying of the sample from the reservoir. Future tests were adjusted 

to take the optimal testing timeframe into consideration. The time required to allow flow 

stabilization in the channel was 120 seconds, thus, imaging and video recording did not 

commence before this time. 

 

(iii) Acid concentration 

Another consideration was to ensure that the acid was the correct concentration to allow 

for a measurable reaction within the length of the testing channel. The blood and acid 

samples flow through their respective channels, eventually combining at the interaction 

point. At this point, the samples begin to mix and this continues along the length of the 

testing channel.  

 

As the reaction is both concentration and time-based, it follows that the flow rate and acid 

concentration could be adjusted separately to achieve the desired outcome. However, for 

the determination of the optimal acid concentration, it was decided to use a constant mid-

point flow rate (0.5 µL/min). This flow rate was chosen to allow sufficient time to monitor 

the haemolysis trends of the cells within the channel with intentions to use the output 

curve shape as a distinguishing factor, thus it was a limiting factor. 

 

Haemolysis caused by acid disruption had been originally investigated by Bodansky using 

a range of inorganic acids.202 One of Bodansky’s findings from that research was that low 

pH HCl (pH 1.3) had the most rapid RBC lysis time (0.43 minutes). 

 

With the short testing channel length of the ᚴ-chip, a lower pH acid was required to 

achieve sufficient lysis of cells within the time of exposure during the test. Given the 

rapid lysis described as per Bodansky’s method, it was decided to investigate the 

efficiency of low pH surrounding the range of pH 1.3 for RBC haemolysis within the 

microchannel. The results of these experiments are shown below in Figure 3-34 (a). 

 

Interestingly, a sharp decrease followed by sudden increase in cell population was 

observed for pHs 1.47, 1.85 and 2.0. Upon further investigation, it was found that these 
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‘increases’ were caused by aggregation of cells RBCs which appear to be more resistant 

to lysis, see Figure 3-34 (b). These aggregations would be move through the 

microchannel in flow and would sometimes adhere to the surface of the microchannel. 

However, the RBC aggregation in flow was not observed for pH 0.7. 

 

RBCs maintain a negative surface charge which prevents cell adhesion under normal 

circumstances.203 However, the introduction of the H+ ions from the acidic stressor will 

cause the cells to move through their isoelectric point, changing their surface charge from 

negative to positive.204,205 Due to the nature of the experimental setup, the cells nearest to 

the acid stream within the microfluidic chip will go through this charge change first, 

allowing for attraction of the oppositely charged RBC surfaces, thus causing cell adhesion 

or agglutination. The adhered cell-cell clusters moved more slowly through the channel 

thus an increase in cell numbers was recorded in the later observation points along the 

channel. 

 

This was also observed in the lower pHs between the first and second marker, but the 

aggregates of the lower pHs showed a tendency to adhere to the surface of the 

microfluidic channel instead of in flow further along the channel thus the cell ‘increase’ 

for these pHs was rarely recorded.             

 

The result of this set of experiments was that pH 0.7 displayed the most rapid haemolysis 

with the least disruptive cell adhesion within the microchannel.  
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Figure 3-34 (a) The markers along the curves represent the position on the microfluidic channel where the images 
were taken for analysis. This was converted into time points post-analysis. For pH 0.7 T50% was observed at 31.9 
seconds. This was followed by 38.8 s for pH 1.1, 45.6 s for pH 1.3, 53.6 s for pH 1.47, 66.5 s for pH 1.85 and finally 
142.5 s for pH 2.0. (b) Cell aggregates (highlighted with yellow circle) in flow at the 4th marker position along the 
channel (44 seconds) using the acid stressor at pH 1.85.  

The results of varying the pH confirmed that lower pH will cause a more rapid haemolysis 

and this was optimal for the observable channel length. The seemingly rapid increase in 

resistance to lysis as pH is increased through the reported values is due to the logarithmic 

nature of the pH scale.  An increase in 1 pH unit is a 10-fold difference. These 

investigations did not consider pH’s below 0.7 as this pH already gave a measurable curve 

trend that may not have been observed if the haemolysis was initiated earlier in the 

channel.  
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Using pH 0.7 and a flow rate of 0.5 µL/min, a series of repeat experiments were conducted 

to determine the reproducibility of these parameters.  

 

(iv)  Blood dilution investigations 

The number of blood cells contained in any one drop of blood varies between person to 

person within a healthy range. In the case of blood disorders, the number of RBCs per 

drop of blood can be significantly increased or decreased.206 It was therefore important to 

establish a protocol that would take into consideration variations in RBC count. 

 

To investigate the effects of an increased or decreased number of RBCs on the test 

outcome, whole blood was diluted in 1% BSA and 0.9% NaCl to 15%, 25%, 35% and 

45%. Beyond 45%, there were typically too many RBCs present for accurate analysis due 

to overcrowding in the channel.  

 

 
Figure 3-35 Resulting lysis curves for the blood dilutions showed that between 15 – 35% there were similarities in the 
curve trends. The curves produced for dilution of 45% appeared to be slightly more resistant to lysis.  

Each blood dilution sample was taken from the same donor and run in duplicate. It was 

found that between dilutions of 15 – 35% the lysis trends were very similar. 45% (red) 

showed a slight increase in resistance to lysis from 55 seconds. It was considered that an 

explanation for the resistance to lysis may be that the increase in cell numbers could result 

in the strength of the HCl decreasing due to the H+ ions reacting with a greater number of 

cells. Thus, fewer H+ ions are acting on one cell.  
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Nonetheless, these experiments showed that between dilutions of 15 – 35% for a healthy 

sample, there appeared to be no significant differences in curve trends. In an effort to 

maintain small sample and reagent consumption, it was decided to work at the lower end 

of the workable range going forward.  

 

(v) Summary of findings  

(a) MeCheM flow protocol 

The permitted range for the flow rate was between 0.1 and 1 µL/min. The flow rate was 

to remain constant throughout testing and the flow rate of 0.5 µL/min was the chosen 

constant.  The HCl stressor was optimal for haemolysis in the channel at pH 0.7. The 

length of time required for flow stabilization was 2 minutes. The optimal blood dilution 

was 15%, but dilutions up to 35% were observed to be appropriate for testing.  

 

(b) Additional MeCheM operation 

A challenge of the High Magnification System, discussed in the following chapters, was 

the limited observable cell numbers due to the FOV of the camera. To overcome this 

constraint, it was considered that MeCheM could be used as a low magnification imaging 

system to supplement the lower cell numbers observed in the High Magnification System 

(~ 60 cells over triplicate runs).  

 

A standard microscope slide could be placed on top of the chip holder and the camera 

could be refocussed to image cells in a droplet on the microscope slide without the 

requirement for any further system modifications. The average number of cells observed 

in the FOV was found to be ~ 830 for the dilution concentration of 15%. This application 

of MeCheM is referred to as the Low Magnification Drop Test (LMDT). 

 
Although the LMDT experimental setup was relatively simple, there were a couple of 

procedural effects to note.  

 

The first consideration was related to sample evaporation. Due to the very small volume 

of fluids being used, it was critical to conduct the experiment immediately following the 

cell sedimentation time. Failure to work quickly would result in blood sample evaporation 

which would leave an unusable crystalised residue on the microscope slide. Sample 
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evaporation would be completed in ~ 6 minutes thus the user had ~ 4.5 minutes to conduct 

the test following the cell sedimentation time of 1.5 minutes.  

 

The second consideration was to note that when pipetting the HCl sample on top of the 

blood sample, the user could cause turbulence to the cells which would result in their 

movement. In the LMDT, turbulence rarely caused an issue unless the user introduced a 

bubble into the image that obscured the cameras view of the cells.  

 

These biproducts of the LMDT experimental protocol were easily negated with precise 

execution of the developed protocol and care taken when pipetting the acid sample.   

 
3.6.2  High Magnification System 

The protocol for the High Magnification System (HMS) closely followed that of the 

LMDT with some minor modifications. 

 

One of the considerations of the LMDT became increasingly more apparent upon viewing 

the cells in high magnification; turbulence to the cells upon introduction of acid to the 

droplet. Due to the much narrower FOV of the camera, any turbulence to the cells could 

cause cell migration out of the FOV entirely. Where it was the case that the cells were to 

monitored from pre to post-acid addition, losing cells of interest from the FOV could be 

critically detrimental to the analysis.  

 

To help to overcome this issue, the investigations for the HMS were conducted in a 

standard clear, flat-bottomed 96-well plate which helped to contain the sample and also 

could be used as a guide for sample dispensing.  

 

There were two dispensing techniques that were explored; (i) directly over the middle of 

the well reservoir, and (ii) angled pipette tip to the wall of the well reservoir. Dispensing 

the sample directly above the settled cells was more likely to cause cell turbulence. 

Whereas, angling the pipette tip to lightly touch the wall of the reservoir allowing the HCl 

sample to flow down the wall of the well created a much more gentle mix. This was 

chosen as the recommended pipetting technique going forward for the HMS.  
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A second modification was the sample volume size. The diameter of the well in the 

microtitre plate was 5 mm. The 5 µL droplet (as per the LMDT) did not cover the bottom 

of the well entirely, thus the decision was made to increase the volume of the blood and 

HCl samples accordingly.  

3.7 Summary 
The purpose of this chapter was to describe the development of the instrumentation used 

for the interrogation of a biochemical assay for the diagnosis of rare anaemias which is 

discussed in the following chapters. 

 

The introduction of a novel microfluidic toolkit, MeCheM, and an additional image 

analysis platform, HMS, are outlined here with their working protocols and the 

development of those protocols. The 3 protocols discussed; (i) flow test, (ii) LMDT, and 

(iii) HMS, were brought forward to intense interrogation using healthy samples in the 

next chapter.  
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Chapter 4 Determination of technique repeatability 
 

 

This chapter explores the use of the previously described methods to establish a baseline 

of the healthy population for future comparison with diseased samples. Here it is 

important to be critical of the pros and cons of the each of the developed methods. By the 

end of this chapter, a non-biased and critical review of each of the developed methods 

should highlight the reasoning for the chosen method recommendations for comparison 

against anaemic samples. 

 

With the development of any new instrumentation, or experimental protocol, it is 

imperative that the instrument and/or protocol are subjected to error analysis. 

Investigating the range of experimental uncertainties and discerning between systematic 

and random errors are of critical importance in error analysis. The objective of error 

analysis is to reduce those errors, where possible, to increase the accuracy and precision 

of the experimental result, and to understand the ultimate instrument or protocol accuracy 

and repeatability.207  

 

There are many different types of errors in measurement and, for this body of work, they 

can be classified into instrument variations and sample variations.  

 

Instrument variations include everything related to the workings of MeCheM and the 

testing protocols. Sample variations relate to the diverse nature of blood and the 

discrepancies between healthy blood samples from different donors covering all aspects 

from the subject, through storage and transport and introduction into the instrument.  

 

The aim of this chapter is to investigate the robustness of the developed protocols from 

Chapter 3 and determine their repeatability with the view of recommending some or all 

of the developed protocols to be brought forward for comparison against rare anaemia 

samples.  
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4.1 Repeatability measurements 
Variability within a single sample can be illustrated using standard deviation. The 

standard deviation, s, calculation describes the range about the mean of a data set. It is 

determined using the following equation: 

 

s =	#
∑(𝑥! − 𝜇)"

𝑁  

 

where N is the population size, xi is each value from the population, and µ is the population 

mean.  

 

To determine the chip-chip repeatability, multiple tests were carried out using fresh blood 

from healthy donors for each of the developed protocols described in Chapter 3.  

 

4.2 Low magnification drop test 

4.2.1 Data normalisation  
The low magnification drop test (LMDT) did not involve the flow of fluid thus it required 

the least amount of human-machine interaction. On this basis it was selected as the most 

user-friendly test to begin trend observations and analysis.  

 

Whole blood was diluted as per the method described in Chapter 2 and there were ~ 5 

minutes between each test conducted. The diluted blood sample was stored in a fridge at 

4ºC between tests.  

 

The first consideration was the shape of the lysis curve that was produced using this 

method. A control graph plotting each of the triplicate runs for one sample is shown below 

in Figure 4-1. 
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Figure 4-1 The LMDT was carried out in triplicate on the same healthy control sample. Run1 and Run2 follow similar 
trends, but Run3 (red curve) shows a notable delay in lysis as can been seen by the extended curve decline over time.  

Data normalisation justification  

The video recording was commenced prior to acid being added to the blood sample. This 

pre-acid addition time, t < 0, is depicted in Figure 4-1 on the x-axis to the left of the 

origin. The large fluctuations in measured cell population were caused by 2 factors; (i) 

movement of the sample on the XY-stage to obtain the highest cell numbers in the FOV 

and (ii) obstruction of the FOV via pipette tip during addition of acid to the blood sample. 

The movement of the sample in the XY direction is depicted in the graph as minor 

fluctuations in measured cell population and the obstruction of FOV can be observed as 

the sharp decrease towards zero. As the pipette was removed, the cells came back into the 

FOV for measurement and this is shown in the graph above as an increase towards 100% 

of the measured cell population on the y-axis.  

 

The data was normalised to the first frame where the observed image was no longer 

obstructed by the pipette tip and this time was selected as t = 0. This normalisation varied 

for each test as it was entirely dependent on the rate at which the user carried out the 

protocol, thus, each video recording had to be normalised independently.  

 

The information collected at t < 0 was not required for these investigations, thus, all 

subsequent graphs will only show the measured cell population from the point of acid 

addition, t = 0.  
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Figure 4-2 The results of the low magnification drop test with the removal of the pre-acid addition (t < 0) 
measurements. 

As can be seen from the graph above, Run1 displayed the most rapid cell population 

decline, followed closely by Run2 and Run3. The results of the control repeatability test 

in Figure 4-2 produced a declining non-linear curve for each run. For this sample, there 

was a rapid decline in cell population followed by a slower decline for each of the 3 runs. 

Analysis of the curves using the ‘Two-Phase Decay’ curve fit function in GraphPad Prism 

is shown below in Figure 4-3. 

 

 
Figure 4-3 The curves produced from the low magnification drop test fitted closely with the 2-phase decay curve in 
GraphPad Prism, suggesting a biphasic response of the RBCs to the acid. The R2 value, indicating goodness of fit, was 
0.97, 0.95, and 0.98 for Run1, Run2 and Run3, respectively. 

The bi-phasic response observed is likely due to a combination of the depletion of the 

RBCs over time and the dilution of the acid over time and distance. Investigation of the 

variability between the healthy control population is discussed in section 4.2.3.  
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4.2.2 Hypothesis for curve shape 
The output graph in Figure 4-2 shows a two-phase lysis trend with an initial rapid cell 

lysis followed by a slower decay of the cell population towards zero. There are two 

possible explanations for the two-phase shape of this curve.  

 

The first is the way in which the acid is added to the blood sample. The acid droplet is 

pipetted directly over the blood droplet meaning that the red blood cells closest to the 

surface of the droplet will be exposed to the acid at its highest concentration.  

 

Contrastingly, the cells that have settled nearer the microscope slide at the base of the 

droplet will be exposed to the acid after it diffuses from the surface. By the time the acid 

has reached these cells, it will also be diluted by the blood droplet, thus, the cells nearer 

the base of the droplet will be exposed to a lower concentration of acid. This delay in 

exposure and overall reduced acid concentration may result in the slower lysis of RBCs 

that is observed in the second phase of the haemolysis curve. 

A second explanation for the shape of the curve is the heterogeneous nature of blood. 

Within any blood sample, there are cells that have just been released into circulation, and 

cells which are nearing the end of their 120 day sojourn around the body. As cells age, 

they lose volume, membrane and experience an increase in density208,209. These changes 

lead to a decrease in their deformability.  

 

There is a method of separating RBCs based on their density, thus their age, using a 

density gradient medium, Percoll.210 By separating the RBC sample into its sub-

populations, it is possible to observe if there are differences in the shape of the haemolysis 

curve for the youngest and oldest subpopulations. Figure 4-4 below shows the results of 

this investigation.  
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Figure 4-4 A whole blood sample was separated into its sub-populations based on cellular density using Percoll, a 
density gradient medium. The sub-populations were then investigated using the low magnification drop test to observe 
if there were differences in the shape of the haemolysis curve. The results show that although there are differences 
between the sub-populations, the shape of the curve remains bi-phasic for each density (light, medium and heavy). 

The sub-population that has the lowest density corresponds to the youngest cells in the 

sample. These cells should exhibit the highest deformability of the 3 sub-populations. The 

medium and heavy fractions represent the middle-aged and oldest cells respectively. 

These cells should display reduced deformability. 

 

The results shown above in Figure 4-4 do report observable differences in the rate of 

haemolysis in the second phase of the curve between the 3 sub-fractions. However, the 

bi-phasic shape of the curve remains present for each sample. This suggests that the 

heterogeneity of the blood sample does not influence the shape of the haemolysis curve. 

Presently, the hypothesis for shape of the haemolysis curve has not been proven. 

However, it  is suggested that the shape may be a result of the diffusion of the acid from 

a distance.     

 

4.2.3 Investigation of procedure repeatability 

To investigate repeatability between samples, the LMDT was carried out in triplicate for 

all healthy donor samples (n=6). The first sample is shown in Figure 4-2 and the 

remaining 5 samples are shown below in Figure 4-5.  
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Figure 4-5 (a) –(e) show the results of the LMDT carried out in triplicate for each of the remaining control samples. 

With the exception of sample (e) Run1 it was clear that the LMDT protocol produced a 

bi-phasic curve for each healthy sample. Interestingly, it was also observed that the curves 

shifted along the x-axis, suggesting variability of lysis times within the same healthy 

sample and overall within the healthy population.  

 

It was considered that this was an artefact of the testing protocol caused by the acid not 

being pipetted in the same location on the blood droplet each time.  

 

Investigation of outlier curve 

In the case of sample (e) Run1, the output curve gave a distinctively different result. To 

understand the cause of this result, the video recording for sample (e) Run1 was 

investigated, along with a sample of the results that displayed the more common  2-phase 

lysis trend.  

 

For the video recordings corresponding to the bi-phasic output curves, the addition of the 

acid to the RBC droplet appeared to almost instantaneously change the RBCs from their 

discocyte shape to a more spherical shape. However, this was not the case for the unique 

(e) Run1 curve. Frames from this video are shown below in Figure 4-6. 
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Figure 4-6 (a) – (d) shows the influence of acid on the RBCs over time, acid movement is depicted with the red arrow 
and the yellow box is symbolic of the area in the FOV that has been affected by the acid. In (a), the cells are in a 
physiological saline solution, unaffected by the acid. In (b) and (c), the acid is slowly moving into the FOV, and the 
affected cells lose their discocyte shape and start to appear spherical. In (d), cell lysis has already commenced while 
the acid is still moving across the FOV. The cell lysis is observed in the images as the reduction of visible cells on the 
LHS of (d).  

It was clear from the video that the acid had been dispensed at a location away from the 

field of view of the camera. Instead of the almost instantaneous mixing of acid with the 

blood cells, the acid was observed to move in from the left hand side of the FOV, affecting 

the shape of the RBCs as it slowly moved across the population. The resulting effect of 

this much slower exposure to acid was a slower haemolysis of the RBC population with 

a much gentler slope in the output curve.  

 

Although (b) Run3 and (c) Run1 were also outliers, these curves still displayed the bi-

phasic fast and slow haemolysis, which appeared to be the common trend through the 

analysis of the LMDT results for the control samples.  

 

The videos for these curves were also analysed in depth, in the case of (b) Run3, there did 

not appear to be any obvious differences that could be recognized from a frame by frame 

analysis of the video. However, for (c) Run1, the exposure of the RBCs to the acid was 

delayed from the time of pipetting to the time of observation on the video. It is assumed 

that this was a result of, again, the acid being dispensed in a location outside of the FOV 

of the camera, thus requiring a time before extending to the observation position.  

4.2.4 Conclusions and recommendations 

The average of these triplicate runs for the control population was plotted with error bars 

representing the standard deviation across the population, shown in Figure 4-7. 
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50!m
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Figure 4-7 Compilation of triplicate runs for each healthy sample (n=6) including the defined outliers. The curve 
represents the mean of all the runs and the error bars are the standard deviation between the control population. The 
maximum standard deviation was found in the range of 8.8 – 25.6 seconds (with maximum standard deviation of 30.8% 
at 16.8 seconds) 

From the graphs shown in Figure 4-5 and Figure 4-7, it appears that in most cases the 

resulting curves produced a bi-phasic decline in cell populations. However, from the 

analysis of the outlier curves and their corresponding videos, it is evident that inconsistent 

positioning of the acid droplet over the blood droplet can create variations in the resulting 

output curves. 

 

It is clear that without further refinement of this testing protocol one could create 

variations in the resulting curves suggesting a sample is of interest from a diagnostic 

perspective, whereas, the cause of the resulting curve could be due to human error. Further 

development of MeCheM to allow for high precision droplet dispensing would 

undoubtedly reduce that human error.  However, the development of high precision 

dispensing as an additional MeCheM tool was not within the scope of this thesis. 

Consequently, given the clear concerns about protocol repeatability, this method was not 

recommended in its present form as a comparison tool between healthy and diseased 

samples.  

4.3 High magnification drop test 
The experimental method for the high magnification drop test (HMDT) was akin to that 

of the LMDT. The addition of the acid was prone to creating cell turbulence, and accurate 

positioning of the pipette tip was critical for reproducible results. A key difference 

between the two protocols, however, was that the HMDT used a well plate to contain the 
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blood droplet in a reservoir. This allowed the user to gently position the pipette tip against 

the side of the reservoir prior to releasing the acid into the blood sample. The addition of 

this step introduced a small protocol refinement. 

 

As mentioned in the previous chapter, there were 3 output graphs from the HMDT 

experiment; (i) RBC population count, (ii) RBC size distribution, and (iii) RBC size 

measurement. The output curves and their repeatability will be discussed in this section.  

 

4.3.1 RBC population count 

RBC population count allows for the observation of cell lysis over the time the cells are 

exposed to acid. Similar to the LMDT, there was a ‘pre-acid addition’ time recorded, but 

it was not informative for this measurement. As such, the data was adjusted as described 

above for the LMDT and t=0 corresponds to the first frame where the image of the cells 

was not obscured by the pipette tip.  

 
Figure 4-8 Compilation of the control samples (n=6) displaying the reduction of the cell population over time with 
exposure to acid. The error bars are standard deviation. 

Due to small cell numbers (~ 360 cells in total) cell movement about the FOV created 

large increases/decreases in the observable cell population. The movement of cells was 

directly related to the addition of acid to the reservoir. Inspection of the high 

magnification videos and output graphs showed a tendency for more cells to move into 

the FOV and this can be seen in Figure 4-8 as an increase in measured cell population 

from 100% to ~ 118%. This investigation was conducted on a relatively small sample 
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size, therefore it was not considered that this increase of cells after addition of acid would 

be a trend if a larger sample population was investigated.  

 

As previously mentioned, the cell number available for observation in the high 

magnification setup was significantly less than that of the LMDT (~ 12500). Due to a 

much narrower depth of focus with the HMDT, the cells that were observed were only 

cells which had settled near the bottom of the reservoir on the well plate. Considering the 

hypothesis given for the biphasic shape of the curve produced by the LMDT, it was 

considered that the rate for lysis of the cells in the HMDT would be similar to the rate of 

lysis of the second phase of the curve in the LMDT. The rapid cell lysis begins to slow at 

~ 25 seconds. This was chosen as the beginning of the second slower phase of the LMDT 

curve which continued over a period of ~ 3 minutes. The data from 25 seconds onwards 

was renormalised and plotted with the data from the HMDT. The results are shown below 

in Figure 4-9. 

 
Figure 4-9 Comparison of the HMDT curve and the second phase of the LMDT curve showed suggested that the time 
to complete lysis was similar.   

It is important to highlight the large difference in cell population size analysed between 

the low and high magnification drop tests. The sum of cells analysed for the LMDT was 

~12,500. In contrast, only ~ 360 cells in total were analysed for the healthy HMDT. The 

smaller sample size for the HMDT drop test may account for the uneven appearance of 

the resulting curve. Interestingly, it appears that both curves approach zero around the 

200 second mark. This may suggest that the second phase of the curve for the LMDT is 

a by-product of the diffusion profile of the acid through the blood droplet.  
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Given the large standard deviation between control samples (ranging between 14 – 50%), 

this method of high magnification population decline measurement was deemed not 

repeatable in its current form. Future work to improve this technique should focus on 

increasing number of cells measured and overall protocol repeatability with respect to 

high precision droplet dispensing.  

 

4.3.2 RBC size distribution 

Red blood cell distribution width (RDW) and mean corpuscular volume (MCV) are 

examples of tests within a complete blood count that are used as a first investigative tool 

to determine the health status of a blood sample.110 The high magnification system has 

the ability to measure the XY-axis projection of RBCs during experimentation. The 

experimental protocol dictates that the video recording of the sample commences prior to 

the addition of acid. This allows the user to analyse projections of the RBCs in a 

physiological solution and then follow their evolution from acid addition to cell lysis. 

Unlike the previous investigations, the information obtained from the time prior to acid 

addition is of great importance here.   

 

The average cell projected area for the healthy population was calculated in GraphPad 

Prism and found to be 48 ± 8 µm2. The projected area of all cells in the healthy sample 

population were measured prior to acid addition and the size data recorded was binned 

into the following ranges; (i) 0 - 7 µm2, (ii) 7 - 14 µm2, (iii) 14 - 21 µm2, (iv) 21 - 28 µm2, 

(v) 28 - 35 µm2, (vi) 35 - 42 µm2, (vii) 42 - 49 µm2, (viii) 49 - 56 µm2, (ix) 56 - 63 µm2, 

(x) 63 - 70 µm2, and (xi) 70 - 77 µm2.  

 

The result of this analysis for the control population showed a Gaussian distribution with 

most RBC projected areas observed in the 42 - 49 and 49 - 56 intervals, see below in 

Figure 4-10.   
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Figure 4-10  A compilation of all healthy control samples pre-acid addition shows that the majority of cells in the 
sample are found within the 42 - 56 µm2 range. 

The size variability of RBCs is affected by many factors within a healthy sample, thus, it 

was not expected that the projected area of the control population would fall neatly at a 

specific value.  However, the results of this investigation did provide a range for the 

projected area of the healthy sample for comparison against rare anaemias. This will be 

investigated further in Chapter 5.  

 

The healthy control samples were also measured at specified time ranges post-acid 

addition. The cell distributions at the following time stamps were recorded; (i) t = 20s, 

(ii) t = 40s, (iii) t = 60s, (iv) t = 80s, (v) t = 100s. The time is given in seconds, s. The 

compiled graph is shown below in Figure 4-11.  
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Figure 4-11 The series of graphs (a) – (d) display the projected area distributions from all healthy samples post-acid 
addition with the pre-acid addition measurement shown in black.  

It is evident from Figure 4-11 that the RBC projected area distributions reduce in size 

upon exposure to acid. This is shown in Figure 4-11 (a) by the increase in measured cell 

population for the smaller interval ranges for T=20.  

 

The distributions then begin to increase for each measured time point, Figure 4-11(b) – 

(d). Within the measured timepoints, the projected areas appear to almost return to their 

original ‘pre-acid addition’ measurement. Reduced cell numbers beyond T = 100 seconds 

made it difficult to analyse the projected area distributions at later time points.  

 

It is important to note that the projected area of the RBCs is only recorded along the cells 

X and Y-axis, i.e. the measurements are 2-dimensional. However, the cell is 3-

dimensional and the effects of the exposure of the cell to acid on the Z-axis is not reflected 

in these measurements. It has been previously described that the exposure is causing water 

to enter the cell, thus it is likely that the RBC is swelling in a 3-dimensional projection, 

see schematic of proposed reaction in Figure 4-12.  
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Figure 4-12 A 3-D schematic proposal of the effect of exposure to a low pH shock on the red blood cell. It is proposed 
that the RBC membrane is swelling in the X, Y and Z-directions, however this is not recorded in the 2-D measurements.  

Frames extracted from a control sample video, Figure 4-13, show the cell projected area 

evolution throughout the experiment. 

 

 
Figure 4-13 Images extracted of the HMDT from pre-acid addition shown in (i) to post-acid addition shown in (ii) and 
through to haemolysis (iii) – (x) with remaining membrane ghost shown in (x) for a healthy control sample. In response 
to the acid addition, the cell immediately appears to shrink (ii) and reaches its minimum projected area in (iii). From 
(iv) to (ix) the cell increases in projected area due to the influx of water caused by the low pH shock. 
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As can be seen in Figure 4-13, the observable changes in RBC size is relatively small. 

However, as mentioned in Chapter 1, the RBC can only increase to 4% in surface area 

prior to haemolysis, thus, large size increases were not expected to be observed.  

 

Knowledge of RBC size has proven to be a useful tool for the diagnosis of rare anaemias. 

Correlation of RBC projected area as determined by the high magnification system with 

haematology indices such as RDW and MCV would be an ideal low-cost solution for first 

tier investigations. Correlation analysis is investigated in Section 4.5. 

 

4.3.3 RBC size measurement 

The final output graph of the high magnification system displayed the real-time response 

of cells to acid over time. The programme tracked single cells and recorded their projected 

area in real time. The graph below in Figure 4-14 shows the average of the tracked cells 

in the control population from the moment of acid addition.  

 
Figure 4-14 Changes in RBC projected area following exposure to acid. This graph shows an average of all healthy 
sample cell tracks over time. Error bars are standard error. Large standard errors after ~ 150 seconds are due to cell 
lysis. This was an expected result.   

Prior to acid addition, each cell had a unique projected area measurement with the range 

of 7 – 77 µm2. There is an initial decrease in projected area followed by a steady increase 

until the point of cell lysis, which is in agreement with the cell distribution data in Figure 

4-11.  
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The increase in projected area measurements is relatively smooth until ~ 130 s, see Figure 

4-14. Here, the haemolysis of the majority of the cell population can be observed. After 

140 s, most of the cells have lysed and fluctuations in the curve are due to the small 

number of remaining cells, as confirmed by the large error bars.  

 

This can be observed in the graph as a ‘dip’ in the projected area measurement. As cells 

are continuing to lyse from 144 s, the population is declining rapidly and the average may 

now contain outlier cells and anomalies, thus owing to the ‘jagged’ appearance of the 

curve.  

 

However, the results of this graph give a further insight into the swelling capacity of the 

RBCs beyond 100 s and it was observed that the remaining cells also continue to increase 

in projected area over time until eventual lysis. 

 

 (i) Cell swelling capacity and sample resistance to lysis  

The swelling capacity of the cell is defined here as the ability of the cell to increase from 

its minimum to maximum projected area. The RBC evidently experiences physical 

alterations to its shape during exposure to acid, as shown in Figure 4-13. The suggested 

mechanism for this swelling was previously described in Section 1.5.1. In summary, this 

reaction is caused by an influx of water into the cell in an attempt to maintain osmotic 

balance upon exposure acid. Initially, the RBC appears in its typical discocyte 

configuration. Following the addition of acid, it reduces in projected area and appears 

spherical and, finally, the ‘swelling’ of the RBC commences until its eventual lysis. 

 

It is known that RBCs of patients suffering with various types of rare anaemia (Sickle 

Cell Disease, Spherocytosis) do not possess the same level of deformability when 

compared with a healthy sample.48 Prior to comparison between healthy and diseased 

samples a healthy cell swelling capacity range must be determined. This information is 

easily obtained using the Microsoft Excel file output from the high magnification analysis 

programme. Figure 4-15 shows the output graph of a sample of individual cell tracks and 

their projected area over time.  



 

 

93  

93 

 
Figure 4-15 A selection of individual cell tracks from the healthy population. (a) the initial cell projected areas before 
acid addition, (b) projected area of cells changes rapidly in response to addition of acid and appears to reduce in size 
until the cell reaches its minimum projected area, (c) the, now spherical, cells will swell until they reach their maximum 
swelling capacity and lyse.  

The minimum and maximum projected area for each track was found using the MIN and 

MAX functions in Microsoft Excel. The swelling capacity of each healthy sample was 

found using the following equation: 

 

   𝐶𝑒𝑙𝑙	𝑠𝑤𝑒𝑙𝑙,% = 	 ($%!"#&$%!$%	)
$%!"#

∗ 100  Equation 1 

 

where PAmax is the maximum projected area and PAmin is the minimum projected area.  

 

The results of this analysis showed that the average swelling capacity of the healthy cell 

population was 28.8 ± 4.99%, Figure 4-16.  
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Figure 4-16 (a) shows the deviation between the swelling capacity within each healthy sample (N1 – N6). The standard 
deviation for each sample is ~ 5%. (b) The average swelling capacity of healthy cells over the entire control population.  

 
This information can be used going forward for comparison of diseased blood samples 

with the control.  

 

4.3.4 Conclusions and recommendations 

The high magnification drop test gave significantly more insight into the effect of acid 

exposure on red blood cells, but there were also some drawbacks to this method.  

 

The cell population decline displayed significant variations between healthy samples (~ 

30%). Small cell numbers in the FOV are very likely to be the cause of the extent of the 

variations observed on the output graph. Following the present protocol, this method was 

not recommended for comparison of healthy and diseased blood sample. Similarly to the 

low magnification drop test, refinement of droplet dispensing may reduce some errors. 

Another improvement would be the ability to monitor more cells in the FOV with a wider 

angled camera.  

 

The second method under investigation was the red blood cell projected area distribution 

graphs. This investigation showed that the population of red blood cells was normally 

distributed for each healthy sample. There were also two apparent trends among the 

healthy samples; (i) the projected area distribution of the majority of cells appeared to 

centre around 50 µm2, and (ii) upon exposure to acid, the projected area distribution of 

the cells reduced initially and increased again over time. Considering that these trends 
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were true for each healthy sample, this method of investigation was recommended for 

comparison against rare anaemias.  

 

The final method of investigation was the observation of the projected area measurement 

of singular cell tracks over time. Unbroken cell tracks were selected and plotted against 

time giving an overview of the average cell projected area development throughout the 

experiment. However, the information obtained by this output graph was limited by 

haemolysis reducing  cell numbers over time. To account for this, a new parameter, cell 

swelling capacity, was developed. Identification of the minimum and maximum projected 

areas of unbroken cell tracks allowed for the cell swelling capacity to be calculated. The 

average deviation of this value between healthy samples was ~ 5%. In view of the general 

agreement of cell swelling capacity results between healthy samples, it was deemed an 

appropriate tool for comparison against rare anaemias.  

 

4.4 Flow test  
A clear advantage of the flow test was the reduced human interaction throughout 

experimentation. The flowrate of fluid within the microchannel was determined by the 

previously described protocol and remained constant throughout all experiments. The 

benefit of this protocol was the controlled manner in which the acid was introduced to the 

blood sample. Repeatability measurements were conducted in triplicate to determine 

chip-chip repeatability. Following this, all healthy samples were measured using the same 

technique and curve trends were established for the healthy population. The results of 

these investigations are discussed below.  

 

4.4.1 Chip-chip repeatability measurements 
The microfluidic chips were designed as single use to avoid contamination between 

samples. As such, it was required that there was good agreement between the 

manufactured chips. 

 

The first point of measurement, 0 mm, relates to an unmarked position (termed position 

0) on the microchannel along the RBC travel pathway prior to the introduction of the acid 

pathway, see Figure 4-17. The cell count at this point was used for normalisation of all 

images beyond this first position.    
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Figure 4-17 The first image was recorded at Position 0, labelled with black box. This position was location before the 
junction at which the acid was introduced. All distances are marked along the channel. 

To investigate chip-chip repeatability, the same blood sample was used in 3 microfluidic 

chips using a flow rate of 0.5 μl/min and the resulting graph is shown below in Figure 4-

18. 

 
Figure 4-18 (a) Output curves of triplicate runs showed some variations between chips for the same healthy sample (b) 
The average of triplicate runs with standard deviation error bars. The largest error was ~ 12% at 8.8 mm along the 
microchannel.   
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The results in Figure 4-18(a) show that the curves appear to follow the same trend but 

there is some variation between the cell population decline. Further analysis of the 

variation between the triplicate samples showed that the largest variation was found to be 

~ 12% at 8.8 mm along the microchannel, Figure 4-18 (b).  

 

The output curve for this healthy sample showed a significant decline of cell population 

from 0 – 2.2 mm along the channel and a two-phase reduction of cell population. To 

investigate if these curve traits were unique to this blood sample, the flow test was 

conducted using a larger population of healthy samples, shown in the following Section 

4.4.2. 

 
4.4.2 Control population characterisation 

The flow test experiment was repeated on all healthy samples (n=9) and the following 

curve was obtained, Figure 4-19. 

 
Figure 4-19 Graphical representation of the healthy subject characterisation (n=9) for the flow test investigations. The 
error bars are standard deviation with the largest error margin ~ 10% at 11 mm, the 6th imaging position along the 
microfluidic channel.  

The initial drop in measured cell count from 0 mm to 2.2 mm that was apparent in the 

chip-chip repeatability measurements was consistent between all healthy samples 

investigated. The decline in cell population at this position was not observed to be a result 

of cell lysis. It is hypothesized that merging of the two channels at 2.2 mm may have 

caused a disturbance which pushed a proportion of cells out of the field of view and 
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further along the testing channel. This typically accounted for a loss of ~30% of the cell 

population, see Figure 4-20.  

 
Figure 4-20 (a) 0 mm (Position 0) is located at a point along the channel prior to the introduction of the acid channel 
and is thus unaffected by any potential turbulence. The cell count at this position was 530 cells. (b) Removal of 108 
cells likely caused by disturbance due to the introduction of the acid flow stream. 

The shape of the output curve from 2.2 mm followed the weak biphasic population decline 

that was first observed in the earlier repeatability test. To compare this with the biphasic 

response of the LMDT, it was required to convert the units of the flow test from distance 

to time. 

 

4.4.3 Comparison of flow and low magnification drop test 

It was possible to determine the average velocity of a population of cells by analysing a 

selected group in a frame by frame manner using the image processing system ImageJ. 

Converting frames to time gave the average velocity at which cells were travelling in the 

channel (~ 0.2 mm/s). Knowledge of the velocity allowed for the conversion of distance 

along the channel to approximate time at the marked positions. The graphs of the LMDT 

and flow test were overlayed in GraphPad Prism, Figure 4-21. 

 
Figure 4-21 Comparison of curve shape from low magnification drop test (blue) and flow test (red) showed that both 
curves had a 2-phase decline of the cell population. The LMDT had a more extreme initial decline than the flow test.    
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Compared with the biphasic decline of the LMDT, the two phases of decline in the flow 

test took place over a longer time period. This is likely a result of the more controlled 

diffusion of the two samples within the microchannel. 

 

4.4.4 Surface adhesion of cells 

It was discovered after the completion of each test that there appeared to be cell cluster 

which adhered to the surface of the microchannel, Figure 4-22. This cell cluster adhesion 

presented at the first point of interaction of the acid and blood sample, however, it did not 

appear until approximately 90 seconds following the initiation of the low flow testing 

phase of the protocol.  

 
Figure 4-22 Build-up of RBCs adhering to the surface of the microchannel in yellow box ((i) – (v)). It is unclear whether 
this is the top or bottom surface of the channel.  
 
The RBCs of patients suffering with Sickle Cell Disease typically present as ‘sticky’ 

under conditions of deoxygenation. This apparent ‘stickiness’ is due to a surface mutation 

changing a charged amino acid (glutamate) to a neutral amino acid (valine). The mutant 

modification from a charged to a neutral amino acid creates a sticky patch on the 

molecular surface of the RBC that causes aggregation upon deoxygenation.211 Red blood 

cells release oxygen in the body when exposed to low pH environments.212  

 

The nature of the developed protocols is exposure of RBCs to a low pH environment, 

thus it is assumed that the RBCs would be in a deoxygenated state during the experiment. 

As such, it was considered that the severity of cell-surface adhesion may be notably 

increased in samples that contained sickle cells. It was considered that this knowledge 

could be utilised as an additional diagnostic parameter.    

(i)

(ii) (iii)
(iv) (v)
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(i) Measurement of cell-surface adhesion 

Cell-surface adhesion is defined by the RBC clusters that have adhered to the surface of 

the microchannel. To determine the healthy range of cell-surface adhesion (RBC 

clusters), images were collected at the end of each test recording all cell-surface adhesion 

in the microchannel.  

 

Adhered cell clusters were measured using the freehand tool in ImageJ. Within ImageJ, 

it was also possible to set the scale of the image using a known distance. The freehand 

tool allows for the conversion of measured pixels to the output measurement surface area, 

µm2. All cell adhesion groups were measured and summed, thus the recorded 

measurement is representative of the total adhesion within the microchannel. 

 

Analysis of the same healthy blood sample showed that the pattern and surface area of 

adhesion varied between triplicate runs, Figure 4-23. 

 
Figure 4-23 (a, (b) and (c) show different surface adhesion patterns for the same healthy sample using 3 single-use 
chips. 

(a)

(c)

(b)
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It is possible that cell-surface adhesion is random and it may rely on the accidental 

interaction of the RBC and the channel surface. It appeared that the adhesion of one cell 

to the surface of the microchannel caused the adhesion of other cells, creating a wall of 

cell aggregation within the channel. 

 

All cell-surface adhesion for the control population was measured and the results are 

shown below in Figure 4-24. 

 
Figure 4-24 (a) shows the variation of measured cell-surface adhesion between the healthy samples. Error bars are 
standard deviation and were calculated from the average of 3 runs per sample. Samples are labelled N1 – N9. (b) the 
average deviation over all control samples.  
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It is clear from the large variations of measured cell-surface adhesion within the same 

sample that the results are not repeatable. However, it is possible that the measured cell-

surface adhesion of the rare anaemia samples may exceed that of the control population, 

particularly in the case of Sickle Cell Disease. As such, this parameter was considered for 

comparison against rare anaemia samples, but the comparisons should be interpreted with 

caution. It is also important to note that these measurements were not executed by a 

programme thus error in precision is expected.  

 
4.4.5 Conclusions and recommendations 

The flow test had the unique advantage of a pre-determined flow rate (0.5 μl/min)which 

allowed for the controlled addition of acid to the blood sample. Investigation of the flow 

test demonstrated that it had good repeatability between healthy samples, with a 

maximum standard deviation of 10% over the total control population.  Each healthy 

curve produced a similar two-phase decline trend.  

 

The contrasting curve declines for the low magnification drop test and the flow test are 

likely a result of the differences in the protocols. More specifically, the flow test displayed 

greater control of diffusion of the acid with the blood sample.  

 

Cell-surface adhesion was noted as a bi-product of the experimental protocol. 

Measurement of the cell aggregates formed on the surface of the channel showed large 

variations between triplicate runs of the same sample. However, it is possible that cell-

surface adhesion of diseased blood samples may greatly exceed that of the control 

population, thus, it was cautiously considered as an option for comparison between 

control and diseased samples.  

 

4.5 Haematological parameter correlative studies  
A complete blood count is the first-tier investigation for diagnosis of a suspected rare 

anaemia. Although it is not the goal of this thesis to correlate the developed methods with 

current clinical practices, correlations would be of great benefit to any future user if access 

to a more expensive haematology analyser was not an option.  
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Considering the abilities of MeCheM and the developed protocols, a selection of 

haematology indices were chosen for correlation; (i) RBC count, (ii) haemoglobin 

variations, (iii) red cell volume and distribution width variations.   

 

Simple linear regression analysis was carried out in GraphPad Prism to study the 

relationship between the variables obtained by MeCheM analysis and the gold standard 

haematology analyser. For this set of analyses, the values obtained from the haematology 

analyser were considered the dependent variable, and those from MeCheM were deemed 

the independent variable. The R2 value will be used to determine how much variation of 

the dependable variables is explained by the independent variables. The categorization of 

the R2 value generally follows that for; (i) R2 < 0.4 = weak correlation, (ii) R2 between 0.4 

and 0.7 = good correlation, (iii) R2 > 0.7 = high correlation, and (iv) R2 > 0.9 very high 

correlation. However, due to small sample numbers and cell populations, the R2 value 

should be considered with a degree of caution. The R2 values were obtained from the 

output analysis sheet in GraphPad Prism.  

 

Pearson correlation analysis was also conducted in GraphPad Prism and the P-value is 

reported for each correlation analysis. The P-value determines the probability that the null 

hypothesis is true. The significance level, α, was set to 0.05, meaning that there was only 

a possibility of 5% that the correlation observed between the variables being investigated 

occurred by chance.  

 

A full account of all R2 and p-values is given in tabulated form in Appendix A.4. 

 

 4.5.1 Cell count variations 

The RBC count is a measure of number of red blood cells in the blood. One of the most 

common clinical features in patients suffering with anaemia is a low RBC count.213 A low 

RBC count suggests that one of two situations are true; (i) the body is not creating 

sufficient numbers of RBCs, or (ii) the RBCs in circulation are being destroyed 

prematurely.48  

 

To investigate whether fluctuations in RBC count could be observed using the methods 

developed within this body of work, the initial cell count, that is, the number of countable 
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cells in the FOV prior to addition of acid, for flow test were plotted against RBC count 

for each sample. 10 images were taken at Position 0 and the average cell count was 

recorded as the initial cell count for the test.   

 

It was considered that a linear correlation may exist between the RBC count and the initial 

count of cells for the flow test given that each sample was diluted in the same manner 

prior to experimentation. It was expected that a correlation would be observed here as this 

is a like-like comparison. See results shown below in Figure 4-25. 

 
Figure 4-25 Here, initial cell count recorded within the channel prior to the junction where the acid is introduced is 
plotted against the RBC count measurements.   

These preliminary results suggest that a linear correlation between RBC count and initial 

cell count for the flow test may exist. Simple linear regression analysis reported an R2 

value of 0.62, suggesting correlation between the variables may exist.  

 

Applying the Pearson method, the correlations between initial cell count and RBC count 

were reported to be significant, with a p-value of 0.021. 

 

Although these results suggest a correlation between initial cell count and RBC count 

may exist, given the small sample size used in this investigation, these preliminary results 

must be taken with a degree of caution.  
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4.5.2 Haemoglobin variations  
The standard haematology indices for haemoglobin measurements are; (i) HGB, (ii) 

MCH, and (iii) MCHC. The haemoglobin test (HGB) measures the total amount of 

haemoglobin present in the blood sample. Mean corpuscular haemoglobin count (MCH) 

is a measure of the average amount of haemoglobin molecules present per RBC. This 

differs from the HGB parameter in that it is not dependent on the RBC count. Mean 

corpuscular haemoglobin concentration (MCHC) is a measure of the average 

concentration of haemoglobin per unit volume. This is dependent on the HGB value, thus 

affected by the RBC count.   

 

Owing to the Bohr Effect, haemoglobin will bind H+ ions in vivo in an effort to limit pH 

shifts in the body.212,214 The buffering properties of haemoglobin have been widely 

reported in relation to the conversion of carbon dioxide into bicarbonate; CO2 + H2O → 

H2CO3 → H+ + HCO3-. During this process, hydrogen ions are liberated, and the pH of 

the surrounding environment is lowered.  

 

To maintain pH homeostasis, haemoglobin binds the free hydrogen ions raising the pH to 

the optimum level.171,215  The hypothesis under consideration in this section is whether 

the RBCs with higher haemoglobin concentrations are afforded some protection from 

acid haemolysis due to haemoglobin ‘buffering’. Thus, determining whether the acid 

resistance test could be used in absence of an expensive haematology analyser to monitor 

haemoglobin variations within a blood sample.  

 

The haematological parameters of the control population are given in Table 4-1.  

Sample HGB, mmol/L MCH, fmol MCHC, mmol/L 

N1 8.44 2.03 21.9 
N2 7.76 1.94 21.8 
N3 9.06 1.94 21.7 
N4 7.32 1.71 20.2 
N5 8.56 1.86 20.4 
N6 8.02 1.93 20.7 
N7 8.43 2.01 21.3 
N8 7.78 1.79 21 
N9 8.67 1.97 21.6 

Table 4-1 Haematological values for the haemoglobin studies is included in this table. These values all fall within the 
recommended healthy ranges. 
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To determine whether correlations exist between the developed protocols and the 

haemoglobin measurements, comparison parameters within the developed tests had to be 

established.  

 

For the flow test, it was decided that the time to achieve 50% lysis of the cell population, 

T50%,  should be the parameter for comparison against the haemoglobin measurements. 

T50% was calculated in Microsoft Excel using the TREND function. The population 

sample for the flow test was n=9. 

 

For the high magnification drop test, the parameter chosen was the time taken for the cell 

to respond to the acid and reach its minimum projected area, i.e. the time required for the 

cell to become spherical. This was termed the ‘activity time’. The activity time was 

calculated in Microsoft Excel by finding the minimum value of a cell track, post acid 

addition, and it’s corresponding time point. The population sample size for the high 

magnification drop test was n=6.  

 

It was considered that a later T50% and activity time would be reported for samples with 

greater haemoglobin content.  
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Figure 4-26 (a) Haemoglobin count with T50% and activity time, (b) Mean corpuscular haemoglobin with T50% and 
activity time, (c) Mean corpuscular haemoglobin concentration with T50% and activity time. 
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The results from the analysis are shown above in Figure 4-26, and only one analysis, 

MCH and activity time for the HMDT, suggested any linear correlation (R2 value 0.6799, 

p-value = 0.04). This suggested correlation is interesting because the MCH value is the 

only parameter from the selected group for analysis that is completely independent of 

other RBC values. HGB and MCHC are both dependent on the RBC count of the sample. 

It is also important to note that, given the small control sample size (n=6) for the activity 

time analysis, it is possible that this correlation is coincidental. Further investigations on 

a larger control sample population are required to confirm the apparent correlation. 

 

Otherwise, the remaining set of analyses shows a lack of correlation between all other 

haemoglobin levels and the HMDT and flow test. This suggests that; (i) the haemoglobin 

content is not binding hydrogen ions in the acid haemolysis test, and/or (ii) the tests are 

not sufficiently sensitive to record variances in haemoglobin levels. 

 

The conclusion of this set of analyses suggests that HGB and MCHC did not display any 

linear correlations with T50% or activity time. A correlation appeared between the activity 

time and MCH, but this was not observed for MCH and T50% . There is an obvious need 

for larger control sample sizes which would prove or disprove any suggested correlations.  

 

To use the T50% as a variable for investigation, the protocol should be refined. A potential 

system optimisation would be to use a motorised XY-stage and to follow the same 

population of cells in the microchannel from beginning to end, ensuring that the correct 

and exact time point for T50% is recorded. It is important to note that this correlation 

analysis is not comparing like-like data. 

 
4.5.3 Cell volume and size variations 

(i)  Mean corpuscular volume 

Mean corpuscular volume (MCV) describes the average size and volume of the RBCs in 

a sample. Low values for MCV are common in iron deficiency anaemia but can also be a 

clinical presentation of hereditary anaemias such as thalassaemia and spherocytosis.76,195 

These smaller RBCs are termed ‘microcytic’. The hypothesis under investigation in this 

section is that smaller cells are more fragile due to their reduced membrane, thus 

decreasing their resistance to lysis.  
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The aim of this section was to determine if the projected area measurements as given by 

MeCheM was comparable with the gold standard MCV parameter. This is a like-like 

correlation.  

 

The variable that was under consideration for comparison against MCV values was the 

average cell projected area pre-acid addition for the healthy samples. Each healthy 

projected area measurement represents ~ 60 cells over triplicate runs, the standard 

deviation of cell projected areas within samples was between 1 – 2%. The results are 

shown below in Figure 4-27.  

 
Figure 4-27 There does not appear to be a correlation between the projected area measurement from the HMDT and 
the MCV values.  

The results from this analysis gave an  R2 value of 0.402. Given the small sample sizes, 

it is difficult to suggest whether a correlation might exist between average cell projected 

area pre-acid addition to MCV value. The p-value was reported to be 0.07, thus, not 

significant.  

  

(ii)  Red cell distribution width 

The red cell distribution width (RDW) is a haematological parameter that represents the 

size variability of RBCs in circulation. The normal range for this parameter is 11.5 – 

15.5%.216 Values outside this parameter indicate a greater variation of cell size in the 
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sample population. This can be seen in inherited anaemias such as sickle cell disease, β-

thalassaemia, and others which is caused by an increase in different cell types within the 

sample population.114,217,218 Although RDW is not a diagnostic factor in itself, it is 

indicative of an underlying problem thus it is a valuable parameter for first-tier clinical 

investigations.  

 

The value for RDW is calculated by the dividing the standard deviation of the MCV by 

the mean MCV and multiplying by 100.219  

 

A comparable parameter developed within this thesis is the projected area distribution 

width (PDW) obtained from the HMDT. Using the RDW formula and applying it to the 

projected area measurements of the HMDT it is possible to compare these two parameters 

and investigate correlations, see results below in Figure 4-28. 

 

𝑃𝐷𝑊 =	
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑	𝑎𝑟𝑒𝑎

𝑀𝑒𝑎𝑛	𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑	𝑎𝑟𝑒𝑎 	𝑥	100 

 

 
Figure 4-28 The R2 value for linear correlation between RDW and PDW was found to be 0.8506, with p-value=0.02. 
This indicates that there may correlation between these variables.  

It was expected, given the suggested correlation MCV and measured projected area, that 

there would be an observation linear correlation between RDW and PDW. With the 
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removal of one apparent outlier, (N3), the R2 value for this correlation was 0.8056 which 

implies a correlation may exist for these parameters. The p-value was also reported to be 

significant at 0.02. This is a like-like comparison. 

 

4.6 Method recommendations for further investigations with 

diseased blood  

4.6.1 Low magnification drop test 

The LMDT had the recognisable challenge of requiring considerable human interaction 

during the testing and analysis process. Due to its simple setup, user error was the main 

contributing factor to variation between samples. There were two factors that greatly 

reduced test reproducibility; (i) turbulence caused by the acid filled pipette tip coming 

into contact with the diluted blood sample, and (ii) inaccurate positioning of the acid drop 

causing the droplet to be dispensed away from the FOV of the camera. 

 

Turbulence caused movement of cells within the droplet and in some cases that appeared 

on the LMDT output graph as a large drop in cell numbers. This perceived drop in cell 

numbers required visual observation of the video recording to determine the cause of the 

cell decrease. This requirement was an additional and timely step to the analysis of the 

LMDT. 

  

Positioning of both the sample and the acid filled pipette tip accurately over the field of 

view of the camera proved to be the most difficult part of this test. If the acid was not 

added directly over the cells in the FOV of the camera, there would be a notable delay in 

the onset of haemolysis of the cells. The variation in acid drop position could result in 

curves with large differences in cell population decline between the same sample.  

 

Due to the lack of test sensitivity, the LMDT was not recommended in its current state 

for comparison against diseased samples.  

 

4.6.2 High magnification drop test 

Similarly to the LMDT, user input was a highlighted challenge in the HMDT. The 

experimental protocol had a tendency to create movement of cells, and accurate 
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positioning of the pipette tip for acid dispensing was difficult to achieve. This created 

problems for test repeatability.  

 

Using the HMDT, changes in cell projected areas in response to acid exposure over time 

can be tracked and recorded. Following the protocol, the cell projected areas are tracked 

from a time before acid exposure until eventual sample haemolysis.   

 

The output graphs were; (i) RBC population count, (ii) RBC size distribution, and (iii) 

RBC size measurement.  

 

The information obtained from the RBC population count was limited by very small cell 

numbers. Due to placement errors of the acid dispensing, the variations in curve shape 

between the healthy population were quite large, thus, this test was not recommended for 

comparison against diseased samples.  

 

The RBC size distribution analysis showed a Gaussian distribution of the RBC population 

size with most cells centering around 50 µm2. Upon exposure to acid, the RBC size 

distribution reduced initially and then increased for each measured increasing time point. 

This analysis gave a specific range for the healthy population and, as such, it was 

recommended for comparison against rare anaemia samples. 

 

The final graphical output from the HMDT was RBC size measurement. This showed the 

changing cell projected area over time upon exposure to acid. There were large variations 

among the healthy population that were increased due to the occurrence of cell lysis with 

increasing test time. This direct measurement was not reliable for comparison against 

diseased samples. However, it was possible to obtain a cell swelling capacity, that is 

measurement of the swelling from the RBCs minimum to its maximum projected area. 

This analysis allowed for a healthy population cell swelling capacity to be determined 

which could be used for comparison against rare anaemia samples.  

 

4.6.3 Flow test 

The flow test required much less user input to the testing protocol which removed many 

of the variations observed in the LMDT and HMDT. The resulting curve for the flow test 
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was repeatable in terms of its general bi-phasic decline in cell population. The maximum 

error, standard deviation, for the control population was calculated to be ~ 10%.  

 

Cell-surface adhesion was measured and it was considered that this could be used to 

compare against the cell-surface adhesion of rare anaemias, specifically Sickle Cell 

samples given the propensity for sticky cells among that disease.  

 

4.6.4 Conclusion 
The aim of this chapter was to investigate the repeatability of the developed methods, 

thus, their suitability going forward in the next chapter for comparison against rare 

anaemias. While not all of the methods are recommended in their current state, there is 

potential for system optimisation that would greatly increase their repeatability.  

 

The methods that were deemed suitable for advancement for comparison against diseased 

samples in their current state are; (i) RBC size distribution pre-acid addition, (ii) RBC 

size distribution post acid addition, (iii) RBC swelling capacity, and (iv) flow test.  

 

A secondary outcome of this chapter was the investigation of the developed methods with 

a complete blood count analysis for correlations. It was found that there appeared to be a 

correlation between; (i) MCH and activity time in the HMDT, and (ii) MCV and projected 

area of the HMDT. Due to the small cell number in the high magnification drop test this 

analysis could only suggest correlations, thus, further investigations are required to 

confirm the observed correlations.  
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Chapter 5 Application of MeCheM techniques as a potential 

diagnostic tool 
 

 

The overarching goal of this thesis was to design a low-cost, user-friendly test for the 

diagnosis of rare anaemias. The previous chapters have described the development of the 

necessary elements of that test; a microfluidic instrument MeCheM, a microfluidic chip, 

a bioassay, and protocols. In this chapter, the diagnostic abilities of the developed 

methods are investigated. 

 

The sample population sizes were quite limited due to the rare nature of these diseases. 

To avoid repetition at the conclusion of each section, it should be noted that all results 

and correlations were derived from limited anaemic samples and cell numbers, and 

future research should include a larger sample population. 

 

Given the infrequency of rare anaemias, particularly in Northern Europe,220 it was known 

that obtaining a large sample size for investigations would be a challenge. However, the 

purpose of this chapter was to conduct preliminary testing on any available samples with 

hopes that the results might highlight specific diseases or disease types to investigate in 

more depth. 

 

5.1 A brief summation of rare anaemias  
Rare anaemias are categorised according to the site of the mutations arising. The term 

‘haemoglobinopathy’ refers to a group of rare anaemias that are caused by mutations in 

the haemoglobin molecule. The mutations in membranopathies are brought about by 

anomalies in the RBC membrane, including the cytoskeleton. Finally, enzymopathies 

describe the mutations that occur in the enzymes of red blood cells interfering with 

cellular metabolism. Although the mutations causing disease in each of these cases is 

different, the anaemias share some commonalities that suggest the developed testing 

methodologies have the potential to highlight these diseases for diagnostic purposes. The 

groups of hereditary anaemias that are investigated in this section are; (i) 

haemoglobinopathies, and (ii) membranopathies. 
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5.1.1 Haemoglobinopathies  
Section 1.1 describes the importance of haemoglobin for oxygen delivery and the 

problems that arise when the haemoglobin is mutated. Haemoglobinopathies can be 

classified as; (i) Sickling disorders, and (ii) Thalassaemias. 

 

Sickling disorders display several characteristics that could be used as differential factors 

in the employment of the previously described methodologies. The RBCs of patients with 

Sickle Cell Disease display reduced cellular deformability, increased red cell distribution 

width, and have a propensity for cellular adhesion.52 Considering the recommended 

methods from Chapter 4 it is hypothesized that the RBC size distribution may align with 

increased RDW. The reduced deformability of sickled cells may be demonstrated by the 

cell swelling capacity test and the predisposition for sickle cells to adhere may also be 

highlighted in the flow test.  

 

Similarly, RDW can be elevated in Thalassaemia and patients often display a reduced 

MCV.221 This may be highlighted in the RBC size distributions test as a shift to the left 

of the previously established control population histogram, thus, suggesting a higher 

number of cells are residing in the smaller interval ranges. Thalassaemic RBCs are 

typically more fragile than healthy RBCs meaning that samples may show decreased 

resistance to swelling and lysis in the cell swelling capacity and flow tests.  

 

5.1.2 Membranopathies 

Membranopathies are characterised by anomalies in the genes encoding the skeletal 

proteins which alter the membrane structure.222 Among membranopathies, Hereditary 

Spherocytosis (HS) is the most common of the anaemias.222 In HS, the molecular defects 

of the membrane proteins result in a loss of membrane surface area. This leads to fragile 

microcytic and spheroid RBCs which can be diagnosed using various haematological 

parameters.223 

 

Other membranopathies may display similar defects or may have different characteristics 

that could be used for diagnostic purposes. Although disease heterogeneity proves a 

challenge for comparable RBC indices between Hereditary Xerocytosis (HX) patients, it 



 

 

116  

116 

is typically reported that the RBCs are borderline macrocytic and characteristically 

dehydrated.224,225  

 

Knowledge of the characteristics of the membranopathies allows hypotheses to be formed 

in respect of their anticipated responses to the developed methodologies. For HS, given 

the typical microcytic size of HS cells, it was expected that the RBC size distributions 

would demonstrate a shift to lower values on the control histogram. It was also 

hypothesized that the cells would exhibit a decrease in resistance to lysis which could be 

recorded using the flow test and the cell swelling capacity test. Contrastingly, for HX it 

was hypothesized that these cells would display an observable increase in resistance to 

cell lysis and swelling.  

 

5.1.3 Overview of diseased samples 

Samples were collected and tested on site in the University Medical Centre, Utrecht, over 

a 3-week period. Table 5-1 below gives an overview of the samples that were investigated 

for diagnostic potential using the developed methods. In this section, samples that 

contained the same mutations were grouped together where appropriate. For example, 

samples S8 and S9 were both diagnosed as β-Thalassaemia Major, thus were categorised 

as ‘BTM’, etc. 

 
Table 5-1 Overview of samples tested for comparison against the healthy control. Abbreviations are explained in the 
glossary.  

Below in Table 5-2 to Table 5-4 is a compilation of haematological indices for the rare 

anaemia samples (coded S1 -S18).   
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HbSS n=3 BTM n=2 HbA/HbH n=1 HS n=2

HbS/BT n=3 BTI n=1 HbE/HbH n=1 HX n=2

HbSC n=1 BTm n=1

HbS/HbH n=1 HbH n=1
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(i) Haematological indices for haemoglobinopathies 

 
Table 5-2 Haematological indices for Sickled diseases. 

 
Table 5-3 Haematological indices for the Thalassaemias. 

 
(ii) Haematological indices for membranopathies 

 
Table 5-4 Haematological indices for Membranopathies. 

 
(iii) Reference haematological indices  

 
Table 5-5 Haematological references ranges for healthy blood samples. 

 

5.1.4 Summary of investigative parameters 

The analyses considered for investigations of diagnostic potential using the rare anaemia 

samples could be categorized into; (i) flow analyses, (ii) high magnification analyses, and 

Si
ck

le
d 

di
se

as
es

Sample code Disease RBC, 1012/L MCV, fL MCH, fmol RDW, %

S1 HbSS 4.74 58.1 1.17 22.1

S2 HbSS 2.83 97.8 2.08 20.1

S3 HbSS 3.46 80.5 1.69 24.4

S4 HbS/BT 2.70 116.0 2.60 17.3

S5 HbS/BT 2.88 86.9 1.69 28.7

S6 HbS/BT 4.42 71.3 1.40 20.6

S7 HbSC 4.75 64.9 1.43 19.1

Th
al
as
sa
em
ia
s

Sample code Disease RBC, 1012/L MCV, fL MCH, fmol RDW, %

S8 BTM 3.01 84.6 1.74 15.6

S9 BTM 3.1 76.2 1.73 24.5

S10 BTI 2.42 83.9 1.59 28.1

S11 BTm 5.77 53.4 1.05 16.3

S12 HbH 5.68 59.6 0.86 26.1

S13 HbA/HbH 4.31 72.6 1.55 28.1

S14 HbE/HbH 4.90 75.6 1.64 12.2

M
em
br
an
op
at
hi
es Sample code Disease RBC, 1012/L MCV, fL MCH, fmol RDW, %

S15 HS 4.41 83.5 1.86 16.8

S16 HS 3.20 82.0 1.79 21.6

S17 HX 3.15 101.0 2.16 11.3

S18 HX 4.25 87.7 2.04 12.9

Healthy ranges for RBC indices

RBC, 1012/L MCV, fL MCH, fmol RDW, %

3.8 - 5.9 80 - 100 1.7 - 2.0 11.8 - 16.1
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(iii) haematological correlations. The tests for flow analyses were; (i) flow test, and (ii) 

cell-surface adhesion measurements. The analyses from the high magnification testing 

were; (i) RBC size distribution pre-acid addition, (ii) RBC size distribution post-acid 

addition, and (iii) RBC swelling capacity. The haematological parameters RBC count, 

RDW, MCH and MCV were chosen to investigate for correlations with the developed 

tests. RBC count was investigated for correlations with the initial cell count in the flow 

test. RDW was compared against the developed high magnification parameter Projected 

Area Distribution Width (PDW). MCH was investigated for correlation with the cell 

activity time, that is, the time required for the RBC to reach its minimum size following 

the introduction of acid. Finally, MCV and the average measured cell projected area 

values were compared for correlations. The results are discussed below in the following 

sections. 

 

The results that will be discussed in this chapter are a sample of the experiments 

conducted and were chosen based on interesting experimental observations.  The 

complete analysis for each sample and test type can be found in Appendices A.1 – A.2.  
 

5.2 Results: Flow analyses 
The analyses carried out under flow conditions were (i) the flow test, and (ii) cell-surface 

adhesion measurements. The flow test was the measure of cell population along the 

channel and the cell-surface adhesion was the measurement of the cell clusters that had 

adhered to the surfaces of the microchannel. 
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5.2.1 Flow test 
(i) Haemoglobinopathies 

Sickled disorders 

 
Figure 5-1 Flow test results for Homozygous Sickle Cell Disease (HbSS). Error bars are standard deviation.  

The results shown in Figure 5-1 for the homozygous sickle samples S1 – S3 suggest that, 

with the exception of rare anaemia sample S3, there were no clear differences for HbSS 

when compared with the healthy control population. A comparison of the haematological 

indices, see Table 5-2, for sample S3 with the healthy population showed a lower RBC 

count and a higher RDW. However, these values were also outside of the normal range 

for most of the other sickled samples. Therefore, the resulting curve could not obviously 

be attributed to these abnormal haematological values for sample S3. The standard 

deviation per position for sample S3 was not particularly large indicating that the sample 

behaved similarly for each triplicate run. However, the cause for apparent increased 

fragility of this sample was unknown.  

 

The results of the flow test investigation reports that this assay was not sufficiently 

sensitive to highlight differences between healthy and sickled diseases in the case of 6 

out of 7 samples, see Appendix A.1 for further results.  
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Thalassaemias 

 
Figure 5-2 Flow test results for β-Thalassaemias is shown in (a) – (c), and the flow test results for α-Thalassaemias is 
shown in (d). Error bars are standard deviation.  

Figure 5-2 (a) compares β-Thalassaemia major with the healthy result for the flow test. 

There appears to be a delay in lysis for sample S8, depicted by the rightward shift of the 

population decline curve. However, this was not observed for the second β-Thalassaemia 

major sample, S9 which appears to closely follow the shape of the control curve. It was 

known that there was a significant difference between patient sample S8 and S9 in that, 

patient sample S8 had undergone a splenectomy.  

 

The primary function of the spleen is the removal of old and damaged red blood cells 

from circulation through phagocytosis which takes place in the macrophages of the 

spleen.226 Other organs, such as the liver and bone marrow, also contain the macrophages 

required for red cell removal and these will work to remove old and damaged red blood 

cells in the absence of the spleen.227 However, in severe rare anaemia cases like BTM, 

the production of mutated RBCs can be overwhelming to the splectomised system, thus, 

the mutated cells may be observed in circulation for longer periods of time.  
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Normal spleen function for patient S9 should remove many of the damaged and mutated 

red blood cells from circulation, meaning that the majority of the remaining cells, thus 

the cells under observation in the flow test, are the healthier cells. If this is the case, it 

would be expected that the patient sample would follow the control curve more closely.  

 

A delay in the onset of haemolysis is observed for sample S8 and there is a higher 

percentage of surviving cells at the final imaging position compared to the control. It is 

possible that this could be caused by the disease mutations, however, it is not clearly 

distinguishable from the healthy control.  

 

Figure 5-2 (b) shows that sample S10, β-Thalassaemia intermedia, initially appears to 

have faster cell lysis than the control curve. However, this haemolysis slows at ~ 55 

seconds, and the remainder of the curve observes a decrease in haemolysis compared with 

the control curve.   

 

Sample S11, β-Thalassaemia minor shown in Figure 5-2 (c), had the largest overall 

variation between triplicate runs. Although, on average it appeared that the sample S11 

showed slower haemolysis in the microchannel, this was not the case for each 

experimental run. In one case, sample S11 appeared to align with the control curve which 

is concerning from a diagnostic perspective. 

 

Finally, Figure 5-2 (d), is a compilation of the α-Thalassaemia mutations. Sample S12, 

(HbH), displayed the clearest delay in haemolysis and there was little variation between 

triplicate runs in this case. Sample S13, (HbA/α-T), appeared to have faster haemolysis 

than the control curve. Sample S14, (HbE/α-T), did not appear to be distinguishable from 

the control curve. 

 

Thalassaemic cells characteristically have excess membrane surface area and reduced 

membrane deformability.228 This is interesting because, as confirmed by the high 

magnification tests in Section 5.3.2, the RBCs reduce in projected area upon exposure to 

acid prior to the initiation of the swelling phase. Reduced deformability may suggest that 

the Thalassaemic cell is reluctant to deform initially in response to acid. It could also 

suggest that the Thalassaemic cell has greater swelling capabilities than a healthy cell 

given its excessive membrane surface area – which may be observed in the flow test as a 
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resistance to lysis (samples S10, S11, and S12). Equally, a lack of deformability might 

suggest a decrease in resistance to haemolysis which could be characterised in the flow 

test as a more rapid haemolysis.  

 

The results of the flow test appear to highlight differences in 5 out of the 7 Thalassaemic 

samples. Further investigations on larger population sizes may highlight potential 

diagnostic qualities for the Thalassaemic samples.  

 

(ii) Membranopathies 

 
Figure 5-3 Flow test results for Hereditary Spherocytosis (S15 & S16. Error bars are standard deviation. 

Figure 5-3 (a) shows the flow test results for HS which are clearly distinguishable from 

the healthy sample. A known characteristic of HS RBCs is their increased membrane 

fragility and this has been widely reported as a differentiating factor in the osmotic 

fragility test229. In HS, the RBC is typically microcytic and that may be described in 

haematology indices as a decreased MCV value. Whilst samples S15 and S16 did not 

highlight an abnormally low MCV value, the results of the flow test showed a decrease 

in resistance to lysis for both samples. The more rapid decline in cell population in the 

microchannel suggests that these cells are more fragile than the healthy population. The 

results also showed that the HS curves overlapped almost perfectly and the standard 

deviation of the triplicate measurements was much smaller than previously observed for 

the other rare anaemia types.  
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The HS samples are clearly distinguishable from the control curve. Although further 

research on larger sample populations is required, the preliminary results for the flow test 

suggest that there may be diagnostic potential for HS samples.  

 

5.2.2 Cell-surface adhesion measurements 

Cell-surface adhesion measurements are a measure of the total surface area of the cell 

‘cluster’ that adhered to the surface of the microchannel.  

 

The negative surface charge of the RBC prevents cell-cell and cell-surface adhesion under 

physiological conditions.203 However, under these experimental conditions, the RBCs are 

exposed to H+ ions from the acidic stressor causing the RBCs to move through their 

isoelectric point, changing their surface charge from negative to positive.204,205 The RBCs 

that are nearest to the acidic stressor within the microchannel will move through this 

charge change before cells that are furthest away from the acid. This creates cell-cell and 

cell-surface attraction, thus measurable adhesion is observed.  

 

Each cluster was measured individually and the value of the sum of all the clusters was 

recorded. The clusters varied in size and number across triplicate runs for the each patient 

sample. In some cases, only one small cluster would be observed within the microchannel 

and in contrast, for the same sample,6/7 clusters could be observed using a different chip. 

The chip-chip variation resulted in large standard deviations for this measurement.  

 

(i) Haemoglobinopathies 

Sickled disorders 

 
Figure 5-4 Measured cell-surface adhesion on the microchannel for each sickled disease (S1 – S7). Error bars are 
standard deviation.  
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Figure 5-5 Cell-surface adhesion along the microchannel from sample S6 (HbSC) which had the largest measured 
adhesion from all the rare anaemias investigated.  

The cell-surface adhesion measurements (Figure 5-4) showed that, in general, the average 

cell-surface adhesion for the sickled diseases was significantly increased when compared 

with the control.  

 

However, as each test was investigated in triplicate, it was observed that there was a large 

degree of variation between the same samples. For example, the standard deviation of 

sample S1 in Figure 5-4 shows that the measured cell-surface adhesion may fall within 

the healthy control population range.  

 

Although this method seemed to highlight the sickled samples as more prone to cell-

surface adhesion in most cases, there were inconsistencies among samples with the same 

mutation. As previously mentioned, samples S1 – S3 were homozygous HbSS. While 

samples S2 and S3 arguably fall within a similar cell-surface adhesion range, S1 appears 

to be an outlier.  

 

To confirm whether the differences observed between the healthy and sickle cell-surface 

adhesion measurements were significant, an Unpaired T-Test was conducted in GraphPad 

Prism. The results from this showed that the sickle samples, with the exception of S5,  

showed significant differences to that of the healthy population, with p-values < 0.05 in 

all cases. Sample S5 did not show significant difference and the p-value was found to be  

> 0.05.  

 

This investigation suggests that the adhesive properties of the sickled diseases may be 

detected by the cell-surface adhesion measurements, however, the accuracy of this 

measurement is not sufficient to highlight specific disease mutations, or even clearly 

distinguish between healthy and diseased samples at this point.  
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Thalassaemias 

 
Figure 5-6 Aggregation analysis for the Thalassaemia diseases showed increased cell-surface adhesion in 5 of 7 
disorders. 

Although Thalassaemic cells are not known for their adhesive properties, significant cell-

surface adhesion was observed in the flow test for samples S8, S10 and S12, Figure 5-6. 

 

Interestingly, samples S8 and S9 (both β-Thalassaemia major) displayed substantially 

different cell-surface adhesion results. As mentioned in the previous section, patient 

sample S8 had undergone a splenectomy, meaning, that there was likely a higher 

percentage of abnormal cells in this sample. It is clear that high cell-surface adhesion was 

observed in the case of sample S8. 

 

In contrast, patient sample S9 had not undergone a splenectomy, thus, the spleen would 

still be active in the role of removal of atypical cells resulting in the sample appearing 

closer to the control. 

 

Samples S13 and S14 were heterozygous variations of α-Thalassaemia (HbA/α-T and 

HbE/α-T, respectively). The observed cell-surface adhesion for these samples was 

indistinguishable from the healthy samples. Upon subjecting S13 and S14 to an Unpaired 

T-Test, it was confirmed that these samples did not significantly differ from that of the 

healthy control, with P-values of 0.13 and 0.67, respectively. 
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Overall, this investigation suggests that upon subjecting Thalassaemic cells to low pH 

acid, significant differences from the control population (P-values < 0.05) were observed 

in adhesive properties of the cells were observed 5 of 7 cases; S8 – S12. It is possible that 

increased cell-surface adhesion could indicate the presence of unhealthy blood disorder. 

However, the result of this analysis has been variable and in some cases it has not been 

possible to distinguish healthy from diseased blood. This method is also not specific to a 

particular blood disorder, thus, should not be considered for diagnostic potential.  

 

(ii) Membranopathies 

 
Figure 5-7 Cell surface adhesion measured for (a) Hereditary Spherocytosis samples, and (b) Hereditary Xerocytosis 
samples.  

Like the Thalassaemias, HS and HX are also not known to have the same membrane 

adhesive properties as the sickled disorders. Measurement of the cell-surface adhesion of 

the samples confirmed a lack of adhesion to the microchannel in the case of three of the 

four samples investigated.  

 

However, sample S15 (HS), shown in Figure 5-7 (a), showed a significant amount of 

cell-surface adhesion. To provide a hypothesis for this increase in cell-surface adhesion 

for sample S15 an overview of the patient history could be useful, however, this was not 

available for investigation.  

 

The measurement of cell-surface adhesion in the case of S16 – S18 did not appear to 

provide information that differentiate these rare anaemias from the control (with P-values 

of 0.1236, 0.1366, and 0.4881, respectively), thus, it was not recommended that this test 

is used for diagnostic purposes.  
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5.3 Results: High magnification testing 
Red cell distribution width is a measure of sample heterogeneity. The range of size 

variation that should be observed in a healthy sample is between 11.8 and 16.1% for males 

and females.  

 

The high magnification system measures the projected area of each cell in the field of 

view of the camera, thus, obtaining the sample size distribution. The resulting output is a 

histogram measuring the percentage of cells in each interval range. It was considered that 

the width of the projected area measurements could be correlated with the red cell 

distribution width parameter given by a haematology analyser. This hypothesis is 

investigated in the following sections.  

 

The disorders chosen as representative for the high magnification testing protocols were 

the Thalassaemia disorders. The results from sickled and membrane disorders can be 

found in Appendix A.2 for the pre-acid size distributions and Appendix A.3 for the post-

acid size distributions. 
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5.3.1 Pre-acid size distributions 
(i) Haemoglobinopathies 

(a) β-Thalassaemias 

With the exception of BTM, which contained results from two subjects, each sample 

investigated was singular. The healthy data at T= -5 (black) was superimposed over the 

anaemic data for comparison. 

  
Figure 5-8 Projected area distributions pre-acid addition of (a) β-Thalassaemia Major, (b) β -Thalassaemia 
Intermedia, and (c) β-Thalassaemia Minor.  
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Red cell distribution width is often reported as increased in β-Thalassaemia blood 

samples. The majority of the cell population (~ 70%) for BTM is spread over 4 interval 

ranges and is weighted towards the smaller end of the measured projected areas. 

 

The BTI sample appears to have a dip in cell population in the centre of the distribution. 

This could be an artefact of the test. As only one BTI sample was available for 

investigation, this perceived ‘dip’ cannot be considered characteristic of the BTI disorder. 

However, it is clear that BTI also has a wider span over the interval ranges, which is in 

agreement with the measured increase in the RDW parameter. 65% of the cell population 

is found within the interval ranges of 25 – 46 μm2. 

 

BTm reported a larger population of cells within a smaller range than compared with 

BTM and BTI. Approximately 48% of the cell population was observed within the 35 – 

42 μm2 and 42 - 49 μm2 interval ranges with the rest of the cell population spread out 

across four further interval ranges.  

 

For each of the  β-Thalassaemias, it was found that the cell population percentage has a 

higher number of cells in the smaller interval ranges compared with the control. This 

indicates that the cells analysed were smaller in projected area indicating a decrease in 

MCV. It has been reported that the RBCs of patients with a β-Thalassaemia disorder may 

be microcytic, thus, a test that can highlight a reduction in cell size would be useful for 

screening blood samples for disease.  See Section 5.5 for this analysis.  

 

A separate analysis was conducted on the BTM samples due to the differences observed 

between the splectomised patient sample S8 and the non-splenectomised patient sample 

S9.  

 

The patient samples were analysed and plotted individually, see Figure 5-9.  



 

 

130  

130 

 
Figure 5-9 BTM samples S8 and S9 were separated and plotted individually which revealed that the distributions were 
quite different for the same disease.  

There is a clear difference between patient S8 and patient S9 in their measured projected 

area distributions, Figure 5-9. Patient S9, non-splenectomised, appeared to more closely 

follow the distribution pattern of the control sample (black). Whereas, patient sample S8 

is clearly distinguishable from the control. The cell population for S8 is also weighted 

towards the smaller intervals.  

 

From these results, it would have been assumed that the RDW value for S8 would exceed, 

and for S9 may fall within the healthy range. However this was not found to be the case. 

In contrast, the haematological values report that the RDW for S8 was within the normal 

range and the RDW value for S9 exceeded the normal range for S9. 
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(b) α-Thalassaemias 

 
Figure 5-10 Projected area distributions pre-acid addition of (a) HbH, (b)HbA/α-Thalassaemia, and (c) HbE/ α-
Thalassaemia. 
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Red cell distribution width has also been reported as increased for α-Thalassaemia blood 

disorders. Of the samples tested within this thesis, HbH and HbA/α-T report an increase 

in RDW values and HbE/α-T fell within normal ranges. 

 

Referring to Figure 5-10 (a) and (b) it appears that both HbH and HbA/α-T show wider 

projected area distribution spans than the control population. This was not seen to be the 

case for HbE/α-T, Figure 5-10 (c), thus in agreement with the haematological values. 

However, this agreement is taken with a degree of caution as this analysis was conducted 

on only one sample for each of the α-Thalassaemias. 

 

HbH and HbA/α-T also report a shift to the left of the control for their observed 

distributions, suggesting that the cell population projected area is smaller than the control. 

This leftwards shift is not observed for HbE/α-T, however, there is a higher percentage 

of cells in the 35 -42 μm2 interval band which weights the sample towards the smaller 

projected area distributions. 

 

Summary 

In conclusion, this investigation reported mixed results. It is very likely that the analysis 

requires larger cell numbers to more accurately predict the distribution width of the 

sample. In some cases, summing all the cells across the triplicate runs for the high 

magnification imaging test only resulted in the analysis of 60 cells in total for that sample. 

In comparison, a haematology analyser measures red blood cells in the range of 1012.  

 

Although in its current form this test is not sufficiently accurate to detect abnormal 

projected area distributions across a whole sample, it is possible that with protocol 

adjustment that this parameter could be comparable to the red cell distribution width of 

the haematology analyser. This is discussed in more depth in Section 6.2.1. 
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5.3.2 Post-acid size distributions 
(i) Haemoglobinopathies 

β-Thalassaemias 

 
Figure 5-11 Projected area distribution ranges at specified time points in response to acid addition for β-
Thalassaemia Major Sample S8. This patient had undergone splenectomy. It is clear that this sample responded 
significantly differently to the control. 

 
Figure 5-12 Projected area distribution ranges at specified time points in response to acid addition for β-
Thalassaemia Major Sample S9. This patient had not had a splenectomy.  Sample S9 responded in a very similar 
manner to the acidic stressor as the control samples.  
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Figure 5-13 Projected area distribution ranges at specified time points in response to acid addition for β-
Thalassaemia Intermedia. 

 
Figure 5-14 Projected area distribution ranges at specified time points in response to acid addition for β-
Thalassaemia Minor.Error! Reference source not found. 

Sample T=-5 T=20 T=40 T=60 T=80 T=100 

Healthy  49 - 56 28 - 35 42 - 49 42 - 49 42 - 49 42 - 49 

BTM: S8 28 - 35 21 - 28 28 - 35 35 - 42 35 - 42 35 - 42 

BTM: S9 42 - 49 28 - 35 28 - 35 35 - 42 42 - 49 42 - 49 

BTI 28 - 35 28 - 35* 28 - 35 35 - 42 35 - 42 35 - 42 

BTm 42 - 49 28 - 35 28 - 35 28 - 35 28 - 35 35 - 42 
Table 5-6 Interval ranges with the majority of the cell population for each disease and the control.*Although a decrease 
to a smaller interval was not recorded for BTI, the cell population measurement was increased in the smaller interval 
ranges, see Error! Reference source not found. (b). 
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The BTM patient samples were separated due to the differences between splectomised 

and non-splenectomised patients, shown in Figure 5-11 and Figure 5-12.  

 

BTM sample S9, non-splenectomised, followed a similar distribution pattern to the 

healthy control. There was a slight delay in swelling from the T=20 – T=40 timepoints 

but the majority of the cell population returned to the pre-acid addition projected area 

measurement by T=100.  

 

Interestingly, sample S8 did appear to be observably different to the healthy distributions. 

The cells in the splectomised S8 sample initially report a majority in a smaller interval 

range for T=-5. The cells decrease as expected upon exposure to acid from T=-5 to T=20 

and continue to increase in projected area until T=60 where the majority of cells reaches 

the 35 - 42 μm2 interval range. The cell population majority remains at this interval range 

for T=80 and T=100. The percentage of cells observed at this interval was 38%, 35%, and 

34% for T=60 – T=100, respectively. The reducing population in the previous 28 - 35 

μm2 interval range suggests that these cells are continuing to swell with time under acid 

exposure. The reason for the increase in projected area greater than the initial 

measurements is not fully understood. 

 

It is not obviously clear from Table 5-6 that the BTI sample decreases given the majority 

of the cell population remains within the same interval range (28 – 35 μm2) as the previous 

time measurement. However, it can be seen from the graph, Figure 5-13, that the 

percentage of cells at the 28 – 35 μm2 range increases (from 20% - 48%). The cell 

population continues to swell from T=40 – T=60 where it remains within the 35 - 42 μm2 

interval range. The BTI sample also reports an increase in projected area greater than the 

initial size measurements at T=-5.  

 

BTm, Figure 5-14, follows the same trend of projected area distribution decrease from 

T=-5 to T=20. However, this sample displayed a long delay in increasing from the 

measured T=20 interval range (28 – 35 μm2). In fact, the cell population majority 

remained at the 28 - 35 μm2 interval range from T=20 – T=80. At T=100 the cell majority 

had increased to 35 – 42 μm2 which was less than the initial majority projected area 

measurement of 42 – 49 μm2.  
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Another observation of the β-Thalassaemia samples is the increase in measured cell 

population remaining at T=100 compared with the healthy sample. The total remaining 

cell population for the healthy sample at T=100 is ~ 29%. In contrast, the average 

remaining cell population at T=100 for all the β-Thalassaemias ~ 68%.   

 

Similarly to the sickled disorders, the β-Thalassaemias are also reported to have decreased 

cellular deformability, which may be a result of reduced Band 3 function.230 It is possible 

that the reluctance for the cells to increase in projected area upon exposure to acid is 

caused by reduced the Band 3 function, thus the RBC deformability.  
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α -Thalassaemias 

 
Figure 5-15 Projected area distribution ranges at specified time points in response to acid addition for HbH 

 
Figure 5-16 Projected area distribution ranges at specified time points in response to acid addition for HbA/αT 
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Figure 5-17 Projected area distribution ranges at specified time points in response to acid addition for HbE/αT 

Sample T=-5 T=20 T=40 T=60 T=80 T=100 

Healthy  49 - 56 28 - 35 35 - 42 42 - 49 42 - 49 42 - 49 

HbH 35 - 42 21 - 28 28 - 35 28 - 35 28 - 35 35 - 42 

HbA/α-T 42- 49 28 - 35 28 - 35 35 - 42 42- 49 42- 49 

HbE/α-T 35 - 42 28 - 35 28 - 35 35 - 42 35 - 42 35 - 42 
Figure 5-18 Interval ranges with the majority of the cell population for each α-Thalassaemia disorder and the control. 

All samples reported a decrease in projected area measurement from T=-5 to T=20. 

Following the initial decrease, each sample increased over time and eventually returned 

to the pre-acid addition measurement.  

 

After the addition of acid for the HbH sample, high turbulence was observed which 

caused an increase in the apparent cell population, thus, the total cell population at T=20 

for HbH was reported to be 106%. The high number of cells remained throughout the test 

with the final population at T=100 recorded as ~ 63%. 

 

The graph shown in Figure 5-16 shows that the cells in the HbA/α-T undergo a much 

more rapid haemolysis than the control with only ~12% of the cell population remaining 

by T=100, compared with ~ 29% for the healthy population. This increase in cell 

haemolysis was also observed in the flow test, see sample S13 in the flow tests result 

Figure 5-2 (d).  
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In contrast, the HbH and HbE/α-T samples (Figure 5-15 and Figure 5-17, respectively) 

retain 69% and 75% at T=100, respectively, and their resistance to lysis was also observed 

in the flow test results. 

 

Summary 

The overall conclusion of this section is that this post-acid addition test is not sufficiently 

accurate to detect differential trends between the healthy and Thalassaemic samples. As 

mentioned in the pre-acid addition test, the cell numbers in observation may be too small 

to detect population trends. It is interesting that all of the samples reported the decrease 

in projected area upon exposure to acid. However, this was also the case for the control 

samples, thus it is not a differential factor that could be used for diagnosis. 

 

With respect to the cell population swelling from T=20 to T=100, this was observed for 

each of the rare anaemic samples. The samples did appear swell in a different manner to 

the control with most samples reporting a delay in the commencement of swelling. 

However, these differences were not clearly in correlation with any particular disease. 

Again, investigation of larger cell numbers may highlight trends that were not observable 

within the confines of the test designs for this thesis.  

 

In conclusion, this test in its current form is not recommended for future diagnostic 

investigations.  
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5.4 Results: Haematological correlations 
Please see Appendix A.6 for a full report of R2 and p-values for each correlation 

investigation.  

 

5.4.1 Red blood cell count 
A symptom of hereditary anaemias is chronic haemolytic anaemia which can be 

diagnosed clinically as a low RBC count,231 9 of the 18 samples investigated reported a 

low RBC count, see Table 5-2 to Table 5-4.  

 

The flow test has the capability to count RBCs in the channel prior to the addition of acid, 

thus, before the commencement of haemolysis. It was considered in the previous chapter 

that this ‘cell count’ could be utilized in absence of a haematology analyser. The cell 

count obtained from the flow test at the beginning of each experimental run was plotted 

against the RBC count value given by the haematology analyser. The results suggested a 

linear correlation between the two tests (R2 = 0.6178). To investigate whether this 

correlation was true, the cell count values for the rare anaemia samples were plotted 

against the RBC count values. The results are shown below in Figure 5-19. 
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Figure 5-19 The anaemias were separated into their respective groups; (a) Sickled disorders, (b) Thalassaemias (α 
and β), and (c) Membrane disorders, and their cell counts were plotted against the RBC counts. The R2 value for the 
sickled disorders showed good correlation; R2=0.7755, p-value= 0.0089. The Thalassaemia group reported a strong 
correlation with an R2 value of 0.8236 and p-value= 0.004. Finally, the membrane disorder group had a good 
correlation with an R2 value of 0.7624, however, the p-value of 0.13 deemed this correlation not significant. 

The R2 and p-values for the sickled disorders, Thalassaemias and membranopathies were 

R2 = 0.7755 and p-value = 0.0089, R2 = 0.8236 and p-value = 0.004, and R2 = 0.7624 and 

p-value =0.13, respectively. Overall, this suggests that there is a good linear correlation 

between the cell count in the flow test and the RBC count value from the haematology 

analyser for the sickled disorders and Thalassaemias. However, the Pearson analysis on 

the membrane disorders reported a non-significant result. This could be a result of small 

sample sizes in this group (n=4).  

 

The variables that arise are likely caused by variations between blood dilutions during the 

preparation steps for the flow test. Each diluted sample contained the same volume of 

blood from a whole blood sample. It is possible that there was inefficient mixing of the 

whole blood sample prior to dilution. To reduce this potential variability, the whole blood 
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sample could be centrifuged down so that the user only dilutes RBCs instead of the whole 

blood sample.  

 

Regardless of protocol improvements, this set of analysis suggests that the developed cell 

count parameter may be comparable with the gold standard RBC count, thus, suggesting 

it as a potential substitute for the RBC count.  

 

5.4.2 Red cell distribution width 
RDW is a measure of the variation of cell sizes in a sample. Within any blood sample, 

healthy or diseased, there will be a range of cell sizes due to the natural ageing process of 

the RBC.232 However, it is widely reported that this range significantly increases in 

patients suffering with rare anaemias.233 In the previous chapter, Projected area 

Distribution Width (PDW) was developed as a correlative parameter for RDW and the 

results with the control population showed strong linear correlation with an R2 value of 

0.8506. 

 

The values for PDW of the anaemic samples were obtained using the formula described 

in Chapter 4 and the results were plotted with their respective RDW values, Figure 5-20. 

 
Figure 5-20 The gold standard RDW parameter was plotted against the developed PDW parameter for each of the 
disease groups and no linear correlation was observed.  
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The results of this investigation reported no linear correlations between RDW and PDW 

for the anaemic samples. The R2 values for the sickled disorders, Thalassaemias, and 

membranopathies were 0.1189, 0.2205, and 0.1981 respectively. The p-values were all 

found to be not significant. 

 

The obvious concern with small sample numbers is the dependability of any suggested 

correlations. The healthy population had an RDW value of 11.5 ± 0.33% which was 

significantly narrower than the rare anaemic RDW value of 20.3 ± 5.49%. This indicates 

that in any sample observed there is a smaller size variation of the healthy samples than 

in the rare anaemic samples. Thus, the healthy samples may appear to show a higher 

correlation between RDW and PDW values.  

 

However, in the case of the rare anaemic samples, there was no correlation found between 

RDW and PDW values, thus, PDW is not suggested to be considered as an alternative 

parameter for RDW.   

 

5.4.3 Mean corpuscular haemoglobin 

MCH is a measure of the average amount of haemoglobin molecules present in a blood 

sample. In patients with rare anaemia, the levels of haemoglobin in their blood are often 

reported as lower than that of a healthy subject.  

 

The parameter ‘activity time’ is defined as the time required for the cell to reach its 

minimum projection following the addition of acid to the sample. In the previous chapter, 

there was a good correlation (R2 = 0.6799) between MCH and the activity times for the 

healthy samples. The hypothesis for this correlation was that haemoglobin may offer a 

buffering effect as it binds H+ ions, reducing the overall extracellular pH, thus, slowing 

the effect of intracellular water uptake and increasing the activity time. Considering the 

hypothesis, samples with less haemoglobin present may not be afforded this same level 

of protection, thus, their activity time may be decreased. The average MCH values were 

1.88 fmol for the healthy samples and 1.65 fmol for the rare anaemic samples. The results 

of this analysis are shown below in  Figure 5-21. 
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 Figure 5-21 Comparing the MCH and activity times of the diseased samples did not suggest that there was any linear 
correlation between these parameters.  

The results of this analysis did not indicate any correlation between MCH and activity 

time of the anaemic samples. The R2 values for the sickled disorders, and Thalassaemias 

were 0.011 and 0.1590, respectively and all p-values were reported as not significant. 

There were too few points to provide indication of a correlation for the membranopathies.  

 

A possible explanation for the lack of correlation observed with the anaemic samples is 

that, including MCH, there are myriad other factors to be considered when it comes to 

cell shape change. A critical factor is the deformability of the red blood cell.234 

Deformability of RBCs is required for the cells to pass through the narrow capillaries of 

the body. The high magnification tests provide data about the deformability of the sample 

under investigation. Cellular deformability in hereditary anaemia is widely reported as 

reduced when compared with healthy cells.47 Due to increased cell size variation within 

anaemic samples, there will be a much greater variation in cell deformability than that 

observed in a healthy sample.  
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As previously defined, the activity time is given as the time for the cell to reach its 

minimum projected area. To achieve this, the cell must deform from its original 

configuration. With the knowledge that in an anaemic sample there will be a much greater 

range of cell deforming abilities, thus, varying activity times, this must be considered as 

a factor for the lack of correlations observed.  

 

Given the small cell numbers that were observed during the high magnification 

investigations, it is possible that the previous healthy correlations were coincidental. It is 

also possible that there are too many conflicting factors in the mutated anaemic samples 

to allow for correlations.  

 

The conclusion of this set of analysis is that MCH and activity time for the anaemic 

samples did not show any correlations, thus, it is not suggested as an alternative to the 

MCH parameter.  

 
5.4.4 Mean corpuscular volume 

MCV is a measure of the average RBC volume and thus size in a population sample. It 

was hypothesized that this parameter could be correlated to the average RBC projected 

area measurements which also give an insight into the size of the RBC albeit in a 2D 

manner. 

  

In the previous chapter, the MCV and projected area measurements reported good linear 

correlation with an R2 value of 0.7078. MCV was plotted against the projected area 

measurements of the anaemic samples, Figure 5-22. 
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Figure 5-22 The comparison of MCV and projected area measurements from the high magnification test showed good 
linear correlation for each disease type. This result was expected following the good correlation result from the healthy 
samples. 

The results shown above in Figure 5-22 showed good correlation between MCV and 

projected area measurements. The sickled disorders and Thalassaemias showed R2 values 

of 0.8050 and 0.7349, with p-values of 0.0061 and 0.029, respectively. The Thalassaemia 

group contained one outlier, sample S8 (β-Thalassaemia major), which was removed for 

this correlation. The membrane disorders had too few points to indicate a correlation, and 

the p-value was reported as insignificant.  

 

Although the sample size is still quite small, this result suggests that it may be possible 

to use the projected area measurement parameter in the absence of a haematological 

analyser.  
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5.5 Summary 
The overall conclusions for each parameter investigated are summarised here.  

  

Flow analyses 

The flow test did not report obvious deviations from the control curve in the case of the 

sickled samples, However, this test did highlight 5 of 7 samples in the Thalassaemia group 

and significant differences were observed in the membrane disorder group for Hereditary 

Spherocytosis. This was not found in the case of the second membrane disorder; 

Hereditary Xerocytosis. The results for the Thalassaemic and Hereditary Spherocytosis 

disorders suggest that this test has potential for sample screening in these cases. Of course, 

a larger investigation should be conducted with many more anaemic samples.  

 

The cell-surface adhesion measurement highlighted significant adhesion for the sickled 

disorders group and in 5 of 7 cases in the Thalassaemia group. The samples that did not 

appear significantly different from the control were heterozygous α-Thalassaemias 

(HbA/α-T and HbE/α-T). In 3 of 4 of the membrane disorders, there was no observed 

differences in cell-surface adhesion. However, for Hereditary Spherocytosis sample S15, 

significant cell-surface adhesion was measured.  

 

 High magnification analyses 

The pre-acid addition measurements of the projected area distributions appeared to 

highlight differences from the control distributions with most anaemic samples reporting 

a wider distribution range than the control. However, the small numbers of cells under 

observation for this test significantly reduces the impact of the results. This test may show 

potential as an alternative to the red cell distribution width parameter if cell numbers 

under investigation can be increased. 

 

The post-acid addition measurements did not appear to be sufficiently different to the 

control. In all cases (anaemic and healthy) from T=-5 to T=20, the projected area 

distribution of the cell population decreased. Following that, from T=20 to T=100 the cell 

population was observed to be swelling, thus, an increase in projected area distributions 

was reported. Due to the small numbers of cells under investigation, any differences noted 
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between the healthy and anaemic samples were attributed to random variations. Thus, this 

test could not be considered for future diagnostic potential.  

 

In all cases, it was found that the cell swelling capacity measurement was not sufficiently 

sensitive to detect deviations from the control results.  

 

 Haematology correlations 

The initial RBC count prior to introduction of acid in the microchannel was investigated 

for correlations against the gold standard RBC count which counts the number of RBCs 

in a blood sample. The results suggest strong linear correlations in the case of each of the 

rare anaemias, with R2 and p-values of 0.7755 and 0.0089, 0.8236 and 0.004, and 0.7624 

and 0.13 for the sickled disorders, Thalassaemias, and membrane disorders, respectively.  

 

No correlation was found between the projected area distribution width and the red cell 

distribution width. Similarly, there was also no correlation observed between time for the 

cell to reach its minimum projection (activity time) and the MCH value, suggesting that 

haemoglobin was not offering protection due to a buffering effect.  

 

Finally, good correlation was found between MCV and average cell projected area in a 

sample. The R2 and p-values were 0.8050 and 0.0061, and 0.7349 and 0.029 for the 

sickled disorders and Thalassaemias, respectively.  There were not sufficient membrane 

disorders to observe a correlation.  

 

The purpose of this chapter was to conduct preliminary investigations to determine 

whether the developed tests were successful at highlighting rare anaemic samples. The 

results suggest that differences between the diseased and healthy population may exist. 

Further research using larger sample and cell numbers may confirm the suggested 

correlations.  
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Chapter 6 Conclusions and future recommendations 
 

6.1 Thesis overview  
In summary, this thesis describes the application of microfluidic methods to investigate 

the diagnostic potential of an acid shock bioassay for rare anaemias.  

 

Chapter 3 described the development of the novel microfluidic toolkit, MeCheM, 

comprising low magnification imaging analysis and flow, and a high magnification 

imaging system. MeCheM was designed to be user-friendly and relatively portable. The 

high magnification system was also manufactured considering these specifications. The 

optimisation of the microfluidic chip to achieve minimal requirements of blood sample 

and reagent volumes is discussed in this chapter.  

 

The protocols that were developed were; (i) flow analyses, (ii) low magnification system, 

and (iii) high magnification system. Within these protocols the outputs for analysis were: 

 

Flow analyses 

• Cell count at predetermined positions along the microchannel. 

• Cell-surface adhesion measurements. 

 

Low magnification system 

• Cell count as a function of time. 

 

High magnification system 

• Pre-acid addition average cell projected area. 

• Pre-acid addition projected area distribution. 

• Post-acid addition projected area distribution. 

• Post-acid addition RBC size measurement. 

• Cell swelling capacity. 

 

In Chapter 4, the instruments and protocols were interrogated using healthy blood 

samples to determine the repeatability of the developed methods. The investigations 
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carried out in this chapter highlighted the protocols that proved to be repeatable for further 

analysis using rare anaemic samples. The successful protocols were; (i) RBC size 

distribution pre-acid addition, (ii) RBC size distribution post-acid addition, (iii) RBC 

swelling capacity, and (iv) flow analyses.  

 

Although not all protocols were considered repeatable for comparison, curve trends were 

observed that were not insignificant. For example, in the low magnification drop test most 

of the curves displayed a bi-phasic cell population lysis with a rapid decline in the initial 

stages of the test followed by a slower population decline towards the end of the test. 

Also, for the size measurement parameter in the high magnification drop test, the curves 

followed a similar pattern with the projected area of the cell population initially reducing 

upon addition of acid followed by an increase until eventual lysis. Refinement of these 

methods may give greater testing repeatability, thus, these methods should not yet be 

completely disregarded. 

 

A secondary outcome of Chapter 4 was the correlation of the developed methods with 

gold standard RBC indices. Correlations were observed for the following parameters: (i) 

Red blood cell count and initial cell count in the flow test, (ii) Red cell distribution width 

and projected area distribution width, (iii) Mean corpuscular haemoglobin and activity 

time, and (iv) Mean corpuscular volume and projected area measurements.  

 

Finally, Chapter 5 investigated the methods that were determined as repeatable, as per the 

analysis in Chapter 4, for comparison against rare anaemic samples. The results from this 

chapter highlighted the flow analyses as the methods with the most potential for 

diagnostic purposes. The flow test reported observable differences for the Thalassaemia 

and Hereditary Spherocytosis disorders. The cell-surface adhesion measurements also 

highlighted the sickled disorders as significantly different from the control sample. Table 

6-1 below gives a brief overview of these results.  
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Table 6-1 Overview of the results obtained from the flow and high magnification investigations for the rare anaemic 
samples.  

 

Chapter 5 also investigated the haematology correlations and found that the parameters 

RBC count and initial RBC count in the microchannel, and MCV and average cell 

projected area pre-acid addition, maintained good correlations when considering the rare 

anaemic samples.  

 

No correlation was found between the projected area distribution width and the red cell 

distribution width. Similarly, there was also no correlation observed between the activity 

time and the MCH value.  

 

The aim of this thesis was to develop a user-friendly and low-cost method of diagnosis 

for rare anaemias. Overall, this work described the development of a novel microfluidic 

instrument and the investigation of an acid shock test for diagnostic potential. The 

findings suggest that the acid shock test highlights differences between a healthy and 

anaemic sample in some cases. This was observed in the case of the flow analyses for 

Hereditary Spherocytosis and the Thalassaemia disorders. The haematology correlations 

also suggest that the developed methods shows potential for use in the absence of a 

haematology analyser for the red blood cell count and mean corpuscular volume 

parameters.  

 

A significant output from this body of work was the development of MeCheM, which 

could be used as a stand-alone research tool for many different assays by varying the 

footprint of the microfluidic chip.   
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Flow analyses High magnification analyses

Flow test Cell-surface adhesion Pre-acid addition Post-acid addition Cell swelling capacity

Sickle  
Diseases

No significant 
differences from 
control found.

Significant differences 
found in all cases. 

No significant 
differences found.

No significant 
differences found.

No significant differences 
found.

Thalassaemias
5 of 7 samples 
significantly different 
from control. 

4 of 7 samples 
significantly different 
from control. 

No significant 
differences found.

No significant 
differences found.

No significant differences 
found.

Membrane 
Disorders

2 of 4 samples 
significantly different 
– both HS. No 
difference found for 
HX.

1 of 4 samples showed 
significant differences 
(HS).

No significant 
differences found.

No significant 
differences found.

No significant differences 
found.
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The work carried out in this thesis provides researchers with novel methods and 

instrumentation for future diagnostic work. It also highlights some diseases for further 

preliminary research based on their response to the developed tests.  

6.2  Future work  

6.2.1 Refinement of drop test methodologies 
The methods of low magnification drop test and cell size measurement (high 

magnification analysis) were both deemed unsuccessful due to their lack of repeatability 

in Chapter 4. However, the analysis of both of these methods showed that there were 

similar curve trends for each healthy sample investigated. The factors that seemed to 

cause the variation between the control samples were; (i) movement of cells in and out of 

the FOV caused by turbulence upon acid addition, and (ii) droplet dispensing outside of 

the FOV of the camera. These methods were both quite rudimentary and heavily relied 

on the precision and accuracy of the user.  

 

Movement of the cells was largely caused by the penetration of the pipette tip into the 

sample droplet. Inaccurate droplet dispensing was a by-product of the ‘blind’ nature of 

the test. That is, the user could observe the cells without the knowledge of their location 

within the droplet. Automation of the drop tests could remove the large variations caused 

by these human errors. The implementation of a standard motorised XY-stage, for 

imaging at a pre-determined location, and an automated droplet dispensing machine 

would greatly reduce these variations.  

 

6.2.2 Optimisation of MeCheM 
For further system optimisation, it would be highly advantageous to integrate the high 

magnification system with MeCheM. To achieve this, a motorised microscope lens holder 

could be employed to secure both objective lenses of MeCheM and the high magnification 

system.  

 

The addition of a motorised XY-stage would remove the requirement for the user to 

manually move the microfluidic chip to record images at each position. The motorised 

XY-stage could also be programmed to move at the same velocity as the cells within the 
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channel, thus, allowing for the analysis of a specific population of cells from initial 

interaction with acid to haemolysis.  

 

Within the MeCheM analysis programme, the inclusion of a ‘blob detection’ image 

processing tool would allow for the automated measurement of the cell-surface adhesion 

which would significantly reduce the time required to complete this analysis.  

 

Another future area for research is in the modification of the microchannel design. It 

would be simple to create narrow channel walls to ‘squeeze’ the red blood cells. This 

could potentially give information on the cellular deformability.  

 

6.2.3 Expansion of sample populations sizes 
As highlighted in Section 5.1.3, the sample sizes that were available for this body of work 

were quite limited due to the uncommon nature of rare anaemias. The challenge with 

small samples sizes is that the potential for the selected group to be populated with outliers 

and/or anomalies is quite high. It is generally accepted that a population of 100 samples 

is the minimum requirement for statistical analysis, although larger sample population 

sizes increase the likelihood of statistical significance.235 However, within the confines 

of this body of work it was not possible to obtain the minimum sample requirements.  

 

Study sizes for rare anaemia typically contain ~ 125 samples, with one report of only 369 

samples obtained over an 11 year period.233,236,237 To investigate the hypotheses of the 

correlations and diagnostic potential of the tests outlined in this thesis, a minimum sample 

size of 100 should be obtained.  

 

6.2.4 Increasing  sample cell numbers 
In Chapter 5, the high magnification methods for measuring the projected area 

distributions of the sample populations in both a pre- and post-acid phase was discussed 

and the conclusion was that this method was not sufficiently sensitive for detection of 

rare anaemias. The pre-acid addition phase may have some success, however, if the 

number of cells analysed per sample could be increased.  
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As only the red blood cells in the FOV of the camera were measured, it is not known how 

many cells existed within the droplet in total for the high magnification analyses. 

However, for the low magnification drop test, the number of cells in the droplet on 

average was reported to be ~1000 cells, thus it is expected that the high magnification 

cell count would not be too dissimilar.  

 

For the pre-acid addition measurement, the number of cells analysed could be easily 

increased by scanning through the sample and imaging at pre-determined locations. The 

data obtained from a larger population of cells may prove to be more comparable to the 

red cell distribution width parameter. 

 

Similarly for the post-acid addition measurements, a larger number of cells analysed may 

highlight trends that have been concealed in this work due to the small number of cells 

analysed in a heterogeneous blood sample.  

 

6.2.5  Stressor type variation 
In Section 3.6: (ii), the pH of the acid stressor (HCl) was varied from 0.7 – 2.0. 

Preliminary research into haemolysis by acidic stressor informed the approximate pH 

range to investigate - Bodansky recommended a pH of 1.3 for the most rapid haemolysis. 

However, it was required for the pH to be altered such that sufficient cell lysis (~80% of 

the population) could be observed within the testing channel length for this body of work. 

 

One of the advantages of having MeCheM and microfluidic chip footprint design is that 

any stressor could be use in place of the HCl. For example, the blood disorder Glucose-

6-Phosphase Dehydrogenase (G6PD) Deficiency decreases the resistance of the red blood 

cell to oxidative stress.90 An oxidative stressor could be substituted for the acidic stressor 

to potentially detect the presences of a G6PD deficiency in the blood.  

 

6.2.6  Other applications of MeCheM 

Similarly, MeCheM could be used to detect the quality of transfused blood in storage. 

The haemolysis curves may be informative and the imaging from the high magnification 

system would allow clinicians to observe the average shape of cells in a sample the blood 
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population. Albeit, this is suggested with the caveat that the high magnification system 

does require a higher number of cells to be investigated. 

 

6.2.6  Final considerations 
It is submitted that what has been developed within this body of work is a stepping stone 

for future low-cost blood research. It is clear that the overall results were not in agreement 

with the original hypotheses and, at this time, the diagnostic potential of the acid stressor 

test is uncertain. 

 

However, the potential for future research using the tools that have been developed within 

this thesis is not insignificant. MeCheM and the microfluidic chip as a toolkit will prove 

to be versatile to user requirements by modification of chip design, stressor and even 

channel flow rates.  

 

I believe that the diagnosis of rare anaemias does not fall within the realm of ‘one-test-

answers-all’. But I also believe that the MeCheM toolkit has the potential, through the 

modifications suggested previously, to provide a low cost solution for screening and 

diagnosis of blood disorders in areas that are under resourced due to lack of funding. It is 

my hope that the potential of MeCheM continues to be interrogated and explored in the 

future.  
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Appendices 
 

A.1 Flow analyses  

 
Figure A.1-1 Flow test results for: (a) Heterozygous Sickle Cell and β-thalassaemia (HbS/ βT), n=3, and (b) 
Heterozygous Sickle Cell and Haemoglobin C (HbSC), n=1. Error bars are standard deviation.  

The flow test results for the remaining sickled disorders (HbS/βT and HbSC) are shown 

in the graphs above in Figure A.1-1 (a) and (b). There appeared to be very little 

differentiation between these samples and the healthy control. For the HbS/βT group, 

Figure A.1-1 (a), sample S5 appears to decline more rapidly than the control curve and 

the standard deviations were relatively small between triplicate runs. However, this was 

not observed for the other two HbS/βT samples (S4 and S6), thus could not be attributed 

as characteristic of this disease.  

 
Figure A.1-2 Flow test results for Hereditary Xerocytosis (S17 & S18). Error bars are standard deviation. 

The results for the Hereditary Xerocytosis (HX) samples, Figure A.1-2, follow the control 

curve trend much more closely. Similarly to HS, HX also characteristically displays 

membrane fragilty caused by reduced cellular deformability.238  Therefore, it was 

expected that the reduced deformability would be observed in the flow test as a more 
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rapid cell decline when compared with the control curve. There appears to be a slight 

diversion of the average HX samples from the control curve suggesting a slight decrease 

in resistance to lysis. However, within the standard deviation errors, this could not be 

considered a distinctive feature of the HX samples.   

 
A.2  High magnification testing: pre-acid addition 

 Sickled disorders 

 
Figure A.2-1 Cell projected area distributions pre-acid addition. Samples containing the same mutation were grouped 
together. HbSS contained samples S1 – S3, HbS/	βT contained samples S4 – S6, HbSC was a singular sample. The pre-
acid addition for the control population was overlaid in black. 
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It is known that blood samples with mutations, specifically HbS mutations, will have an 

increased red cell distribution width. The aim of this analysis was to investigate high 

magnification imaging on a small volume of diluted whole blood to determine if it could 

be used to detect increased/decreased red cell distribution width.  

 

Figure A.2-1 shows the projected area distributions for the sickled samples and the 

healthy control (black). The total number of cells per sample pre-acid addition was used 

to normalise the populations. The samples were grouped according to their mutation, with 

the HbSS and HbS/βT groups containing 3 samples each and HbSC containing a singular 

sample.  

 

The majority of the cell population for the control is found between 35 – 56 µm2 range, 

Figure A.2-1. 

 

For HbS/βT and HbSC, the majority of the cell population is spread over larger interval 

ranges, 35 – 63 µm2 and 28 – 63 µm2 respectively. For HbSS, the majority of the cell 

population is more focused and found within 42 – 56 µm2. 

 

Although, each of the samples in the sickled disorder group reported a high red cell 

distribution width, this was only observed in the high magnification imaging test for the 

HbS/βT and HbSC samples.  

 

The HbSS sample highlights a potential increase in cell size with the highest cell 

population (38.5%) found at 49 – 56 µm2. Mean corpuscular volume, the average volume 

of RBCs in a sample, is reported as increased or decreased in accordance with the average 

RBC size. It was considered that the projected area distributions may correlate to this 

haematological parameter. Correlation analysis between MCV and projected area 

measurements is reported in Section 5.4.4. 

 

Overall, the results of this analysis suggest that the high magnification imaging set up is 

not sufficiently accurate to highlight abnormal red cell distribution widths for sickled 

samples.  
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Membrane disorders 

 
Figure A.2-2 Projected area distributions for Hereditary Spherocytosis (S16) and Hereditary Xerocytosis (S17 & S18). 

To note, there was not sufficient sample volume for Hereditary Spherocytosis (HS) 

sample S15, thus, the measurements for HS are reported from one sample (S16). The 

Hereditary Xerocytosis (HX) group contained 2 samples (S17 and S18). 

 

As can be seen from Figure A.2-2, the projected area distributions for HS is shifted left 

to the control distribution. In contrast, the HX sample was observed to have a shift to the 

right of the control distribution indicating an increase in measured projected area.  

 

It is known that HS blood samples often display microcytic RBCs due to their fragile 

membrane112. It is also known that macrocytic RBCs are observed in HX blood 

samples225. The haematological parameter expected to correlate with an increase/decrease 
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in projected area measurements is Mean Corpuscular Volume. This is investigated in 

Section 5.4.4. 

 

The spread of the distributions containing the majority of the cell population for HS and 

HX spans 3 interval ranges.  

 

The RDW values for HX were not increased, thus, it was not expected to observe an 

increase in the spread of distributions across the interval ranges in this analysis. However, 

there was an increase in the RDW for the HS sample, see Table 5-4 in Chapter 5. This 

was not observed in the projected area distributions where ~ 82% of the RBC population 

was observed within 3 interval ranges.   

 

The high magnification imaging test pre-acid addition does seem to highlight samples 

that have an increase/decrease in projected area measurement, thus, size. However, it does 

not appear to be accurate in all cases for reporting an increase/decrease in the width of 

the distribution of a sample. For this purpose, this analysis in its current form is not 

recommended.  
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A.3  High magnification testing: post-acid addition 
 Sickled disorders 

 
Figure A.3-1 Projected area distribution measurements for homozygous Sickle Cell Disease show that the swelling of 
the sickled disorders post acid addition is slower than that of the control (black). 

 
Figure A.3-2 Although the distribution of the heterozygous HbS/BT spans a wider range than the control, it appears 
that these samples follow the sweeling patterns of the control and reside within a similar range at T=80. 
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Figure A.3-3 HbSC showed the most sample distribution variation pre-acid addition and the most notable delay in 
swelling post acid addition.  

Dehydration is a well-known characteristic of sickle cells which is caused by a loss of 

intracellular potassium and an increase in intracellular sodium.239 It was assumed that the 

volume of water required to counterbalance the high levels of intracellular sodium ions 

in the sickled samples would be greater than the volume required in the case of the healthy 

population. Thus it was considered that this could be observed in the HMDT as a slower 

increase in projected area distribution. 

 

Figure A.3-1 - Figure A.3-3 shows the response of the sickled disorders to the addition of 

acid. For each disease there is a decrease in measured projected area from T=-5 to T=20. 

This was also found in the case of the control sample. The table below, Table A.6-1, 

reports the interval where most of the cell population was found for each time point and 

disease.  

Sample T=-5 T=20 T=40 T=60 T=80 T=100 

Healthy  49 - 56 28 - 35 35 - 42 42 - 49 42 - 49 42 - 49 

HbSS 49 - 56 28 -35 35 - 42 42 - 49 42 - 49 49 - 56 

HbS/!T 35 - 42 28 -35 35 - 42 42 - 49 42 - 49 42 - 49 

HbSC 28 -35 *28 -35 35 - 42 42 - 49 42 - 49 42 - 49 
Table A.6-1 Interval ranges with the majority of the cell population for each disease and the control. In each case, the 
projected area distribution of the cell decreases. *Although sample HbSC doesn’t appear to decrease, the previous 
histogram reports an increase in cell population from 35% - 55% at this time point.  
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For HbSS and HbS/βT, the majority of cells decrease by three and one interval ranges 

respectively, refer to Table 4-1 in Chapter 4 for the interval ranges. For HbSC, a decrease 

in projected area is not observed in the table. However, looking at the results in Figure 

A.3-3, it is clear that the percentage of cells that fall into the 28 - 35 µm2 interval bracket 

increase (from 35% to 55%), suggesting that the cells are reducing in size, albeit not as 

dramatically as HbSS and HbS/βT. 

 

For each sickled disease and the control at the time point T=40, the cell majority has 

increased to the next interval where it remains until the final measurement at T=100, 

except in the case of HbSS. HbSS has one final interval increase from T=80 to T=100 

suggesting that cell swelling is still on-going at this point.  

 

Considering only where the majority of the cell populations lie at the measured 

timepoints, it is very difficult to highlight distinct differences between the healthy and 

diseased populations. Although there are some differences in the spread of the cell 

population over the interval ranges, it is not sufficiently distinguishable to render this 

result as a potential diagnostic test.  

 

 Membrane disorders 

 
Figure A.3-4 The Hereditary Spherocytosis (S) samples clearly lie within a smaller projected area distribution range 
compared with the healthy samples for T=-5. Although the healthy and HS samples appear to align at T=20, the HS 
sample struggles to match the swelling of the healthy control for T=40 and T=60, with increased cell lysis evident in 
T=80. 
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Figure A.3-5 The Hereditary Xerocytosis samples closely follow the projected area distributions of the healthy control. 
However, it is clear that there is larger variation in projected area sizes across the HX samples.  

Sample T=-5 T=20 T=40 T=60 T=80 T=100 

Healthy  49 - 56 28 - 35 35 - 42 42 - 49 42 - 49 42 - 49 

HS 42 - 49 28 - 35 28 - 35 35 - 42 35 - 42 42 - 49 

HX 49 - 56 35 - 42 35 - 42 35 - 42 42 - 49 42 - 49 
Table A.6-2 Interval ranges with the majority of the cell population for both membrane disorders and the control. 

Both the HS and HX samples report a decrease in projected area measurement from T= -

5 to T=20.  

 

The HS sample has a delay in projected area increase and the majority of the cell 

population remains at the same interval (28 - 35 µm2) for T=20 and T=40. The sample 

then increases to the 35 - 42 µm2 range for T=60 and T=80 and finally reaching its pre-

acid addition projected area interval range of 42 - 49 µm2 at T=100.  

 

It can be also seen in Figure A.3-4 that the cell population is decreasing more rapidly over 

time than the control. This result was also observed in the HS sample for the flow test, 

see Figure 5-3 in Chapter 5. The membrane of HS samples are known to be more fragile, 

thus, their ability to withstand deformation and swelling by pH shock would be reduced 

in comparison to a healthy sample.  

 

The HX sample also shows a delay in projected area increase in comparison to the control. 

This delay is more pronounced than the HS sample as the majority of the cell population 
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remains in the 35 - 42 µm2 interval range from T=20 to T=60. At T=80 the cell population 

majority shifts to the next interval (42 - 49 µm2), indicating that population swelling is 

occurring, where it remains until the final timepoint. Unlike HS, the HX group did not 

reach the original measured projected area range (49 - 56 µm2) by T=100. 

 

The results that have been observed for the membranopathies, although dissimilar from 

the control, have not shown to be sufficiently unique for diagnostic purposes. It is also 

likely that the results will differ within even the same sample due to the heterogeneity of 

blood and the small population of cells within the field of view of the high magnification 

imaging system. As such, this test is not recommended in its current form for diagnostic 

purposes.  

 

A.4  Correlation analysis 

Simple linear correlation and Pearson correlation analysis was carried out for each 

correlation measurement for the control and diseased populations. Table A.4-1 reports the 

R2 and p-values for each correlation investigated for the control population, and Table 

A.4-2 reports the R2 and p-values for the diseased groups. Correlations that appear to be 

significant are highlighted in orange in the tables below.  

 
Table A.4-1 The tests were investigated for correlations between the developed methods and the haematological 
parameters for the control population. 

 

Correlation P – value R2

Cell count -v- RBC count 0.0021 S 0.617
HGB -v- T50% 0.852 NS 0.005
HGB -v- activity time 0.911 NS 0.003
MCH -v- T50% 0.451 NS 0.085
MCH -v- activity time 0.042 S 0.679
MCHC -v- T50% 0.733 NS 0.018
MCHC -v- activity time 0.431 NS 0.163
MCV -v- projected area 0.703 NS 0.707
RDW -v- PDW 0.021 S 0.851
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Table A.4-2 The tests were investigated for correlations between the developed methods and the haematological 
parameters for the diseased groups. 

Correlation P – value R2

C
el

l c
ou

nt
 -v

-R
BC

 
co

un
t

Sickled disorders 0.0089 S 0.775

Thalassaemias 0.004 S 0.823

Membrane 
disorders 0.130 NS 0.762

RD
W

 -v
-P

D
W Sickled disorders 0.452 NS 0.118

Thalassaemias 0.282 NS 0.221

Membrane 
disorders 0.713 NS 0.198

M
C

H
 -v

-a
ct

iv
ity

 
tim

e

Sickled disorders 0.822 NS 0.011

Thalassaemias 0.373 NS 0.159

Membrane 
disorders 0.231 NS 0.868

M
C

V 
-v

-P
A

Sickled disorders 0.0061 S 0.805

Thalassaemias 0.029 S 0.734

Membrane 
disorders 0.451 NS 0.571
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A.6 Marie Skłodowska-Curie training and secondments 
 

Courses and workshops     Year 

Webinar EU Horizon ITN     2016 

ESR training week Arivis AG     2017 

Webinar GMP training     2019 

 

EU Horizon ITN consortium training meetings  Year 

RELEVANCE meeting, Heidelberg    2017 

RELEVANCE meeting, Amsterdam    2017 

RELEVANCE meeting, Paris     2018 

RELEVANCE meeting, Zürich    2019 

RELEVANCE meeting, Roscoff    2019  

 
 
 Conferences       Year 

European Red Cell Society Meeting, Heidelberg  2017 

 Poster and oral presentation  

European School of Haematology, Amsterdam  2018 

Poster presentation  

European Red Cell Society, Ascona    2019 

Poster and oral presentation  

 

 

Secondments       Year 

University of Zürich, Zürich     2017 

Sanquin, Amsterdam      2018 

Ha’Emek Medical Centre, Afula    2018 

University of Zürich, Zürich     2018 

University Medical Centre, Utrecht    2018 
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