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1. Introduction  

The miniaturisation of electronic devices and later the development of 
microelectromechanical systems (MEMS), demonstrated the possibilities to 
manufacture microscale structures in silicon for precise control of small volumes of 
liquid, starting the field of microfluidics. Liquid contained in micrometre channels 
behaves differently compared with the macroscopic world. Most prominent is the 
laminar flow enabling two liquids to flow side by side without mixing in other ways 
than diffusion compared with the more turbulent flow known on the macroscale in for 
example a river. As Manz et al. predicted in 19901, the field of microfluidics has grown 
big within life science applications. The expectations are to develop faster, cheaper and 
more sensitive assays to detect biomarkers from various samples, e.g. blood, saliva and 
urine. 

Currently, most biomarker testing is performed by highly automated analysers in 
centralised lab facilities where samples are sent from hospitals and smaller clinics. This 
results in a delay of the answer because of transportation and administration. Some tests 
can be performed at the clinic or on the field by so called point-of-care devices (POC) 
and the sample to answer time can be considerably reduced. Lots of research in the 
microfluidics field focus on the development of these POC instruments and the 
possibilities to integrate several steps into a so called Lab-on-a-chip system (LOC), 
where sample preparation and detection can be performed in one single automated 
platform.  
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This thesis focuses on how a specific type of microfluidics, namely acoustophoresis 
or acoustofluidics, can contribute to facilitate blood based diagnostics. Blood samples 
are one of the most important sources of information in healthcare when mapping a 
patient’s health status. Detection of biomarkers found in blood can be used for both 
diagnostic purposes and for following the response of a treatment. Almost half of a 
blood sample consist of blood cells while the other half, the blood plasma, contains 
many biomarkers. These biomarkers are often present in low concentrations and initial 
removal of the blood cells is often crucial for biomarker detection. Among other 
microfluidic methods, acoustophoresis in well suitable for microfluidic sample 
preparation and blood cell removal as well as integration into LOC systems.  

Acoustophoresis, which means migration with sound, uses ultrasound in 
combination with microfluidic channels or cavities to move particles or cells in a 
controlled way. As ultrasound has wavelengths matching microfluidic channel 
dimensions, a standing wave can be created between the wall of a microfluidic channel. 
When introducing blood to an acoustofluidic device, blood cells can be moved and 
separated from the plasma which can be further investigated for biomarker 
recognitions.  

In the forthcoming chapters, blood based diagnosis will be discussed as well as how 
microfluidics and specifically acoustofluidics can be used to facilitate sample 
preparation. Possibilities to integrate microfluidics and acoustofluidics to LOC devices 
in the development of POC devices will also be covered.   
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2. Blood based diagnosis 

Blood is a gold mine of information useful in clinical care for diagnostic purposes, 
following disease progression, monitoring response to treatment or to determining a 
patient’s prognosis. Information about the function of organs and tissue in the whole 
body is present in blood samples as blood is recirculated every minute in the body to 
transport for instance oxygen, nutrients, hormones and waste products. In this chapter, 
some basics about blood and its components will be covered as well as biomarkers found 
in blood and how they can be identified and quantified.   

2.1 Blood components 

Human blood consists of around 45 volume percent blood cells suspended in plasma, 
Figure 2:1. All of the blood cells are derived from the same hematopoietic stem cells 
found in the bone marrow. As the stem cell matures, they will differentiate into red 
blood cells, white blood cells and platelets.   

Red blood cells 

The most abundant of all human blood cells are the red blood cells (RBCs), also called 
erythrocytes (Table 2:1). The RBC content in a blood sample is often reported in 
volume percent, called the haematocrit (HCT). RBCs do not have a nucleus and are 
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shaped as a biconcave disk, giving them a large surface for gas exchange and high 
deformability capacity in order to be able to be squeezed through capillaries. The main 
function of the RBCs is the transportation of oxygen with the help of the protein 
haemoglobin. Haemoglobin is found in high concentration in RBCs and gives the 
blood its red colour. The cell membrane is covered by polysaccharides which forms 
antigens and gives the blood its blood type.2  

 

 

Figure 2:1. A blood sample divided by centrifugation into red blood cells, buffy coat and plasma. 
The buffy coat consists of platelets and white blood cells. 

 

White blood cells 

White blood cells (WBCs), also called leucocytes, are a collection of different cells that 
constitutes part of the immune system and are responsible for the protection of the 
body against foreign substances and pathogens. The number of WBCs in the blood is 
much lower than the number of RBCs, only 1 out of 1000 of all the blood cells is a 
WBC (Table 2:1). WBCs can be categorised in five subclasses with different tasks as 
neutrophils, eosinophils, basophils, monocytes and lymphocytes. In contrast to RBCs, 
all types of WBCs contain nuclei.2  

Platelets 

Platelets or thrombocytes, are small nuclear-free, discoid shaped cell fragments that are 
responsible for the blood clotting. The surface of a platelet is covered with proteins 
important for adhesion and aggregation, which in case of activation helps to form a 
platelet plug covering injures in the blood vessel. Their capacity to cross-link with the 
help of the plasma protein fibrinogen is one important step, among other, in blood 
clotting process.2    

 

 

 



5 

Plasma 

Plasma is the straw-coloured liquid holding all the blood cells. In addition to water, 
plasma mainly consist of proteins. The most common proteins found in plasma are 
albumins, immunoglobulins and fibrinogen, all produced by the liver and lymphocytes. 
Different proteins have different tasks, of which one important role is to maintain the 
osmotic pressure and thereby regulate the blood volume. Some proteins are important 
for transportation of molecules that are not water soluble, e.g. hormones, vitamins and 
fatty acids. Another important protein group are the antibodies, which are used by the 
immune system in protection against foreign substances and organisms. Several 
proteins are involved in the important blood clotting process, which prevents bleeding. 
Plasma where all the clotting factors, such as fibrinogen, are removed is called serum. 
Except proteins, plasma also contains electrolytes, nutrients, hormones, waste products, 
RNA and DNA from cells and dissolved gases.2  

 

Table 2:1: Normal cell count, size, shape, density and compressibility for different blood cells2 

 Numbers Size 
(µm) 

Shape Density 
(kg/m3) 

Compressibility 
(TPa-1) 

Red cells 3.9-5.6x1012/L 
(females) 

4.5-6.5x1012/L 
(males) 

6.2 -8.2 Biconcave 
disk 

11013* 3343* 

White cells (total)  4.0-11.0x109/L   10543* 3933* 

   Neutrophils 2.5-7.5x109/L 10-12 Spherical 1075–10854  

   Lymphocytes 1.5-3.5x109/L 6-14 Spherical 1055–10704  

   Monocytes 0.2-0.8x109/L 12-20 Spherical 1055–10704  

   Eosinophils 0.04-0.44x109/L 10-12 Spherical 1075–10854  

   Basophils 0.01-0.1x109/L 8-10 Spherical 1075–10854  

   Platelets 150-400 x109/L 3x0.5 Discoid 1040-10604  

*Mean value 

2.2 Biomarkers in blood 

A biomarker is a measurable substance that reflects a biological condition. Biomarkers 
are widely used for diagnostics and for following the treatment of a disease, and the 
number of available biomarkers has increased during the last decades mainly as a result 
of improved analytical methods.5,6. Biomarkers are not just present in blood samples; 
urine and saliva are also great sources of biomarkers. The following section introduce 
different types of biomarkers that can be found in blood samples.  
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Proteins 

As previously mentioned, blood plasma is rich of with proteins and the complexity of 
the plasma proteome is huge. Not only can proteins functioning in plasma be found in 
blood but also messenger proteins on their way between tissues, proteins leaking out of 
tissue because of tissue damage or proteins released into the blood from tumours or 
foreign pathogens such as bacteria. Each protein can often be found in different 
glycosylated forms and in different sizes depending on the degree of maturity.6  

Analysis of a single protein associated with a disease is the most common strategy 
today, but mass spectrometry-based quantitative proteomic technologies holds great 
promise in clinical care to get a protein map of a patient which not only can be used 
for diagnosis but also to reveal the state of a disease and the most appropriate treatment. 
This is often referred to as personalised medicine, where a patient’s protein map can 
predict what treatment would be the most effective and what the chances for successful 
treatment are for the individual patient7. A large number of proteins associated with 
cancer have been identified8 but the use of protein maps for classification of tumours 
among cancer patients is still mainly done at a research level due to the complexity of 
the plasma proteome and the variability depending on gender, age, the methods used 
for studying the proteins and the handling of the samples5. Still, there are single proteins 
associated with cancer that are used for diagnostic purposes. One of the most common 
biomarker for cancer is prostate-specific antigen (PSA) which is elevated in case of 
prostate cancer. The specificity of PSA is however low as other prostate related problems 
also results in elevated PSA levels. 

C-reactive protein (CRP) is an unspecific marker for inflammation that has been 
known since 1930 but is still used in healthcare9. CRP is not suitable for diagnosis 
because of its unspecific nature but is frequently used to follow antibiotic treatment or 
more specifically the failure of antibiotic treatment but also the course of a disease in 
general10. CRP has also been used as a marker for cardiovascular risk11. Also hormones 
can be used as biomarkers, for instance elevated levels of the thyroid-stimulating 
hormone (TSH) indicate deficient production of thyroid hormones.  

Bacteria 

The blood stream is a sterile environment in a healthy person, but bacteria can enter 
the blood stream in case of an infection somewhere in the body, during surgery, during 
dental treatment, during tooth brushing or whenever a non-sterile object penetrates the 
skin. This bacterial infection is called bacteraemia and is usually something that the 
immune system can handle. Bacteraemia, as well as other infections, can lead to a severe 
immune response called sepsis which is a life-threating condition that requires 
immediate antibiotics treatment. Initial treatment is often done with broad-spectrum 
antibiotics but when the type of bacteria is identified the treatment can be directed to 
antibiotics targeting that specific bacteria.  
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Electrolytes 

Just as for the proteins, changes in electrolyte concentration can indicate a disease state. 
Variations in electrolyte concentrations can be related to side effects from drugs, 
shortage of vitamins, kidney problems and liver problems. By measuring electrolyte 
concentration, you also get information about hydration, acid-base balance and ion 
balance.  

Metabolites 

Metabolites are molecules, including vitamins, fats, amino-acids, sugars and hormones, 
that are products of the metabolism. Some metabolite blood tests, such as glucose 
testing, have long been used in medicine but similar to protein biomarkers the recent 
improvements in analytical technology have increased both the interest for metabolites 
as biomarkers and the possibility to identify new markers12. Some of the metabolites, 
e.g. glucose, can be found in relatively high concentrations and can often be detected 
from small volume blood samples, such as finger-prick, and directly in whole blood 
even if studies have shown that plasma levels are more reliable than whole blood levels13. 
Blood contains endogenous metabolites, originating from tissues and cells within the 
body while metabolites which are not naturally produced in the body, e.g. drugs 
generally is studied in urine even if they also can be found in the blood.14 

Cells 

Abnormal numbers of different blood cells can also be used as biomarkers, and blood 
cell count is one of the most common blood tests performed. Changes in RBC count 
can indicate bleeding or doping and an increased WBC concentration can a be sign on 
infection. Cell morphology is another thing that can be of interest as it is associated to 
specific diseases, e.g. sickle cell anaemia can be recognised by the sickle shape of the 
RBCs.  Circulating tumour cells, CTCs, are cancer cells that have detached from a 
tumour and entered the blood stream. They are of interest as the detection of them 
may add information about the risk of spread of the cancer.  

Circulating nucleic acids 

Circulating nucleic acids, CNAs, are traces of free DNA, mRNA or microRNA that 
can be found in blood sample among other body fluids. Even though their existence 
has been known since the 1950s, their potential as biomarkers in diagnostics has only 
recently been studied in more detail. CNAs have mostly been used for non-invasive 
prenatal diagnosis, as cancer marker or as a marker for transplant rejection15. Tumour 
detection and cancer progression can be followed in a non-invasive way as CNA 
concentration correlates with malignant progression in cancer16-18. Besides cancer, 
CNAs have shown to be associated with for example stroke severity19 and malaria 
infection20 and the recent improvements in genomic and molecular methods to 
investigate CNAs are expanding their range of applications18.  
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Viruses 

Viruses, are small nucleic acid-carrying protein encapsulated particles ranging from 20-
400 nm, that can be found in the blood stream during viral infection. Human 
immunodeficiency virus (HIV) is identified through detection of specific antibodies or 
antigens but can also be detected by identification of virus RNA21. Most viruses found 
in the blood stream, like HIV, Dengue fever and Flu, are present in very low 
concentrations, a feature that makes them difficult to analyse. 

Exosomes and microvesicles 

Exosomes (30-100 nm) and microvesicles (50-1000 nm) are extracellular vesicles which 
can be found in blood and urine. These vesicles are released by cells because of stress, 
activation or apoptosis, and contain tissue signature, proteins and RNA. An advantage 
over protein biomarkers found directly in blood plasma is that the vesicles have a 
membrane structures protecting their content from proteases is the blood making them 
more stable over time.22 Increased levels of extracellular vesicles have as an example been 
linked to cardiovascular disease23,24 

2.3 Diagnostic methods 

Huge amounts of blood samples are drawn and analysed every day and the results can 
help physicians to follow the response to treatment or to make a diagnosis. Some 
analyses are performed bedside, with the result available within minutes. Other samples 
are sent to centralised hospital labs, and the turnaround time can be several days.  The 
number of diagnostic tools for different biomarkers is huge, and this section will not 
cover them all but rather focus on some methods for biomarkers relevant for this thesis.  

Studying and counting cells 

Cell counting has gone from historically being done manually by microscopy to being 
done by highly automated whole blood analysers. The cell counting is commonly based 
on the Coulter principle25 where the change in impedance is measured when a diluted 
sample of cells pass through a narrow opening blocking an electrical current, Figure 
2:2. The size of the impedance peak is used to calculate the cell volume. To obtain 
WBCs and platelet count, the RBCs are selectively lysed in the analyser before passing 
by a second detector where platelets and WBCs can be distinguished based on size. As 
the different WBCs are overlapping in size, they cannot be distinguished by the Coulter 
principle why optical methods may be preferred. In flow cytometry a dilute cell sample, 
ensuring that one cell at the time, passes through a flow cell and past a focused laser 
beam26, Figure 2:2. By studying the scattering of light from the cells, which depends 
not only on the size but also the granularity of the cell, different cell types similar in 
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size can be distinguished. WBC types can also be distinguished from each other in flow 
cytometry by labelling with antibodies immobilised with different fluorophores. For 
RBCs, the Coulter principle based analyser calculates both the cell count and the mean 
cell volume which when multiplied gives the volume percent of red blood cells, called 
haematocrit (HCT). Normal values differ slightly between men (42-52%) and women 
(35-47%). Abnormal values can indicate several disease states and HCT is one of the 
most common blood analyses made. An alternative way to measure HCT is by 
centrifugation of a blood filled capillary27. The relative height of the packed blood cell 
to the total blood cell and plasma height is called packed cell volume (PVC). This can 
be done by haematocrit centrifuges placed in e.g. primary care units, whilst the whole 
blood analysers are placed in centralised lab facilities. 

 
Figure 2:2: Left: Coulter counter, two chambers containing electrolyte and diluted sample. A 
change in electrical impedance is detected when sample is drawn through an opening, blocking 
the current, from one chamber to the other. The impedance change is proportional to the 
volume of the particle. Right: Flow cytometry, a diluted sample passes through a focused laser 
beam and forward scattering, side scattering and fluorescence are detected. 

 

Erythrocyte sedimentation rate (ESR) is a general inflammation marker which, in 
the standard Westergren method, is measured by letting the blood sediment in a 
specific tube for one hour and then measure the high (in mm) of the plasma pillar over 
the sediment of RBCs. The reason for increased ESR in the presence of inflammation 
is that proteins (e.g. fibrinogen and immunoglobulins) in plasma make the red blood 
cells cluster in rolls by stacking the flat side to each other like a stack of coins, Figure 
2:3. This formation of so called rouleaux leads to increased sedimentation rate because 
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of their increased particle size. Nowdays, ESR has been replaced by other inflammation 
markers, but is still used in some special cases. Even if the definition of ESR is the 
sedimentation length in one hour, there are automatic analysers that can perform the 
test faster. Some are based on the same principle, but with earlier readout extrapolated 
to the one hour value. Other faster methods are instead looking at how fast the rouleaux 
reappear after having exposed the blood to high shear forces to break up any rouleaux.  

 

 
Figure 2:3: Red blood cells in rouleaux formation.  

 

Bacteria detection 

The gold standard for bacterial detection in blood is blood culture. A blood sample, 
typically 20-30 mL, is divided to different culturing bottles containing different growth 
media optimised for aerobic bacteria, anaerobic bacteria or fungal growth. The bottles 
are placed in 37°C culture chambers and CO2 is monitored to detect microbial growth. 
Detection can take from hours to a few days up to two weeks. If no growth is detected 
within two weeks, the sample is considered negative.  

Growth detection is automatized but the subsequent investigation to identify strain 
and antibiotic resistance is often done manually. A first step is to distinguish gram 
positive and gram negative bacteria by gram staining, which differentiates the bacteria 
based on properties of theirs cell walls. This information helps in selecting antibiotics 
for the subsequent antibiotic susceptibility test. Small wafers containing antibiotics are 
placed on agar plates with growing bacteria. If the antibiotic is effective, a clear spot 
will appear around the wafer as the bacteria won’t grow in proximity of the antibiotic. 
Minimum inhibitory concentration, MIC, is then calculated to get the lowest 
concentration of antibiotic which prevents bacteria growth.  

Polymerase chain reaction (PCR) and mass spectrometry (MS) may be used after 
the blood culturing to identify the bacteria species. The sensitivity of the blood culture 
limits the sensitivity of further investigations. Slow growing bacteria or blood samples 
taken after antibiotic treatment may not show growth even if bacteria are present28. 
There are PCR methods, e.g. SeptiFast (Roche Molecular Systems), where blood cells 
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