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1 ABSTRACT 

The search for biomarkers is inevitable for treating some of the world’s major diseases like 

cancer and malaria. Red blood cells, responsible for the oxygen transfer to tissue, are 

affected by numerous of complicated clinical conditions. Alterations in deformability and 

aggregation of red blood cells can cause vascular complications and influence the flow 

behaviour of blood, hemorheology, a strong indicator of diseases. Microfluidic systems can 

be used to study intrinsic single-cell properties with high throughput. This thesis will be 

about the creation of such a platform that enables simultaneous study of two potent known 

biomarkers of red blood cells: deformability and the intrinsic tendency to disperse 

aggregates subjected to shear forces, disaggregability. The design of the microfluidic 

device contains arrays of slits, a fraction of the diameter of red blood cells, in a microfluidic 

channel through which the red blood cells have to travel. The velocity of cells through the 

slits is associated with the deformability and the fraction of aggregates that disperse due 

to shear forces is related to the adhesion potential. The assay is able to measure significant 

differences in velocities and disaggregation fractions between blood samples from healthy 

donors and type 2 diabetes mellitus donors, a disease that is known to affect deformability 

and aggregation of red blood cells. The results are in accordance with the hypothesis, but 

might be caused by other parameters. Additional experiments are required to understand 

the effect of all parameters on the results, which is needed to exclude them from the 

relevant properties of red blood cells. 
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4 ABBREVIATIONS 

CBC      Complete blood count 

CHC      Cellular hemoglobin concentration 

CV      Cellular volume 

HbA1c     Glycated hemoglobin 

IgG      Immunoglobulin G 

MCHC     Mean cellular hemoglobin concentration 

MCV      Mean cellular volume 

PDMS     Polydimethylsiloxane 

RBC      Red blood cell 

RDW      Red cell distribution width 

RSD      Relative standard deviation 

SD      Standard deviation 

S/V      Surface to volume ratio 

T2DM      Type 2 diabetes mellitus 

WBC      White blood cell 
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5 INTRODUCTION 

Various complicated diseases exist for which no satisfactory treatment exists. Malaria 

affects around 200 million people worldwide and causes death of nearly 800 thousand 

annually [1]. The lifetime risk of someone dying from cancer is over 20% [2]. Mortality, 

e.g. due to the sickle cell disease, cannot always be predicted [3]. The need for indicators 

of these clinical conditions is tremendous. These indicators are referred to as biomarkers 

and they help to create an understanding of the pathophysiology associated with the 

diseases. Not only do biomarkers contribute to the physiological knowledge, but they are 

also essential for evaluation of disease progression. They are therefore needed for the 

development of effective treatment for clinical conditions. Several pathophysiological 

states include alterations to the properties of blood. Abnormalities of red blood cells (RBCs) 

are potent indicators of a person’s health. 

5.1 THE RED BLOOD CELL 
The mammalian RBC, also erythrocyte, has a biconcave-discoid shape (Figure 1) and is 

highly deformable. With a diameter of 7.8 µm and a thickness of 2.58 µm it is able to 

squeeze through capillaries a fraction of their size [4, 5]. A viscoelastic membrane encloses 

90 fL of intracellular fluid on average, the mean cellular volume (MCV) [6]. The fluid is 

viscous, mainly due to a concentration of hemoglobin, referred to as mean cellular 

hemoglobin concentration (MCHC). In an average lifespan of 115 days the cells complete 

around 1.7 ∙ 105 cycles through the vascular system, delivering oxygen as their primary 

function [7, 8]. RBCs make up for over 98% of cells in human blood and about 40 – 45% of 

blood by volume, the hematocrit [9]. It is for those reasons that their properties have a 

great impact on the flow behaviour of blood, whether it be in the micro- or macrovascular 

system. 

 

Figure 1. A model of the geometry of a RBC. [10] 

5.2 HEMORHEOLOGY 
Rheology is the study of flow and deformation of matter and for hemorheology in specific 

it is about the flow and deformation of blood [11]. The hemorheology is of major influence 

for the vascular circulatory regulation and perfusion of tissue. It can be altered during 

several clinical conditions and is therefore believed to be an important biomarker [12]. 
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Laminar flow in a simple straight tube is associated with movement of liquid particles in 

adjacent planes (laminae) parallel to the tube wall. Those planes move at different speeds 

and exert shear stress on adjacent planes. The shear rate is defined as the slope of the 

velocity profile (in units of [µm/s]/[µm] = [s-1]). For blood flowing in a tube, the velocity is 

highest at the centre and decreases to zero at the edges. The shear rate is highest towards 

the edges of the tube. The viscosity of a fluid is the shear stress divided by the shear rate 

and reflects the internal resistance between liquid layers. The viscosity of a Newtonian 

fluid is constant over shear rate. However, blood is a non-Newtonian fluid, because it has 

a variable viscosity depending on shear rate.  

Normal human blood experiences shear thinning behaviour, i.e. as the shear rate 

increases, the viscosity of the blood decreases [13]. At high shear rates between 100 s-1 and 

200 s-1 the blood viscosity approaches a minimum value (at 37 °C) [14, 15]. Viscosity 

becomes extremely sensitive to shear rates below 100 s-1. Blood can be viewed as a two-

phase liquid that contains the partially solid RBCs, white blood cells (WBCs) and platelets 

in a suspending medium of liquid plasma. WBCs and platelets only occupy ~ 1/600 and ~ 

1/800 respectively of the total blood volume [16]. Their contribution to macroscopic 

rheological properties is small, but in microcirculation WBCs and platelets may have a 

significant impact [17]. Blood plasma is a Newtonian fluid and alterations in its viscosity 

directly affect the viscosity of blood. Plasma viscosity is a biomarker for diseases related 

to acute phase reactions [18]. However, it cannot explain the non-Newtonian shear 

thinning behaviour of blood. 

RBCs disturb the flow streamlines of blood and this is the main reason the blood viscosity 

increases (Figure 2B) [14]. The hematocrit is  therefore a major determinant of blood 

viscosity [19]. Not only does the concentration of cells determine the degree of disturbance 

of flow streamlines, but also the behaviour of RBCs to applied shear forces. Since RBCs 

are highly deformable and high applied shear forces will tend to deform RBCs. The shear 

forces orient the RBCs in a more aerodynamic shape, causing less distortion of flow 

streamlines (Figure 2C) [6]. At high shear rates this will lower the blood viscosity. At low 

shear rates the RBCs form aggregates and this has the opposite effect on distortion of flow 

streamlines (Figure 2D). Viscosity is extremely sensitive to RBC aggregation at very low 

shear rates [20]. Relatively low shear forces can disperse the aggregates, reducing the 

distortion of flow streamlines [21]. Deformability and aggregation of RBCs are two major 

components of the shear thinning behaviour of blood [6, 14, 20]. 

 

Figure 2. Distortion of plasma flow streamlines by RBCs. (A) Absence of RBCs; no distortion. (B) Distortion of 

flow streamlines without deformation of RBCs (usually at medium shear rates). (C) Minimum distortion of flow 
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streamlines due deformation of RBCs (usually at high shear rates). (D) Maximum distortion of flow streamlines 

due to aggregation of RBCs (usually at low shear rates). [19] 

5.3 TYPE 2 DIABETES MELLITUS 
Type 2 diabetes mellitus (T2DM) is the most common form of diabetes and causes RBCs 

to be unable to respond to normal levels of insulin. As a consequence hyperglycaemia can 

occur, i.e. elevated concentrations of glucose in blood. As glucose attaches to hemoglobin, 

T2DM patients have high concentrations of glycated hemoglobin (HbA1c). The 

concentration of HbA1c is proportional to the average glucose concentration in the blood 

and represents how well the diabetes is controlled. For people without T2DM the 

concentration of HbA1c is usually in the range of 4 – 6%. Several pathophysiological 

changes cause alterations in the deformability and aggregation of RBCs [22]. The altered 

rheological properties of T2DM blood can lead to complications. 

5.4 OUTLINE 
This thesis will be about building a platform to test two biomarkers: RBC deformability 

and disaggregation, i.e. dispersion of aggregates. Microfluidic systems offer a versatile, 

easy-to-fabricate platform with the ability to study single-cell properties. RBC 

deformability and aggregation are closely related biomarkers and this assay will allow for 

simultaneous analysis of both biomarkers. The platform can provide great insight to the 

physiological states related to various diseases. Blood samples of T2DM and healthy 

donors will be compared, not only to relate to cell properties but also to test the 

effectiveness and validity of the assay. The assay has the potential to help in the 

development of novel therapeutics for various clinical conditions. 
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6 MICROFLUIDIC SYSTEMS 

6.1 INTRODUCTION 
Microfluidic systems have become indispensable tools for many biological assays. The wide 

field of applications keeps expanding and includes studies that involve analysis, sorting 

and manipulation of cells, separation of proteins and DNA, enzymatic assays and 

immunoassays [23, 24, 25]. This is because microfluidics offer many advantages including 

short times for analysis, low cost, low power consumption, versatile designs and 

integration into lab-on-chips [26]. Many advantages arise from the small size of the 

systems. In addition, the existence of laminar flow in microchannels offers fundamentally 

new possibilities of controlling biological substances and particles in space and time [27]. 

The first microfluidic devices were fabricated of silicon and glass, because the techniques 

were well-developed [28, 29]. These techniques need to be executed in specialized facilities, 

are expensive and labour intensive [29, 30, 31]. It wasn’t until Whitesides proposed the 

methods for fabrication of microfluidic devices out of polydimethylsiloxane (PDMS), that 

the field of microfluidics leaped into a new age [32]. 

6.1.1 Polydimethylsiloxane 

PDMS is a transparent silicone elastomer that possesses the properties needed for easy, 

rapid and low-cost fabrication of microfluidic devices. More advantages that make PDMS 

the ideal material for microfluidics are chemical inertness, thermal stability, permeability 

to gas (see ‘ Appendix A’) and the ability to develop microstructures with submicron 

features [25, 33]. 

Sylgard® 184 (Dow Corning Corporation) is a widely used commercial brand of PDMS and 

is supplied as a kit of two components: a pre-polymer (base) and a cross-linker (curing 

agent). A mixture of the two components hardens over time and temperature as silicon 

hydride groups in the curing agent react with vinyl groups in the base [25]. After moulding 

the channels contain three out of four walls. To enclose the channels they have to be sealed 

to another flat material, commonly to glass or PDMS. Oxygen plasma can modify the – 

initially hydrophobic – surfaces by replacing methyl groups (Si-CH3) for silanol groups (Si-

OH) [34, 35, 36]. Bringing the – now hydrophilic – surfaces together forms an irreversible 

seal due to covalent Si-O-Si bonds that are formed at the expense of water molecules [37]. 

Hydrophobicity of the surfaces recovers over time [38]. Bhattacharya et al. performed 

water contact angle measurements to measure the hydrophobicity of the surfaces and 

found a correlation with bond strength [39]. Scientists continue to reveal many 

characteristics of the versatile polymer. 

6.1.1.1 Weight Ratio 

The weight ratio of pre-polymer and cross-linker is recommended at 10:1 for Sylgard® 184. 

By alternating the ratios, one obtains different material properties of the PDMS. The 

maximum Young’s modulus 𝐸 is found at a ratio of 9:1, at which 𝐸 is < 10% larger than 

the 𝐸  at a 10:1 ratio [40].1 Gas permeability of the PDMS increases nonlinearly with 

decreasing weight ratio and is tripled if the weight ratio is reduced from 10:1 to 20:1 [41]. 

So there exists a trade-off between 𝐸 and permeability depending on the weight ratio.  

                                                
1 Different definitions exist for Young’s moduli so care must be taken for comparison between 

different authors. 
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6.1.1.2 Thickness 

Thin films of PDMS are created by spin coating and thickness of these films is not only a 

geometrical consideration. A less obvious characteristic is that it affects the mechanical 

properties. Higher angular velocities are needed to obtain thinner wafers and the 

increased shear forces, related to these velocities, align the polymers [42]. As a result 𝐸 

increases strongly for very thin wafers. 

6.1.1.3 Curing 

In the curing process cross-links are formed between the polymers. The curing 

temperature is linearly proportional to 𝐸 [43]. 

𝐸 =
3

2
𝑘𝑇𝜌𝐾 

(1) E [Pa] is the Young’s modulus, 𝑘 [J/K] is the Boltzmann’s constant, 𝑇 [K] is the curing temperature and 𝜌𝐾 

[m-3] is the degree of cross-linking. 

The degree of cross-linking can be seen as the amount of cross-links per unit volume, which 

depends obviously depends on the ratio of cross-linker to pre-polymer. The curing 

temperature also affects the permeability and a maximum permeability (not specifically 

for O2) is found for curing at 75°C [44]. 

6.1.2 Design of a Microfluidic Device 

There are vastly different approaches for the analysis of RBCs with microfluidic devices. 

These do not only depend on what properties need to be analysed. A bifurcation in assays 

is the choice of either single-cell or multi-cell analysis. While single-cell analysis involves 

the study of individual cell properties [45, 46], multi-cell analysis focuses on how these 

properties influence cell-to-cell interactions and the hemorheology [47, 48, 9]. An 

advantage of microfluidics is that it enables high-throughput analysis, even for single cells 

[49, 50, 51]. Some scientists still choose for a low-throughput approach [52, 53], potentially 

to achieve higher sensitivity of their measurements. Techniques have been developed to 

encapsulate individual cells in droplets for isolation (referred to as ‘droplet microfluidics’) 

to increase the throughput and enhance the possibilities of single-cell studies [49, 50, 54, 

55, 56]. Other major contributions to manipulate and control fluids on the microscale 

include are pneumatically activated valves, mixers and pumps [57]. All these ways of 

designing microfluidic devices enable innovative approaches to analysis (and other 

functions). 

The design of the microfluidic device used for this study takes a single-cell approach and 

has the possibility for high throughput. It consists of two stacked layers of PDMS that 

incorporates a gas channel (100 µm high) in the top layer and a microfluidic channel (4.8 

µm high) in the bottom layer. In between is a 150 µm thick film that is part of the bottom 

layer. The geometry is a reproduction of Du et al. and is displayed in Figure 3 [58]. The 

short channels between the obstructions mimic the smallest capillaries in the body, which 

have a diameter in the range of 4 to 10 µm [4]. The microfluidic channel’s height is only 

4.8 µm to prevent RBCs from stacking on top of each other in the line of sight. The dog 

bone shaped channels (one in each layer) are stacked crosswise to have an effective area 

of 1.326 x 1.326 mm of gas channel covering the microfluidic channel below. Pillars are 

placed at 25 µm intervals in areas without obstructions to prevent the microfluidic channel 

from sagging [59]. The gas channel provides the possibility of control over the oxygen levels 

inside the microfluidic channels. The oxygen level that diffuses into different tissues of the 

body ranges from 0.5% to 13% [60, 61, 62]. For that reason it is key to some assays to 



12 

 

control the level of oxygen in microfluidic channels (e.g. for the study of sickle cells [58]) 

[63, 64]. An understanding of gas permeation through PDMS is necessary to control 

oxygen levels in situ and a theoretical description is provided in ‘ Appendix A’. This 

microfluidic device provides the platform to study different biomarkers of which two are 

done simultaneously in ‘Deformability as a Biomarker’ and ‘Disaggregability as a 

Biomarker’. 

 

Figure 3. The geometry of the microfluidic device. (A) A top view of the microfluidic channel. (B) A 3D 

representation of the microfluidic device including the dimensions of the geometry in the ‘obstacle section’ [58]. 

6.2 EXPERIMENTAL 

6.2.1 Soft Lithography 

Soft lithography is a well-known method of fabricating microfluidic devices and Qin et al. 

provided a protocol [59]. The specific protocol for this fabrication process can be found in ‘ 

Appendix C’. Throughout the process some experimental considerations will be provided 

in the shaded sections intended for a broader range of assays. The process consists of a 

couple of steps that are illustrated in Figure 4. The details of the fabrication of the master 

are out of scope for this thesis. A thin layer of SU-8 photoresist (negative tone) is spin 

coated on a 4” silicon wafer (Figure 4A). A photomask of the design is used to expose the 

SU-8 to a pattern UV-light and obtain a negative master of the design. For a double-layer 

device two different masters are needed (gas and microfluidic channel designs). 
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Figure 4. (A) Fabrication of the master. UV-light is shun through a photomask onto a thin layer of SU-8 

photoresist (negative tone) to obtain a master. (B) PDMS is either poured on spin coated on the master and then 

cured in an oven. (C) PDMS is peeled from the master and is now possible to bond to another layer of PDMS 

after increasing the surface wettability. (D) The microfluidic devices get (another) treatment to increase surface 

wettability and are sealed on cover glasses. [25] 

Sylgard® 184 is mixed at a 10:1 ratio. Air bubbles are generated during the mixing process 

and these can be removed in a desiccator. Uncured PDMS is poured directly onto the gas 

channel master (Figure 4B). A 150 µm layer of PDMS is spin coated onto the other master 

with a spin speed of 200 – 400 rpm, a spin acceleration of 85 rpm/s and a spin time of 90 s 

(see ‘ Appendix B’). The wafers are cured at 80°C for at least two hours. Curing times 

should be taken sufficiently long to near completion of the cross-linking process. After 

curing the gas channel wafer is peeled from the master (Figure 4C). The wafer is cut into 

individual pieces and holes are punctured for the input and output. Both the individual 

gas channels and the microfluidic channel wafer (still attached to the master) are given 

an air plasma treatment of 50 s in a plasma cleaner (Harrick Model PDC-3XG). The gas 

and microfluidic channel surfaces are bonded immediately after the treatment. The thin 

layer is peeled carefully from the master, the individual microfluidic devices are cut and 

holes are punched. Cover slips are cleaned beforehand by immersing them in isopropyl 

alcohol after which they are left in a sonication bath for two hours at 40 °C. The cover slips 

are dried with an air valve. The cover slips and individual microfluidic devices are given 

another air plasma treatment of 50 s. Then the microfluidic channels are enclosed by 

sealing the microfluidic devices to the cover slips (Figure 4D). 

6.2.2 Data analysis 

Thickness of the spin coated wafers are measured with a confocal microscope (Zeiss LSM 

700) and imaging software (ImageJ). The wafers remained attached to the master as a z-

scan was performed with the confocal microscope. The geometries of the devices in the x-

y plane have been measured with an inverted microscope (Olympus IX71) and imaging 

software (ImageJ). 
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6.3 RESULTS 
Two different masters were created to fabricate the microfluidic devices. The thicknesses 

of ten wafers, spin coated on either master, are measured (Figure 5). The thickness of each 

wafer is an average of measurements at three different locations of the wafer. The 

thickness of each wafer is not constant and the error bars displayed in Figure 5 represent 

standard deviations (SDs) of the three measurements. The experimental error of 

measuring the thickness is 1.5 µm. Equation (12) of ‘ Appendix B’ can be used for a 

theoretical fit through the data points and derivation of the constants. The desired film 

thickness of 150 µm is achieved with a spin speed in the range of 250 – 300 rpm. 

 

Figure 5. The relation between spin speed and film thickness. Each data point is an average of three 

measurements at different locations of the wafer. The error bars indicate SDs of these measurements. 

After fabrication the slit widths of 49 microfluidic devices have been measured and are 

displayed in Figure 6. The model used for fabrication of the microfluidic devices 

incorporated a slit width of 4 µm, but the actual fabrication resulted in a variety of slit 

widths. Notable are the two distinct peaks separated by a relatively large gap. It was 

possible to visually identify the microfluidic devices having a slit width much larger than 

4 µm, being part of the peak of larger slit widths (Figure 7). The devices with a large slit 

width have been discarded for actual experiments. The difference in slit widths within 

individual microfluidic devices varied roughly from 0.05 µm up to 0.4 µm. However, the 

error of slit width measurements is roughly 0.25 µm. 
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Figure 6. A histogram displaying the distribution of slit widths, while the desired slit width is 4 µm. 

 

Figure 7. Snapshots of microfluidic channels with a slit width of (A) 4.0 µm and (B) 6.0 µm. 

Other geometric aspects of 20 microfluidic devices have been measured and in contrary to 

the slit widths they were distributed normally in one peak. The average spacing between 

obstacles is 29.2 µm with a SD of 0.2 µm. The vertical spacing between pillars is 25.4 µm 

with a SD of 0.3 µm. The horizontal spacing between pillars is 27.6 µm with a SD of 0.3 

µm. No correlation between slit width and any of the other geometrical aspects have been 

found for the entire data set of 20 microfluidic devices. However, 11 of these microfluidic 

devices have a slit width  being part of the left peak in Figure 6 and these are the only 

microfluidic devices being used for experiments. A positive correlation has been found 

between slit width and all other geometrical aspects for these 11 microfluidic devices. So 

geometrical aspects in both dimensions increase simultaneously as long as microfluidic 

devices are compared that are contained in the left peak of Figure 6. 

6.4 DISCUSSION 
During the fabrication process of microfluidic devices it is important to reconstruct the 

computer model as closely as possible. Variations in the geometry of the microfluidic 

devices may influence the results of future experiments. 

6.4.1 Film thickness 

It is possible to achieve a film thickness of 150 µm with spin coating speeds in the range 

of 250 – 300 rpm. However, the 150 µm is just a reproduction of Du et al. [58] and isn’t 
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necessarily the ideal film thickness. Thinner films will cause sagging of the microfluidic 

channel and thicker films may thwart gas permeation. In vitro oxygen level measurements 

or computer simulations are needed to determine the ideal film thickness. 

There is quite some variance in thickness within individual wafers. This is possibly caused 

during the spin coating process. The masters had to be positioned on the spin coater 

manually and any misalignment can cause a slope in thickness. Relatively large amounts 

of PDMS were poured on the master before spin coating to decrease the variance in 

thickness between different wafers (‘ Appendix B’). However, the location of pouring and 

variations in the poured amounts of PDMS may still cause some variance in thickness. 

Over time the masters get damaged and non-specific adhesion of PDMS to the master can 

occur, after which the surfaces of the masters attain a certain roughness. This roughness 

may cause variations in the thickness of wafers. 

Measuring of the film thickness is accompanied with an error, which is small compared to 

the variations in thickness that are achieved with various wafers. Measuring the thickness 

of these wafers with a confocal microscope is therefore a suited method. It is possible to 

measure the thickness of 2 – 3 wafers per hour (6 – 9 point measurements) and the wafers 

remain intact during measuring. For this purpose the use of a confocal microscope is 

superior to measurements with a Dektak® or scanning electron microscope for example. 

These methods are slower and require the wafers to be cut before measuring. 

6.4.2 Slit width 

An important aspect of the microfluidic device is the slit width. Alterations in slit width 

influence the results of experiments of ‘Deformability as a Biomarker’ and 

‘Disaggregability as a Biomarker’. Interestingly, slit widths have been measured that are 

distributed over two peaks separated by roughly 1 µm (Figure 6). The non-normal 

distribution of slit widths is likely due to fabrication errors of the masters. In the process 

of etching the SU-8 a UV source is focused on a photomask and the optical path lengths of 

beams travelling from the photomask to the SU-8 aren’t equal. This will cause parts of the 

pattern to be enlarged. There might be a big jump in optical path length to result in this 

distribution of slit widths. The reason why two peaks of slit widths have arisen is still 

unknown, because the details of the master fabrication process are out of scope of this 

research. Interestingly, other geometrical aspects do not show such a distribution over two 

peaks, but do correlate positively to slit widths being part of the left peak in Figure 6. 

Other errors in slit width may be caused by peeling of the PDMS wafer from the master 

and bonding of the PDMS to cover slips. It is uncertain what the magnitude of these errors 

is and whether errors arise during these processes, because PDMS cannot deform 

plastically. Any of these errors would cause a normal distribution of slit widths and is no 

explanation of the two peaks of Figure 6. The error in measuring the slit width is relatively 

large and can explain part of the spread in slit widths. 

6.4.3 Sealing 

The success ratio of microfluidic device fabrication has been low. Many of the microfluidic 

devices showed poor adhesion and had obstacles and pillars that were not connected to 

both channel walls. A probable explanation is the plasma cleaner that showed signs of 

lower power. There are several ways to improve the bonding process. Oxygen plasma 

treatment instead of regular air plasma treatment will increase the number of sites on the 

surface for covalent bonding [39]. Achieving cleaner glass cover slips is done by immersing 

the cover slips in a boiling Piranha solution for 3 – 4 minutes after which they are washed 
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repeatedly with deionized water and dried with nitrogen [39]. After sealing the 

microfluidic devices can be put back in the oven for about 2 hours to strengthen the seal. 

Air plasma treatment and other cleaning processes should be sufficient for this purpose 

[37, 39]. Longer air plasma treatment times result in roughening the surface of the wafer 

visually, which is unwanted. 

6.5 CONCLUDING REMARKS 
A film thickness of 150 µm is achieved with spin speeds in the range of 250 – 300 rpm. 

Using a confocal microscope is a quick and sufficiently accurate method to measure the 

thickness of PDMS films. The fraction of microfluidic devices suitable for future 

experiments is low, mainly due to the poor sealing process and fabrication error of slit 

widths. Improvements of the sealing process include oxygen plasma treatment, 

immersion of cover slips in boiling Piranha and heating to strengthen the seal. However, 

the proposed methods in ‘Experimental’ are sufficient for a tight seal. Power loss of the 

air plasma cleaner is the probable cause of poor sealing. The slit widths have a non-

normal distribution over two peaks. An explanation for this is likely to be found in the 

fabrication process of the masters. This process needs to be studied thoroughly to find 

the exact cause of the two-peak distribution. 
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7 DEFORMABILITY AS A BIOMARKER 

7.1 INTRODUCTION 
Deformability is an essential property of RBCs for a couple of reasons. RBCs have to 

deform when exposed to stresses induced by fluid shear flow. Deformation of RBCs 

contributes to the shear thinning behaviour of blood [6]. Reduced deformability causes the 

viscosity of the blood to increase, altering the hemorheology [65]. RBCs have to transit 

through the smallest capillaries in the body (4 – 10 µm) in which vaso-occlusions occur if 

their deformability is insufficient. Deformation is an important part of the process of 

transporting gas between blood and tissues [66], which happens predominantly in 

microcirculation [67]. The lifetime of RBCs can depend on their deformability as so it 

occurs with numerous types of hemolytic anaemia [68, 69, 70, 71]. Because of all this, 

changes to deformability are commonly related to diseases. Diminished deformability 

plays a role in pathological conditions like malaria infected RBCs [72], sickle-cell disease 

[73] and diabetes [74]. Increased deformability can also occur, e.g. for invasive cancer cells 

[75, 76]. Therefore RBC deformability is a potent biomarker for various diseases.  

7.1.1 Determinants of Deformability 

Deformability of RBCs can be viewed as the degree at which a RBC is able to change shape 

under applied stress. It can involve changes in membrane curvature, uniaxial strain and 

membrane surface expansion [77, 78]. The deformation mode, elongation and strain rate 

depend on the magnitude, direction and rate of stress. Due to its complexity, deformability 

cannot be described by one parameter. Also, there are several factors that influence the 

deformability of a RBC among which is the (a) geometry, (b) internal viscosity and (c) 

viscoelastic properties of the membrane [6]. Some of the information below like MCV and 

MCHC is provided by a complete blood count (CBC) that can be included with a blood 

sample. 

a) The main geometric factor influencing deformability is the surface to volume ratio 

(S/V). Excess membrane surface area is used for deformation. Therefore an 

increased S/V benefits deformability [6]. 

b) The dominant property determining viscosity of the intracellular fluid is its 

hemoglobin concentration, referred to as cellular hemoglobin concentration (CHC). 

The viscosity rises nonlinearly with respect to CHC: from a (normal) CHC of 32 

g/dL to 40 g/dL, the viscosity has nearly quadrupled [6].  

c) Although the RBC membrane has been studied extensively, unexpected novel 

insights still continue to be published [79]. The membrane properties determine 

RBC deformability for the greatest part, principally the shear modulus and surface 

viscosity [80]. The membrane bending modulus is of less importance unless high 

curvature deformations occur [81]. 

7.1.1.1 Physiological Changes 

Deformability can vary extensively between RBCs, not only due to diseases. For example 

during cellular senescence the surface area and cellular volume (CV) of RBCs is reduced 

[82]. Due to shrinkage of the cell the CHC increases by which the internal viscosity reaches 

high values [83]. Also, the membrane shear modulus and viscosity increase [84]. 

Reductions in deformability have also been reported for physiological changes related to 

environmental stress [85] and micronutrient deficiency [86, 87, 88] 
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7.1.1.1.1 Pathophysiological Changes due to Type 2 Diabetes Mellitus 

The effect on deformability for the two types of diabetes is different and only for T2DM a 

reduction in RBC deformability is observed [89]. The diminished deformability is mainly 

attributed to changes physiological changes of the membrane [22]. The high glucose 

concentrations increase the oxidative stress on the membrane and causes damage even at 

short exposure times [90]. The primary cause of increased stiffness of the membrane is 

glycolisation of membrane proteins [91, 92]. Impaired RBC deformability of diabetic 

patients may contribute to microvascular complications [93]. 

7.1.1.2 Shape Recovery 

After deformation, upon removal of external forces, RBCs take time as they recover to 

their resting shape. Due to shape memory the RBCs will recover to their original resting 

shape [94]. Bronkhorst et al. presented a method to measure the relaxation time after 

bending the RBCs at a certain angle [95]. They believe that both viscous and elastic 

components play a role in the shape recovery. They were able to separate old stiff cells 

from younger highly deformable cells (based on density of the RBCs) and found a relation 

between cell age and shape recovery time. From the total population that had a relaxation 

time of 271 ms, the (oldest) densest fraction had an average relaxation time of 353 ms, 

while the least dense population were able to recover shape in 162 ms. Interestingly the 

longest relaxation times they found exceeded 675 ms. It might imply that RBC 

deformability has a large effect on shape recovery.  

7.1.2 Model for Slit Transit 

Microfluidic laws show a great deal of analogy with electrokinetic laws (e.g. Ohm’s law 

and Kirchhoff’s laws). An applied pressure difference over a microchannel is proportional 

to the flow rate. 

Δ𝑃 = 𝑅ℎ𝑄 

(2) 𝛥𝑃 [N/m2] is the pressure difference over a fluidic channel, 𝑅ℎ [N∙s/m5] is the hydrodynamic resistance and 

𝑄 [m3/s] is the flow rate. 

𝑅ℎ  is a reflection of the difficulty with which a fluid can pass a channel. Geometry is 

important as fluids can traverse short and wide channels easier than long and narrow 

channels. Also viscosity is a dependent on 𝑅ℎ. 

Guo et al. have provided methods to theoretically calculate the cortical tension of RBCs 

[53]. They fabricated a microfluidic device incorporating a microchannel with a series of 

funnels. In their setup they were able to accurately control a known pressure difference 

𝑃𝑐ℎ across that channel through which the RBCs would flow one by one (see Figure 8). In 

free flow a RBC is hydrodynamically indistinguishable from the fluid. The pressure drop 

will be uniformly distributed across the entire channel, assuming the increase of the 𝑅ℎ of 

the funnel, 𝑅𝑓𝑢𝑛𝑛𝑒𝑙, is negligible (Figure 8A). When the cell enters the funnel, the fluid flow 

is blocked and 𝑅𝑓𝑢𝑛𝑛𝑒𝑙 increases severely with respect to the 𝑅ℎ of the channel (𝑅𝑐ℎ). If the 

RBC blocks the entire cross-sectional area of the funnel, the pressure drop across the 

funnel, 𝑃𝑓𝑢𝑛𝑛𝑒𝑙, approaches 𝑃𝑐ℎ (Figure 8B). 
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Figure 8. 𝑃𝑐ℎ is applied over both ends of a microchannel. (A) The RBC is in free flow: 𝑃𝑓𝑢𝑛𝑛𝑒𝑙 is negligible; 𝑃𝑐ℎ 

is uniformly distributed across the entire channel. (B) The RBC covers the funnel completely: 𝑃𝑓𝑢𝑛𝑛𝑒𝑙 ≅ 𝑃𝑐ℎ; 𝑃𝑐ℎ 

is uniformly distributed across the funnel. [52] 

If the RBCs are perfectly constrained by the dimensions of the funnel, the deformed RBC 

can be divided into three sections: a leading section, an internal section in contact with 

the PDMS and a trailing section (Figure 9). Guo et al. assumed the RBC would behave 

like a Newtonian liquid drop and thereby the membrane cortical tension describes RBC 

deformability. For a (quasi)-static environment the Laplace-Young equation can be used 

to describe the pressure difference needed to form the curvature of the leading and trailing 

edge [96]. 

𝑃1 − 𝑃𝑐 = 𝑇𝐶 (
1

𝑅𝑐1
+

1

𝑅𝑎
) 

(3) 𝑃1 − 𝑃𝐶 [N/m2] is the pressure difference required to form the leading edge, 𝑇𝐶 [N/m] is the cortical tension 

of the cell membrane and 𝑅𝑐1 and 𝑅𝑎 [m] are the in-plane and out-of-plane radii of curvature of the leading 

edge. 

𝑃2 − 𝑃𝑐 = 𝑇𝐶 (
1

𝑅𝑐2
+

1

𝑅𝑏
) 

(4) Analogous to (3) for the trailing instead of leading edge. 

Subtracting (4) from (3) yields an expression for the pressure difference across the entire 

cell, 𝑃𝑓𝑢𝑛𝑛𝑒𝑙. 

𝑃𝑓𝑢𝑛𝑛𝑒𝑙 = 𝑃1 − 𝑃2 = 𝑇𝐶 (
1

𝑅𝑐1
+

1

𝑅𝑎
−

1

𝑅𝑐2
−

1

𝑅𝑏
) 

(5) 

𝑅𝑐1  and 𝑅𝑐2  can be approximated as equal, because both are constrained by 𝐻0 . (5) 

simplifies to: 

𝑃𝑓𝑢𝑛𝑛𝑒𝑙 = 𝑇𝐶 (
1

𝑅𝑏
−

1

𝑅𝑎
) 

(6) 

Recall that (6) is valid for a quasi-static environment so 𝑃𝑓𝑢𝑛𝑛𝑒𝑙 represents the threshold 

pressure difference needed to push the RBC through the constriction. 𝑇𝐶 is a constant and 
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so is independent of cell and pore size. With this model Guo et al. were able to demonstrate 

how microfluidic devices can be a tool for measuring properties contributing to RBC 

deformability. The model also properly describes some of the physics involved when a RBC 

moves through a narrow channel. 

 

Figure 9. Geometric illustrations of a RBC constricted in a funnel. 𝐻0 and 𝑊0 are chosen so that the RBCs fill 

up the pore completely, without lysing. (A) A 3D representation of the funnel block. (B) A top view of the funnel. 

𝑅𝑎 and 𝑅𝑏 are the radii of the leading edge and trailing edge respectively that arise from an applied pressure 

difference 𝑃2 − 𝑃1. 𝑃𝑐 is the pressure inside the cell. (C) A side view of the funnel. 𝑅𝑐ℎ1 and 𝑅𝑐ℎ2 are the radii of 

the leading edge and trailing edge respectively. [53] 

7.1.3 Observation of Deformation 

Deformation of RBCs in this assay needs a different approach. The RBCs do not fully 

occupy the slits (4 x 4.8 µm) so the fluid medium can still flow past the constricted RBC. 

The hydrodynamic resistance of the occupied channel still increases, but substantially less 

than in the ‘Model for Slit Transit’. It is not possible to apply the Newtonian liquid drop 

model, because RBCs undergo different deformation modes. Pressure differences and 

shear forces are partially controlled by the flow rate and these can enable different 

deformation modes. 

Recordings with a 100x magnification of different RBC deformations are displayed in 

Figure 10 at three flow rates. The darker parts of RBCs indicate thicker parts of the cell 

or parts with a higher hemoglobin content. The pictures are just examples of different 

deformations and do not represent specific deformation modes for these flow rates as these 

depend on many parameters. In ‘free flow’ the RBCs usually tend to align parallel to the 
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channel walls. However, at very low flow rates the RBCs might have a different 

orientation. In Figure 10A at 𝑡 = 0 s the RBC seems to be rotated along the vertical axis 

from this point of view compared to the RBC of Figure 10C. The right rim of the RBC at 

low flow rate has a sharper edge than the left rim, which indicates the sides of the RBC 

are in different focal planes. When this RBC enters the slit, it rotates along the in-plane 

axis to pass the slit. The channel height is larger than the slit width so the RBC needs to 

deform less to pass. The right part of the RBC of Figure 10B is folded or compressed in a 

V-shape when entering the slit. Additionally, it seems to “remember” this shape in ‘free 

flow’, which might speed up subsequent deformations. The orientation of the RBC of 

Figure 10C is typical for high flow rates. In ‘free flow’ the orientation is parallel to channels 

walls and upon slit entry the RBC is bended and compressed quite uniformly in the 

vertical direction. Various types of deformation cause a complex description of slit transit 

in this assay. 

 

7.1.4 Deformation Analysis 

Well-established methods to study deformability of single RBCs include micropipette 

aspiration, optical tweezers and atomic force microscopy. In micropipette aspiration a RBC 

is aspirated partially or completely into a narrow glass tube using a negative pressure. 

The leading edge surface of the cell is tracked and translated into the shear elastic 

modulus of the cell membrane, contributing to RBC deformability [97, 72]. Optical 

tweezers involve laser beams to stretch a RBC and analyse the force-displacement curve 

[98, 99]. Atomic force microscopy measures the repulsive force between a RBC and the tip 

of a flexible cantilever [100]. The techniques provide accurate measurements, but only 

acquire data of a few individual cells. Deformability can vary extensively between RBCs 

of the same patient. Therefore techniques are essential that can analyse RBC 

deformability with high throughput. 

Microfluidic devices allow the study of single cells with such high throughput. Some 

studies focus on measuring specific parameters contributing to deformability like cortical 

tension [52, 53] or instantaneous Young’s modulus [101]. However, deformability 

comprises more than these specific parameters. Other studies involve blockage of pores 

[102] or elongation by fluid shear forces [103, 104]. It is important to study deformability 

from many different perspectives, because the sensitivity for various diseases or 

parameters comprising deformability can be different. 

Figure 10. Deformation of RBCs from a healthy donor at (A) low, (B) medium and (C) high flow rate. 
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This assay will focus on average transit velocity through multiple narrow channels. 

Alternating deformability of RBCs expresses itself in different average velocities, because 

RBCs will experience different delay times upon entering a channel and deformability is 

a significant parameter in this [105]. Studies that include a similar approach have been 

performed on malaria infected RBCs [106] and sickle cells [58]. This assay will involve the 

study of blood of T2DM patients. 

7.2 EXPERIMENTAL 
The design of the microfluidic device is described in ‘Design of a Microfluidic Device’. 

Fabrication of microfluidic devices is explained in ‘Soft Lithography’. 

7.2.1 Sample Preparation 

Whole blood from healthy donors is provided by a Research Blood Components and from 

T2DM donors by BIDMC. EDTA K2 and K3 salts are widely used anticoagulants, used to 

prevent blood from clotting. The choice between either one remains controversial [107]. 

Whole blood is delivered with added EDTA K2. It is carefully mixed after which it is 

centrifuged at a RCF of 820𝑔 for 5 min in an Allegra® X-15R Centrifuge. Hemolysis occurs 

when the applied stresses to RBCs exceed a maximum (e.g. by shaking). Packed RBCs and 

blood plasma are separated. The plasma is spun down a second time to shift any residue 

to the top and bottom in order to extract clean plasma afterwards. Blood buffers are then 

created with 1 vol.% RBCs in autologous plasma and mixed carefully but thoroughly. Blood 

plasma is used so that the RBCs retain identical properties.  

7.2.2 Experimental Setup 

A short tube is connected to the output of the microfluidic device and injected with a 1 

wt.% BSA in RPMI 1640 solution until all air is driven out. RPMI 1640 is a well-known 

cell culture medium [108, 109] and is used because blood plasma clogs the microfluidic 

device (e.g. with blood platelets). The BSA is added to passivate the surfaces of the 

channel, preventing adhesion of RBCs. Another short tube is filled with one of the blood 

buffers and connected to the input of the microfluidic device. The microfluidic device is 

now connected to a gravity driven flow setup as can be seen in Figure 11. The tubes are 

filled with the same BSA-RPMI solution and by accurately altering the height of the tubes, 

a controlled flow is generated. Then the microfluidic device is installed on a thermal 

translation stage that is heated to ~ 42°C to heat the blood inside the microfluidic device 

to approximately 37°C. The thermal stage is installed in an inverted microscope (Zeiss 

Axiovert 200) that is used with digital image processing software (AxioVision). 
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Figure 11. A gravity driven flow is controlled in the microfluidic device by a difference in tube height and 

amount of liquid in the tubes. The microfluidic device is filled with a red dye for emphasis. 

7.2.3 Data Analysis 

Of each RBC a reference velocity, 𝑣𝑟, as well as an obstructed velocity, 𝑣𝑜, is manually 

analysed. The 𝑣𝑟 of a cell is determined from RBCs travelling through the ‘pillar section’ 

indicated as red in Figure 12. This is the ‘free flow’ velocity to normalize the obstructed 

velocity with later on. Straight undisturbed trajectories are taken, i.e. no interference with 

cells, pillars or observable changes in local flows. The first fraction of the pillar section is 

ignored, because the RBCs need time for shape recovery. Due to experimental restrictions 

it is not possible to measure the flow rate that is effective for RBCs travelling in the pillar 

section. Therefore 〈𝑣𝑟〉 is calculated at a constant flow rate and is taken to refer to this 

flow rate. The 𝑣𝑜 is calculated in a similar manner as 𝑣𝑟, but from the ‘obstruction section’ 

indicated blue. Trajectories of cells are taken that don’t cross multiple lanes or have any 

sudden changes in velocity that can be caused by clogged slits nearby. The first obstruction 

is ignored because larger pressure differences exist in that area. The normalized velocity, 

𝑣𝑛, of a RBC is derived like: 𝑣𝑜 𝑣𝑟⁄ = 𝑣𝑛. 

 

Figure 12. Flow is directed towards the right. The red section is referred to as the pillar section and the blue 

section is referred to as the obstruction section. 
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7.3 RESULTS 
Blood of four different patients has been analysed of which part of the CBCs have been 

displayed in Table 1. Patients 1 and 4 are healthy, patient 2 has T2DM without medication 

and patient 3 has T2DM with medication. Normal range values are also included for 

reference. The percentage of HbA1c of patient 3 is in the normal range and indicates that 

the medication is effective. The red cell distribution width (RDW) is the relative standard 

deviation (RSD) of MCV. 

Patient Hematocrit 

% 

MCV 

fL 

MCHC 

g/dL 

RDW 

% 

HbA1c 

% 

Ref. 38.5 – 45.0 80.0 – 100.0 32.0 – 36.0 11.0 – 15.0 4.0 – 6.0 

1 (H) 39.8 91 35.4 13.4  

2 (D) 43.5 88 33.3 13.5 8.6 

3 (D/M) 35.9 L 72 L  29.8 L 17.4 H 5.8 

4 (H) 32.0 L 81.3 32.3 16.2 H  
Table 1. CBCs of 4 patients with the notes: H = healthy, D = diabetic without medication, D/M = diabetic with 

medication. The bold faced values are outside of the reference range (H = high, L = low). 

Blood of patients 1, 2 and 3 have been studied to compare and the results are displayed in 

Figure 13, Figure 14 and Table 2. Each patient’s blood had been tested with a different 

microfluidic device, because of experimental limitations. Singlets are single cells and 

doublets are aggregates of two cells. The comparison of doublets to singlets is added, 

because it might give an idea to how CV affects 〈𝑣𝑛〉 and 〈𝑣𝑟〉. A decrease of 〈𝑣𝑛〉 as well as 

〈𝑣𝑟〉 is observed when comparing doublets to singlets. The data sets of the doublets are 

small (see Table 2), because the amount of doublets that trace a (more or less) undisturbed 

path is much lower. The singlet-〈𝑣𝑛〉 of patient 1 and 3 are quite similar, while the singlet-

〈𝑣𝑛〉 of patient 2 is significantly lower than those of patient 1 (𝑃 = 3.7 ∙ 10−4) and patient 3 

(𝑃 = 6.1 ∙ 10−4). 

 

Figure 13. Average normalized velocities of patients with a different state of disease as well as the comparison 

of singlets to doublets. The error bars indicate SDs. 
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Figure 14. Average reference velocities of patients with a different state of disease as well as the comparison of 

singlets to doublets. The error bars indicate SDs. 

Patient 1 2 3 

Singlet-〈𝑣𝑛〉  (𝑁) 0.88 ± 0.15 (50) 0.78 ± 0.13 (50) 0.90 ± 0.20 (50) 

Doublet-〈𝑣𝑛〉  (𝑁 2⁄ ) 0.71 ± 0.08 (11) 0.60 ± 0.11 (12) 0.67 ± 0.13 (23) 

Singlet-〈𝑣𝑟〉 (µm/s) (𝑁) 61 ± 11 (50) 108 ± 15 (50) 80 ± 13 (50) 

Doublet-〈𝑣𝑟〉 (µm/s) (𝑁 2⁄ ) 57 ± 10 (11) 92 ± 13 (12) 64 ± 10 (23) 
Table 2. Values of Figure 13 and Figure 14 displayed in a table. The errors indicate SDs and in between brackets 

is the number of unit singlets or doublets analysed. 

The 〈𝑣𝑟〉’s of singlets that refer to flow rates turned out to be different for each patient. For 

example in Figure 14 there is an increment in flow rate of about 
1

3
 per step from patient 1 

to patient 3 to patient 2. To take into account the differences in flow rate of Figure 14 

another experiment has been done with one blood sample injection from (healthy) patient 

4 in one microfluidic device. 〈𝑣𝑛〉 of singlets has been observed at four different flow rates, 

50 counts per flow rate. 〈𝑣𝑛〉 is derived at four different 〈𝑣𝑟〉 to see how it varies with the 

flow rate. The results are shown in Figure 15 and Table 3. The 〈𝑣𝑛〉 increases, while its 

SDs decrease as the flow rate goes up.  
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Figure 15. Average normalized velocity of 50 RBCs at four different average reference velocities. The error bars 

indicate SDs. 

〈𝑣𝑛〉 (𝑁) 0.75 ± 0.15 (50) 0.76 ± 0.14 (50) 0.84 ± 0.11 (50) 0.86 ± 0.11 (50) 

〈𝑣𝑟〉 (µm/s) (𝑁)  56 ± 7 (50) 74 ± 9 (50) 114 ± 11 (50) 154 ± 14 (50) 
Table 3. Four different average reference velocities and their corresponding average normalized velocities. The 

errors indicate SDs and in between brackets is the number of unit singlets or doublets analysed. 

7.4 DISCUSSION 
The goal of this section would be to identify all the properties that construct a 〈𝑣𝑛〉 and 

isolate the relevant properties by doing quantitative adjustments to 〈𝑣𝑛〉 for the irrelevant 

properties. However, no quantitative corrections to 〈𝑣𝑛〉 can be done due to insufficient 

statistical significance of the results as will be explained in the last paragraph of this 

section. There are many properties that influence the obtained results and they can be 

intrinsic or extrinsic. The intrinsic properties are properties of individual RBCs like size, 

shape and deformability. The extrinsic properties are all other properties related to the 

microfluidic device and the experiment like (local) flow rate and slit width. The relevant 

properties are sensitive to diabetes and contribute to RBC deformability so these are all 

intrinsic properties. Some of the irrelevant intrinsic properties are MCV, MCHC, S/V and 

viscosity of the blood plasma. 

7.4.1 Flow Rate 

Flow rate is an extrinsic (irrelevant) property and differences in flow rate contribute to 

changes in 〈𝑣𝑛〉. Ideally the blood samples of all patients need to be studied at a constant 

flow rate, but experimentally this is hard to achieve.  

There is a note to be made about this experiment: no correlation has been found between 

the 𝑣𝑜’s and corresponding 𝑣𝑟’s. Therefore normalization of 𝑣𝑜’s has no physical meaning. 

This might explain the large difference in 〈𝑣𝑛〉 of patient 1 and 4 at comparable flow rates. 

For that reason no comparison will be made between patient 4 and other patients, but only 

between data sets of patient 4. No definite explanation for the cause of this has been found.  

Figure 15 shows that an increasing flow rate causes an increasing 〈𝑣𝑛〉. This can be 

explained by the fact that the time, available for RBCs to relax, decreases as the flow rate 
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increases. This time decreases from about 400 ms for the slowest RBCs at the lowest flow 

rate to about 75 ms for the fastest RBCs at the highest flow rate. Recall that the relaxation 

time of the majority of healthy RBCs is roughly in the range of 150 – 350 ms [95]. It is 

clear that an increasing number of RBCs don’t get the time to relax as the flow rate is 

increased. As a result the effect of deformability on 〈𝑣𝑛〉  is (partially) eliminated. 

Eliminating the process of deformation will speed up the RBCs relatively. The effect of an 

increased flow rate can also be found in the SDs of 〈𝑣𝑛〉 in Figure 15. The SDs in 〈𝑣𝑟〉 

increase as 〈𝑣𝑟〉 itself increases, which is to expect for almost any set of increasing values. 

However, the SDs in 〈𝑣𝑛〉 show the opposite behaviour. This might seem counterintuitive, 

but due to the elimination of the effect of deformability at higher flow rates, there is also 

less discrepancy in 〈𝑣𝑛〉 between different RBCs. There is consistency in all of these results 

and they support the hypothesis. Therefore the belief is that the relevant properties of 

cells need to be studied at low flow rates in this assay,2 because low flow rate experiments 

are more sensitive to deformability in this study. 

There are two sets of two data points that have a similar 〈𝑣𝑛〉 in Figure 15. It is possible 

that these pairs of data points are in flow rate ranges of which the flow rate almost doesn’t 

affect the 〈𝑣𝑛〉. This is interesting since it is hard to keep a constant flow rate between 

different experiments. In these stable flow rate ranges no correction factors have to be 

included for different flow rates within those ranges, which makes it easier to compare 

results of different experiments. However, the results aren’t statistically significant 

enough to confirm these stable flow rate ranges. If these stable flow rate ranges exist, it 

would be ideal to perform experiments in the lowest stable flow rate range. In that range 

no corrections to 〈𝑣𝑛〉 are needed for different flow rates and the experiment is most 

sensitive for the relevant properties. To construct a certain curve between flow rate and 

〈𝑣𝑛〉, the blood of many healthy patients need to be analysed. 

7.4.1.1 Singlet-〈𝒗𝒓〉 as an Indication of Flow Rate 

It is arguable whether the singlet-〈𝑣𝑟〉 is a good reference of the flow rate. With a constant 

actual flow rate, the 〈𝑣𝑟〉 can vary when intrinsic properties are changed. In Figure 14 the 

〈𝑣𝑟〉 of singlets and doublets are compared. A cell sticking to another cell can be viewed as 

exaggerated changes to intrinsic properties. The CV is doubled and the shape changes as 

well as the deformability. The deformability changes due to a different composition of solid 

(e.g. membrane) and liquid material and different deformational modes. In Figure 14 it is 

seen that all these parameters cause a decrease in 〈𝑣𝑟〉. With these exaggerated changes 

to some intrinsic properties, the changes to 〈𝑣𝑟〉 still do not exceed 20%. The effect that a 

20% change in flow rate has on 〈𝑣𝑛〉 is small and would be negligible within a stable flow 

rate range. Any realistic differences in RBC-intrinsic properties can be assumed to have 

little effect on 〈𝑣𝑛〉 with the actual flow rate being the same. Therefore the singlet-〈𝑣𝑟〉 is a 

proper reference to the flow rate. 

7.4.2 Mean Cellular Volume 

MCV is another irrelevant parameter that needs to be taken into account. The comparison 

of doublets to singlets might give an insight to how MCV affects the results. Intuitively a 

higher MCV would reduce 〈𝑣𝑛〉, because more deformation is needed upon slit entry. The 

pressure drop at the occupied slit does increase slightly with larger cells, because the 

hydrodynamic resistance of the slit increases. This effect is supposedly small, because fluid 

                                                
2 There is a lower bound to the flow rates possible to do experiments with. The pressure drop is 

insufficient to deform RBCs upon slit entry if the flow rate is much lower than a 〈𝑣𝑟〉 of 50 µm/s. 
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can still flow through adjacent slits. The addition of another cell has a larger effect on 〈𝑣𝑛〉 

than on 〈𝑣𝑟〉 (Figure 13). The doublets of patient 2 and 3 are over 20% slower than singlets 

from the same sample recording and those of patient 1 are close to 20% slower. It is not 

realistic to treat doublets as singlets with twice the MCV, because the shape and 

deformability of a doublet and singlet are not the same. Simulations would be needed to 

quantify the delays of a doublet or large singlet passing a rectangular slit of 4 x 4.8 µm. 

However, the reduction of doublet-〈𝑣𝑛〉 compared to singlet-〈𝑣𝑛〉 is consistent with the 

intuition that increased MCV reduces 〈𝑣𝑛〉.  

There might be more support that differences in MCV need significant corrections. This is 

obtained by linking the RDW values of the patients to their RSDs in singlet-〈𝑣𝑛〉. The RSDs 

of 〈𝑣𝑛〉 of patient 1, 2 and 3 are 16.9%, 16.2% and 22.4% respectively (calculated from the 

absolute SDs from Table 2) and the patient’s corresponding RDW values are 13.4%, 13.5% 

and 17.4% (see Table 1). Before comparison of these values, a correction has to be made 

due to flow rate, because higher flow rates tend to decrease the RSDs in singlet-〈𝑣𝑛〉 (see 

Figure 15). The RSDs of patient 2 and 3 need to be corrected upwards (patient 2 needs a 

larger correction). Still, the RSD of patient 3 seems to be significantly higher than RSDs 

of the other patients and it is consistent with the higher RDW value. If it is possible to 

link a larger spread in CVs to the RSDs of 〈𝑣𝑛〉, then changes in MCVs need significant 

corrections to 〈𝑣𝑛〉’s. However, such a link cannot be made on the comparison of such small 

data sets. 

7.4.3 Comparison of Patients 

To determine whether the singlet-〈𝑣𝑛〉’s displayed in Figure 13 are due to differences in 

deformability of the membranes of RBCs, all extrinsic and intrinsic properties have to be 

considered. Qualitative corrections will be done to the 〈𝑣𝑛〉’s of patient 2 and 3 to be able 

to compare the values with the 〈𝑣𝑛〉 of patient 1. An overview of the corrections is displayed 

in Figure 16.  

- Flow rate is displayed in Figure 14 and shows that the flow rate increases from 

patient 1 to patient 3 to patient 2. To correct for the different flow rates, both 

patient 2 and 3 need a downward correction to 〈𝑣𝑛〉 and patient 2 needs a larger 

correction.  

- The MCVs of patient 1 and 2 are very similar (3% difference) so the 〈𝑣𝑛〉’s of those 

patients need (almost) no further correction. The MCV of patient 3 is lower by about 

20% and therefore its 〈𝑣𝑛〉 needs to be corrected downwards.  

- The MCHCs change the internal viscosity of RBCs and thus their deformability. 

The MCHC of patient 2 is 6% lower and the MCHC of patient 3 is 16% lower than 

that of patient 1. Therefore the RBCs of patient 2 and 3 will have higher 

deformability and need a negative correction to 〈𝑣𝑛〉, although the correction for 

patient 2 is much smaller.  

In summary, only negative corrections are needed for patient 2 and 3 to compare them 

with patient 1. If all extrinsic and intrinsic conditions would be taken into account by now, 

it is likely that the low 〈𝑣𝑛〉 of patient 2 is caused by less deformable RBCs. Also, it is likely 

the effectivity of the treatment of patient 3 is (partially) observed by changes in 〈𝑣𝑛〉 unless 

the MCV correction is extremely large. 
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Figure 16. An overview of the corrections needed to compare patient 2 and 3 with patient 1. The displayed 

corrections are only qualitative, because more experiments are needed for derivation of exact quantities. 

7.4.4 Missing Parameters 

At least two more parameters influence the obtained results, but are irrelevant for the 

study of the effect of diabetes to RBC deformability. 

The first (extrinsic) property is slit width. As can be seen in Figure 6 the distribution of 

channel widths of the microfluidic devices is quite large. The largest slit widths are larger 

than the height of the channel. Some RBCs might not even have to change shape but only 

rotate to pass a slit with a width of 6 µm. Geometrically an increase in 1 dimension of 

factor 1.5, e.g. an increase of slit width from 4 µm to 6 µm, can be compared to a CV 

increase of factor 1.53 = 3.375. Therefore it is plausible that the slit widths dominate the 

outcome of the experiments. The microfluidic devices with slit widths of the right peak of 

Figure 6 could be identified without measuring and had been discarded. In future 

experiments all slit widths of microfluidic devices need to be measured and archived 

beforehand. An additional experiment is needed to analyse the effect of small variations 

(< 10%) in channel width versus the 〈𝑣𝑛〉 of a healthy blood sample. 

Another (intrinsic) property is S/V. No correlation has been found between S/Vs of healthy 

patients and those of diabetic patients so it is another factor that causes variance in the 

obtained results. The effects are presumably small, because in general the membrane 

properties dominate RBC deformability [6]. There are ways to measure the membrane 

surface area of RBCs [82], but cannot be executed simultaneously with this microfluidic 

experiment.  

7.4.5 Statistical Significance 

There are still other parameters that might influence the outcome of the experiment. 

There can be local changes in flow rate caused by microfluidic device flaws, clogging or the 

presence of other RBCs or debris in the neighbourhood of the tracked RBC. It might be 

possible that the timing of the video recording matters, because RBCs with an ideal shape 

and size might arrive earlier, while deformed large RBCs might arrive later. Also, more of 

the RPMI-BSA solution might mix with the plasma later on in the experiment, which 

might alter intrinsic properties. Before the experiment the time matters that the blood is 
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stored at room temperature as it might accelerate the aging process of RBCs. Even the 

company or institution that provides the whole blood might influence the outcome of the 

experiment. If the blood isn’t properly mixed by that company or institution, the sample 

that is provided can have a density that doesn’t represent the total population. To average 

these fluctuations of results multiple patients need to be tested with multiple microfluidic 

devices and large samples of RBCs. Software is needed that registers the velocities of cells 

to obtain large samples. Without this software it is not yet possible to realise the high 

throughput of the microfluidic device of which it is capable. With many large data sets it 

is also possible to learn how the 〈𝑣𝑛〉’s respond to other extrinsic and intrinsic properties 

(e.g. MCV or flow rate) and extract correction factors. Until now the results aren’t 

statistically significant enough to speculate about quantitative relations between 

parameters. 

7.5 CONCLUDING REMARKS 
The normalized velocities of blood samples of a healthy patient, a T2DM patient and a 

T2DM patient on medication are analysed. The hypothesis is that less deformable RBCs 

have a lower 〈𝑣𝑛〉. T2DM diminishes RBC deformability so the 〈𝑣𝑛〉 of patients ranked from 

high to low is expected to be: (1) healthy, (2) T2DM on medication and (3) T2DM. The 〈𝑣𝑛〉’s 

are consistent with the hypothesis, while taking into account qualitative corrections for 

differences in flow rate, MCV and MCHC. Important parameters that have not been taken 

into account are slit width and S/V. Slit width might have dominated the outcome of the 

experiment and future experiments are therefore crucial to validate the hypothesis. The 

used methods for data analysis are not suited to achieve the high throughput of which the 

microfluidic device is capable. Cell tracker software would be a valuable asset to obtain 

large data sets that are necessary for constructing correction factors and statistical 

significance of results. 
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8 DISAGGREGABILITY AS A BIOMARKER 

8.1 INTRODUCTION 
Aggregation of RBCs is a phenomenon occurring in human blood. Aggregates are usually 

formed with a face-to-face morphology resembling stacks of coins (Figure 17) [110, 111, 

112]. This comparison is the reason a stack of RBCs is referred to as a rouleau (French: 

(money) roll). Aggregation is a reversible process as RBCs tend to disaggregate easily 

when shear forces are applied (e.g. in fluid flow) [113, 114]. Due to shear dispersion at 

high shear rates the viscosity of the blood is lowered (i.e. shear thinning) [115]. In 

microcirculation the tendency for RBCs to form rouleaux is high and it can affect the 

hemorheology and changes in local hematocrit substantially [116, 117, 118]. The 

aggregability (i.e. the intrinsic tendency for RBCs to aggregate) rises severely for many 

pathological conditions like sepsis [119], diabetes [120] and renal failure [121]. Next to 

aggregability the disaggregability (i.e. intrinsic tendency for RBCs to disperse under 

applied shear forces) also proved to be a powerful biomarker and can be a more sensitive 

parameter to some diseases (e.g. for thalassemia and ovarian cancer) [122, 123]. 

 

Figure 17. Rouleaux formation of RBCs in autologous plasma with an experimentally obtained low hematocrit 

in no-flow conditions. 

8.1.1 Determinants of Aggregation 

The driving forces of aggregation and disaggregation form an equilibrium and determine 

the rate, extent and strength at which RBCs aggregate [124]. These parameters, measured 

in any medium, are referred to as the RBC aggregation. When these parameters are 

measured in a specific medium, they are defined by intrinsic properties and referred to as 

RBC aggregability. It is evident either aggregation or disaggregation cannot be described 

without the other. The driving forces of disaggregation are well-characterized and include 

(a) shear forces, (b) electrostatic repulsion and (c) membrane strain [124].  

(a) Disaggregation is typically measured by means of a disaggregation threshold, i.e. 

the minimum shear rate at which aggregates are dispersed. Aggregates in healthy 

blood usually have a disaggregation threshold of about 20 – 40 s-1 [21].  

(b) The membrane surface is negatively charged due to sialic acid residues and 

therefore electrostatic repulsion occurs between individual RBCs [125]. 
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(c) Aggregation shows a connection to deformability as RBCs have to deform to 

increase the contact area between cells [111, 126, 127]. Straining of the membrane 

reduces the flexibility needed to create this large contact area. 

The parameters contributing to aggregation are less well-characterized, because there is 

no universal agreement on the theories describing aggregation (see ‘Models for 

Aggregation’). However, there are characteristics that have been widely accepted to 

contribute to aggregation. For example, aggregation can only be initiated when RBCs are 

in close proximity of each other. Therefore the hematocrit plays a critical role as contact 

between cells is clearly more frequent for denser concentrations [128]. The other 

determinants of aggregation can be divided into two main groups: macromolecules and 

cellular factors. 

8.1.1.1 Macromolecules 

Macromolecules are present in blood plasma and are critical for the aggregation of RBCs. 

No aggregation occurs in the absence of these “aggregants” in the medium. Fibrinogen is 

a plasma protein that is found to be the most important factor in facilitating aggregation. 

It affects practically every aspect of aggregation such as aggregate size, disaggregation 

threshold and blood viscosity [129, 130, 131, 132]. It is therefore known to be a necessary 

component of aggregation in vivo. 

Other large plasma proteins include immunoglobulin G (IgG) and albumin. However, the 

studies regarding the effect of these proteins are inconsistent. Some studies suggest that 

IgG supports aggregation [130], while other studies considered IgG  to have no impact 

[133]. Studies are quite consistent on the fact that albumin doesn’t facilitate aggregation 

[134] and some studies found that albumin even impedes aggregation [135, 136]. 

Experimental addition of various macromolecules to RBC suspensions has been done to 

study the aggregation response of RBCs to different macromolecules. A correlation has 

been found between the hydrodynamic radii of macromolecules and tendency for RBCs to 

form aggregates [137]. The macromolecules with larger radii seem to support aggregation, 

while those with the smallest radii impede aggregation. Inconsistency remains about the 

study of these plasma proteins other than fibrinogen.  

8.1.1.2 Cellular factors 

It has long been thought plasma proteins were the only contributors to aggregation and 

some contradicting observations had been ascribed to variations in plasma proteins or 

technical issues [124]. The characterization of cellular factors contributing to aggregation 

accelerated when a study found senescent RBCs (of which some physicochemical changes 

had been discussed shortly in ‘Deformation Analysis’) to be more aggregable than younger, 

less dense cells [138]. The findings were invigorated by subsequent studies observing large 

variations in aggregability among healthy donors, implying the contribution of intrinsic 

factors. Later studies showed that a requirement for aggregation is the biconcave-discoid 

shape of RBCs and slight morphological changes can cause the aggregation to drop [139, 

140, 141, 142]. Characterization of cell-specific factors is important for the physiological 

understanding of aggregation and diagnostics of clinical conditions. 

8.1.1.3 Pathophysiological Changes due to Type 2 Diabetes Mellitus 

A combination of membrane properties and plasma proteins cause an increase of 

aggregation for T2DM patients. Increased levels of fibrinogen are reported whereas a 

decrease in albumin is reported [143, 144]. These protein concentrations are correlated to 
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the measured aggregation [145]. Furthermore, the anionic charge density of T2DM 

patients is decreased, which leads to less repulsion between cells [146, 147]. The lowered 

driving force of disaggregation will increase the aggregation. Elevated fibrinogen levels 

are believed to be the main factor for lower aggregation and this causes an increased risk 

for cardiovascular complications [148, 149]. 

8.1.2 Models for Aggregation 

Despite the extensive amount of literature available for RBC aggregation, there is no 

consensus about the models describing it. The two major hypotheses are the ‘bridging 

model’ and the ‘depletion model’ [127]. Both have very opposing ideas considering the 

aggregation of RBCs. 

8.1.2.1 Bridging model 

The bridging model suggests that aggregation occurs when bridging forces, due to 

macromolecules adsorbed to adjacent cell surfaces, exceed the disaggregating forces (shear 

forces, electrostatic repulsion and membrane strain) [110, 111, 150, 151, 14, 152, 153]. In 

a solution of RBCs and adsorbing macromolecules, the surfaces of RBCs already contain 

several adsorbed macromolecules. When RBCs are within reach of macromolecules on 

adjacent cell surfaces, bridging occurs. Tension in the macromolecules pulls adjacent cells 

together and more bridges are formed. When the deformability of a RBC is sufficient, the 

membrane will rotate around its intercellular fluid in a ‘caterpillar-track’ motion (Figure 

18). This continues until the contact area is maximized and the formation of a rouleau is 

established. 

 

Figure 18. The realisation of rouleau formation according to the bridging model. Cells roll across each other in 

the first and second stage in a ‘caterpillar-track’ motion. [124] 

According to this hypothesis the intercellular distance is a function of macromolecule size. 

However, as the intercellular separation becomes smaller, the electrostatic repulsion 

increases. Therefore there is a minimum requirement for the macromolecule size. There 

are studies favouring the bridging model [14, 154, 155], but there are no conclusive results 

on the quantification of macromolecule adsorption despite various attempts [156, 157]. 

8.1.2.2 Depletion model 

According to the depletion model, aggregation occurs due to a relatively low concentration 

of macromolecules near cell surfaces in comparison to the concentration in the bulk 

medium [158]. As one approaches a cell surface, the possibilities of arranging a (long) 

macromolecule in the medium become less. If the lack of configurational freedom isn’t 
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balanced by the adsorption of macromolecules, the layer near the cell surface will be 

depleted of macromolecules on an entropic basis [159, 160]. When two RBCs approach 

each other, depletion layers will overlap and an intercellular depletion zone arises. A 

difference in macromolecule concentrations gives rise to an osmotic pressure difference 

that moves away solvent from the intercellular gap and into the bulk medium. An 

attractive force due to interacting depletion layers will tend to minimize the depleted 

space. Rouleau formation occurs as a result (Figure 19).  

The depletion layer thickness is determined by size of macromolecules. A similar 

statement about requirements for macromolecule size can be made as with the bridging 

model. A difference is that formation of rouleaux, according to the depletion model, doesn’t 

require cells to undergo deformation. Some reports favour the depletion model over the 

bridging model [137, 161, 162]. 

 

Figure 19. The realisation of rouleau formation according to the depletion model. Cells can slide across each 

other in the second stage due to interacting depletion layers. [124] 

8.1.3 Observation of Aggregates 

Transit of doublets are observed and displayed in Figure 20 at two different flow rates. 

Flow rate is a major determinant of disaggregation as it controls the disaggregating shear 

forces. The overlapping rim of a RBC is accentuated to distinguish individual cells. The 

RBCs stack on top of each other in the in-plane direction and, because the average height 

of an RBC is 2.58 µm and the channel height is 4.8 µm, they will at least be close to 

touching the channel walls. At higher flow rates the RBCs might orient differently so that 

the doublets are not in contact with channels walls. The contour shape of the overlapping 

RBC (partially accentuated) in Figure 20A has sharp nods at the points where overlap 

starts, while that of Figure 20B has a more continuous shape. The sharp nods might 

indicate a fold of the overlapping RBC. The distance between the accentuated rim and the 

far left cell rim increases when the doublets enter the slit by a combination of sliding and 

stretching. For the doublet (B) at low flow rate this distance after slit transit is similar to 

the initial distance before slit entry, which indicates there is (almost) no net sliding of 

cells. It might be possible that sliding did occur during slit transit, but the attractive 

potential restored when applied forces were removed during ‘free flow’. The doublet (A) at 

high flow rate the RBCs did slide across each other slightly. The attracting potential of 

RBCs of this doublet is now decreased and subsequent transit of slits will eventually reach 

a threshold at which disaggregation occurs. 
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Figure 20. Doublets of a healthy donor passing a slit at (A) high and (B) low flow rate, the same as the ‘high’ 

and ‘low’ flow rate of Figure 10. 

The disaggregation of these doublets will be observed in the upcoming assay. 

Disaggregation fractions of doublets are compared from healthy donors and T2DM donors. 

Fibrinogen level is expected to be a dominant factor in disaggregation and therefore 

doublets of T2DM donors are expected to disaggregate less. In a later stage this assay can 

be used to study the intrinsic properties of cells by studying disaggregability at constant 

fibrinogen levels. However, in this first stage is investigated whether the device is suitable 

to observe significant differences in disaggregation. 

8.2 EXPERIMENTAL 
Information about the microfluidic devices and experimental setup is provided in sections 

‘Design of a Microfluidic Device’, ‘Soft Lithography’, ‘Sample Preparation’ and 

‘Experimental Setup’. 

8.2.1 Data Analysis 

For the analysis of disaggregation, doublets have been observed that transit the entire 

‘obstacle section’. Of each doublet is observed whether disaggregation occurs and, if so, 

when it occurred. Two values will be assigned to each doublet: disaggregation, 𝐷, and 

transit distance, 𝑑. A value of 1 or 0 will be assigned to 𝐷 if disaggregation respectively 

does or does not occur. The value assigned to 𝑑 is a 16th of the number below the obstacle 

in Figure 21 at which disaggregation occurred (𝑑 = 0 if no disaggregation). Note that the 

numbers are reversed, i.e. disaggregation at the first obstacle will be assigned the highest 

value (16/16 =  1). 𝑑 might add up to a higher sensitivity of the experiment. Doublets that 

experience high peaks in shear force (e.g. due to peak pressure drops near clogged slits) 

have been ignored. 

 

Figure 21. The values below the obstacles are used to assign values to 𝑑. Flow is from left to right. 

8.3 RESULTS 
Disaggregation of patients 1, 2 and 3 is analysed from the same video recordings as those 

from ‘Results’ (CBCs are displayed in Table 1). 〈𝐷〉 and 〈𝑑〉 values of the patients are 
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displayed in Figure 22 and Table 4 also includes the indication of flow rate. 〈𝐷〉 represents 

the fraction of doublets to which disaggregation occurred. 〈𝑑〉 is the fraction of the obstacle 

track that is travelled by doublets on average until disaggregation. All the doublets of 

patient 1 disaggregated and on average they disaggregated after 5 out of 16 obstacles 

(obstacle 12 of Figure 21). The doublets of patient 2 and 3 disaggregated just before 14th 

and 15th obstacle respectively, but only few doublets disaggregated. Significantly less 

doublets have been analysed for patient 2, because less doublets were in the blood sample 

(and more aggregates of larger size). 〈𝐷〉 of patient 1 is significantly larger than that of 

patient 2 (𝑃 = 3.2 ∙ 10−6) and patient 3 (𝑃 = 3.2 ∙ 10−17). 

 

Figure 22. Graphical illustration of the 〈𝐷〉 and 〈𝑑〉 values of patients 1, 2 and 3 including error bars for 〈𝑑〉. 

Patient 1 2 3 

〈𝐷〉 (𝑁/2) 1 (38) 0.17 (12) 0.14 (36) 

〈𝑑〉 (𝑁/2) 0.74 ± 0.02 (38) 0.14 ± 0.01 (12) 0.07 ± 0.01 (36) 

Singlet- 〈𝑣𝑟〉  (µm/s) 
(𝑁) 

61 ± 11 (50) 108 ± 15 (50) 80 ± 13 (50) 

Table 4. The 〈𝐷〉 and 〈𝑑〉 and singlet-〈𝑣𝑟〉 values of patients 1, 2 and 3 including error bars for 〈𝑑〉 and singlet-

〈𝑣𝑟〉. The number of analysed doublets is displayed in brackets. 

8.4 DISCUSSION 
The idea of this experiment is that each slit should apply (almost) constant shear forces 

on the transiting doublet. This should induce sliding of the two RBCs by which the 

attracting potential is lowered. During ‘free flow’ the aggregating forces exceed the 

disaggregating forces and the RBCs try to restore the attractive potential. If quick 

subsequent peaks of shear forces are applied, the disaggregating energy will eventually 

exceed the attractive potential and disaggregation occurs. For this to be a controlled 

experiment each peak of shear forces applied during slit transit should be similar. The 

results will then link to the disaggregation threshold. 

8.4.1 Flow Rate 

The flow rate defines the amount of shear force applied during slit transit, but also during 

free flow. Flow rate is also proportional to the time RBCs spend in between slits. 
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Increasing the flow rate will raise the disaggregation fraction, because shear forces are 

increased and time to recover the attractive potential is reduced. Interestingly the flow 

rate for patient 1 was the lowest, while 〈𝐷〉 and 〈𝑑〉 were highest. This indicates there are 

other factors dominating the outcome of the experiment in this range of flow rates. 

8.4.2 Slit Width 

The slit width needs to be constant to maintain constant applied shear forces. The slit 

widths of the microfluidic devices used for the experiments have not been measured and 

are in the range of the left peak of Figure 6. If it is assumed that alterations in slit width 

dominate the outcome of the experiment, then the slit width used for patient 1 should be 

small and those used for patient 2 and 3 both large. If a similar assumption is applied to 

Figure 13, then at least the slit width used for patient 1 should be large and the one used 

for patient 2 small. These assumptions contradict each other. Therefore changes in slit 

width have no dominant effect for at least one of the two experiments (normalised velocity 

or disaggregation) for the range of slit widths that are used. Measurements of slit widths 

are needed to know how it affects the outcome of either experiment. 

8.4.3 Red Blood Cell Geometry 

RBCs with a lower S/V will exert a stronger tension on the slit walls, which increases the 

shear forces acting on the doublet. This is intensified for larger sized cells. S/V is 

unknown for the blood samples analysed, but the MCVs of patients are displayed in 

Table 1. Patient 1 and 2 have quite similar MCVs that are larger than that of patient 3. 

This is inconsistent with the results so MCVs in this range don’t have a large influence 

on the results. 

8.4.4 Fibrinogen Level 

Elevated levels of fibrinogen have been reported for T2DM and fibrinogen is found to be 

the most important factor in facilitating aggregation, also affecting the disaggregation 

threshold. It is therefore likely the disaggregation results are a reflection of the fibrinogen 

level in the plasma in a controlled experiment. If this is true, the medication of patient 3 

is unable to recover the fibrinogen in plasma to a normal level. To obtain information about 

intrinsic factors that  prevent or cause disaggregation, the RBCs from all patients have to 

be suspended in an identical medium. Since non-autologous plasma may cause unwanted 

effects to the RBCs, an alternative might be to control the fibrinogen level to a similar 

level in all plasma.  

8.4.5 Sensitivity 

When intrinsic properties are studied in a controlled experiment with identical fibrinogen 

levels, the differences in the results might become smaller and other parameter will have 

a relative larger effect on the outcome. Flow rate and slit width may need to be controlled 

more accurately and the 〈𝑑〉 value might become more important to increase sensitivity. 

Manipulating the flow rate and slit width are also methods to tweak the system by 

lowering or raising the results to a more sensitive regime. However, increasing the 

sensitivity is not of much importance when only small sample sizes are analysed. As has 

been explained in ‘Statistical Significance’, software is needed to analyse large data sets 

and this might be needed for analysis of the influence of intrinsic properties on 

disaggregation. 
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8.5 CONCLUDING REMARKS 
A significantly higher disaggregation fraction has been measured for a healthy patient 

compared to T2DM patients on or off medication. However, this is probably not due to the 

disaggregability of RBCs. It has been reported that T2DM is associated with elevated 

levels of fibrinogen and fibrinogen is the main determinant of aggregation, influencing 

practically every aspect of aggregation. Therefore it is likely the results are a reflection of 

the fibrinogen level. A study with controlled fibrinogen levels of the media would give a 

better insight to how intrinsic factors affect disaggregation. The platform is suitable for 

measuring significant differences in disaggregation and sensitivity of the measurements 

can be improved if this is needed for the study of intrinsic properties. 
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9 CONCLUSION 

The fabricated microfluidic devices provide a platform to obtain significant differences in 

normalised velocity and disaggregation of RBCs simultaneously. It includes the possibility 

to create an oxygen controlled microenvironment for oxygen-sensitive assays. In line with 

the hypothesis the experiments yield results that imply lowest deformability for the T2DM 

donor and highest for the healthy donor. The used medication for T2DM seems to increase 

the deformability of RBCs. For a definite confirmation of the hypothesis, the experiments 

need to be repeated with microfluidic devices with identical slit widths. Also, larger RBC 

samples need to be studied to decrease variance in results. Rather disaggregation instead 

of disaggregability has been measured for RBCs of the same patients. As fibrinogen is a 

major determinant of disaggregation, it is likely the fibrinogen level determined the 

fraction of disaggregation. To gain insight in the disaggregability of RBCs the experiment 

has to be repeated with similar fibrinogen levels in the media.  
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10  APPENDIX A 

10.1  PERMEABILITY 
PDMS is a non-porous polymer and the physics describing gas permeation is therefore 

different than for porous polymers [163]. The gas permeation through a non-porous 

polymer is described by diffusion and solution and can be divided into three parts: (a) gas 

dissolves into the PDMS at the outer boundary; (b) gas diffuses through the membrane; 

(c) gas desorbs at the opposite boundary. Combining these three parts is called gas 

permeation and the permeability of a pure gas through a polymer is described by the 

permeability coefficient, 𝑃. 

𝑃 =
𝑁𝑙

𝑝2 − 𝑝1
 

(7) 𝑃 [Barrer] is the permeability coefficient, 𝑁 [mol∙m-2∙s-1] is the gas flux, 𝑙 [m] is the film thickness and 𝑝2 −
𝑝1 [Pa] is the gas pressure difference. [164] 

Barrer is the unit commonly used for permeability and 1 [Barrer] is 10-10 [cm3(STP) cm 

cm-2 s-1 torr-1] or 3.35 · 10-16 [mol m m-2 s-1 Pa].3 The physical importance of the permeability 

coefficient arises from the fact that it is independent of the geometry of a membrane and 

applied pressure. It describes a membrane’s flow rate [mol s-1] dependent on geometry and 

applied pressure for a certain gas. Permeability might refer to the permeability coefficient 

or permeability of other dimensions depending on the context. The permeability coefficient 

can be written as the product of the solubility, 𝑆, and the diffusivity, 𝐷, as long as Fick’s 

law for diffusivity is obeyed.  

𝑃 = 𝑆𝐷 

(8) [164] 

𝑆 represents the degree at which gas is absorbed at one boundary surface and desorbed at 

the opposite (combination of the two). 𝐷 is described in a similar way as (7) and is constant 

for a constant gas pressure difference. The dimensions of 𝑆 and 𝐷 vary between different 

authors. One way of describing 𝑆 is by the gas concentration difference divided by the gas 

pressure difference. 

𝑆 =
𝐶2 − 𝐶1

𝑝2 − 𝑝1
 

(9) 𝑆 [mol∙m-3∙Pa-1] is the solubility, 𝐶2 − 𝐶1 [mol/m3] is the molar gas concentration difference and 𝑝2 − 𝑝1 [Pa] 

is the partial gas pressure difference. [164] 

Rubbery polymers benefit from the ideal case that 𝑆  is constant. Henry’s law is now 

applied and describes the gas concentration to be linear to the partial pressure of a certain 

gas. 

𝐶 = 𝑘𝐷𝑝 

(10) 𝐶 [mol/m3] is the molar gas concentration, 𝑘𝐷 [mol∙m-3∙Pa-1] is Henry’s coefficient and 𝑝 [Pa] is the partial 

pressure. [164] 

                                                
3 [cm3(STP)] (standard cubic centimetre) is the amount of gas particles in a cubic centimetre at 

0°C. 
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The variety in ways to assign dimensions to solubility and diffusivity sequentially results 

in different Henry’s coefficients of which this is an example. Permeability is a key aspect 

of gas permeation, but only determines the rate at which a gas permeates a membrane. 

To determine actual gas concentrations on the other side of the membrane, another 

physical quantity is of importance. 

10.1.1 Selectivity 

Permeability through a certain membrane of two types of gas particles, e.g. 𝐴 and 𝐵, has 

two different permeability coefficients, e.g. 𝑃𝐴 and 𝑃𝐵. The selectivity, 𝛼𝐴 𝐵⁄ , is the ratio of 

these coefficients. Differences in permeability can arise from differences in the diffusion 

coefficient as well as solubility. The selectivity can therefore be rewritten in terms of 

diffusion selectivity and solubility selectivity. 

𝛼𝐴 𝐵⁄ =
𝑃𝐴

𝑃𝐵
=

𝑆𝐴

𝑆𝐵
∙

𝐷𝐴

𝐷𝐵
 

(11) [164] 

In general, 
𝐷𝐴

𝐷𝐵
 tends to dominate in the case of permanent gasses permeating a glassy 

polymer and 
𝑆𝐴

𝑆𝐵
 tends to dominate when vapours permeate a rubbery polymer like PDMS 

[165, 166, 167]. For rubbery polymers the solubility increases with the permeant particle 

size and the diffusivity decreases with permeant particle size. As a result, a minimum in 

permeability exists for a certain permeant particle size. A similar trade-off mechanism 

between solubility and diffusivity also exists between permeability and selectivity and is 

referred to as the Robeson curve [168, 169]. 
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11  APPENDIX B 

11.1  SPIN COATING 
For a robust spin coating method the only parameter that needs to be controlled for 

different thicknesses is spin speed, but there are more parameters that affect the thickness 

(see Figure 23). The spin acceleration only influences the thickness as a function of 

position on the wafer. For a constant thickness the acceleration shouldn’t be chosen too 

large (85 rpm/s by standard). The weight ratio also affects the viscosity of the uncured 

PDMS. The viscosity of the cross-linker (0.11 Pa∙s) is remarkably less than that of the pre-

polymer (5.0 Pa∙s). Therefore increasing the weight ratio lowers the effective viscosity and 

will generate thinner wafers at a constant spin speed. Emslie et al. provided a theoretical 

derivation of the relation between spin speed, time and thickness [170]. 

ℎ(𝑡) =
ℎ0

√1 + 𝑐𝜔2ℎ0
2𝑡

 

(12) ℎ(𝑡) [µm] is the thickness, ℎ0 [µm] is the initial thickness, 𝑐 [rpm-2∙µm-2∙s-1] is a constant that incorporates 

dynamic viscosity and density, 𝜔 [rpm] is the spin speed and 𝑡 [s] is the spin time. 

 

Figure 23. The relation between spin speed, film thickness and weight ratio. PDMS1 – PDMS5 correspond 

respectively to 5.7, 10.0, 14.3, 21.4 and 42.9 wt.% of cross-linker. The spin time is 90 s and the acceleration is 

85 rpm/s. [171] 

The constant 𝑐 is best determined experimentally as it incorporates many parameters 

including dynamic viscosity, surface tension, density and interfacial energy of the coating 

surface [172]. The same holds for ℎ0 since it is dependent on the amount of uncured PDMS, 

but also the position of where it is poured. The spin time only affects the thickness for 

short spin times (> 60 s), because for longer spin times the shear forces of uncured PDMS 

and centrifugal forces approach an equilibrium. With a large initial pour volume and long 

spin times one obtains a robust method for spin coating [173]. However, experimental data 

is needed to predict the correlation between spin speed and thickness. 
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12  APPENDIX C 

12.1  LAB PROTOCOL FOR THE FABRICATION OF MICROFLUIDIC DEVICES 

12.1.1 Materials 

- Sylgard 184 (Dow Corning) 

- Cover slides 

- Almanex 

- Harrick plasma cleaner 

- Cardboard 

- Spin coater 

- 80°C incubator 

- Obstruction master wafer 

- Transient master wafer 

- Gas channel master wafer 

- Petri dishes 

- Adhesive tape 

- Tweezers 

- Scalpel 

- Razor blade 

- 1.5 mm biopsy punch 

- Cutting mat 

- Precision scale 

- Plastic cups 

- Tongue depressors 

- Toothpicks 

- Squeeze bottle with isopropyl alcohol 

- Water tap 

- Air hose 

- 100 mL beaker 

- 1L beaker 

- 250 mL glass tray 

- Desiccator 

- Fume hood 

- Nitrile gloves 

12.1.2 Methods 

Note: Nitrile gloves have to be worn at all times; replace the gloves whenever they are 

dirty or damaged. Clean the workspace throughout. 

12.1.2.1 Fabrication of PDMS wafers  

1. Place a plastic cup on the precision scale and reset the scale. 

2. Pour the ‘base’ of Sylgard 184 in the plastic cup. Use 40g per unit set of obstruction 

devices and 20g per unit set of transient devices you intend to make. 

3. Remember the number on the scale and reset the scale. 

4. Pour the ‘curing agent’ of Sylgard 184 in the same plastic cup according to a weight 

ratio of 10:1 of ‘base’ : ‘curing agent’. 
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5. Use a tongue depressor to thoroughly mix the base and curing agent for 3 min and 

leave the tongue depressor in the cup. The mixture will now be referred to as 

(uncured) PDMS. 

6. If the desiccator is being used, slowly turn the valve of the desiccator to create 

atmospheric pressure. Fast turning of the valve can blow cups over. Place the cup 

in the desiccator and turn the valve of the desiccator to create a vacuum. Check 

vacuum by lifting the desiccator by its lid. 

7. Leave the cup in the desiccator for 15-20 min or until all bubbles have vanished. 

8. Slowly turn the valve of the desiccator to create atmospheric pressure and take the 

cup. If there are other cups in the desiccator, return vacuum in the desiccator and 

do a quick check. 

Follow steps 9-14 for fabrication of wafer for transient devices. 

9. Use the air hose to clean the transient master wafer of any dust. 

10. Place the transient master wafer on the precision scale and reset the scale. 

11. Pour 15-20g of the uncured PDMS on the middle of the transient master wafer. If 

needed, use the tongue depressor to empty the cup. 

12. Evenly distribute the PDMS on the master wafer by making a constant tilting and 

rotating motion similar to the motion when baking a pancake. 

13. Place the lid on the master wafer and let it sit for 10 min or until all bubbles have 

vanished. If needed, carefully pop remaining bubbles with a toothpick by only 

touching the top of the bubbles, but try to avoid this by waiting longer. 

14. Close the wafer with the lid and put it in the 80°C incubator for 2 hours. Make sure 

the wafer is levelled. 

Follow steps 15-23 for fabrication of wafers for obstruction devices. 

15. Fabricate a gas channel wafer following steps 9-14 and replacing the transient 

master wafer with the gas channel master wafer in these steps. 

16. Use the air hose to clean the obstruction master wafer of any dust. 

17. Turn on the air valve of the spin coater. The vacuum valve should be on by 

standard. 

18. Align the obstruction master wafer exactly in the centre of the spin-coater. This 

can be done by observing along two perpendicular direction that are both in the 

(horizontal) plane of the master wafer. Adjust the position of the wafer accordingly. 

19. Turn on the vacuum button of the spin coater and run any spin coating program to 

check the alignment of the wafer. 

Repeat steps 18-19 until the master wafer is centred. 

20. Cancel all running spin coating programs and select the desired program: a spin 

time of 90s, an acceleration of 85 rpm/s and the desired spin speed somewhere in 

the range of 200-400 rpm. 

21. Pour PDMS in the middle of the obstruction master wafer until nearly the entire 

wafer is covered with PDMS. 

22. Run the program and afterwards turn off the vacuum button of the spin coater. 

23. Place the wafer in its own petri dish, close the petri dish and put it in the 80°C 

incubator for at least 2 hours. Make sure the wafer is levelled. 

12.1.2.2 Cleaning of cover slides 

Note: Cover slides break easily so handle with care. 
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1. Determine the amount of devices you want to make and take 110-120% of that 

amount of cover slides. Place them in fan-shaped arrangement on the top of the lid 

of a new petri dish close to the sink. 

2. Put about a tablespoon full of Almanex in the glass tray, fill it with about 200 mL 

of water and stir with your finger. Place the glass tray between the cover slides and 

sink. 

3. Fill a beaker with tap water with a height about equal to the height of the cover 

slides. Place it behind the glass tray between the petri dish and sink. 

4. Pick a cover slide and use your fingers to carefully rub the soapy Almanex mixture 

on the cover slide. 

5. Rinse the cover slide with tap water and place it in the water-filled beaker 

afterwards.  

Repeat steps 4-5 until all cover slides are in the beaker. 

6. Wash your hands with tap water while keeping on your gloves to remove any soapy 

substances from the gloves. Dry the gloves by pressing a paper towel on it to soak 

up most water. 

7. Place the following in the fume hood from left to right respectively next to the air 

hose: 1L empty beaker, small beaker with cover slides, squeeze bottle with 

isopropylene, petri dish(es) (1 for 20 cover slides) 

8. Take a cover slide from the beaker, hold it at one of the smaller edges and hold it 

above the 1L beaker. Remember the edge you’re holding to be the ‘dirty’ edge. 

9. Squirt isopropylene on both sides of the cover slide until the surfaces don’t look 

‘teary’ any more from the water. 

10. Turn open the air valve for a small portion and dry the cover slide in the air flow. 

Turning it open too much will break the cover slide. 

11. Place the cover slide in the petri dish with the dirty edge furthest away from the 

middle, creating a fan-shaped arrangement when more slides are added. 

Repeat steps 8-11 until all cover slides are in the petri dish(es) 

12.1.2.3 Cutting out devices  

Note: The cutting out of devices is for gas channel and transient wafer only! Always have 

the devices bottom-side up on the cutting mat. 

1. Use the scalpel to cut along the edges of the gas channel or transient wafer of cured 

PDMS of part A without scraping the master wafer. Scraping the master wafer will 

cause damage to the master wafer so that it needs replacement. 

2. Free all edges of the cut PDMS by trying to lift the edges with a combination of 

scalpel and finger. Cut the PDMS wherever needed. 

3. Lift an edge and slowly peel the PDMS wafer off its master.  

4. Place the PDMS wafer bottom-side up on the cutting mat. 

5. Use the razor blade to cut the excess PDMS off the devices. 

6. Use the biopsy punch to puncture holes in the designated areas. 

7. Carefully remove any small pieces of PDMS from the devices with tweezers and get 

rid of all the waste PDMS. 

8. Cut out the individual devices with the razor blade. 

9. For gas channels, cut some excess PDMS off the device next to the both holes in the 

direction perpendicular to the direction of the gas channel. Cutting off not enough 
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will make the gas channels too big to fit on the obstruction wafer, cutting off too 

much will cause leaks. 

12.1.2.4 PDMS-PDMS bonding 

Note: This part is only for making the 2-layer obstruction devices. Make sure the door of 

the plasma cleaner is closed when not in use. Steps between plasma cleaning and bonding 

should be handled quickly, because the bond strength goes down with time! 

1. Clean each individual gas channel thoroughly with pieces of adhesive tape. Give 

extra care to the bottom side since this side will be bonded.  

2. Place as many as fit on the obstruction wafer bottom-side up on a piece of cardboard 

appropriate for the plasma cleaner in an orderly fashion. 

3. Take the obstruction wafer out of its petri dish and use the air hose to clean it of 

any dust. 

4. Place the wafer in the plasma cleaner about 2-3 cm from the back and make sure 

it is levelled. 

5. Close the door and turn the valve on the door to the right. 

6. Turn on the vacuum pump switch. If you hear any rattling noise, press the door a 

couple of times until you hear a constant sound. 

7. Turn on the plasma power switch and wait for about 1.5-2 min for the number on 

the screen next to the plasma cleaner to stabilize at a number somewhere between 

500-700. 

8. Turn the rf level in a quick but stepwise way to ‘hi’ and set a timer at the same 

time. Check for the purple colour inside the cleaner to be above the wafer and not 

below. If it is below the wafer, quickly turn it the rf level to ‘off’. Otherwise wait for 

50s and then turn the rf level to ‘off’. 

9. Turn off the power switch and then the pump switch. 

10. Slowly turn the valve on the door to the left to return atmospheric pressure. If the 

valve is turned too quickly the wafer may be blown over. If the purple colour in the 

plasma cleaner was below the wafer at step 8, go back to step 4. 

11. Lay down the wafer on the table and cover it with the lid of a petri dish. 

12. Follow steps 4-10 replacing the wafer with the cardboard of gas channels. A large 

cardboard may be a little closer to the back to leave some open space near the door. 

13. Place the cardboard next to the wafer keeping in mind that you want to bond the 

gas channel and obstruction device perpendicular to each other. 

14. Remove the lid from the wafer and one by one pick up the gas channels, flip them 

and position them in the middle of the obstruction devices perpendicularly crossing 

the obstruction channel. 

15. Use tweezers to gently press on the edges of the devices to make the bubbles 

between the two PDMS layers disappear completely, indicating proper bonding. Do 

not press on the channels themselves. 

16. Free the edges of the wafer by rolling them with your fingers until you freed a part 

that doesn’t tear. 

17. Gently peel the wafer off the master by holding it at at least two spots where there 

are no devices to lower the maximum stress in the wafer. When the wafer starts to 

rip, stop and place your holding fingers on the tear to avoid further ripping. 

18. Place the wafer bottom-side up on the cutting mat.  

19. Identify and remember the directions of the individual channels of a device as well 

as the input and output of the obstruction channels. 
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20. Use the razor blade to cut out the individual devices. 

21. Use the biopsy punch to puncture holes in the designated areas of the obstruction 

channel. 

22. Trim the edges of the devices by also cutting a small portion of the gas channel 

block as long as no leaks are created. 

23. Arrange the devices with the input of the obstruction channel to the left and cut a 

small triangle off the down-left corners to indicate the side of input.  

24. Remove all waste PDMS from the devices with tweezers and get rid of all the waste 

PDMS 

 

12.1.2.5 Finishing the devices 

1. Prepare a cardboard with a number of devices (2-layer obstruction or 1-layer 

transient) and an equal number of cover slides. 

2. Follow steps 4-10 of ‘PDMS-PDMS bonding’. 

3. Bring the cardboard to the table and then, one by one, pick up the devices, flip them 

and position them in the middle of the cover slide. 

4. Use tweezers to press on the edges of the devices to completely remove the bubbles 

in between the glass and PDMS. 

Repeat steps 2-4 until all devices are bonded to the glass. 

Note: The transient devices can be replaced by any 1-layer devices and the obstruction 

devices by any 2-layer devices. 
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13  APPENDIX D 

13.1  ERROR ANALYSIS 

13.1.1 Microfluidic Systems 

Determining film thickness with the Zeiss LSM 700 is associated with an error of 3 pixels 

with a pixel size of 0.44 µm. There is a trade-off between pixel size and measurement time. 

However, the resolution is limited due to the fact the reflection intensity is spread over a 

larger area. The error bars of Figure 5 are SDs of the 3 measurements done for each data 

point (i.e. wafer). The measurement errors are negligible to the SDs. 

An error of half a pixel with a size of 0.444 µm is associated with the measurements of slit 

width. The error is only a fraction of a pixel, because ImageJ allows to zoom in extensively 

after which it is possible to determine slit widths taking into account colour intensities. 

The error in determining obstacle spacing is about 3 pixels divided by 10 – 14, because 

that is the number of obstacles over which the spacing is averaged. Three pixels instead 

of a half due to curvature of the set of obstacles and a less zoomed in view. The error in 

determining the pillar spacing is 3 pixels divided by 4 – 7 for the same reasons. The spread 

in obstacle and pillar spacing is larger than the error associated with measuring. 

13.1.2 Deformability as a Biomarker 

For calculation of velocities the number of pillars or obstacles and number of frames had 

been noted. The geometry of the used microfluidic devices have not been measured so the 

average obstacle spacing of 29.15 ± 0.15 µm and horizontal pillar spacing of 27.57 ± 0.23 

µm have been taken to calculate velocities. The SDs of spacing measurements of 20 devices 

has been taken as the error. The number of frames per second for recording was 30 and 

there was an error of 2 frames in reading the total number of frames cells travelled over a 

certain distance. With the least squares method errors have been calculated for 𝑣𝑟 and 𝑣𝑛. 

The average error is divided by √𝑛 to obtain the error for 〈𝑣𝑟〉 and 〈𝑣𝑛〉, where 𝑛 is the 

number of velocities over which is averaged. The error of singlet-〈𝑣𝑟〉 is in the range of 0.2 

– 1.9 µm/s and the error of singlet-〈𝑣𝑛〉 is in the range of 0.003 – 0.013. They generally 

increase when the means are larger or shorter trajectories are taken. Still, the errors are 

negligibly small compared to the SDs of the velocity measurements. To determine the 

significance of differences in results a student T-test is done to determine P. 

13.1.3 Disaggregability as a Biomarker 

The only error is in observing the moment where disaggregation occurs. The number of 

obstacles after which disaggregation occurred is associated with an error of 1. The 

average error of 𝑑 (there is no error if disaggregation didn’t occur) is divided by √𝑛 to 

obtain the error for 〈𝑑〉. 
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