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Abstract 

The body’s defence against pathogens and foreign invaders is mediated by white blood 

cells (WBCs), one of the most important blood constituents. In blood, there is only one 

WBC for every 1000 red blood cells (RBCs), which makes WBC isolation a difficult task. 

Conventional isolation methods such as differential centrifugation, or selective lysis of 

RBCs could result in undesirable activation of WBCs and require a relatively large 

volume of blood. In this work, we present a microfluidic cross-flow trapping chip capable 

of selectively capturing WBCs in a dense array from whole blood without the prerequisite 

of RBCs lysis. This chip exploits the size and deformability difference between blood 

cells, and consists of a two-layer trapping system fabricated utilising standard 

photolithography and soft lithography. This array enables high-resolution imaging of 

individual live WBCs, obtained by taking a ~50 µl blood sample by fingerprick, and does 

not require cell drying or cell fixation as in a blood smear. In this work, a wide range of 

two-layered microfluidic devices has been fabricated and investigated in terms of blood 

cell arraying and imaging performance. Selective WBC capturing from a whole blood 

sample was achieved, for the first time, and the optimal geometry of the microfluidic 

channels for efficient WBC arraying was identified and related to hydrodynamic trapping 

theory. The developed WBC arrays were then used for the identification and enumeration 

of WBC subtypes on the basis of cell size and cell nucleus morphology, visualized by a 

combination of off-chip and on-chip dye staining, and also by labelling with antibodies 

against specific cell surface receptors. Furthermore, cells of nanoparticle-incubated blood 

samples were arrayed on the device and a preliminary analysis was performed of the 

association of these silica nanospheres with the different blood cell species, revealing 

significant differences in nanoparticle association. Moreover, sub-cellular imaging 

suggested a lysosomal nanosphere location in monocytes, implying nanoparticle uptake 

by endocytosis. Such studies have not previously been performed with arrayed WBCs, 

exemplifying that the WBC array developed in this work is a promising platform for 

single-cell (nano) biomedical studies with, for example, diagnostic imaging and drug 

discovery applications.  
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Chapter 1:  Overview   

1.1 Background and Motivation  

Leukocytes, are important blood constituents that play an essential role in the immune 

response against bacterial, viral and fungal pathogens. The number, composition and 

functional responses of these white blood cells (WBCs) change significantly in the 

presence of infection, malignancies and autoimmune disorders [1]. WBCs constitute a 

very diverse cell population, consisting of five major subtypes that categorised based on 

size, nucleus shape, expression of surface markers and secretion of cytokines [2]. In 

blood, there is only one WBC for every 1000 red blood cells (RBCs) [3], which makes 

WBC isolation a difficult task. Conventional isolation methods such as membrane 

filtration, differential centrifugation or selective lysis of RBCs could result in altered 

immune-phenotype [4,5] or impaired viability of isolated WBCs [6,7]. These macroscale 

blood separation techniques also limited by blood volume, cell quality, cell purity, 

processing time and operation efficiency [8]. 

A common method for blood cells analysis is the use of an optical microscope to 

examining a blood film, or blood smear, in which a blood sample is spread onto a 

microscopy glass slide and dried, with fixation and staining of the blood cells. Cells can 

then be identified at a major subtype level and enumerated based on their size and their 

colouring by the stain. This well-established technique has enabled basic yet informative 

investigations in haematology [3]. However, obtaining a well-spread blood film requires 

experience and it is essential that the entire procedure is carried out correctly [9]. For 

WBC imaging it is also a time-consuming process to locate WBCs among the much more 

abundant RBCs. 

Analysis of large numbers, e.g. millions, of cells in cell biology research is performed 

with flow cytometry (FC), in which cells flow one-by-one through a capillary where they 

are counted, and potentially also sorted, based on their whole-cell fluorescence or light 

scatter signal, with specific fluorescently labelled antibodies providing an indicator of the 

cell characteristic of interest [10]. Practical drawbacks of these high-throughput 

instruments are their cost and complexity while a fundamental limitation is that they 

cannot monitor cells over a period of time and cannot detect sub-cellular structures 

[10,11]. A recent development is imaging flow cytometry, which can visualize sub-
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cellular detail of cells flowing through the capillary [12], but these are even more 

complex instruments, the image quality does not approach that of a conventional 

fluorescence microscope and cells still cannot be studied over a period of time. 

Therefore, it is of great interest to develop simple and cost effective strategies for WBC 

capture, enumeration and characterisation, over time, at the single cell level. Studying 

large numbers of single cells reveals the important variations in a heterogeneous cell 

population such as WBCs, which are lost by the ensemble averaging that is inherent to 

bulk assays [13,14]. Parallel analysis of single immune cells can provide clinically 

relevant information about infections, allergic reaction, vaccine efficacy and other 

important medical applications. For examples, understanding of an antigen-specific 

immune response will ultimately require single cell studies in order to evaluate gene 

regulation, expression of cell surface molecules and signalling molecule secretion [15]. 

Microfluidic technology offers key advantages as an analytical tool, including relative 

simplicity of hardware and operation procedures (i.e. low cost) and compatibility with 

small sample volumes, e.g. fingerprick rather than venous blood collection. As reviewed 

in Chapter 2, various microfluidic approaches have been explored for WBC isolation 

[1,3,8,16,17], mostly relying on either biochemical or biophysical cell capture methods. 

However, most blood-on-chip systems require off-chip sample preparation [18] and on-

chip isolation and analysis of WBCs from blood samples remains challenging because of 

the low abundance of WBCs and the high concentration of RBCs which can cause 

microchannels to clog [18,19]. 

However, a cell separation system that exploits differences in cell size is in principle 

easier to realize than biochemical and biophysical approaches [20] and would not 

require RBC lysis [21]. The tangential flow filtration implementation also minimizes the 

risk of channel clogging [22]. Hydrodynamic cell trapping [23] based on the Differential 

Fluidic Resistance (DFR) between a main flow path and cross-flow paths associated with 

constricted-size cell trap sites, has been used to array single beads [23], paired beads 

[24], single cells [25,26,27], paired cells [28] , cell-encapsulating alginate beads [29] and 

single living organisms [30,31]. However, to the best of our knowledge, this 

hydrodynamic cross-flow trapping approach has never been applied to the isolation and 

arraying of WBCs from a whole blood sample.  
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1.2 Aims and Scope of Work 

This research aims to develop optically accessible microfluidic arrays of WBCs for high-

resolution real-time imaging of immune cells at the single cell level. This work will 

investigate the potential of utilising cross-flow trapping, based on the DFR principle, for 

simultaneous and selective capturing at array sites of WBCs from whole blood. This 

should involve minimum sample preparation, without any pre-depletion process of the 

RBCs, and should be compatible with small blood samples obtained by fingerprick. The 

system should exploit differences in size and deformability among the various blood 

cells, therefore a suitable cross-flow trap channel size should be identified, enabling 

retention of WBCs while allowing RBCs and platelets (PLTs) to pass through. The 

geometry of all channels of the device should be optimized, with reference to 

hydrodynamic trapping theory, to obtain the optimal cross-flow strength, directing cells to 

the trap sites without applying an excessive hydrodynamic force. The arrayed cells should 

be within the working distance of high numerical aperture microscopy objectives for 

high-magnification imaging. High-quality imaging of arrayed WBCs, revealing sub-

cellular structures, should be demonstrated with conventional cell biology staining and 

immuno-labelling, as well as with the visualization of WBC-associated nanoparticles. 

1.3 Summary of Main Achievements  

A microfluidic system was designed for the selective arraying of WBCs by hydrodynamic 

side trapping at cross-flow channel cell array sites. These devices were fabricated using 

two-layer photolithography and PDMS soft lithography. A large number of design 

variations were experimentally explored, including different trap sizes and different 

heights of the cross-flow channel and the main channel. A single-layer cell trapping 

system was fabricated and investigated to gain further insight into the performance of the 

two-layer trapping device. Extensive characterisation of the arraying performance of all 

devices was performed, first with polymeric beads and subsequently with blood cells. 

Selective WBC capturing from a whole blood sample was achieved, for the first time, and 

the optimal geometry of the microfluidic channels for efficient WBC arraying was 

identified and related to hydrodynamic trapping theory, which presents a significant new 

contribution to the microfluidic cell arraying field. 

The developed WBC arrays were then used for the identification and enumeration of 

WBC subtypes on the basis of cell size and cell nucleus morphology, visualized by a 
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combination of off-chip and on-chip dye staining, and also by labelling with antibodies 

against specific cell surface receptors. Furthermore, nanoparticle-incubated blood 

samples were arrayed on the device and a preliminary analysis was performed of the 

association of these silica nanospheres with the different blood cell species, revealing 

significant differences in nanoparticle association. Sub-cellular imaging also suggested a 

lysosomal nanosphere location in monocytes, implying nanoparticle uptake by 

endocytosis. Such studies have not previously been performed with arrayed WBCs. 

1.4 Thesis Organisation 

The structure of this thesis is as follows. Chapter 2 provides a general review of the 

related literature, first discussing microfluidic cell trapping techniques in general and then 

focusing on microfluidic WBC isolation and arraying, critically evaluating the progress to 

date and outstanding issues. Chapter 3 elaborates on hydrodynamic trapping theory and 

highlights the important parameters for cell arraying. Chapter 4 then describes the design 

and fabrication of the WBC trapping device, including the characterization and 

optimization of several procedures components. In Chapter 5 the arraying performance is 

preliminary characterized with polymeric beads of different diameters, while blood 

sample preparation requirements are investigated in Chapter 6. The relation between 

device geometry parameters and blood cell arraying performance is then systematically 

explored in Chapter 7. The optimized devices are used in Chapter 8 to identify stained or 

antibody-labelled WBC subtypes by high-magnification optical microscopy and also in a 

preliminary characterization of blood cell subtype-specific interactions with silica 

nanospheres. Finally, Chapter 9 presents a summary of the work and discusses options 

for further development of the developed WBC arraying platform and its applications. 
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Chapter 2:  Literature Review  

This chapter provides a general review of the literature on cell trapping with microfluidic 

devices. First, a range of chemical and physical methods for the microfluidic arraying of 

particles is outlined, with an emphasis on hydrodynamic methods such as front trapping 

and cross-flow trapping. A brief overview of the relative abundance, size and nucleus 

morphology of the major blood cell types is then given. This is followed by a review of 

the state-of-the-art in the microfluidic arraying of white blood cells (WBCs). A critical 

evaluation of progress to date and outstanding problems includes aspects such as blood 

sample processing requirements, the fraction of captured cells that are indeed WBCs, and 

the complexity of the device fabrication methods. 

2.1 Overview of Particle and Cell Trapping Techniques  

Microfluidic cell trapping platforms have been successfully and widely applied in cell 

engineering, cytophysiology, and cytopathology [32]. Microfluidic systems provide 

various trapping techniques as visualised in Figure 2.1. Each approach has advantages 

and limitations as a trapping tool for living cells and biological systems. In fact, there is 

no ideal trapping technique, and the choice really depends on the application that such 

trapped cells/particles might be used for. It can be noticed from Figure 2.1 that 

cell/particle trapping can be accomplished either using physical or chemical trapping 

approaches. In addition, trapping techniques can also be divided in two categories: 

passive or active, depending on the force that is applied to capture the cells or particles 

[32,33].  

For instance, active single cell trapping techniques utilise valves to control flow or 

dielectric forces or optical tweezers to control the location of cells in various 

environments [34]. Hence, active capturing techniques enable more dynamic, real time, 

and precise manipulation of cells. In spite of that the applications of most active trapping 

mechanisms are limited due to the fact that they require complicated preparation and 

expensive equipment, and can possibly lead to potential damage to live cells [31]. 

Passive trapping techniques that use gravity or fluid flow to direct cells into traps have 

attractive advantages such as simple handling, easy capture of cells without sophisticated 

instrumentation, and high throughput [31]. Furthermore, cell capturing can be realized 

with contact-based methods or contact-free methods, where, respectively, the cells are 
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immobilised on a surface or not [33]. Contact based trapping such as passive trapping 

strategies typically lead to irreversible cell-substrate attachment [31]. Recently several 

strategies have been explored to overcome this limitation [23,35,36], but issues remain to 

be addressed for high throughput cell array chips. 

 

Figure 2.1 An overview of cell-trapping techniques divided into either physical or chemical 
trapping methods, taken from [37] 

With physical trapping mechanisms, there are various approaches such as hydrodynamic, 

dielectrophoresis, magnetic, optical, and acoustic trapping. One of the most common 

capturing methods is hydrodynamic trapping (a contact based method) in which cells can 

be trapped by placing different physical obstacles or barriers, similar to the size of the 

cells to be captured, at specific sites along the microfluidic chip. It is simple, and easy to 

operate, but precise positioning of cells is sometimes difficult to achieve. In addition to 

hydrodynamic based trapping, there is dielectrophoresis trapping in which the cells can 

be manipulated with a non-uniform electric field. It is an active contactless method that 

provides highly precise manipulation, but the implementation is complex and less 

suitable for long term cell culture due to the possibility of buffer cytotoxicity and heat 

damage induced by the Joule heating effect [37]. An additional physical trapping 

approach is magnetophoretic trapping in which the capturing is achieved with a 

magnetic field. A concern with this type of trapping method is a minor increase in 
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temperature by continuous exposure to weak electromagnetic or mechanical forces [37]. 

Physical trapping method can also be performed with a highly focused laser beam to trap 

cells, referred to as laser or optical trapping. It provides very precise manipulation, but it 

is capable of handling only one or a few cells at a time, and the laser beam causes local 

heating, which might affect cellular functions [26,33]. The final physical trapping 

methods is termed acoustic trapping in which the cells are subject to a mechanical force 

exerted by an acoustic wave field, generated by ultrasonic transducers integrated on the 

chip. It is a non-contact trapping mechanism but further investigation of the effect of 

ultrasonic waves on cells are needed [37]. 

Moving now to chemical trapping techniques, these can be classified into three 

categories as seen in Figure 2.1: (i) cell patterning on a chemically modified surface such 

as micropatterned biomolecules, e.g. poly-L-lysine, fibronectin, and bovine serum 

albumin, for selective attachment of cells, (ii) a gel based system: capturing cells in 

polymeric materials, i.e. in hydrogels such as calcium alginate and gelatin, (iii) a gel free 

system: cell aggregation mediated by an intercellular linker [37]. Cell entrapment in gels 

is gaining interest as a way of creating artificial tissues. The drawbacks of chemical 

trapping are the requirement of chemical surface modification steps and the difficulties 

encountered with non-adherent cells [38]. 

2.2 Hydrodynamic Cell Trapping Techniques 

One of the most popular trapping strategies is the hydrodynamic approach, which relies 

on the ability of cells or particles to follow the fluid flow (i.e. the path of least fluidic 

resistance) and to immobilise these in defined areas using microfabricated structures that 

generate localized drag forces. Single cells, pair of cells, or large numbers of cells can be 

spatially trapped with different designs of these structures [39]. It is known that the device 

geometry in microfluidic systems is a key design variable due to the dominant role played 

by viscous drag when the Reynolds number (Re) is small [40]. They are passive and label-

free approaches that rely solely on microchannel geometrical effects and inherent 

hydrodynamic forces [33]. These hydrodynamic contact based cell trapping methods 

have the following key advantages: (i) they enable rapid cell immobilisation for high 

throughput analysis, (ii) they do not require any complex instrumentation, (iii) they are 

compatible with standard optical microscopes, and (iv) they provide real time analysis of 

spatially arrayed single cells. However, devices have to be designed specifically to target 

the relevant cell size. 
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Hydrodynamic trapping can be classified into two groups: contact based, and non-

contact methods. Contact based approaches are those in which cells can be captured by 

different microfabricated obstacles or barriers such as dam structures, and U/V/C shaped 

pockets. Non-contact methods rely on stagnation point flows or micro-vortices and on 

micro-eddies [41]. Contact based techniques have a higher throughput than the 

contactless methods, but they are limited in terms of high-resolution spatial manipulation 

of individual cells [41]. Contact based methods, which are of considerable interest due to 

their high throughput, include gravitational sedimentation microwells, front trapping, and 

side capturing approaches. 

2.2.1 Gravity Sedimentation  

One of the most common microtechnologies for analyzing populations of cells at high-

throughput are the so-called ‘microwell arrays’ shown in Figure 2.2. This is a gravitational 

sedimentation capturing method in which the cells move along the flow and passively 

sediment into fabricated microwells, which can be referred to as a bottom-trapping 

method. Zurgil et al. demonstrated the ability for real-time kinetic analysis of individual 

immune cells without being tethered within a disposable device [42]. Such a high-

throughput approach allows minimum shear stress on the cells inside these wells. 

However, picovolume well arrays are static, limiting their potential to actively manipulate 

captured cells, for instance to exposure these cells to varying chemical stimuli, because 

the cells are not actively held inside these arrays [26,34]. Furthermore, microwell systems 

may not be compatible with high-magnification imaging because of the depth of the 

substrate that defines the wells [34]. However, Zurgil et al. did demonstrate lysosomal 

localization with high resolution imaging (Figure 2.2F). This capturing method has been 

used for specific cell lines or specific subpopulations of WBCs, but has not been used for 

more heterogeneous samples such as whole blood (without functionalising the surface of 

wells). Moreover, Figure 2.2 illustrates that some of microwells were not occupied by any 

cells. This indicates that this system might not able to control the location of capture cells 

(i.e. random trapping), which may limit the number of cells that can be observed within 

the field of view of the microscope. Indeed, there are various examples of utilising 

sedimentation microwells for single cell analysis [43]. 
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Figure 2.2 (A) the layout of Polymer Live Cell Array (PLCA). (B) Scanning Electron Microscopy 
(SEM) micrograph of PLCA the microstructure embossed on the glass slide to create the dense 
picowells arrays of honeycomb structure. Scale bar (20 µm). (C) An overlap image of 
fluorescence and bright images of promonocytic U937 cells stained with FITC-Annexin 
(green), PI (orange), and Hoechst (blue), scale bar (0.02mm). (D) a bright field image of 
captured group of Jurkat T cells within 100 µm PLCA. (E) High resolution imaging of lysosome 
localisation within promonocytic U937 cells stained with Hoechst (nucleus, blue), and AO 
(lysosomes, red) scale bar 5 µm.  (Taken from [42]) 

2.2.2 Front Trapping  

Front trapping is realized by placing obstacles along the fluidic path to capture the cells. 

An example of this approach is the work of Dino Di Carlo et al. [44], who pioneered a 

high density of separated trapping posts in the middle of a straight channel so that the 

flow directs the cells into these traps. Once a trap is filled, the fluidic streamlines are 

diverted around it and prevent further cell loading of the trap (Figure 2.3). This device 

enabled the authors to study single-cell enzyme kinetics for three different cell types 

(HeLa, 293T and Jurkat) with fluorescence microscopy [44]. This front trapping approach 

has been further developed with various trap geometries for cell-cell pairing [45], to trap 

aggregated cells [46], single droplets loaded with cells [47] and multiple droplets [48]. 

This method has recently been expanded by employing centrifugal forces to trap beads 

on a compact disk (CD)-like platform [49]. 
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Figure 2.3 (Left) single cell isolation array showing more zoomed in a four trapping chambers 
with high density of trapped cells using separated posts with small gaps (2 µm) in top of each 
post to direct the cells towards them. (Middle) a cartoon depicts the front trapping mechanism. 
Using small trap opening allowing a fraction of flow to enter the traps and direct the cell to fill 
in the trap resulting in coming cell flow diverted. (Right) A phase contrast image of arrayed 
single cells scale bar 30 µm, taken from [44]. 

Interestingly, Turetsky et al. have recently developed a microfluidic filter platform that 

enables characterization of populations of lymphoma cells in a cerebrospinal fluid (CSF) 

sample on a single-cell level as seen in Figure 2.4. CSF contains 150-2000 T 

lymphocytes, 80-1100 monocytes and 0-30 B-lymphocytes per millilitre with other less 

common cell types. They showed that this filter system (which is similar to front trapping 

devices) could handle heterogeneous cell populations and was able to trap lymphoma 

cells (≥8 µm diameter) without sample pre-processing while smaller cells (e.g. 

erythrocytes) were not retained [50]. 

It can be concluded from these examples that the front trapping method is relatively 

straightforward to implement and that it could be developed further to achieve higher 

throughput. However, the trapping efficiency should be optimized, as it appears that 

some trapping sites contain aggregates of cells or are unoccupied, because the capture 

process cannot be carefully controlled. 

2.2.3 Side Trapping  

Another capturing approach is based on the side-trapping mechanism, which is realized 

by placing the obstacles parallel (rather than perpendicular as in the previous section) to 

the fluidic path. Figure 2.5 shows an example of the side-capturing approach; Yang et al. 

achieved docking of cells along a dam structure (with ~5 µm gap) between two flow 

channels due to the pressure difference between these channels [51].  
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Figure 2.4 (A) lymphocyte capture chip attached to a microslide, showing inlet, debris filter, 
and capture area, which contains four arrays of 20 × 300 single-cell capture sites. (B) DB cells 
dual-labelled with Hoechst and anti-CD45-APC, and captured and imaged on-chip. Capture 
sites are butterfly-shaped, staggered, and customized for lymphocyte size-based capture. Scale 
bar: 25 µm. (C) Zoomed out image of arrayed cells. Scale bar 75 µm, 1:1 mixture of DB and 
Daudi cells lines were captured and stained on-chip using a cocktail of antibodies: anti-CD19-
PE, anti-CD20-PE, anti-Kappa-Brilliant Violet 421, anti-Lambda-Alexa Fluor 647, and anti-Ki-
67-Alexa Fluor 488. E) High-resolution images of differential expression of individual markers 
on the two cell lines. Scale bar: 5 µm. Taken from [50]. 

 

Figure 2.5 A parallel dam with a 5 µm gap between two microfluidic channels to allow 
docking of cells with controlled number at desired location adapted from [51] .  
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This strategy has been further developed by Tan and Takeuchi [23], who achieved a more 

reliable and efficient trapping method, as illustrated in Figure 2.6. They utilised a 

serpentine channel to realize sequential filling of the traps with cells. Each channel turn 

contains a cross-flow channel that has a lower fluidic resistance than the meandering 

main channel. This drives a cell into the wide opening (trap site) of the cross-flow 

channel, where it will then block the cross-flow channel, with cells being diverted 

through the main channel to the next cross-flow channel in the array, thus leading to the 

sequential filling of all trap sites. 

 

Figure 2.6 trap and release system developed by Tan and Takeuchi. A) A meander channel 
with single cavity per row to capture 20 µm particles sequentially. When the trap is vacant, 
flow resistance along the straight channel (path 1) is lower than that of the loop channel (path 
2). A bead in the flow is carried by the main stream into the trap if it is empty (trapping mode). 
Beads will be carried along the loop channel if the trap is filled, bypassing the occupied trap 
(bypassing mode). This design allows for one-bead-to-one-trap. (B) Release mechanism using 
microbubble C) arraying 20 µm PS beads when Q

t
/Q

m
 >1, where Q

t
 is the flow rate through the 

trap channel and Q
m 
is the flow rate of the main serpentine channel. D) zoomed out of single 

beads arraying (scale bar 100 µm) taken from [23].  

Tan and Takeuchi have pioneered the basic concept of differential fluidic resistance 

(DFR) for trapping of single beads (which will be discussed in the next chapter). They also 

used laser-induced bubble generation to selectively release the trapped particles [23] but 

for large numbers of arrayed beads this is a time consuming process. Hence the device 

was modified to include a guiding pillar that enables release of all trapped particles by 

simply reversing the flow direction [35]. Later on, the same basic principle of DFR has 

been utilized for trapping paired beads [24], single cells [34], large numbers of single 

cells [27], paired cells [28], cell-encapsulating alginate beads [29], and single living 

organisms [30,31,52]. 

In an interesting approach, Chung et al. combined the advantages of the front trapping 

and of the side trapping mechanisms, achieving the highest density of cells (860 
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traps/mm2) reported in 2011 [26]. Their two-layer device consists of a serpentine channel 

as the main flow channel, which runs parallel to shallower U-shaped structures which 

form cross-flow channels to the next turn of the main channel. This design enables a high 

density of the cross-flow cell trap sites, as illustrated in Figure 2.7.  

 

Figure 2.7 Design and principle of single-cell trapping array. (A) A cartoon shows the 
serpentine channel with high density of traps. Represented image of the main flow Q

m
 and 

cross-flow Q
t
 to sequentially capture single cell per traps. B-C) Optical micrograph of the trap 

array fabricated via soft lithography. The inset shows dimensions of a single trap. Scale bar 10 
µm. (D) Overlay of phase contrast and fluorescent images showing single cells trapped in the 
array scale bar 10 µm. Taken from [26] 

Chung et al. achieved a trapping efficiency of 95% and cells were reported to be remain 

viable in the device for 42 h. The trapping efficiency was shown to depend on the ratio of 

the fluidic resistance of the main channel and of the trap channel (Rm/Rt), and optimal cell 

loading could be achieved by an appropriate choice of the trapping structure dimensions 

(length (L), width (W), and depth (hgap); (which will be discussed in the next chapter). 

Various cell types (Jurkat cells, primary T cells and mouse embryonic stem cells) with 

sizes varying from 8 to 20 µm were tested but it should be emphasized that this arraying 

system has been developed for capturing single cells from a homogeneous cell 

population. Khoshmanesh et al. recently used a similar, but one-layer, design to trap and 

array metazoan embryos that are 1 mm in diameter in high density arrays [52]. These two 

pieces of work (i.e. two-layer and single-layer devices) represent the starting point of 

arraying WBCs from whole blood, or more generally, arraying a sub-population of cells 

from a heterogeneous cell population based on differences in cell size and cell 

deformability. 
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2.3 Blood Cells   

Blood contains three main cell types: red blood cells (erythrocytes, RBCs), white blood 

cells (leukocytes, WBCs), and platelets (thrombocytes, PLTs), all suspended in plasma. 

Figure 2.8 shows a SEM image of fixed blood cells. Each cell type is responsible for 

different functions: RBCs transport oxygen, WBCs form the immune system, and PLTs are 

important for blood clotting. 

 

Figure 2.8 Coloured Scanning Electron Microscopy (SEM) micrograph of blood cells. RBCs 
(red) WBCs (orange), and PLTs (green). Taken from [53].  

2.3.1 Red Blood Cells  

RBCs have a biconcave disc-like structure with a thickness of about 2-3 µm and an 

average diameter of about 7-8 µm (Figure 2.9). The average number of RBCs is 5,000,000 

cells/µl [3]. RBCs are more deformable than other blood cells due to the absence of a 

nucleus.  

 

Figure 2.9 (Left) RBCs cartoon. (Right) blood film shows RBCs in pink [54]. 

2.3.2 White Blood Cells 

WBCs are spherical cells with a diameter ranging from 6 to 20 µm. They are the 

nucleated fraction of blood cells and consist of five main sub-types with different 

functions: neutrophils, lymphocytes, basophils, eosinophils, and monocytes (Figure 2.10). 
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The concentration of WBCs is typically between 5000 and 10,000 cells/µl [3], 

constituting about 0.1% of all blood cells [16]. In spite of their large size, WBCs can 

deform and pass through gaps as narrow as 7 µm while RBCs can pass through spacings 

as narrow as 3 µm [3,20,55]. Figure 2.10 illustrates that WBC sub-types have different 

shapes and sizes and different nucleus morphologies (round or multi-lobed). Some sub-

types contain granules in their cytoplasm and are hence referred to as granulocytes. 

 

Figure 2.10 (left) 3D representation of various types of WBCs. (right) a blood film shows 
different WBCs subsets: neutrophil, lymphocyte, basophil, eosinophil, and monocyte. Taken 
from [56]. 

Neutrophils are the most abundant type of WBCs (40-66%) [3]. They can be classified as 

polymorphonuclear (PMN) cells, i.e. their nucleus consists of multiple lobes. They can be 

segmented or band neutrophils with some granules in their cytoplasm as seen in Figure 

2.11. Neutrophils are capable of phagocytosis, the uptake of microorganisms such as 

bacteria. 

 

Figure 2.11 Two types of neutrophils: segmented or band ones. The difference between both 
types can be seen in (left) schematic drawing with description (right) into blood film [54].  
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The second most common (up to 20-40%) type of WBCs are the lymphocytes, which 

have a round nucleus with a high nucleus/cytoplasm (N:C) area ratio as shown in Figure 

2.12. These are mononuclear cells which can be subdivided in B lymphocytes, T 

lymphocytes and natural killer (NK) lymphocytes. 

 

Figure 2.12 one WBC has a round nucleus called lymphocyte [54]. 

Monocytes are less abundant, making up 4-8% of the WBC population. They are largest 

WBCs, with a diameter of up to 20 µm. Monocytes are also known as mononuclear cells, 

and their nucleus can have the shape of a bean or kidney (Figure 2.13). They are known 

to be phagocytes. 

 

Figure 2.13 largest WBC is monocyte has nucleus with bean or kidney shaped [54]. 

Figure 2.14 depicts an eosinophil, which forms 1-3% of the WBCs. Eosinophils have a 

nucleus that is usually bilobed and their cytoplasm is packed with large granules. 

The last major WBC sub-type is the basophil. These cells are quite rare, constituting 0.5-

1% of the WBCs. The nucleus of a basophil is lobulated, and the cytoplasm contains 

large granules which sometimes obscure the nucleus during imaging (Figure 2.15). 

The size and nucleus morphology has been used to identify WBCs subtypes for blood cell 

count from a stained film of fixed blood cells. Similarly, the WBC array developed in this 

project has been utilised for WBC identification, as will be discussed in chapter 8. 
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Figure 2.14 (left) sketch depicts eosinophil, (Right) yellow arrow point to eosinophil 
surrounded with RBCs [54]. 

 

Figure 2.15 the least common WBCs type called basophil [54]. 

2.3.3 Platelets  

Finally, the smallest types of blood cells are PLTs with a diameter around 2-3 µm, as 

shown in Figure 2.16. The average number of PLTs is 200,000-500,000 cells/µl [3].  

 

Figure 2.16 Platelets is the smallest blood cells [54]. 

2.4  White Blood Cells (WBCs) on Chip 

Isolation of one or more types of blood cell from whole blood is usually necessary to 

perform analysis, as the presence of other cell types interferes with many analytical 

devices. Most sample preparation processes for blood analysis are labour-, energy-, and 
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time-intensive, requiring skilled technicians and well-equipped central laboratories [16]. 

In spite of the fact that the first investigation on blood fractionation was a long time ago, 

the field of blood separation is still an active research area, now also motivated by the 

emergence of microfluidic and microfabrication technologies, and it is likely to develop 

rapidly during the coming years owing to the diverse applications for blood analysis. As 

such, various microfluidic approaches have been developed for sorting blood cells 

[8,16], taking advantage of the difference in physical properties (size and deformability) 

of the different cell types. 

Specifically, isolation of WBCs is crucial for many haematological analyses and clinical 

diagnostic tests for monitoring disease progression [16]. Purification of WBCs appears to 

be rapidly shifting from conventional off-chip separation methods to miniaturised and 

automated on-chip separation. WBC on-chip isolation often exploits their intrinsic 

physical characteristics including size, shape, and deformability or their biochemical 

characteristics such as specific receptors on the cell membrane. A considerable amount 

of literature has been published on WBC filtration and subsets isolation. Focusing on the 

major approaches, these can be classified as either affinity or size based capturing. There 

are also other microfluidic techniques that are developed for continuous separation of 

blood cells [8], [54] but these are beyond the scope of this review. 

2.4.1 Affinity-based Capture of WBCs 

WBCs can be classified according to their surface molecules, each cell type has unique 

receptors expressed on the membrane. The Cluster of Differentiation (CD) protocol is 

commonly used for identification of cell surface molecules present on WBCs [15]. All 

WBCs and their subpopulations have a common cell surface receptor known as CD45 

(see section 6.1.2). Such a unique feature has been exploited by microfluidic approaches 

to isolate all WBCs or specific subtypes from other blood components. The working 

principal is quite simple: a blood sample flows through a microfluidic channel that has 

been previously functionalised with antibodies against the target cell surface receptor and 

only the target cells bind and are retained in the channel. An example of this technique 

can be taken from Kotz et al. Figure 2.17 illustrates the basic idea in which neutrophils 

are specifically trapped via an affinity based capturing method with high enrichment 

>95% [57]. 
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Figure 2.17 (A) Microfluidic device (B) A schematic of the surface functionalization of 
antibodies to the device. Whole blood flows through each parallel capture channel and cell 
expressing CD66b antigens are specifically bound to the surface. (C) Wright-Giemsa stain of 
isolated cells Scale bar 20µm (D) Immunofluorescence of neutrophils isolated from whole 
blood stained with DAPI (blue), antibody to CD14 conjugated to FITC (green) and antibody to 
CD16b conjugated to phycoerythrin (red). Scale bar 25µm. Taken from [57].   

As mentioned above, this approach can be classified as a biochemical trapping method. 

This can be a highly selective capturing system but the major drawbacks are the 

requirement of surface functionalisation, incubation time, washing steps, limited chip 

shelf life and non-specific binding. Moreover, because cell anchor to the surface, this 

method might not be suitable for real-time imaging of immune cells. 

2.4.2 Size-based Trapping of WBCs  

In this approach the difference in size and deformability between WBCs, RBCs and 

platelets is exploited. The major mechanisms can be classified in three categories as 

depicted in Figure 2.18. The separation or trapping is simply based on cell size 

difference, and selective exclusion by pores of an appropriate size and shape. Most of 

these isolation structures represent dead-end filtration unless they are deigned to use 

cross-flow separation, where the fluid flows tangentially rather than through the filter 

structure. 
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Figure 2.18 Filtration mechanisms: A) weir, B) pillar, C) pore, taken from [58]. 

The common strategy to isolate WBCs from whole blood is using a membrane with sub-

cellular pore size by either integrating a commercial filtering membrane within a 

microsystem [59] or fabricating the filter [60,61]. An example of this technique can be 

taken from Hosokawa et al. They presented a microcavity array (with 3 µm opening) for 

WBCs counting that can separate over 90% of WBCs from whole blood without any 

pretreatment of the sample [60]. Figure 2.19 shows interesting images of arrayed WBCs, 

even though some cavities are not occupied. Furthermore, there is a concern whether the 

high negative pressure (200 µl/min flow rate) may result in cells being lysed or otherwise 

damaged because living cells are deformable. Recently, Tripathi et al. demonstrated a 3D 

microfluidic chip architecture for trapping WBCs with >87% efficiency. They utilised a 

unique two-layer architecture in which WBCs are spatially restricted by microholes (3.5 

µm in diameter), and a thin layer (~1.28 µm thick) bottom microfluidic network. Despite 

the 3D system confinement, they reported that few of WBCs were able to escape [61]. 

 

Figure 2.19 A) Schematic image of WBCs separation using microcavity array. B) Schematic 
image of WBCs-counting chip, connected to a peristaltic pump via vacuum line. C) 
Fluorescent image of WBCs from unprocessed whole blood stained with Hoechest 33342 
(nucleus stain) (scale bar 50 µm), it can be noted that bright field image was not shown to 
confirm RBCs passing. D) SEM image of captured WBCs from unprocessed whole blood. The 
microcavities are 3 µm in size and separated by a 25 µm pitch. Taken from [60]. 
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Recently, Li et al. demonstrated a continuous-flow microfluidic device for blood cell 

sorting from unprocessed whole blood (Figure 2.20) [18]. Their system used cross-flow 

filtration with a surface micromachined PDMS microfiltration membrane (PMM). The 

pore diameter was chosen as 4 µm in order to isolate WBCs. This chip was able to 

process an undiluted whole blood sample at a flow rate of 1 ml/h, with a high recovery 

rate of ~27% and a WBC purity of 93%. This was a good demonstration of continuous 

separation of blood cells via cross-flow filtration, without clogging problems. However, 

selective labelling of WBCs to confirm their identity was not used, as seen in Figure 

2.20F. In addition, on chip analysis of WBCs was not shown.  

 

Figure 2.20 Continuous-flow microfluidic cell sorting using cross-flow filtration with PDMS 
microfiltration membranes (PMMs). (A) Schematic showing the PDMS microfluidic device 
structure and the principle of cross-flow filtration. B) PDMS chip, C) Schematic showing 
assembly of the three-layered PDMS device using plasma-assisted PDMS–PDMS bonding, with 
PMM sandwiched between the top and bottom PDMS layers. D) SEM image showing PMM 
containing a hexagonal array of holes with a pore diameter of 4 µm and a pore centre-to-
centre distance of 12 µm. E) Separation of white blood cells spiked in blood samples 
containing only red blood cells. THP-1 cells were pre-labeled with CellTracker Green before 
spiked into blood samples containing only RBCs. F) Separation of WBCs from unprocessed 
whole blood. Representative bright-field image showing blood cells collected from the top 
outlet after separation of unprocessed whole blood samples using the version 2 microfluidic 
device. WBCs (black arrow head) were identified by their relatively larger size compared to 
RBCs (white arrow head). Scale bar 50 µm. Taken from [18] 
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Another filter configuration is an array of pillars or posts with spacings that are smaller 

than typical cell dimensions, thus restricting the passing of WBCs. Carlson et al. 

presented a microfabricated silicon array of channels (rectangular pillars) with 

dimensions, depth and width of 5×5 µm, similar to those of human capillaries [62]. They 

found a strong dependence on cell type and nuclear morphology, and self-sorting into the 

different types of WBCs [62] as illustrated in Figure 2.21. However, WBCs adhered to the 

array entrances, which had to be overcome with a polyurethane treatment. In fact, such a 

lattice was not designed to trap WBCs, but to study the activation and adhesion of 

different subtypes of WBCs. This group demonstrated unique arraying of WBCs from a 

finger-prick blood sample, but the chip requires complex fabrication such as Si etching. 

Similar pillar-based WBC separation has also been reported based on either a normal-

flow filtration [63,64] or a cross-flow filtration system [55,65]. 

 

Figure 2.21 A) SEM image of the variable length varying from 20 to 110 µm in stepwise fashion 
with etch depth and width of 5×5 µm. The array is sealed by anodically bonding Pyrex 
coverslip to the Si (blue rectangle), scale bar 50 µm  B) A bright field epiflunresence image of 
two polymorphonuclear WBCs. C) The same cells shown in (B) with H33342 stain (scale bar 
10 µm). Note the difference in conformation between the two nuclei. D) Broad-band antibody 
colour epifluorescence of the captured cells. Flow from right to left. Colours are green 
fluorescent cell wall (granulocyte and monocyte), orange-red fluorescent cell wall (T-
lymphocytes) found deeper in the array, scale bar 200 µm, adapted from[62,66],  

In addition to pore and pillar filters, weir-type filters involving a sudden decrease in the 

cross-section of channel have been developed for WBC isolation. Yuen et al. 
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demonstrated WBC isolation and nucleic acid amplification reactions on a single (glass-

silicon) microchip using such a filter configuration (Figure 2.22). This filtration scheme 

typically involves isolate aggregates of WBCs, not single cells, because the purpose is just 

to release DNA from isolated WBCs. 

 

Figure 2.22 A) Schematic image of the Plexiglas microchip module. B) Microscopic view of 
WBCs isolated stained with new methylene blue (dark blue) by 3.5 µm weir-type filter, 400 µm 
wide. Scale bar 400 µm taken from [67]. 

Interestingly, Chen et al. recently reported a microfluidic chip for direct and rapid 

capturing of WBCs from whole blood by utilising the front-hydrodynamic trapping 

approach [19] as described in 2.2.2. Their system includes a winding channel, and arrays 

of two-layer trapping structures to trap WBCs as shown in Figure 2.23. The role of the 

winding channel is to remove RBCs by mixing blood with RBC lysis buffer. They 

demonstrated unique integration of RBC lysis and WBC trapping from whole blood. 

Moreover, to our knowledge, they were the first group reporting WBC capturing from 

lysed blood using a two-layered hydrodynamic trapping system. However, their 

fabrication process is quite complicated and time consuming, involving sputtering, 

electroforming, photolithography and then soft lithography. Furthermore, fluorescent 

imaging does not clearly confirm that there is no contamination of other blood cells 

within the traps because only the WBCs were fluorescently stained. In addition, the 

images show that some of the WBCs are stuck on the side/back of the traps and that some 

of the traps are empty, as this system is not performing sequential trapping. Moreover, 

there is no explanation or justification for the large size of the U-shaped bucket structures 

with sharpened ends. Similar bucket-like trapping structures were previously reported by 

Faley et al. for capturing primary CD4+T cells (i.e. off chip purified from whole blood), 

which remained viable for about 24 hours [68]. 
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Figure 2.23 A) SEM image of winding channel. B) SEM image of trapping structure, with gap 3 
µm depth. C) RBCs lysis efficiency in the winding channel. D) WBC trapping under the flow 
velocity 0.05 µl/min stained with nucleus stain, Adapted from [19].  

WBCs recently have also been captured using a side trapping method (section 2.2.3). 

Guan et al. demonstrated single WBC trapping, from a blood sample with lysed RBCs, 

with a 5 µm trap width as seen in Figure 2.24 [69]. However, WBCs were not selectively 

labelled to confirm WBC-only blood cell trapping. 

 

Figure 2.24 (A) Light microscopy images of the PDMS chip with control channels in red and 
flow channels in blue. Zoomed out images of (B) the unoptimised trap, and (C) of the 
optimised trap. (D) Superimposed time-lapse image of WBC trapping and (E) zoomed in of 
captured WBC with trap wide 5 µm. The white arrow indicates the direction of flow scale bar 
25. Adapted from [69] 
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2.4.3 Evaluation of WBCs Trapping Strategies 

First of all, It is worth mentioning that when reviewing the literature of microfluidic cell 

trapping systems to obtain a clear picture of the current state of on-chip WBC arraying, it 

was rare to find a hydrodynamic trapping system that captures WBCs from whole blood, 

and most existing methods have been applied specifically to one type of WBC, that was 

purified from a blood sample and cultured. On the other hand, blood separation has been 

extensively investigated by means of microfluidic systems. Notably, isolation of WBCs is 

inspired by blood filtration strategies that mostly rely on either biochemical capturing or 

biophysical methods. A detailed consideration of the passive methods that rely on size-

selection filtration of blood cells indicates that these are, in fact, a type of hydrodynamic 

trapping systems since they are exploiting the device geometrical effects, mechanical 

obstacles, and inherent hydrodynamic forces. Moreover, these (pore/weir/pillars) filters 

can be classified as front, side, and bottom trapping approaches depending on the 

direction of the main flow through the device. Hence this literature review started with a 

general overview of hydrodynamic trapping approaches and then continued with a 

description of various WBC filtration systems. 

To critically evaluate the various approaches reported for the development of WBC 

arrays, there is no ideal capturing strategy, and the choice really depends on the intended 

application of such arrays. Consequently, Table 2.1 gives a summary of various 

approaches of size-based isolation of WBCs, and a comparison of different parameters 

within each design, such as filter type, blood sample treatment, cut-off size, flow rate, 

RBCs passing efficiency, WBC capturing efficiency, and the substrate/ fabrication process. 

As an application example, when isolating WBCs for DNA analysis application, complete 

elimination of RBCs is important because hemoglobin can affect the purity of the DNA 

isolate. In addition, the chip design and fabrication should be applicable with on-chip 

polymerase chain reaction (PCR) for DNA amplification [55]. Therefore, most WBC 

isolation chips designed to conduct DNA analysis consist of a glass or silicon-based filter 

in order to cope with the thermal cycling step. As a result, these systems typically require 

complicated fabrication processes such as Si etching. 

In terms of filter type, a unified picture of such different filtration configurations for 

isolating WBCs is presented by Ji et al. They compared four main types of silicon-based 

microfilter with the same cut-off size of 3.5 µm, namely weir, pillar, cross-flow, and 

membrane filters [20]. It was concluded that the cross-flow microfilter has a superior 
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performance. More importantly, they concluded that all filter types enable WBC trapping 

rates of over 70%, but the passing efficiency of RBCs shows large variations among the 

filter types and the flow rates of a whole blood sample. The lowest passing of RBCs was 

found with membrane filter (around 4%, i.e. 96% retention). However, the cross-flow 

filter exhibits increased RBCs passing because of the slanted layout of the pillars (60° with 

respect to main flow channel) which yields a uniform and increased flow profile. 

Table 2.1 Summary of reported work for WBCs isolation based on size filtration approaches. 
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1 
Microcavity 

/top-down flow 
3 µm 

S1: purified 
WBCs 

S2: lysed 
blood 

S3: whole 
blood 

200 
µl/min 

N/A 

S1:80.8-
95.5% 

S2:27.2-
45.1% 

S3:3..37-
97% 

Electroforming 
nickel 

 
[60] 

2 
3D system 
microholes 

/top-down flow 

3.5 µm 
1.28 µm 

 
Lysed blood 

Pressure 
3psi 

-- >87% 

Involves LPCVD, 
etching 

Si, N4Si3, Sio2, 
PDMS 

 

[61] 

3 
Pillars/normal 

flow 
W=H=5µm 

Diluted whole 
blood 

1mm/s N/A N/A 
Etching/Si 

PDMS as a lid 
[62] 

4 Pillars/cross-flow 
W=5.5µm 
H=50µm 

Diluted whole 
blood 

15-
50µl/min 

84-
89% 

18-25% 

Etching Si – 
Prototyping: 

PDMS replica 
mold 

PUMA structure 

[64] 

5 
Pillars 

Normal flow 
 

W=3.5µm 
H=80µm 

 

RBCs lysed 
blood 

35µl/min -- N/A 

Photolithography 
and etching 

Si 
 

[63] 

6 
Microsieves 
/cross-flow 

H=2.5µm 
W=40 µm 

Whole blood 5-12µl/min 50% 97% 
2-layer 

photolithography, 
Soft lithography 

[65] 

7 
Weir /normal 

flow 

H=3.5µm 
W=400 

µm 
Whole blood N/A <50% ~6% Etching Si [67] 

8 Weir/normal flow H=3.5µm 
Purified WBCs 

sample 
0.035µl/s N/A 4-15% Etching Si/glass [70] 

9 
Weirs+ Pillars 

/Cross-flow 
 

Pillars 
H=30µm 

W= 6.5µm 
Weir 

H=3.5µm 
W=20µm 

Diluted whole 
blood 

2.5-
10µl/min 

Pillar 
82% 
Weir 
95% 

Pillar 
~8-27% 

Weir 
~27% 

Photolithography 
and etching 

Soft lithography 
Si-PDMS 

 

[55] 
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10 

(1)weir/normal 
flow 

(2)membrane/top-
down flow 

(3) Pillars/normal 
flow 

4) pillars/cross-
flow 

3.5µm 

200x 
diluted 
Whole 
blood 

10-
50µl/min 

(1) 10-
42% 

(2) 0.2-
4% 

(3) 20-
55% 

(4) 60-
95% 

(1)~70% 
(2)~70-

85% 
(3) 70-
95% 

(4) 70-
95% 

Photolithography 
and etching 

Si 
[20] 

11 

U-shaped bucket 
/normal flow 

 
 
 
 
 

H=3µm 
W=100µm 

Whole 
blood 

0.05µl/ml 

Lysed 
RBCs 
within 

the chip 

60% 

Sputtering, 
electroforming, 

photolithography, 
soft lithography 

[19]  

12 
U-shaped bucket 

/normal flow 
 

W=5 µm 

H=15 µm 

RBCs 

lysed 

blood 

220µm/s 

RBCs 

free 

sample 

N/A 
Photolithography  
Soft lithography 

 
[69] 

 

Regarding the blood sample, these devices varied from using whole blood without any 

pre-treatment, diluted sample, RBC-lysed blood, to WBCs purified by density gradient 

centrifugation. It was rare to see examples of an unprocessed blood sample since whole 

blood samples are typically diluted during the staining process. The key problem is 

clogging and jamming of devices when undiluted blood is used, and this could justify the 

high number of filter designs that are intended for diluted blood samples. However, Li et 

al. did demonstrate continuous flow microfluidic blood cell sorting from unprocessed 

whole blood as shown in Figure 2.20. Furthermore, RBC-lysed samples were used by 

various groups, especially in the context of membrane filtration designs. It should be 

noted that a centrifugation step is still required to remove lysed RBC debris. Interestingly, 

Chen et al. realized the integration of selective RBC lysis and trapping of WBCs from 

whole blood in a single device, achieving 60% WBCs trapping efficiency [19]. There is a 

question why lysed RBC debris does not block the trap opening of their system, and this 

may justify the unoccupied traps that could potentially be blocked by this debris. Yet, it is 

a concern that such a harsh treatment (i.e. mixing with lytic agent) affects the WBC 

phenotype and/or gene expression [71]. Finally, pre-purified WBC samples, obtained by 

density gradient centrifugation, were also used by various groups. A disadvantage of this 

method is that such samples require multiple preparation steps, relatively large volumes 
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of blood and expensive reagents. Additionally, centrifugation subjects WBCs to 

mechanical stress and this could result in undesired activation [65]. 

In reference to cut-off size, this is varied from 2.5 to 6.5 µm, where the small cut-off size 

gives the highest capturing efficiency of WBC of around 97%, with 50% of RBCs passing 

through the device, and the large cut-off size allows 82% of RBCs to flow through whilst 

retaining 27% of WBCs. This indicates that a balance might be needed to achieve the 

highest purity of isolated WBCs. Moreover, the system flow rate and hence the applied 

pressure is also influencing the trapping efficiency because cells are deformable. High 

flow rate systems could squeeze cells through the gap opening resulting in poor capturing 

of WBCs. Low flow rate devices result in low-purity arrays because RBCs tend to cluster 

and adhere to the bottom of the channels [67]. Different groups use different techniques 

to fabricate micrometer spacings for size-based filtration, ranging from simple processes 

such as photolithography to complicated ones such as etching, sputtering, and 

electroforming. Table 2.1 shows that the smallest spacing was 2.5 µm, which was 

achieved using a two-layer photolithography process and soft lithography. These are 

quite straightforward processes which are suitable for rapid prototyping chip 

development. 

With respect to visualising arrayed single WBCs, most studies do not include real-time 

imaging of trapped WBCs, especially for DNA analysis chips since imaging is not their 

main goal. Filter design 6 in Table 2.1 did not involve imaging at all because in this 

continuous separation application, cells were collected and then enumerated with a 

Coulter counter [65]. However, an attractive visualisation of all WBCs in array format has 

been demonstrated by Carlson et al., who investigated the self-sorting of WBCs in a 

lattice. But unfortunately they did not report the trapping efficiency of WBCs or the 

penetration efficiency of RBCs. Other studies showed aggregates of isolated WBCs, 

especially within weir-type filters. It appears difficult to obtain clear images of arrayed 

intact WBCs. For example filter design 4 [64] seems to show lysed or ruptured cells while 

filter design 9 [55] seems to show non-selective cell staining Table 2.1. 

As an exception, the study of Chen et al. included real-time imaging of multiple WBCs 

per trap (~6 cells per trap of 100 µm width and 3 µm height) as seen in Figure 2.23. 

However, their system contains 490 large trapping structures with large spacing between 

them, resulting in a low cell trap density. Cell staining was varied among all filters, with 

selective staining of WBCs ranging from dyes (e.g. new methylene blue) to fluorophores, 
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either for the nucleus (e.g. DAPI and Hoechst 33342) to specific antibody labelling. This 

suggests that a brightfield image is needed to confirm that RBCs are not retained. For 

instance, the fluorescence image shown in Figure 2.19C could be combined with a 

brightfield image to visualize any retained RBCs. 

2.5 Summary  

This chapter has given an overview of the cell trapping, or cell arraying, literature with a 

focus on the contact based hydrodynamic methods because these enable high-density 

cell arrays. The state of the art in blood cell trapping, specifically of WBCs, was then 

summarized and it was noted that the use of whole blood was generally avoided. Hence 

previous work does not address the challenge of on-chip arraying of WBCs for direct 

analysis from whole blood. However, this literature review highlights the demand for 

WBC array technology development in order to facilitate fast and high-throughput 

analysis at the individual cell level. Differential fluidic resistance (DFR) was identified as 

the most promising approach for WBC arraying from whole blood; side trapping 

techniques (cross-flow filtration) are of great interest because they minimize system 

clogging, can trap WBCs with high efficiency, and can be implemented with simple and 

cost effective fabrication methods. The theory of this cross-flow trapping technique will 

be discussed in the next chapter. 
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Chapter 3:  Hydrodynamic Cell Trapping Theory  

This chapter reviews the literature on hydrodynamic cell trapping with an emphasis on 

identifying the optimal parameters for efficient cell arraying. Models are presented that 

enable the calculation of flow rate ratios and of fluidic resistance ratios for the main flow 

and the trapping channels. These are based on the known dimensions of the channels 

and assume that efficient hydrodynamic cell trapping requires such ratios to be in a 

certain regime. Factors such as cell deformability and hydrodynamic pressure affect the 

behaviour of cells in the microfluidic channels, particularly in the trap channels, and are 

therefore also discussed. The design of the microfluidic WBC array is included and it is 

discussed in detail which of the theory models is appropriate for this system. 

3.1 Cross-Flow Trapping Theory   

There are physical similarities between the flow of fluid and the flow of electricity [72]. 

Electrical circuit concepts and methodology can therefore be applied to microfluidic 

networks. As such, pressure can be correlated with voltage, volumetric flow rate with 

electrical current, and hydraulic resistance with electrical resistance. Some examples of 

these analogies are depicted in Figure 3.1. 

 

Figure 3.1 Similarity between the flow of a fluid and the flow of electricity, adapted from [72] 

Tan and Takeuchi [23] have pioneered the concept of differential fluidic resistance (DFR) 

for the side trapping approach (see section 2.2.3). They defined a condition for successful 

trapping of single beads as Qt/Qm >1, where Qt is the flow rate through the trap channel 

and Qm is the flow rate of the main serpentine channel (Figure 3.2A-C). They illustrated 

that none of 15 µm PS beads was trapped when flow ratio was Qt/Qm =0.76 (Rt/Rm=1.3). 
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On the other hand, single bead trapping was seen at Qt/Qm =3.96 (Rt/Rm=0.25). In this 

work, this flow rate ratio was derived from the geometry of the microfluidic device as 

follows: 

  
 

(3.1) 

Where Wt is the trap width, Wm is the loop channel width, Lt is the trap length, without 

the trap pocket to simplify analysis (path 1), Lm is the length of the U-bend channel 

segment (path 2), H is the channel height (the device is a single-height system), and C(α) 

represents a constant that is a function of the aspect ratio (α). The aspect ratio (α) is 

defined as either H/W or W/H such that 0 ≤ α ≤ 1. This constant was derived from the 

Darcy friction factor (f) and the Reynolds number (Re): 

 
 

(3.2) 

 

Figure 3.2 A) Diagram for single beads trapping chip with single height system was developed 
by Tan and Takeuchi showing path1 is for trapping path, and path 2 for serpentine path 
(bypass). B) None of beads was trapped with Device A, which was Q

t
/Q

m
 <1 for Wt=6 µm, 

Lt=5.5 µm, Wm=25 µm, Lm=163 µm and H=28 µm. C) single beads trapping was obtained 
with Device B, which was Q

t
/Q

m
 >1 for Wt=7.5 µm, Lt=4.5 µm, Wm=20 µm, Lm=172.5 µm 

and H=18 µm. scale bar 50 µm. Taken from [23]. D) Another schematic trap design by Tan 
and Takeuchi for a gentle retrieval mechanism for cell-encapsulating hydrogel beads. This 
shows that the trapping path1 was divided into three parts 1A, 1B, 1C, and path 2 was the loop 
channel. E) Shows arraying 100 µm PS beads at multiple traps per row, and Q

t
/Q

m
 was 

1.21.Taken from [29]. 
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Another trap model was proposed by Tan and Takeuchi for a gentle retrieval mechanism 

for cell-encapsulating hydrogel beads [29]. In Figure (3.2D&E), the flow resistance of path 

1 (Rt) was divided into three resistances in series, RtA, RtB, RtC, while for path 2 the flow 

resistance of the loop channel is Rm. They mentioned that the flow resistance of the trap 

pocket is neglected because its contribution is negligible, but it can be added if more 

thorough analysis is needed. They defined the flow ratio required to achieve trapping in 

the one-height system as Qm/Qt<1: 

           (3.3) 

For a single-height trapping system, Frimat et al. also applied the DFR concept to 

contacting pairs of single cells. They tested four devices, and calculated the flow ratio for 

each geometry, giving Qt/Qm ratios of 0.6, 1.0, 1.4 and 1.8 (i.e. Rt/Rm ~1.7, 1, 0.71, and 

0.56, respectively). They confirmed the Qt/Qm >1 requirement for effective single cell 

arraying. However, their results indicate that for flow ratios ≤1, more than 20% of the 

traps were occupied [28]. A recent study by Nourmohammadzadeh et al. [73] for 

arraying of human pancreatic islets (50-400 µm in diameter) showed that multiple 

particles per trap when Qt/Qm=5.5 (Rt/Rm=0.18), few traps being occupied was seen 

when Qt/Qm =0.7 (Rt/Rm=1.43), and optimal trapping of single particle at Qt/Qm =2.8 

(Rt/Rm=0.36). However, Kumano et al. demonstrated trapping motile cells (Tetrahymena 

thermophile) for long retention time using optimised geometric parameters at which the 

Qt/Qm was 0.25 (Rt/Rm=4), although they observed that cells rarely entered the trap path 

when the flow ratio was <0.1, relative to the case when the flow ratio was 0.2 [31].  

 

Using a two-height trapping system, Lee et al. [74] recently developed a microfluidic 

pipette array (µFPA) for measuring mechanical properties of cancer cells, as illustrated in 

Figure 3.3. These authors defined the flow ratio for this two-height microfluidic device as:  

  
 

(3.4) 

Where Qt is the flow rate through the aspiration pipette channel (only the trapping 

channel without the trapping pocket); Qm is the flow rate through the main channel; C(α) 

is the laminar constant (Equation 3.2); Lt, Wt, Ht are the length, width, height of the 

trapping channel; and Lm, Wm, Hm are the length, width, height of the main channel 
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(Figure 3.3). This model was based on Tan’s model, and adjusted for a two-height system. 

Lee et al. calculated the Qt/Qm ratio for three devices of different geometry, which 

resulted in different Qt/Qm ratios (0.072, 1.145, and 1.954, respectively). They then used 

the device with Qt/Qm =1.954 (Rt/Rm=0.512) because this gave the optimised trapping 

efficiency and showed a significant pressure difference across the aspiration pipette 

channel for their application. They did not report the filling for other flow ratios. The 

authors calculated this pressure difference from the geometrical parameters of their 

device as: 

  
 

(3.5) 

Where µ is the dynamic viscosity of the fluid and Qm is taken as the flow rate from the 

syringe pump. 

Interestingly, Nuss et al. developed a two-height microfluidic trap-and-release system for 

giant vesicles [75]. They reported that their system has a Qt/Qm of the order of 10-2 

(Rt/Rm=100), implying that Rt>Rm, where Rm and Rt are the fluidic resistances of the main 

channel and the trapping channel, respectively. This does not agree with the efficient 

trapping regime of Qt/Qm >1 as proposed by Tan and Takeuchi [23], but Nuss et al. 

postulated that the latter study only applied to rigid-body particles and not to highly 

deformable particles such as droplets or vesicles. 

In addition, a simulation study of single cell trapping by Khalili et al. indicated that Qt/Qm 

ratio should be >1 in order to achieve cell trapping [76]. They showed that the velocity 

streamlines are not fully directed to the trap channel when Qt/Qm <1. It should be noted 

that they used the same equation as Lee et al. [74] to calculate Qt/Qm(as shown in 

Equation 3.6), but without the (C(α)) factor, and the Lm was the distance between traps as 

in Chung’s model. Another study for single yeast cell trapping by Jin et al. [77] showed 

that 59% of the stream flows toward the traps when Qt/Qm =1.49 (Rt/Rm=0.67), and only 

37% of the stream flow towards the traps when Qt/Qm=0.58 (Rt/Rm=1.72). However, 

with the latter flow ratio, they observed ~25% of traps were occupied by single cell 

trapping, ~ 20% of traps were filled by two cells, and ~24% of other traps were occupied 

by three cells.  

                    (3.6) 

Δp = C(αm )
8

⎛

⎝
⎜

⎞

⎠
⎟⋅

µLmQm (Wm +Hm )
2

(WmHm )
3

⎛

⎝
⎜

⎞

⎠
⎟

Qt

Qm

=
Lm
Lt

⎛

⎝
⎜

⎞

⎠
⎟⋅

Wm +Hm

Wt +Ht

⎛

⎝
⎜

⎞

⎠
⎟

2

⋅
WtHt

WmHm

⎛

⎝
⎜

⎞

⎠
⎟

3



 

      34 

 

Figure 3.3 Overview of the µFPA chip. (A) Overall schematic (Scale bar 1mm), (B) filtering 
unit: an array of posts to block cell clumps or large debris at the array entrance. (C) aspiration 
chamber array, and (D) single aspiration pipette unit. E) The aspiration chamber of cell 
trapping mechanism. Q: Volumetric flow rate; P: pressure; L: length, W: width, and H: height 
of the microchannels. Trapping channel was denoted as 1 and the loop (main) channel as 2. F) 
Illustration of single trapping of Hela cells at 0.1 µl/min (scale bar 80 µm). G) Demonstration of 
pipette aspiration of the HeLa cell in a µFPA device at different flow rate 0 µl/min, and 0.25 
µl/min. Lp is the protrusion length of the trailing edge of the cell into the pipette. Scale bar 10 
µm, taken from [74].  

 

To summarize these studies that relate trapping efficiency to the relative flow rate of the 

trap channel and the main flow channel, effective cell trapping can occur when Qt/Qm 

>1, but it also has been demonstrated that trapping can occur when Qt/Qm <1, especially 

for deformable cells. 

 

Furthermore, a number of groups working on side trapping devices have discussed the 

efficiency of cell trapping in terms of the fluidic resistance ratio (Rt/Rm), where Rm is the 

fluidic resistance of the main channel and Rt is the fluidic resistance of the trapping 

channel, However, a favourable regime of this fluidic resistance ratio was not specified. 

For example, Zhang et al. employed single cell trapping for block-cell printing for 

functional single cell arrays [78]. The trapping mechanism is presented in Figure 3.4; 
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temporary blockage of path 1 forces cells to flow along path 2 when a sample with a high 

cell concentration is loaded. The fluidic resistance ratio of this device was estimated from 

the channel geometries as:  

 
 

 

 

(3.7) 

Here, Rm is the fluidic resistance of path 1 (the main channel) and Rt is flow resistance of 

path 2 (the trapping channel), while the other symbols refer to the length (L), the height 

(H) and the width (W) of these paths. This gives Rt/Rm ≈ 41 for the device of Zhang et al. 

[78]. The inverse value of Rt/Rm ≈ 41 corresponds to a flow ratio Qt/Qm of 0.024, which is 

<1.  

 

Similarly, Shi et al. developed a droplet based microfluidic system for individual 

Caenorhabditis elegans assays, and their fluidic resistance ratio Rt/Rm was 29.7 [79]. The 

inverted value is 0.034, which again shows that Qt/Qm<1. The authors mentioned that 

Tan’s design is not suitable for capturing flexible and elastic droplets, and they modified 

the trap design to be Rt>Rm. They explained that droplet 1 will follow the main channel 

without being trapped (temporary blocking the loop path), leading to an increase of the 

main channel resistance. As a result, droplet 2 will be driven into the trap.   

 

Furthermore, the device of Zhang et al. was similar to Tan’s model in defining the main 

channel length (Lm), and trap channel length (Lt); therefore, it was hypothesised that Tan’s 

equation is valid for such system. By knowing the relevant dimensions of these two 

devices, it was possible to calculate the Qt/Qm value according to Tan and Takeuchi 

model [23], giving Qt/Qm = 0.02 for the microfluidic array of Zhang et al. and Qt/Qm = 

0.03 for the device of Shi et al., in disagreement with the proposed regime of Qt/Qm >1, 

and in agreement with Kumano et al., and Nuss et al. of Qt/Qm <1.  
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Figure 3.4 The block cell printing system. A) BloC-Mould features symmetrical microfluidic 
channel networks and microarrays of traps. The black dashed line represents a large extended 
region between the input and output sides of the chip. B) Schematic diagram of cell flow paths. 
C) A bright-field image displays single-cell trapping efficiency in a 6 × 9 cell array. Scale bar 
50 µm. Flow mechanism in BloC-Printing. (D) Ratio of the fluid resistance around a single trap 
taken from [78].  

Another method for the calculation of the fluidic resistance ratio was introduced by 

Chung et al. [26], which are the same cell arrays as discussed in section 2.2.3. Their 

method is based on the fluidic resistance (R) equation R≈L / W�H3 for a rectangular 

channel with W >> H, where L is the channel length, W is the width, and H is the height. 

To calculate the resistance of the main channel (Rm), L was taken as the length of the 

channel between two trap sites, not as the total length of the main channel. Additionally, 

the resistance of the trap channel (Rt) was calculated as the sum of two resistances, one 

for the trapping pocket and one for the narrow trap channel. Chung et al.[26] calculated 

the resistance ratio as: 

  
 

(3.8) 

Where the subscript m denotes the main channel, p the trapping pocket, and t the 

trapping channel. As this refers to a two-height system, Hm is the main channel height, Hp 

is the trapping pocket height, and Ht is the height of the narrow trap. Several devices, 

with different channel geometries, were fabricated, and the efficiency of cell trapping, or 

cell arraying, was evaluated. Chung et al. concluded that the trapping efficiency depends 
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on the fluidic resistance ratio (Rm/Rt). As shown in Figure 3.5, for a device with a low 

resistance ratio, all traps had multiple cells per trap, whereas for a device with a high 

resistance ratio, most trap sites were empty. They mentioned that the optimal resistance 

ratio Rm/Rt=255 (Qm/Qt =0.004). Unfortunately, our attempts to obtain the actual value of 

the resistance ratios, as mentioned by the authors, from their description of the device 

geometry and from their equation as given in Equation (3.8), were not successful unless 

our calculated values were inverted. This indicates that their equation actually represents 

the flow ratio (Qm/Qt) and not the resistance ratio (Rm/Rt). Therefore the optimal resistance 

ratio would be Rm/Rt=0.004 (Qm/Qt =255).  

 

According to Lee et al.'s flow ratio equation (Equation 3.4) for a two-height system [74], 

the device of Chung et al. that showed efficient cell arraying has Qt/Qm =0.01, which is 

again <1(Rt/Rm=100). This is in agreement with Deng et al. [80] who noted that the flow 

ratio in Chung et al.'s array does not exceed 0.5. 

 

Figure 3.5 Testing various geometries for single cell arraying, which was developed by Chung 
et al., and described in details in section (2.2.3), A) Schematic illustration of geometry 
variables in trapping efficiency.  Results of testing various resistance ratio (B) Rm/Rt~110, (C) 
Rm/Rt~255, and (D) Rm/Rt~500, adapted from [26]. 

Other reported work on cell trapping did not include theoretical calculations. An 

example is the study of Peterson et al. They pioneered a microfluidic chip to enrich 

ascites tumor cells (ATCs), and then performed molecular analysis, as illustrated in Figure 

3.6. The authors just state that because path A through the trapping structure has a shorter 

length, it should have a smaller fluidic resistance than path B, and the flow will therefore 
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be directed through path A [81]. Cells larger than the trapping structure will be captured 

while smaller cells will pass through. This is similar to the front trapping approach, hence 

the delivery channel is not serpentine. 

Most cell trapping studies claim that the flow resistance of the trapping channel is lower 

than the flow resistance of the main channel. However, Nuss et al. have shown the 

opposite effect [75]. Given that R≈ L / W�H3, this might be incorrect, especially for a two-

height system, where the trap height is smaller than the main channel height. 

 

Figure 3.6 Schematic of on-chip purification and labelling. A-B) Ascites tumor cells ATC chip 
equipped with (i) a miniature filter (70 µm) at the inlet to prevent downstream clogging, (ii) 
negative magnetic selection of benign cells captured by a magnet located under the device 
inlet, and (iii) multiple, serially smaller microwells (40–15 µm) in which purified and enriched 
cells are captured. The multistep, on-chip purification approach yielded an approximate 
1,000-fold ATC enrichment. C-D) ATC chip design and concept. Cells direct to path A Due to 
the flow resistance difference, most of the fluid flows through path A rather than Path B. Cells 
that attempt to pass through Path A that are larger than the capture site will be trapped while 
smaller cells will pass through. E) Captured cells (green, DAPI staining) in the 20 µm capture 
sites of the ATC chip scale bar 40 µm. Processing ascites samples on-chip enables purification 
of ATCs (red) from benign cells (green) for easy detection of ATCs. It can be noticed that green 
labelled cells were combined with target cells (ATCs) at trapping sites, taken from [81].  

Most of front trapping approaches have not shown any theoretical calculation, and were 

trial-based experiments to obtain optimal geometries for efficient trapping. Skelley et al. 

demonstrated a front trapping array for pairing and fusion of cells. They observed that the 
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trap spacing was critical for efficient capturing, and various configurations were tested 

[45]. 

To summarize this section, the literature on conditions for efficient cell arraying (see 

Table 3.1) can be divided into five groups: 

(i) Flow rate ratio: Qt / Qm (= Qtrap / Qmain_channel) should be >1 for trapping 

beads or clusters of cells. 

(ii) Flow rate ratio: Qt / Qm can be <1 for vesicles, droplets, and motile cells. 

(iii) Rt / Rm is relevant but no specific regime is recommended for single cell 

trapping. 

(iv) Rm / Rt, where R≈ L / W�H3, is relevant with Rm/Rt ~0.004 (single cell arraying) 

(v) No theoretical calculations. 

 

Table 3.1 Summary of reported values for flow ratio, and resistance ratio of various trapping 
models. Qt is the volumetric flow rate of trapping channel, Qm is the volumetric flow rate of 
main channel, Rt is fluidic resistance of trapping channel, and Rm is fluidic resistance of main 
channel. Trapping system either one-height system (A) or a two-height system (B). (*) Denotes 
the optimal ratio, which was used for the system.  

Model 

Tr
ap

pi
ng

 

sy
st

em
 

Sample Flow ratio 
Resistance 

ratio 
Tr

ap
pi

ng
 

(y
es

/n
o)

 

 

Cells Filling 

Tan and Takeuchi A 
15 µm PS beads 

Q
t
/Q

m
=0.76 R

t
/R

m
=1.3 No 0 

Q
t
/Q

m
=3.96 R

t
/R

m
=0.25 Yes 

100% 

Single beads 

100 µm PS beads Q
t
/Q

m
=1.21 R

t
/R

m
=0.83 Yes N/A 

Frimat et al. A 14.6 µm epithelial cells 

Q
t
/Q

m
=0.6 R

t
/R

m
=1.7 Yes ~22% 

Q
t
/Q

m
=1 R

t
/R

m
=1 Yes ~30% 

Q
t
/Q

m
=1.4 R

t
/R

m
=0.71 Yes ~80% 

Q
t
/Q

m
=1.8 R

t
/R

m
=0.56 Yes ~90% 

Nourmohammadzadeh 

et al. 

 

A 
50- 400 µm human 

pancreatic islets 

Q
t
/Q

m
=5.5 R

t
/R

m
=0.18 Yes 

Multiple 

trapping 

Q
t
/Q

m
=0.7 R

t
/R

m
=1.43 Yes 

N/A 

Few traps are 

occupied 

Q
t
/Q

m
=2.8 R

t
/R

m
=0.36 Yes * 

N/A Single 

trapping 
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Model 

Tr
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ng
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m

 

Sample Flow ratio 
Resistance 

ratio 

Tr
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(y
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Cells Filling 

Kumano et al. A 
30 µm Tetrahymena 

thermophile cells 
Q

t
/Q

m
=0.25 R

t
/R

m
=4 Yes * N/A 

Lee et al. B Hela cells 

Q
t
/Q

m
=0.072 R

t
/R

m
=13.9 N/A N/A 

Q
t
/Q

m
=1.145 R

t
/R

m
=0.87 N/A N/A 

Q
t
/Q

m
=1.954 R

t
/R

m
=0.512 Yes * N/A 

Nuss et al. B 
2-40 µm polymer 

vesicles 
Q

t
/Q

m
=0.01 R

t
/R

m
=100 Yes N/A 

Jin et al. A 5 µm yeast cells 

Q
t
/Q

m 
=1.49 R

t
/R

m
=0.67 Yes * 

~50% 

single cells 

Q
t
/Q

m
=0.58 R

t
/R

m
=1.72 Yes 

~25 % 

single cells 

Zhang et al. A 
8-20 µm breast cancer 

cells 
Q

t
/Q

m
=0.024 R

t
/R

m
 ≈ 41 Yes* 

~97% 

single cells 

Shi et al. A 
C. elegans 

encapsulated droplets 
Q

t
/Q

m
=0.034 R

t
/R

m
=29.7 Yes * N/A 

Chung et al. B 8-20 µm cells 

Q
m
/Q

t
=255 R

m
/R

t
=0.004 

Yes * 
~95% Single 

cells Q
t
/Q

m
=0.01 R

t
/R

m
=100 

Q
m
/Q

t
=110 R

m
/R

t
=0.009 Yes 

N/A Multiple 

cells 

Q
m
/Q

t
=500 R

m
/R

t
=0.002 Yes 

N/A 

Few traps are 

occupied 

 

3.2 Key Parameters for Cell Trapping  

The flow rate ratio (Qt/Qm) or fluidic resistance ratio (Rm/Rt) of the main flow (m) and 

trapping (t) channels are proposed as the key parameters for efficient cell arraying in 

trapping channels. The flow rates (Qt and Qm), which depend on the fluidic resistances (Rt 

and Rm) according to R = ΔP/Q, where ΔP is the pressure difference, are determined by 

the geometric parameters of the microfluidic cell arraying device [31]. Besides these 

channel dimensions, other important parameters are the applied pressure, proportional to 

the flow rate, and mechanical properties of the cells that are to be trapped at array sites. 
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3.2.1 Geometry Parameters  

The fluidic resistance depends on the length (L), the width (W) and the height (H) of the 

main channel and the trap channels. For a rectangular channel, 

  (3.9) 

Where η is viscosity, and H/W<1 [72]. The fluidic resistance can thus be calculated for 

the main channel (m), for the trapping channel (t) and also separately for the trapping 

pocket (p), i.e. the array site, at the start of the trapping channel. The longer the channel, 

the higher the fluidic resistance and the larger the channel width or height, the smaller 

the fluidic resistance. However, the fluidic resistance is inversely proportional to the third 

power of the height, hence variations in channel height have a considerably larger effect 

than variations in width. 

The contribution of the trapping pocket to the fluidic resistance of the trapping flow 

pathway is often not taken into account. However, Chung et al. did consider this as part 

of the total resistance of the cell traps [26]. Interestingly, Frimat et al. reported that the 

trap size, i.e. the trap pocket dimensions, only had a minor impact on cell arraying 

efficiency [28]. Another complication is that some groups take the length of a full turn of 

a serpentine channel (the loop length) as Lm, the length of the main channel, whereas 

other groups consider Lm to be just the length above the trap site or the distance between 

two trap sites. 

Likewise, trap density or the spacing between adjacent traps was not considered in some 

theoretical models. However, Chung et al. stated that there is a compromise between cell 

trap density per area and single cell capture efficiency [26]. Khoshmanesh et al. [52] have 

examined the effect of suction (trapping) channel length on embryo arraying. They found 

that the longer the suction channel length, the lower the embryo trapping yield. This was 

attributed to an insufficient suction force to change the trajectory of embryos flowing in 

the main channel [52]. 

Regarding the channel height, Tan and Takeuchi defined a suitable height regime for the 

trapping of single beads with diameter Φp as Φp < H <1.4x Φp. Where the trap height 

should be less than 1.4x Φp to avoid an excess residual trap channel flow, because this 

would lead to multiple beads being captured per trap [23]. 

Ri ≈12η
Li

Wi •Hi
3
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3.2.2 Cells Size and Deformability  

In addition to these geometric parameters, the physical properties of cells have also been 

shown to modulate the arraying process. An example of this can be taken from Deng et 

al. [80], who performed an extensive study of hydrodynamic cell trapping parameters 

with the device shown in Figure 3.7. Their numerical simulation and experimental results 

showed that besides geometry parameters, cell flow velocity and cell size influenced the 

single cell trapping [80]. They observed that larger cells travelled without being trapped 

while smaller cells were captured in the trap sites (Figure 3.7). 

 

Figure 3.7 A) schematic of the cell trapping structure, which consists of two parallel channels 
(main channel and buffer channel) connected with cellular trapping sites with a decrease in 
the cross-sectional area. A, B, C, and D represent the main channel inlet, main channel outlet, 
buffer channel inlet, and buffer channel outlet, respectively. B) shows four critical geometry 
parameters of the trapping site Wmain, Wgap, Dtrap, and Dgap. Coming larger cell travelled 
along the main channel without taking trapping sites while smaller cells were trapped in the 
trapping positions. These results indicated that the trapping device is sensitive to cell sizes. 
(Scale bar 40 µm). Taken from [80] 

Not surprisingly, the dimensions of the cells should be considered during the design of 

the trapping system, but cell deformability is also an important parameter, especially for 

selective trapping devices that also fulfil a cell separation role. This has not been 

extensively explored because most of the cell trapping literature work concerns a 

homogeneous cell population as input sample. 

It should be noted that a cell fixation treatment rigidifies cells, thus diminishing their 

ability to deform [82], while cell membrane staining with the lectin wheat germ 

agglutinin (WGA) increases both the adhesiveness and the rigidity of red blood cells [83]. 
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Therefore, any sample treatment that modifies the deformability of the target cells should 

be viewed with caution, especially when the sample is a mixed population of cells.  

Actually, various microfluidic chips have been developed to measure the deformability of 

single cells. For example, Guo et al. [84] developed a micropipette aspiration system, 

consisting of a series of funnel-shaped constrictions, for this purpose. They showed a 

single neutrophil being deformed through a funnel constriction with a 4 µm entry 

diameter and a 1.2 µm exit diameter. Guo et al. also established that lymphocytes are 

approximately twice as rigid as neutrophils, which is related to a different nucleus-to-

cytoplasm (N/C) volume ratio [84]. 

In addition, Picot et al. analysed the flow behaviour of RBCs in a microfluidic chip with 

pillar posts (see Figure 3.8) that mimic the constrictions that RBCs need to traverse during 

circulation across the spleen [85]. They increased the rigidity of RBCs by heating the cells 

at 50 °C for 15 min, and subsequently established that these rigidified RBCs were seven 

times more abundant than normal, non-heated, RBCs in the inter-pillar spaces (Figure 

3.8). However, it can be noticed that some of normal RBCs (the red cells in the top left 

panel of Figure 3.8B) were retained in 5 µm and 4 µm inter-pillar spacings as well. 

 

Figure 3.8 Spleen-like chip. A) Filter design with various pore sizes from 5 µm to 2 µm. B) a 
top view of fabricated filter. Side channels are 10 µm wide, and the filtering unit is 5 µm high. 
C) PKH26-stained normal (red) and PKH67-stained poorly deformable heated RBCs (green) in 
the RBC suspension perfused through the chip. T1:T4 progressive accumulation of poorly 
deformable heated RBCs in slits: 4 (T1), 8 (T2), 12 (T3), 16 (T4) minutes after initiation of RBC 
circulation through the filtering unit. Filter chip discriminates between deformable and non- 
deformable RBCs, and could reveal the presence of subpopulations of rigid RBCs in a 
suspension. D) Zoomed in view of heated RBCs captured at 2 µm wide slits. Taken from [85].  
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3.2.3 Applied Pressure  

A final parameter to consider is the applied pressure. Cells are sensitive to local pressure 

because the cellular membrane can deform under high pressure or even lyse [82]. From 

the equations given above, the flow rate (Q) is proportional to the pressure difference 

(ΔP). For example, the influence of pressure (flow rate) on single cell trapping can be 

observed in Figure 3.3G: the trapped cell was squeezed from the trapping pocket into the 

narrower aspiration/trapping channel when pressure was applied as a flow rate increase.  

However, the flow rate can also be too low. Deng et al. observed that cells continued to 

travel along the main flow channel, without being captured at the array sites, when 

gravity-driven flow was applied or a syringe pump was used at a low flow rate [80]. In 

contrast, Chung et al. demonstrated cell arraying using a gravity-driven flow, estimated as 

2 µl/h [26], hence the details of the device design also play a role. 

Regarding blood separation, Sethu et al. developed a leukapheresis chip for depletion of 

WBCs. They noticed that high flow rates resulted in isolation of large number of RBCs but 

at the cost of WBCs contamination of the sample [65]. Yuen et al. not only observed that 

at high flow rates some WBCs passed through a weir filter with a 3.5 µm gap (see also 

section 2.4.2), but also noted that at a lower flow rate, some RBCs adhered to the bottom 

of the chamber [67]. 

It hence appears that the flow rate could have a major influence on isolating and trapping 

WBCs, and preventing retention of RBCs, in a hydrodynamic cell trapping system, 

warranting careful exploration of the optimal flow rate. 

3.3 Design of the Microfluidic WBC Array 

The developed cross-flow trapping system, which exploits the size and deformability 

difference between blood cells, was based on the cell trap system of Chung et al. (2011) 

as discussed in sections 2.2.3 and 3.1. This design has been chosen because: (i) it is 

based on cross-flow trapping, which is less likely to lead to channel clogging; (ii) it 

contains multiple traps per main channel turn, which enables a high trap density, which 

is advantageous for optical imaging; and (iii) it appears to be optimised based on the 

Rm/Rt ratio discussed in section 3.1. 
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The WBC array design is shown in Figure 3.9. It consists of a serpentine channel as the 

main fluid delivery path with parallel densely packed U-shaped trap pockets (light grey 

area in Figure 3.9A which are each connected to a cross-flow channel (dark grey area in 

Figure 3.9A. These cross-flow channels are constriction regions, which would act as a 

filter to retain desired cells (WBCs) within the bucket-like trapping chambers, while 

allowing the passage of non-target cells (RBCs and PLTs) based on size and deformability 

differences. This can be accomplished by restricting the height of the cross-flow (trapping) 

channels (Ht), which is smaller than the height of main channel (Hm). 

As schematically depicted in Figure 3.9B, the concept is that cells are captured in the 

trapping chambers if they are larger than the height of the cross-flow channels while the 

smaller cells can pass through these channels and are hence not retained at the trap sites. 

However, the applicability of this system to isolate and trap WBCs from whole blood 

remains unknown because hydrodynamic side trapping with such cross-flow channels 

has, to the best of our knowledge, not previously been applied to selective cell arraying 

from whole blood. 

 

Figure 3.9 Design and principle of microfluidic WBCs array. (A) Schematic drawing of top 
view of WBCs trapping system. Black arrow and light grey area indicates the main channel and 
traps pocket of the same height (Hm), dashed black arrow and dark grey area are cross-flow 
channels (trapping channels) of smaller height (Ht). Herein, coming cells experience two flow 
streams: one of main flow (Qm, blue arrow) and the other direct them towards the traps (cross-
flow Qt, dashed blue arrow). Because of the shallow height of the cross-flow channel (Ht), 
cells larger than Ht are captured while other smaller cells pass through them. Once the trap is 
filled, the fluidic resistance is increased, and then other cells will be directed to the next trap 
leading to sequential arraying. (B) A side view of WBCs trapping system demonstrates the 
difference in height between the main channel (Hm) and cross-flow channel (Ht) to enable size 
selective capturing. Spheres represent in purple: white blood cell (WBC), red: red blood cell 
(RBC), and blue: platelet (PLT). 

To allow cells to be introduced into the traps, the ratio of the cross-flow rate to the main 

flow rate (Qt/Qm) should be suitable, as discussed in the previous sections on 

hydrodynamic trapping theory. This can be controlled by the ratio of the fluidic resistance 

of the main channels to that of the trapping channels (Rm/Rt). Once a trap site is occupied 
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by one or more cells, the cross-flow path is partially or completely blocked, the fluidic 

resistance is increased, and other cells in the main flow channel will now be directed to 

the next traps, allowing sequential cell arraying. The fluidic resistance depends on the 

channel geometry as R~ L / W�H3 provided that W >> H (see section 3.1). The variation 

with the third power of the channel height (H) should obviously implies that height 

variations should have a significant influence on the fluidic resistance of the cross-flow 

channel and hence on the Qt/Qm flow ratio. This has been systematically investigated 

with whole blood samples in chapter 7. 

Regarding the trapping theory, the differences between the previous theoretical models 

concern the definition of (i) the length of the main channel (Lm) and of the (ii) trapping 

pockets at the entrance of the cross-flow channels. Chung et al. [26] define Lm as the 

length of the main channel associated with a single trap site (Equation 3.8) (i.e. the repeat 

distance of the traps, which is approximately twice as large as St, the spacing between the 

traps), while Lee et al. [74] define Lm as the loop length (Equation 3.4). The dimensions of 

the trapping pocket were included by Chung et al. as part of the cross-flow channel, 

while this pocket was not taken into consideration by Lee et al.  

In this work, the WBC array model is adapted from Tan’s models (Equations 3.1& 3.3) 

because most of the relevant literature is based on this model, and because it is similar to 

our WBC array design, i.e. multiple traps per row as shown in Figure 3.2E. The main 

channel length (Lm) was the loop length from the last trap downstream in the main 

channel, and is different from Chung’s model, which is the lenght between the traps. 

However, this model was modified to be applicable for a two-height system as follows:  

 

Figure 3.10 A schematic diagram of zoomed in view of a two-height system to trap WBCs. The 
grey area is the serpentine channel and the trapping pocket of same height (Hm). The red area 
is the trapping channel (shallow channel) of height (Ht). Loading cells will follow either the 
path 1(through trapping channel) or will be direct to serpentine channel (path 2). Based on the 
circuit diagram shown in black, the trapping pocket and the trapping channel are resistance in 
series and the sum up of them (Rp+Rt) will give the resistance of path 1, and the path 2 can be 
given by Rm.    
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The pressure drop in the rectangular microchannel can be given from Darcy-Weisbach 

equation as  

            

(3.10) 

where ΔP is the pressure difference , C(α) is a constant (see Equation 3.2), µ is the fluid 

viscosity, L the channel length, Q is the volumetric flow rate, P is the perimeter 

=2(W+H), and A is the cross-sectional area of the channel =(W×H). By applying the 

Equation (3.10) separately for the trapping path 1 and the main channel path 2, the 

pressure drop is equal for both paths 1 & 2 (Figure 3.10).  

Δppath1 = Δppath2  

  
(3.11)

 

Substitution of Equation (3.10) in (3.11) where the volumetric flow rate of path 1 is Qt, 

and volumetric flow rate of path 2 is Qm leads to  

 

(3.12)

 

(3.13)

 

 Substituting of relationships P and A for each channel leads to  

 

The flow ratio is then obtained as follows 
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     (3.14)

 

Where m denotes the main channel, p the trapping pocket, and t the trapping channel. 

C(α) is as previously defined in Equation 3.2. This model is similar to Tan’s model 

(Equation 3.3), which takes into account the full series resistances (three parts) for path 1. 

Figure 3.11 illustrates the parameters, besides the channel heights, that are taken into 

account for the theoretical model that is considered here. As with the two-height system, 

the cross-flow channel height (Ht) is smaller than the height of the main channel and the 

trapping pocket (Hm=Hp). As shown in Figure 3.11 A&B, the first of these follows Chung 

et al., defining individual cross-flow channels (i.e. a discontinuous (DL) layer of resist), 

while the second strategy is to define all the side channels in one row of trapping 

chambers as a continuous layer (CL) of resist. It was hypothesised that such a design 

variant would simplify the alignment process between two layers, and would not 

significantly alter the cell trapping characteristics of the device. 

 

Figure 3.11 Schematic presentation of two-height system model. Red area is for trapping 
channel (constricted region), which is smaller in height (Ht) than grey area, which is (Hm) for 
main channel, and trapping pocket (Hp), where Hm=Hp. Here, Rt: trapping channel 
resistance, Rm: main channel resistance, Lm, Wm are main channel length and width 
respectively, Lp: trapping pocket length, Wp: width of trapping pocket, Lt, Wt are length and 
width of trapping channel, St is spacing, and Tp are traps positions. A) Shows the design 
similar to Chung et al. as individual cross-flow channels (i.e. a discontinuous (DL) layer of 
resist). The main channel length (Lm) is considered as the loop length. B) Same model as A but 
with continues layer (CL) of trapping channel (red area) with the width of trapping channel 
(Wt) was assumed as a distance between two traps since there was not any similar model 
reported for this layer. C) Represents zoomed in of parameters of WBCs array model, and it is 
taken into account the trapping pocket. D) side view of two-height system shows Hm=Hp>Ht.  
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In Table (3.2), the obtained data from the adapted model was inverted and was also 

compared to other models for two-height systems as represented in Equations (3.4), (3.6), 

and (3.8). It seems that these numbers are similar for different models, indicating that the 

trap pocket had no considerable impact on the flow ratio. Moreover, it was observed that 

using the loop length for Lm in Chung’s model resulted in similar values compared to 

Lee’s model, which used Lm as loop length. Also, Khalili’s model defined Lm as Chung’s 

model (i.e. the length between two traps) and resulted in similar values. Hence, there was 

no considerable difference between Tan’s model (based on flow ratios) or Chung’s model 

(based on resistance ratios) if they used the same length of the main channel.  

 

Tables 3.2- 3.7 summarise the Qt/Qm ratios calculated using the adapted model described 

in Equation 3.14 from the main channel, cross-flow channel and where applicable, the 

trapping pocket dimensions, for each of the eight arraying chambers and for all the cross-

flow channel heights (Ht) and main channel heights (Hm) investigated in Chapter 7. The 

continuous layer (CL) layout of the cross-flow channels, implemented to aid alignment is 

not a configuration that was considered by any of the theoretical models. Hence, for the 

CL arraying chambers, the width of the cross-flow trapping channel (Wt) was also taken 

as the repeat distance between two trap sites, as shown in Figure 3.11B. It is obvious that 

flow ratios for the WBC array system are smaller than 1. They are in a similar flow ratio 

range as reported to result in successful trapping: e.g. Kumano et al.[31], Zhang et al.[78], 

Shi et al. [79] and Chung et al.[26] (see Table 3.1). However, other work reported in 

literature that had a flow ratio range (<1) was not used as optimal devices for their 

partially filling yield e.g. Frimat et al.[28], Nourmohammadzadeh et al.[73], Jin et al.[77] 

and none capturing of beads with Tan and Takeuchi’s system [23]. Therefore, various 

flow ratios have been systematically investigated with whole blood samples in Chapter 7.  
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Table 3.2 Comparison between different theoretical models for two-height system. An example 
was taken with optimal channel heights Ht=5 µm Hm=25µm. Models were the adapted WBC 
array model (Equation 3.14), Lee’s model (Equation 3.4), Khalili’s model (Equation 3.6), and 
Chung’s model (Equation 3.8). The adapted model and lee’s model used Lm as loop length 
while Chung and Khalili models used Lm as the distance between two traps.* Denotes when 
was changed Lm as loop length for comparison. Trapping pocket was only taken into account 
in Chung’s model, and the adapted model. Cn:chamber number, CF: cross-flow channel.  

Ht 
(µm) 

Hm 
(µm) 

Cn CF 

WBCs array model Lee’s 
model 

Khalili’s 
model 

Chung’s model 

Qm/Qt Qt/Qm Qt/Qm Qt/Qm Rm/Rt Rm/Rt* 
 

5 25 

C1 CL 3.72 0.269 0.317 0.148 0.075 0.214 

C2 DL 18.24 0.055 0.057 0.022 0.016 0.045 

C3 CL 3.41 0.293 0.327 0.148 0.077 0.231 

C4 DL 17.47 0.057 0.058 0.022 0.016 0.048 

C5 CL 4.72 0.212 0.214 0.104 0.055 0.136 

C6 DL 13.53 0.074 0.074 0.034 0.020 0.049 

C7 CL 2.23 0.448 0.480 0.235 0.119 0.313 

C8 DL 6.16 0.162 0.166 0.076 0.044 0.116 
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Table 3.3 (Qt/Qm) ratio for optimal trapping channel heights using chip D1 (Ht=5-6µm), 
which was demonstrates good WBCs filling (as will seen in Chapter 7). CL continuous layer of 
cross-flow channel while DL is for discontinues layer. Cn is trapping chamber number. CF is 
cross-flow channel type. Qm/Qt was calculated using Equation 3.14, then inverted.  

Ht 

(µm) 

Hm 

(µm) 

Trapping chamber 

Qm/Qt 

 

 

Qt/Qm 

 
 

Cn 

Trap 

Pocket  

(Lp×Wp) 

µm 

Cross-

flow 

channel 

(Lt×Wt) 

µm 

CF 

5 25 

C1 30×20 24×120 CL 3.72 0.269 

C2 30×20 24×24 DL 18.24 0.055 

C3 20×20 24×120 CL 3.41 0.293 

C4 20×20 24×24 DL 17.47 0.057 

C5 20×50 54×150 CL 4.72 0.212 

C6 20×50 54×54 DL 13.53 0.074 

C7 50×50 24×150 CL 2.23 0.448 

C8 50×50 24×54 DL 6.16 0.162 

6 25 

C1 30×20 24×120 CL 2.41 0.414 

C2 30×20 24×24 DL 11.51 0.087 

C3 20×20 24×120 CL 2.16 0.464 

C4 20×20 24×24 DL 10.96 0.091 

C5 20×50 54×150 CL 2.79 0.358 

C6 20×50 54×54 DL 8.12 0.123 

C7 50×50 24×150 CL 1.37 0.730 

C8 50×50 24×54 DL 3.75 0.267 
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Table 3.4 (Qt/Qm) ratio for others trapping channel heights (Ht)., which was demonstrates 
poor, and intermediate WBCs filling (later in Chapter 7). Ratio obtained for optimal heights 
(Ht=2,3 ,8.5 µm, Hm=25 µm) using chips (D1) at 3 µl/min for various 8 trapping chambers. CL 
continues layer of cross-flow channel while DL is for discontinues layer. Qm/Qt was 
calculated using the adapted model in Equation 3.14. 

Ht 

(µm) 

Hm 

(µm) 

Trapping chamber 

Qm/Qt 

 

 
Qt/Qm 

Cn 

Trap 

pocket 

(Lp×W

p) µm 

Cross -

flow 

channel 

(Lt×Wt) 

µm 

CF 

2 25 

C1 30×20 24×120 CL 47.53 0.021 

C2 30×20 24×24 DL 222.64 0.004 

C3 20×20 24×120 CL 45.82 0.022 

C4 20×20 24×24 DL 215.27 0.005 

C5 20×50 54×150 CL 70.16 0.014 

C6 20×50 54×54 DL 189.71 0.005 

C7 50×50 24×150 CL 31.45 0.032 

C8 50×50 24×54 DL 84.83 0.012 

3 25 

C1 30×20 24×120 CL 14.71 0.068 

C2 30×20 24×24 DL 71.52 0.014 

C3 20×20 24×120 CL 14.05 0.071 

C4 20×20 24×24 DL 69.03 0.014 

C5 20×50 54×150 CL 21.10 0.047 

C6 20×50 54×54 DL 58.28 0.017 

C7 50×50 24×150 CL 9.54 0.105 

C8 50×50 24×54 DL 26.14 0.038 

8.5 25 

C1 30×20 24×120 CL 1.24 0.808 

C2 30×20 24×24 DL 5.08 0.197 

C3 20×20 24×120 CL 1.02 0.983 

C4 20×20 24×24 DL 4.74 0.211 

C5 20×50 54×150 CL 1.05 0.950 

C6 20×50 54×54 DL 3.14 0.319 

C7 50×50 24×150 CL 0.59 1.689 

C8 50×50 24×54 DL 1.52 0.657 
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Table 3.5 Qt/Qm (for main heights variations (Hm= 20, 25, and 50 µm) while cross-flow 
channel height was 5 µm. The optimal main channel heights was Hm=25 µm.  Qm/Qt was 
calculated using Equation 3.14.  

Trapping chamber 
Ht=5 µm 

Hm=20 µm 
Ht=5 µm 

Hm=25 µm 
Ht=5 µm 

Hm=50 µm 

Trap 
pocket  

(Lp×Wp) 
µm 

Cross-
flow 

channel 
(Lt×Wt) 

µm 

Cn CF 
Qm/Qt 

 
Qt/Qm 

 
Qm/Qt 

 
Qt/Qm 

 
Qm/Qt 

 
Qt/Qm 

 

30×20 24×120 C1 CL 2.20 0.455 3.72 0.269 18.10 0.055 

30×20 24×24 C2 DL 10.17 0.098 18.24 0.055 96.62 0.010 

20×20 24×120 C3 CL 1.98 0.506 3.41 0.293 17.18 0.058 

20×20 24×24 C4 DL 9.69 0.103 17.47 0.057 93.17 0.011 

20×50 54×150 C5 CL 2.62 0.382 4.72 0.212 25.28 0.040 

20×50 54×54 C6 DL 7.45 0.134 13.53 0.074 72.89 0.014 

50×50 24×150 C7 CL 1.29 0.776 2.23 0.448 11.42 0.088 

50×50 24×54 C8 DL 3.45 0.290 6.16 0.162 32.68 0.031 

 

Table 3.6 Qt/Qm values obtained from Equation (3.14) for different geometry parameters, 
which are investigated later in Chapter 7 using optimal heights Ht=5 µm, and Hm=25 µm.  

Parameters (µm) Qm/Qt Qt/Qm 

Trapping channel length (Lt) 

10 8.13 0.123 

20 14.18 0.071 

50 34.78 0.029 

100 43.19 0.023 

Trapping channel width (Wt) 

10 56.08 0.018 

20 22.33 0.045 

50 8.46 0.118 

120 3.40 0.294 

Main channel width (Wm) 

20 4.07 0.245 

30 8.87 0.113 

60 22.71 0.044 

180 44.40 0.023 

Traps spacing (St) 

10 20.93 0.048 

20 22.33 0.045 

50 22.71 0.044 

100 19.70 0.051 
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Table 3.7 Qt/Qm values obtained from Equation (3.14) for various geometry parameters, which 
are investigated later in Chapter 7 using optimal heights Ht=5 µm, and Hm=25 µm.  

Parameters (µm) Qm/Qt Qt/Qm 

Trapping pocket length (Lp) 

0 25.25 0.040 

10 22.10 0.045 

20 24.36 0.041 

50 17.25 0.058 

Trapping pocket width (Wp) Trapping channel width (Wt)  

10 20 25.18 0.040 

20 30 14.18 0.071 

50 60 5.40 0.185 

100 110 2.09 0.478 

Trapping pocket width (Wp) Trapping channel width (Wt)  

10 

20 

25.18 0.040 

20 21.96 0.046 

50 18.05 0.055 

100 13.99 0.071 

                       Tp Traps position (change Lm loop length)  

295 16.47 0.061 

345 12.33 0.081 

340 12.19 0.082 

410 10.07 0.099 

 

3.4 Summary  

Hydrodynamic side trapping of single cells exploits differences in the flow rate / 

hydrodynamic resistances of the serpentine main flow and the perpendicular trapping 

channels. As these parameters can be estimated from the dimensions of the channels, it 

has been attempted to identify regimes for efficient single cell trapping. Various trapping 

models have been discussed, and Tan’s models have been adapted for the two-height 

system that is the subject of this work. However, previous work has not lead to a clear 

conclusion about the optimal flow rate ratio (Qt/Qm) or fluidic resistance ratio (Rm/Rt) of 

main and trap channels, which appears due to the limited number of device variations in 

individual studies. Therefore, further investigation of these parameters is required. In the 

following chapter, the experimental procedures to construct a microfluidic WBC array 

chip are outlined. The developed soft lithography methodology is then applied in 

subsequent chapters to optimize arraying performance, avoiding sample preparation 

procedures that could affect cell deformability, and to systematically explore the effect of 

varying the main and trap channel geometries. 
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Chapter 4:  WBC Array Fabrication 

This chapter describes the fabrication procedures for the microfluidic cell array, including 

resist spin coating, two-layer photolithography, PDMS replica moulding and bonding to 

glass slides or cover slips. It is explained how all these procedures, especially the 

alignment of the two resist layers, have been optimized. The experimental setup of 

syringe pump, microfluidic chip and optical microscope is briefly outlined. Finally, the 

performance of two different concentration gradient generators, intended to deliver a 

different reagent condition to each of the eight arraying chambers is investigated with dye 

solutions. 

A microfluidic hydrodynamic side trapping platform was designed, based on previously 

published work as described in Chapter 3. Each device consists of eight separate cell 

arraying chambers, each with a different geometry, to experimentally explore optimal cell 

trapping conditions. The next section describes the fabrication of the main channel, the 

trapping chamber and the cross-flow channels. Crucially, the height of the channels can 

be accurately set with two-layer lithography, while the number of cells per trapping 

chamber depends on the width of the trap structure, with a sufficiently small width only 

accommodating a single cell per trap site. The cross-flow channel height (Ht) should be 

sufficiently small to retain WBCs (smallest cells ~6 µm), and the main channel should 

accommodate all blood cells (up to ~20 µm). In this work, a trap geometry of 10-100 µm 

width and length (determined by a photomask), with a height of 5 µm for the cross-flow 

channels and of 25 µm for the main flow (determined by the photoresist thickness) is used 

predominantly but not exclusively. 

4.1 Fabrication of Microfluidic WBC Arrays  

Standard photolithography and soft lithography were used since they are relatively simple 

and cost effective, and enable a small cut-off size of the trap opening. Photolithography is 

also known as UV lithography or optical lithography. A specific pattern or shape on a 

photomask is transferred to a light sensitive material, a photoresist, on top of a substrate 

by UV light exposure. Three steps were followed to fabricate the microfluidic WBC 

arrays: designing the mask, fabricating the photoresist SU8 master, and replica moulding. 
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4.1.1 Photomask Design  

The photomask is the most important part of the photolithography process and hence to 

obtain a master mould for the replica moulding process. It is a plate or film with 

transparent areas that allow the (UV) light to pass through in a defined pattern. It can be 

classified into two categories: high-resolution mask or low-resolution mask. A high- 

resolution mask (i.e. chrome mask) is made of a glass (quartz or soda lime) support 

patterned with e-beam or laser-write lithography, and features down to 500 nm can be 

created with standard lithography equipment. However, these masks are expensive. A 

low-resolution mask is a plastic film that is patterned with a laser plotter. These are 

inexpensive, and the minimum feature sizes that can be printed on them are in the order 

of 5 µm, with registration errors of several microns due to deformation [84,85]. For 

microfluidic devices, these inexpensive acetate masks are typically used because the 

lateral channel dimensions can typically be tens of micrometers. For this work, trap 

geometries of 10 -100 µm width and length were defined by a low-resolution acetate film 

photomask with a high quality printed mask pattern. 

 

Figure 4.1 overview of masks design for different devices generations of microfluidic WBCs 
array. The two heights WBCs array system requires two-layers photolithography; therefore, two 
masks have been designed; herein, this is a negative image of the mask to simplify the 
description. Mask1 is shown in red and Mask2 is in grey. A) A merged view of Mask 1+2 for 
device 1 (D1), which consists of an upstream component, so-called the concentration gradient 
generator (i) integrated with 8-trapping chambers of various traps geometry (ii). B) Combined 
view of Mask 1+2 for device 2 (D2), which consists of 8-trapping chambers of same traps 
geometry (i) without the dilutor, and in-line filter minimum pore size of 20 µm wide (ii) with 
pillars array of pore 20 µm wide located at each splitting branch (iii) were added to filter out 
any large cell debris, which may block the traps. C) Zoomed in view of one trapping chamber 
has trap geometry of 20×50 µm at which the main serpentine channel and traps pocket in grey 
and cross-flow channels in red. (Drawing is not to scale and represents the negative image of 
masks). 
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Because the WBC array is a hydrodynamic trapping system with two heights it requires 

two-layer lithography. In a lithography process the resist thickness defines the channel 

height. A such, the first layer of resist determines the height of the trapping channels (Ht), 

while the height of the main channels (Hm) is defined by the thickness of the second layer 

of photoresist. Consequently, two photomasks were drawn using CleWin software. These 

are shown in Figure 4.1 as the negative picture, i.e. before conversion to a dark film 

mask, to simplify the description. The first mask contains the layout of the cross-flow 

trapping channels (red features in Figures 4.1-4.3), which should be patterned in a thin 

layer (~5 µm) of resist to produce the shallow side-flow channels which restrict the 

passage of WBCs (down to ~6 µm in diameter).  

The second mask defines the main serpentine channel with the trap pockets (grey features 

in Figures 4.1-4.3), which are implemented in ~25 µm thick photoresist to ensure that the 

main channel is of sufficient height to allow all blood cells (up to ~20 µm in diameter) to 

flow through the main channel without being compressed and to avoid clogging of the 

channels. 

These masks also include alignments marks, which are critical to help align and correctly 

position the second mask with the previous lithography layer as defined by the first mask. 

A concentration gradient generator, or 'dilutor', shown in Figure 4.1A, was included in 

the design in order to enable dose-response assays at the single cell level. Its function is 

to generate different concentration gradients of molecules or particles that trapped cells 

will be exposed to, as will be discussed in section 4.2 which outlines two configurations 

(linear and logarithmic) of an on-chip dilutor. An optimised version of the WBC array 

chip is depicted in Figure 4.1B. This does not contain a dilutor structure but does include 

an inline filter of pillar posts (minimum 20 µm wide post spacings) in the sample delivery 

channel. This filter serves to retain any large debris that might block the traps. 

Figure 4.1 illustrates that the masks define eight separate cell trap arrays. Between these 

arrays, the dimensions of the individual trapping chambers are different and the cross-

flow channels have been defined with two different strategies. As shown in Figure 4.2, 

the first of these follows Chung et al., defining individual cross-flow channels (i.e. a 

discontinuous (DL) layer of resist), while the second strategy is to define all the side 

channels in one row of trapping chambers as a continuous layer (CL) of resist. It was 

hypothesised that such a design variant would simplify the alignment process between 

two layers, and would not significantly alter the cell trapping characteristics of the device. 
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Various flow ratios (Qt/Qm) were examined to define the optimal conditions for isolating 

and trapping WBCs from whole blood. As mentioned above, the flow ratio can be 

controlled by the fluidic resistances of the main and cross-flow channels and these 

depend on the channel dimensions. Therefore, each device included eight trapping 

chambers, each with a distinct width and length of the individual cell trap sites. 

However, one device contained eight identical cell arraying chambers (identical to 

chamber 4 in devices 2 & 3 as listed in Table 4.2) to establish whether the cell arraying 

characteristics were influenced by the relative position of the chambers. Furthermore, 

different heights for the cross-flow channels and the main serpentine channel were 

realized. The resist thickness corresponds to the channel height, and different heights 

were obtained by adjusting the photoresist spin coating procedure. 

 

Figure 4.2 Zoom in parts of the mask design of trapping chambers. A-B) simple sketch of Mask 
1+2 for a part of trapping chambers (Mask1: red area, Mask2: grey area). This merged view of 
two masks in which red area represents 1st thin layer in Mask1, and grey area shows the 2nd 
thick layer in Mask2, which both layers will set accurately by spin coating of photoresist. Mask 
1 creates the cross-flow channels patterns in red. Mask 2 (grey area) contains the outline of 
device (the main-flow channel with the traps pocket). (C-D) Zoomed in view of the cross-flow 
channels (trapping channels) patterns in red. The cross-flow channel (in red) takes two different 
layouts. One is discontinues layer (DL) in (C), and the other is continues layer (CL) in (D) to 
simplify the alignment process. E-F) shows the main-flow channel with the traps pocket (grey 
area) has the same architecture for the different cross-flow channels (discontinues layer (DL), 
and continues layer (CL)).  

Table 4.1 gives details of the investigated range of each parameter. It should be noted 

here that acetate film masks with high-resolution printed features (down to 5 µm) were 

used to realize a smallest feature size of ~10 µm in the two-height system, and of ~5 µm 

in the single-layer chip. This presents the limit of what can be achieved with acetate mask 

photolithography. The single-layer device was tested for comparison with the two-heights 

system, with the aim to determine the influence of a horizontal gap opening (double-
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layered device) and a vertical gap opening (single layer device) on size-selection cell 

capturing efficiency. Thus, over the course of this project various device designs were 

investigated, and these are summarized in Figure 4.3 and in Table 4.2.  

Table 4.1 Investigated range of various parameters for arraying WBCs. 

Pa
ra

m
et

er
 

N
o.

 

Investigated parameter 
Investigated 

range 

Pa
ra

m
et

er
 

N
o.

 

Investigated parameter 
Investigate

d range 

P1 Height of traps channels (Ht) 2- 8.5 µm P6 Width of trapping pocket (Wp) 10-100 µm 

P2 Height of main-flow channels (Hm) 20- 50 µm P7 
Width of trapping pocket (Wp)= Width 

of cross flow channel (Wt) +10 µm 
10-110 µm 

P3 Length of trapping channel (Lt) 10-100 µm P8 Spacing between traps (Sp) 10-100 µm 

P4 Width of trapping channel (Wt) 10-100 µm P9 Traps positions (Tp) N/A 

P5 Length of trapping pocket (Lp) 0-100 µm P10 Width of main channel (Wm) 20-160 µm 

 

 

Figure 4.3 overview of examples of chips have been tested for arraying WBCs. A) Device1 (D1) 
with on chip dilutor and 8-trapping chambers. B) Device2 (D2) without the dilutor and same 
8-trapping chambers and in-line filter. C) Device DPn, n = parameter number as seen in Table 
(4-1) for testing different trap parameters with 4-trapping chambers, and in-line filter.  

4.1.2 SU8 Master Fabrication  

Photoresist is an essential component to form a patterned feature on a substrate via 

photolithography process, as it is a light-sensitive material, and consists of polymer resin, 

UV sensitive initiator, and solvent [87]. Proper viscosity during coating is achieved by the 

solvent component, which needs to be sufficiently removed by baking in order to achieve 

dimensional stability during exposure. 
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Table 4.2 summary of various chips have been tested for finding optimal conditions for WBCs array 

Device 

No. 
Description Design Justification 

D1 

• Two heights system 

• On chip dilutor 

• 8-trapping chambers of 20-50 µm traps 

width and length 

• To test on chip dilution 

• To examine various traps geometry within the 

resolution range of film mask 

D2 

• Two heights system 

• Without the dilutor 

• Adding inline filter 

• Same previous 8 trapping chambers as D1 

• To compare trapping data without dilutor. 

• To reduce off chip sample preparation and 

removing of large clumps. 

• Increased overlap between two layers from 2 µm 

to 5 µm to solve alignment issue 

D3 
• Similar to device 2 (D2), but include various 

traps width 10, 15, 20, and 50 µm. 

• Good data was obtained with D2, but further 

decreasing of traps width to 10, and 15 µm was 

needed to test single cells arraying. 

D4 

• One height system 

• With the dilutor 

• 8 trapping chambers with traps sizes 5 to 12 

µm wide 

• For comparison of one and two heights system. 

D5 

• Same as device 2 (D2) but same traps 

geometry for all 8 trapping chambers 

 

• To see whether the trapping chamber positions 

matter or not. 

D6 
Same as D2 but with one trapping chamber with 

20 or 50 µm traps width. 

• To examine the influence of chambers numbers 

in cells trapping 

DPn 

• Two heights system 

• Without the dilutor 

• Adding inline filter 

• With 4 trapping chambers 

• Pn: parameter number n=3-10 (shown in 

Table 4.1) 

• To examine various parameters such as: Lt, Wt, 

Lp, Wp, and Wm. 

• With making one chamber from previous chip 

D2 as control 

Df 

• Two heights system 

• Front trapping 

• Without the dilutor 

• Adding inline filter 

• With 4 trapping chambers (similar to Chen 

et al. described in section 2.4.2) 

• For comparison of front and cross-flow trapping 

system. 

There are two types of photoresists: negative and positive photoresists. A positive resist 

becomes more soluble upon UV exposure, whereas the exposed region of a negative 

resist becomes less soluble. Hence, the exposed region in positive resist is removed 
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during the development step while the exposed area of negative photoresist remains. 

There are various parameters to compare different photoresists such as adhesion quality, 

ease of removal, side profile, and methods of coating. Typically, SU8 resists, a family of 

epoxy-based negative photoresists with a wide thickness range, are used for microfluidic 

devices. The photoresist is usually spin coated and the thickness of photoresist can be 

controlled by spin speed and the viscosity of the selected photoresist. Various parameters 

have been found to play a major role in the final thickness and uniformity such as solvent 

volatility, polymer solution viscosity, spin time and speed, and specific thermal 

processing [86]. The height of the microfluidic channels can be defined by controlling the 

thickness of photoresist. 

Figure 4.4 illustrates the fabrication process to produce a two-layer master mould. First, 

two dark-field film masks are produced by Micro Lithography Services Ltd, UK. Then, a 

negative mater is fabricated using photolithography. This starts with cleaning the 4’’ glass 

wafer with fuming nitric acid to remove surface contaminations for short time (<2 min), 

otherwise the acid will affect the surface resulting in defects and holes. The wafer is then 

rinsed with deionised water followed by cleaning with acetone and rinsing in isopropanol 

(IPA). Then, it is dried with a nitrogen gas flow and put in the oven at 200°C. A 

dehydration process is required to drive off moisture and any other volatile residue. The 

adhesion promoter Ti-prime is applied, to achieve better photoresist adhesion, via spin 

coating at 5000 rpm for 30 sec. The promoter is then baked at 120°C for 2 min followed 

by immediately spin coating SU8-5 (2500 rpm for 30 sec). Then, it is prebaked at 65°C 

for 2 min and soft baked at 95°C for 5 min.  

With an EVG-620 mask aligner the SU8-5 is exposed to UV light through the first mask, 

to a dose of 83 mJ/cm2 for 20 sec, resulting in cross-linking of the photoresist under 

transparent regions of the mask pattern. The sample is then subjected to a post-exposure 

bake at 65°C for 1 min and subsequently at 95°C for 1 min to activate the polymerised 

areas, resulting in resist polymerization by epoxy cross-linking. The first layer is 

developed with EC solvent for 50 sec, then rinsed with IPA for 20 sec and then dried with 

a nitrogen stream. A further step is done to check the quality of the master by optical 

microscopy and surface profiling. The second layer of resist is then applied to the 

patterned glass wafer, using the resist SU8-25 when aiming for a 25 µm thickness. 
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Figure 4.4 sketch of two-layers lithography process of making SU8 master. A) Starting with a 
cleaned 4’’ glass wafer coated with adhesion promoter. B) Exposed the SU8-5 spin coated 
wafer of 5 µm thick via mask 1 to define the cross-flow channel. C) Developed the 1st layer of 
SU8-5 of 5 µm thick. D) Spin coat another layer of SU8-25 to thickness 25 µm and exposed it 
using mask 2 to create the main channels and trapping structure under precise alignment. E) 
The is the resulting two-layered SU8 master.   

 

The previously outlined lithography procedure is then followed, with changing some 

parameters to achieve a 25 µm thick layer. The spin coating step was performed at 2250 

rpm for 30 sec and the exposure time was 30 sec. Non-polymerized, i.e. non-exposed 

resist areas are removed by development in EC solvent for 3.5 min, followed by rinsing 

with IPA for 1.5 min and drying with a nitrogen stream. To improve resist adhesion, a 

hard bake is carried out at 150°C for 2 min. The final inspection is again performed with 

optical microscopy and surface profiling. Finally, the two-layer SU8 photoresist structure 

is now ready to use as a master mould for soft lithography. During the fabrication of the 

SU8 master, several problems were encountered as presented in Table 4.3, which 

summarizes the troubleshooting during the fabrication process.  
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Table 4.3 Troubleshooting during fabrication process 

Problem Possible reason Solution 

• Incorrect overlay of 

two layer features 

depositions 

• Using same photoresist for 

both layers 

• Insufficient overlap area 

between two layers pattern 

(2 µm) 

• Prevent the second layer to cover 

alignment marks on a previous layer 

• Increase the size of the overlap area to 

(5 µm) 

• Poor stability or lifting 

off the SU8 structure 

from glass wafer 

• Poor cleanliness of glass 

wafer or moisture 

absorption 

• Incomplete cross-linked 

pattern 

• Resist was overdeveloped 

• Mechanical stress effect 

• Acid/solvent cleaning, dehydrating 

wafer prior coating, and using 

adhesion layer 

• Increase the exposure time 

• Optimising development time 

• Increase the relaxation time during 

baking, and development process. 

• Particles 
deposited on 
SU8 features 
after 
development 

• Petri dish was not 
clean 

• Unexposed SU8 was 
not completely 
developed 

• Cleaning Petri dish with acetone 
• Continuous agitation, and immersing 

in a developer solution into two-steps 

with more rinsing with IPA. 

 

4.1.3 Alignment Process  

The challenge of the double-layer SU8 master fabrication was precise alignment of the 

two layers, which both are a clear viscous liquid. The first layer of resist was thin, about 5 

µm, and the second layer was thick, about 25 µm, which makes the alignment marks of 

the first layer difficult to see with the mask aligner. In Figure 4.5, the alignment procedure 

for the two-layer master is explained, showing the possible scenarios of well-aligned and 

poorly aligned features. The alignment marks are essential in both masks to precisely 

position the second layer pattern with respect to the features of the first layer. Herein, 

transparent (+) alignment marks are used in both masks at the same positions at both 

sides, as shown in mask 1 in Figure 4.5A and mask 2 in Figure 4.5D. 
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After developing the first layer of SU8 (Figure 4.5B), the second photoresist is spin-coated 

to a thickness of ~ 25 µm (as shown in Figure 4.5C). Then, mask 2 needs to be precisely 

aligned with the first layer alignment marks (+) as seen in Figure 4.5D. Perfectly aligned 

two layer features are schematically depicted in Figure 4.5E&G. However, in the 

fabrication process non-ideal alignment was initially always encountered. Figure 4.5F 

shows misaligned masks, which results in poorly aligned two-layer features as 

schematically depicted in Figure 4.5H. 

With poorly aligned masters, it can be observed that the misalignment in the continuous 

pattern of cross-flow channels is less pronounced than for the discontinuous pattern if the 

shift is only the X direction (i.e. not the Y direction), as shown in the zoomed view in 

Figure 4.5H. Unlike continuous cross-flow channels, for the discontinuous cross-flow 

layer layout it can be seen that the poor alignment results in smaller trap openings, which 

is actually advantageous to achieve cross-flow channel widths that are better (i.e. smaller 

width) than the resolution of the acetate mask. However, when the extend of alignment 

cannot be accurately controlled, devices will not have reproducible channel widths, will 

affect arraying performance, or the channels are actually closed, preventing cell trapping 

entirely. 

However, this alignment issue could be overcome as reported in the literature by using a 

third mask containing only alignment marks to be used as a blank layer with different 

colour. This can be done by either a lift-off process (metal microstructures) or a positive 

resist (e.g. AZ has an amber colour) allowing SU8 layers to be aligned. Any misalignment 

can also be avoided, as reported in the literature, by making the contact area between the 

multilayers much larger to accommodate any misalignment (i.e. pattern size tolerance) 

[87] as shown in Figure 4.6. 

Therefore, the alignment process was improved by increasing the overlap area between 

the two-layer features from 2 µm to 5 µm on all edges. Consequently, the cross-flow 

pattern becomes larger than the trap pocket width (Wp) and the cross-flow channel length 

(Lt) by 10 µm to accommodate any misalignment. We hypothesised that such a design 

variant would simplify the alignment process between the two layers, and would not 

significantly influence the WBC trapping performance of the devices. 
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Figure 4.5 Schematic illustration of the alignment process of two layers master. A) two different  
patterns of cross-flow channels (continuous layer CL and discontinuous layer DL) is drawn in 
Mask 1 with alignment mark (+) on both sides. B) shows the 1st layer of resist after is produced 
with Mask 1 containing continuous and discontinuous cross-flow channels. C) the second 
resist is spin coated and then exposed using Mask 2 in (D) with same alignment mark (+) on 
both sides. Precise alignment is needed here to deposit the second layer pattern into the first 
layer pattern. (E-H) shows possible scenarios of aligned and misaligned features. E) showed 
when Mask 2 successfully aligned to the first layer alignment mark (+). F) shows misaligned 
Mask 2 with previous layer alignment mark. H) the top view of resulting two-layerd SU8 
master after the development under perfect alignment. Enlarged view shows both patterns of 
continuous and discontinuous cross-flow channel (grey area ) are aligned with the second 
layer (yellow area). H) Presents the two-layers SU8 master with poor alignment. Zoomed in 
view shows the discontinuous pattern was badly affected than continuous pattern by 
misalignment. 
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Figure 4.6 Drawing of three different examples of possible results during the alignment process 
of two layers master. The first layer is shown in grey and the second layer in black (i) an 
example of alignment mark (ii) the cross-sectional view of both layers (iii) the top view of both 
layers.  A) Shows the prefect alignment situation. B) Misaligned example without misalignment 
allowance, red arrow points to contact hole. C) Another misaligned example with 
misalignment allowance, green arrows point to overlay contact area.   

 

Figure 4.7 Preliminary results of the fabrication of SU8 master are shown. This displays the first 
layer of developed SU8-5 patterns of thickness~ 5 µm for the discontinues layer (DL) in (A) and 
for continues layer (CL) in (B). The developed second layer of SU8-25 of thickness~ 25 µm is 
seen in (C), scale bar is 50 µm. D-F) Unsuccessful alignment process of two-features layer 
depositions using the first mask design. This depicts that a small shift of cross-flow layer either 
to down as in (D) or to top as in  (E), resulting in contact hole between both layers as shown 
with red arrows. F) Shows small shift of aligning of the first layer to right results in pronounced 
misalignment in discontinues layer (i) than continues layer in (ii) as shown with red arrow 
(Scale bar 30 µm). G) Depicts the perfect alignment (i) of 1st layer (red area) and the 2nd layer 
(grey area), which was complicated to achieve everytime with using the same SU8 resist for 
both layers. Here Wp=Wt (ii) Indicates the misalignment allowance by making the contact 
area between the two-layers much larger (i.e. Wt+10 µm and Lt +10µm) to accommodate any 
misalignment as shown green and blue arrows. 
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Moreover, the difficulty in clearly visualising the alignment marks of the first layer to 

deposit the 2nd layer could be easily solved with manual techniques. It was done either by 

adhesive tape or wiping with acetone. In the tape method, the alignment marks of the 1st 

thin layer are covered with an adhesive tape after developing the first layer of resist, and 

prior the spin coating of second resist as shown in Figure 4.8A. The second possible 

approach is by using acetone as shown in Figure 4.8B. After the 2nd thick layer is spin-

coated onto the developed features of the first thin layer, the alignment marks area of the 

1st layer is wiped off with acetone, before the prebake step, revealing the alignment marks 

without resist. These methods are cost effective technique and result in shorter fabrication 

times compared to other reported methods such as the usage of etched alignment marks 

on a silicon wafer [34].  

 

Figure 4.8 Schematic illustrations showing possible steps to ease the alignment process of two-
layers lithography. Starting with the SU8 master, which was produced with Mask 1. Either A or 
B was followed to make the first layer alignment marks more visible through the mask aligner. 
A) Depicts the tape approach in which an adhesive tape was used (i) to cover the alignment 
marks of the first layer. The second layer was then spin coated in (ii). Finally, the tape was 
taken off, leaving in the alignment marks more visible to align with Mask 2. B) Shows the 
usage of acetone to remove the second layer resist from the first layer alignment marks. (i) The 
second layer was spin coated onto pattern from Mask 1, next (ii) a cotton pod with acetone 
was used to wipe off the first layer alignment marks place making it accessible (iii) for aligning 
with Mask 2.   

Utilising these modifications of the alignment process resulted in much improved overlay 

of the two-layer lithography. An example of good alignment can be seen in Figure 4.9. It 

clearly shows the improvement of fabrication results with the mask version 2. Two-

layered master fabrication data are shown in Figure 4.9 for different configurations of the 
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1st thin layer. Figure 4.9A represents the discontinues thin layer (DL) of ~5 µm thick resist 

(blue arrow) in good overlay with the 2nd layer of 25 µm thick resist (red arrow) despite 

the small shift in the X direction. Similarly, a good overlay is shown between the 

continuous thin layer (blue arrow) with the 2nd layer of 25 µm thick resist (red arrow). This 

also visualizes that the continuous layer design of the cross-flow channels is less 

problematic during the alignment process. 

 

Figure 4.9  Selected images of two-layered SU8 master fabrication was obtained with an 
improved mask design (Mask version 2), and using previous suggested solutions to ease the 
alignment process. A) Zoom out view of trapping chamber 4 (CH4) in D1 with discontinues 
layer DL (scale bar 100 µm). Enlarged image (scale bar 20 µm) displaying the two layers, blue 
arrow shows the 1st thin layer of SU8-5 ~ 5 µm thick and red arrow points to the 2nd thick 
layer of SU8-25 ~ 25 µm thick, traps pocket pattern has geometry of Lp=20 µm, Wp=20 µm, 
and cross-flow features discontinues layer DL of Lt=30 µm, and Wt= 30 µm, this zoom in 
image indicates the good overlay between both layers with misalignment allowance. B) 
Another zoom out view of trapping chamber 3 (CH3) in D1 with continues layer CL (scale bar 
100 µm). Enlarged image (scale bar 20 µm) showing the two layers, blue arrow shows the 1st 
thin continues layer of SU8-5 ~ 5 µm thick and red arrow points to the 2nd thick layer of SU8-
25 ~ 25 µm thick, traps pocket pattern the same geometry of Lp=20 µm, Wp=20 µm, and 
cross-flow features continues layer DL of Lt=30 µm, and Wt= 120 µm, and this shows a good 
alignment.  

Figure 4.10 illustrates SU8 master fabrication for alternative designs that were 

implemented to test different parameters. An acetate mask with high resolution was used 

initially for 20-50 µm trap pockets, and then it was tested for realizing smaller features of 

5-10 µm. Various attempts have been carried out to obtain a 5-10 µm trap size, as can be 

seen in Figure 4.10A&B. With optimising the exposure and development time during the 

fabrication, ~10 µm features could be produced (Figure 4.10B). Features with a size of 5 

µm were obtained for a single-layer device, but the process was difficult and sometimes 

resist lift-off occurred during development. Perhaps 5 µm features are beyond the 
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capability of the employed acetate masks, as only features of 10 µm or larger could be 

reproducibly fabricated. 

Figure 4.10C&D shows the fabrication results of the in-line filters, which were added at a 

late stage of the project due to the sample requirements that are discussed in Chapter 6. 

Finally, the lithography pattern of a front trapping chip is shown in Figure 4.10E. This was 

adapted from Chen et al. [19] to compare its cell arraying performance with that of the 

cross-flow trapping devices that are the subject of this work. Finally, various alternative 

cross-flow trapping device geometries, discussed in Chapter 7, were fabricated, with 

some examples shown in Figures 4.11 and 4.12. 

 

Figure 4.10 Another data set of SU8 master fabrication shows different variations of developed 
WBCs array chips. A) an unsuccessful attempt to produce traps of 10 µm wide, red arrow 
points to either underexposed or overdeveloped features during the lithography process (scale 
bar 20 µm). B) After optimising the fabrication steps of 10 µm traps wide, zoom out of trapping 
chamber (scale bar 100 µm). Zoom in view of 10 µm wide traps with good alignment 
deposition (scale bar 20 µm). (C-D) Optimised devices consist of inline filter and pillars array 
to filter out any large cells clumps that may block the traps. C) Zoom out view of in-line filter 
with minimum pore 20 µm wide to (scale bar 100 µm). D) Zoom out view of pillars array with 
20 µm wide placed into the channels network before the trapping chambers (scale bar 100 
µm). E) zoom out view of front trapping chip used to compare with cross-flow trapping chip. It 
was adapted from Chen et al with slight modifications. Enlarged view of two-layers trapping 
system in which U-shaped trap structure is used with 50 µm trap opening channel of 5 µm 
height. Red arrow points to the shallow trap channel and remaining channel is for main 
channel of larger height 25 µm.  



 

      70 

 

Figure 4.11 two height SU8 master fabrication results for different device geometries for 
trapping channels. A) Various length for trapping channels Lt=10, 20, 50 and 100 µm. B) 
various trapping channels width Wt=10, 20, 50 and 850 µm. CL continuous layer.  

 

Figure 4.12 two height SU8 master fabrication results for different trapping pocket geometries 
with relation to trapping channels width (Wt). A) width for trapping pocket Wp=10, and Wt= 
20 µm. B) trapping pocket width Wp=20, and Wt= 20 µm. C) Wp=50 µm, Wt=20 µm. D) 
Wp=50 µm and Wt=60 µm. E) Wp=100 µm, Wt=20 µm. F) Wp=100 µm, Wt=110 µm. to test 
witdh of trapping pocket either with Wt was kept 20 µm or taking same width of trapping 
pocket (Wp) + 10 µm for alignment process.  
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4.1.4 Resist Thickness Characterisation 

Different heights of cross-flow channels and main channel were investigated to obtain the 

optimal conditions for arraying WBCs. As mentioned early, the resist thickness 

corresponds to the channel height. The thickness of resist can be controlled by the spin 

coating speed and a predefined resist thickness can be obtained (according to the 

information sheet of the resist supplier). The negative resists SU8-5 and SU8-25 were 

utilised to obtain the 1st layer and the 2nd layer of the master. The spin coating conditions 

and the time required for exposure and development of the resists were optimised as 

summarised in Table 4.4. The thickness of resist on the master was measured with a 

surface profiler. As expected, it was found that the thicker resist required a longer 

exposure time and a longer development time than the thinner resist. 

Table 4.4 Summary of characterisation of resist thickness for obtaining different height of cross-
flow channel and main channel.  
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SU8-5 

2 µm 6000 15 sec 30 sec 1.95 µm ± 0.07  

3 µm 4000 15 sec 30 sec 3.15 µm ± 0.21  

4 µm 2800 20 sec 30 sec 4.25 µm ± 0.35  

5 µm 2600 20 sec 30 sec 5.15 µm ± 0.21  

6 µm 2300 20 sec 30 sec 6.20 µm ± 0.28  

8.5 µm 1550 22 sec 35 sec 8.40 µm ± 0.14  

2nd layer 

resist 

 

SU8-25 

20 µm 3000 25 sec 3.5 min 21 µm ± 1.41  

25 µm 2400 25 sec 3.5 min 26 µm ± 1.5 

50 µm 1200 50 sec 6 min 49.50 µm ± 2.12  

 

4.1.5 PDMS Casting  

The commonly used elastomer for the replication process is polydimethylsiloxane 

(PDMS) because of its advantages such as low cost, simple fabrication, gas permeability, 

optical transparency, chemical inertness, flexibility, adhesion to multiple substrates, non-

toxicity, and ability to create multilayer fluidic devices [88]. On the other hand, it suffers 

from several drawbacks which limit it applications, such as (i) incompatibility with 
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several organic solvents; (ii) rapid absorption of small hydrophobic molecules; (iii) 

deformation under pressure making it unsuitable for high-pressure applications due to 

large alteration of device geometry; (iv) instability of surface modifications; and (v) 

evaporation of media and low oxygen level [86,87,88]. However, Gao et al. [89] 

discussed procedures to mitigate these disadvantages of PDMS. In addition, Sollier et al. 

[90] provided an extensive review of alternative polymer materials, enabling an 

application-determined choice of elastomer. For the WBC array system, PDMS is a 

suitable material in terms of rapid prototyping owing to its precise replication capability, 

compatibility with inexpensive equipment and relatively straightforward experimental 

procedures. 

Another significant advantage of PDMS is its self-adhesiveness; a clean piece of PDMS 

can spontaneously adhere to a clear substrate forming a bond that might be of sufficient 

strength for many applications. If a stronger bond is required, oxygen plasma activation of 

PDMS can be performed [90]. PDMS has a basic repeat unit of -(O-Si(CH3)2)-O)-, and its 

side chains are organic methyl groups which are not very reactive and give hydrophobic 

surface characteristics. The treatment of PDMS with oxygen plasma turns some of these 

inert groups to hydroxyl groups, which are more reactive, and contact angle 

measurements can be performed to confirm plasma-induced surfacehydrophilicity. 

 

Figure 4.13 PDMS casting process. A) Start with salinizing the two-layers SU8 master. B) 
Pouring liquid PDMS on the salinized SU8 master. C) Cure PDMS at 80°C and then peel the 
PDMS replica from the master gently. D) Punch out the inlet and outlets of replica. E) PDMS 
replica is bonded to glass slide via plasma bonding (30 sec), and post bake at 80°C for 15 min, 
The bonded PDMS to glass slide shows a side view of three main channels connected with two 
cross-flow paths.   
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Figure 4.13 demonstrates the fabrication steps after the SU8 master has been fabricated. 

The replicating process can be started with (A) Salinizing the master with 97% trichloro 

(1H, 1H, 2H, 2H-perfluorooctyl) silane to prevent PDMS adhering to the master surface. 

(B) Degassing the PDMS mixture (Sylgard 184 silicone base and curing agent in 10:1 

ratio) to remove gas bubbles, and pouring it onto the master. Degassing it again followed 

by curing at 80°C for at least 1 hour. (C) Carefully peeling off the PDMS replica from the 

master. (D) Hole punching for inlet and outlet tubing connection. (E) Plasma treatment of 

both the PDMS piece and a glass slide for 30 sec, and then immediate contact between 

the two surfaces with gently pressing to ensure that a strong bond is formed. 

A Diener Femto RF oxygen plasma system (Henniker Scientific, Cheshire, UK) was 

utilised for plasma treatment. Figure 4.14 illustrates two different PDMS chips bonded to 

a glass slide. It shows the two types of devices, with and without the dilutor, in panel (A) 

and (B), respectively. It can be seen that the device without the dilutor has a smaller size, 

which makes it ideal for bonding to a thin coverslip, which is smaller than a standard 

glass slide, for high resolution imaging with oil-immersion objectives, as will be discussed 

in Chapter 8. 

 

Figure 4.14 PDMS casting data. A) The resulting PDMS chip (D1) with red food dye. B) 
devcie2 (D2), without the dilutor, was filled with red food dye as well. (C-D) Fluorescence 
images show two trapping chambers (CH6, CH7). One chamber was with discontinues cross-
flow channel (DL) in (C), and the other chamber displays continues cross-flow channels (CL) in 
(D), scale bar 100 µm. The selected area of chamber in (D) as highlighted with yellow circle, 
shows a darker fluorescent intensity compared to other regions due to the collapse of 
continues shallow channel during plasma bonding. 

However, there was a problem with the continuous cross-flow channels (CL) during the 

initial testing of the PDMS chip with fluorescent dye or small fluorescent microbeads 

(~0.5 µm). Figure 4.14D shows that there are areas of the device that do not appear 
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fluorescent, indicating that some regions of continuous cross-flow channels of height ~5 

µm were not accessible to the solution. This can be attributed to collapse of channel 

features onto the glass due to the high pressure that was applied when using hand 

pressure to force out air bubbles between the plasma exposed PDMS and glass surfaces. 

Channel collapses during plasma bonding could be avoided by gently pressing the PDMS 

onto the glass with tweezers. It should also be noted that a longer plasma treatment (~50 

sec) was required for bonding the PDMS replica to a thin coverslip, otherwise leakages 

occurred. 

4.1.6 Experimental Setup for Sample Delivery and Imaging 

The experimental set-up, i.e. the device connected to the syringe pump and positioned 

on the stage of an upright optical microscope, is shown in Figure 4.15. Imaging blood 

cells using a 10x objective was not showing enough details of the trapped cells when the 

PDMS side of the chip was facing towards the microscope objective, and the use of 

higher magnification objectives, with a smaller working distance, was limited by the 

thickness of the PDMS replica. Therefore, the chip was positioned in the reverse 

orientation, with the glass base facing the objectives.  

 

Figure 4.15 A photograph of the microfluidic setup at the microscope A) indicating the vertical 
position of syringe pump and a close view of trapping chip connected with tubing on the 
stage. (1) Syringe pump. (2) Using the PMMA holder to make the chip upside-down. (3) a 
waste vial. Zoomed in view of microfluidic chip with connected tubing (4) in a petri dish (5) to 
prevent any leaks to reach the microscope tools, especially when blood sample is applied.  B) 
A close image of PMMA holder with opening sides for tubing. 

However, this was not straightforward because of the rigid PTFE tubing connection 

(Kinesis Ltd., UK). Hence the chip holder depicted in Figure 4.15B was fabricated by 

cutting out pieces of 5 mm thick poly(methyl methacrylate) (PMMA) with an Epilog Mini 
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18 30W CO2 laser (EMCO Education Ltd., UK). This holder kept the microfluidic chip at a 

straight level for high-resolution imaging with short-working distance objectives while 

allowing space for the inlet and outlet tubing.  

Initially the syringe pump was positioned horizontally but it was observed that 

microbeads and cells rapidly sedimented in the syringe and were rarely carried by the 

fluid flow into the device. To address this problem, the syringe pump was placed in a 

vertical position as shown in Figure (4.15A). This eliminated sedimentation of particles or 

cells in the syringe. The microbead or cell samples were loaded onto the microfluidic cell 

arraying device at a flow rate between 0.5 and 20 µl/min, as set by the syringe pump (KR 

Analytical Ltd, UK). 

4.2 On Chip Dilutor 

Concentration gradients are a fundamental tool for examining various biological 

processes in cell biology, tissue engineering, pharmacology and medicine. Moreover, the 

effects of concentration gradients have been shown to be a vital factor in biological 

processes such as cancer metastasis, immune response, development and axon guidance 

[91]. For instance, serial dilution is an important method for assessing the effects of 

different drug concentrations on cell toxicity. Commonly, a conventional dilution process 

is performed by pipetting and therefore it is time consuming to prepare a large number of 

solutions with different concentrations, and the use of a micropipette can induce 

accumulation of dilution errors [92]. However, microfluidic systems are an attractive 

platform to implement on-chip concentration gradients. The basic concept to generate a 

linear concentration gradient was originally described by Whitesides and co-workers in 

2000 [93]. A recent review by Oh et al. provides a comprehensive overview of using 

electric circuit analogy to design and analyse such pressure-driven microfluidic networks 

[72]. There are various microfluidic designs for generating concentration gradients such 

as proportional, pyramidal, serial and combinatorial networks. This section will present 

two designs of an on-chip dilutor for the generation of concentration gradients of 

molecules or particles that trapped cells can be exposed to. 

4.2.1 Sample Preparation and Experimental Procedure 

To visualise and evaluate the dilution process in microfluidic networks, food dye and 

fluorescein dye solutions were utilized. As food dye solutions contain some aggregates 
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that might affect the mixing performance and may result in blocking of channels and 

traps, food dye solutions were filtered using 0.25 µm syringe filters prior to on-chip 

dilution. However, aggregates were still observed in the cell trap sites. This led to the use 

of dyes of well-defined molecular composition: 1 mM Allura Red AC and 1 mM 

Erioglaucine disodium salt (Sigma Aldrich Ltd., UK) as red and blue solutions, 

respectively. Furthermore, a fluorescein dye solution was utilised in order to 

quantitatively evaluate dilution performance with fluorescence microscopy. 

Each dilution network design has two inlets. Therefore, for coloured dye experiments, red 

dye solution was injected in one inlet while the other inlet was for the blue dye solution, 

and both solutions were pumped at flow rates between 0.1 and 10 µl/min. On the other 

hand, for fluorescence imaging, one inlet was used for a fluorescein sodium salt (FITC) 

solution (0.1-10 µg/ml in de-ionized water) while the other inlet was for de-ionized water 

(i.e. 0% FITC). Images of the mixing of the two different inlet solutions in the pre-chamber 

delivery channels and in the cell arraying chambers were recorded. To quantitate the 

mixing of two streams, the pixel intensity distribution was plotted from the cross-section 

of the trapping chambers using ImageJ software. 

4.2.2 Pyramidal Dilutor 

The pyramidal dilutor has been tested with coloured dyes and fluorescein dye solutions, 

with examples shown in Figure 4.16, and Figure 4.17. Figure 4.16 summarizes testing the 

serial dilutor with coloured dyes at various flow speeds. It was found that the pyramidal 

network is giving similar mixing characteristics as the logarithmic dilutor which is 

discussed in the next section. The higher the flow rate, the sharper the boundaries 

between the two flow streams become, and mixing mainly occurs in the central part of 

the dilutor and is hence restricted to the centrally positioned arraying chambers. This 

suggests that diffusive mixing is inefficient due to the high flow speed. However, the 

splitting ratios at each branch of this configuration are designed to be ½:½ to generate a 

linear concentration gradient, and this was easily achieved by pumping both inlets at the 

same flow speed. As distinct mixing could be achieved in the four middle trapping 

chambers but not in the two chambers at both edges (Figure 4.16), the flow rate may 

need to be reduced further to allow diffusive mixing to also occur at the edges of the 

dilutor network. 
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Testing the pyramidal network with fluorescein dye yielded similar results as with the red 

and blue dye samples. The fluorescence intensity was quantified for the eight different 

trap chambers for different flow rates, with a summary presented in Figure 4.17. It can be 

observed that the fluorescent intensity at high flow speeds remained constant from in the 

left-side chambers and dramatically reduces in the right-side chambers, indicating 

incomplete dilution (i.e. largely unmixed dye and pure-water solutions). 

 

Figure 4.16 Visualization experiments of concentration gradient profile of pyramidal network 
using coloured dyes at different flow speeds, scale bar 1 mm. A) At both inlets 10 µl/min. C) At 
both inlets 5 µl/min. E) At both inlets 1 µl/min, including image of top node in (B, D, F), where 
both dyes should meet with splitting ratio ½:½, scale bar 80 µm (shown in yellow arrows). 

The fluorescein intensity at lower flow rated did gradually decrease from the left-side to 

the right-side chambers, indicating improved performance of the dilutor. However, 

reducing the flow rate to ≤ 1 µl/min is required to achieve a linear concentration gradient. 

Figure 4.17 shows that a flow rate of 0.3- 0.5 µl/min results in a gradual drop of FITC 

concentration over the eight trapping chambers. This is similar to the study of Fernandes 

et al. who found that a linear FITC gradient can be achieved with a flow rate of 0.3 

µl/min [94].  
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Figure 4.17 Testing on chip dilutor (pyramidal) with fluorescein solution (0.27 µM), and PBS 
buffer at various flow rates 10 µl/min, 5 µl/min, 1 µl/min, 0.5 µl/min, and 0.3 µl/min. 
Normalised fluorescence signal was measured across the delivery channel (L=1000 µm and 
W= 180 µm) of different chambers C1 to C8. (C1) trap pocket is (Lp✕Wp=30✕20 µm), 
(Lt✕Wt=24✕120 µm) for CL channel. (C2) trap pocket is (Lp✕Wp=30✕20 µm), (Lt✕Wt=24✕24 
µm) for DL channel. (C3) Trap pocket is (Lp✕Wp=20 ✕20 µm), CL is (Lt✕Wt=24✕120 µm). 
(C4) Trap pocket is (Lp✕Wp=20 ✕20 µm), and DL is (Lt✕Wt=24✕24 µm). (C5) Trapping 
pocket is (Lp✕Wp=20✕50 µm), CL is (Lt✕Wt=54✕150 µm), (C6) Trap pocket is 
(Lp✕Wp=20✕50 µm),and DL is (Lt✕Wt=54✕54 µm). (C7) trapping pocket is (Lp✕Wp=50✕50 
µm), CL is (Lt✕Wt=24✕150 µm). (C8) trapping pocket is (Lp✕Wp=50 ✕50 µm), and 
(Lt✕Wt=24 ✕54 µm) for DL channel. The dilutor can produce a linear concentration gradient 
with a high linearity (R2~0.98) when the low flow rate (0.5 µl/min) is used. Values here are 
represented as average ± STDEV. 

4.2.3 Logarithmic Dilutor 

Figure 4.18 shows the configuration of a 10-fold logarithmic dilutor adapted from the 

literature [72]. As in the previous section, the concentration gradient was visualised and 

verified with coloured dyes. Aqueous solutions of red and blue dyes were pumped into 

the two top inlets. To find optimal conditions for mixing of the two dye streams, the flow 

speed of both inlets were varied between 0.1 and 10 µl/min. Optical images were 

captured and analysed after the flow through the channels had stabilised. Figure 4.18 

provides visualisation of mixing experiments at various flow speeds. It can be observed 
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that negligible mixing occurred at a high flow rate of 10 and 5 µl/min. This results from 

incomplete diffusive mixing in the serpentine channel of the mixing system due to the 

high fluid speed. 

A somewhat better mixing result was obtained at the low flow rate of 1 µl/min. This 

dilutor configuration was actually theoretically designed (not experimentally tested) to be 

operated with different flow rates for the two inlets: 2.89 and 1.11 µl/min. However, the 

required mixing of the two streams was also not observed with these flow rates; the red 

colour is clearly seen in chambers C1 and C2, implying negligible dilution with the blue 

dye. Moreover, Figure 4.18B&F shows that the intended dilution may be achieved with 

operating both inlets at a flow speeds of 1µl/min, because under this condition a green 

colouring could be seen in the connector channel, flowing into a neighbouring 

serpentine dilutor channel to be mixed again with the red dye solution, whereas this was 

not observed with the 2.89 / 1.11 µl/min flow rate combination. 

 

Figure 4.18 Testing logarithmic networks with coloured dyes at various flow speeds. Highlight 
yellow selections indicate the node that two flow streams are brought together at., scale bar 
1mm, and 80 µm, respectively. A) At both inlets 10 µl/min. B) At both inlets 5 µl/min. C) At 
both inlets 1 µl/min D) one inlet at 2.89 µl/min, and other at 1.11 µl/min using two syringe 
pumps. E) Illustration of network design to generate 10fold log profile of sample concentration 
taken from [[72], highlighting the importance of nodes N2, N3, N4 and their volumetric flow 
rate ratio should be 9:1 to achieve the 10-fold log concentration profile. F) Optical image of 
optimal mixing condition at the critical channel (connector channel) and clearly showing 
green colour when pumped at 1µl/min both inlets, scale bar 80 µm. G) Optical image of 
incomplete mixing condition at the connector channel when at flow rate 2.89, and 1.11 
µl/min, respectively, scale bar 80 µm.  
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However, a question has been raised about the difference between experimental flow 

rates and designed ones. Hattori et al. [92] reported the difference between the 

experimental dilution ratios and expected dilution ratios, which they attributed to 

unavoidable photolithography imperfections caused by the use of photomasks with a 10 

µm resolution of the pattern. Slight variations in the geometry of the fabricated channels 

could have a large effect on the fluidic resistance and hence on the concentration 

gradient profile generated by the dilutor. Therefore, for each fabricated device, the 

optimal input flow rates should be identified by experimentally realizing the intended 

flow splitting ratio at the intersection of two streams. Another possible explanation is that 

we modified the overall network by added four trapping chambers with various fluidic 

resistances to the logarithmic dilutor, which could result in an undesirable change in the 

total fluidic resistance of the system. 

 

Figure 4.19 Testing on chip dilutor (logarithmic) with fluorescein solution (0.27 µM), and PBS 
buffer at various flow rates 10 µl/min, 5 µl/min, 1 µl/min, and 0.5 µl/min. Normalised 
fluorescence signal was measured among the delivery channel ( L=1000 µm and W= 180 µm) 
of different chambers C1 to C4. The dimensions of each (C1) trap pocket is (Lp✕Wp=30✕20 
µm), (Lt✕Wt=24✕124 µm) for CL channel. (C2) Trap pocket is (Lp✕Wp=20 ✕20 µm), CL is 
(Lt✕Wt=24✕124 µm). (C3) Trapping pocket is (Lp✕Wp=20 ✕50 µm), CL is (Lt✕Wt=54✕154 
µm), (C4) trapping pocket is (Lp✕Wp=50✕50 µm), CL is (Lt✕Wt=24✕154 µm). It shows that at 
1 µl/min, the dilutor produce a high logarithmic fit (R2~0.99). Values are represented as 
average ± STDEV. 
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Similar results were obtained when tested the logarithmic dilutor with fluorescein dye. 

Figure 4.19 shows that a 10-fold dilution could not be obtained at high flow rates, but it 

observed that a better logarithmic fit was seen when the flow rate was 1 µl/min. It should 

be noted that mixing de-ionized water with dilute fluorescein dye in the dilutor was 

initially not carried out correctly because this resulted in an increase rather than a 

decrease for fluorescence intensity. This can be attributed to the self-quenching effect, 

which is the quenching of one fluorophore by another at high fluorophore concentration. 

This was similar to the reported signal saturation problem between 5 and 10 µg/ml FITC 

concentration [94]. The highest FITC concentration was 27 µM in de-ionized water. 

However, replacing the dilution solution from de-ionized water to PBS buffer solved this 

problem, resulting in a decrease in fluorescence intensity upon mixing. This may be 

attributed to the sensitivity of fluorescein dye to solution pH conditions as reported in the 

literature, i.e. that the fluorescence intensity of fluorescein dye increased 1.3 times as the 

pH value increased from 6.9 to 8.4 [95]. 

4.2.4 Summary of Dilutor Experiments 

This section has looked at two configurations of an on-chip dilutor that is interfaced with 

cell trapping chambers. The role of this dilutor is to allow the investigation of dose 

response of molecules or particles that the arrayed cells can be exposed to. Such 

microfluidic networks allow studying effectors (e.g. nanoparticles) in a linear or 

logarithmic dilution series. These microfluidic networks are simple in terms of design and 

fabrication but they are passive mixing methods that are solely based on diffusive mixing, 

and may require an (inconvenient) low flow rate (the exact value of which may depend 

on the exact device geometry and could hence be sensitive to small variations in the 

fabrication procedure) to generate the intended concentration gradient. Another 

drawback of these dilutor networks is the large area that they occupy on the chip. 

Moreover, the preliminary investigation in the previous sections showed that the 

pyramidal network was much simpler for achieving the desired flow splitting ratios at 

each branch than the 10-fold logarithmic dilutor. In the latter dilutor, the splitting ratios 

were not identical and the middle connector channel was a crucial element in the design 

to achieve complete mixing. In addition, the logarithmic dilutor was designed to work 

with two different flow rates, necessitating the use of two syringe pumps. 



 

      82 

Further investigation with a lower flow rate (<0.1 µl/min) to achieve the desired 

concentration gradient profile showed that the trapping chambers were not exposed to a 

specific constant concentration because the flow profile was not stable at the meeting 

channel, exhibiting forward and backward flow. In a trial experiment for nanoparticle 

(NP) dilution, the fluorescent nanoparticles significantly adhered to the PDMS walls of the 

channels, which resulted in an undesirable high background fluorescent signal. Therefore 

the dilutors were not used for diluting NPs on-chip, and dilutions were made off-chip 

instead.  

4.3 Summary  

A detailed description of the design and fabrication of the hydrodynamic cell trapping 

system has been presented. Two main types of trap system have been constructed, either 

with a horizontal trap opening (two-height channel features) or with a vertical gap 

opening (one height system). The initial mask design was improved to address the 

technical challenges of the alignment process, and fabrication of the SU8 master and the 

replica moulding of PDMS were successfully optimised. The cell arraying devices 

typically contain eight separate arraying chambers, each with different dimensions of the 

cell trap pockets. Four chambers have a continuous cross-flow channel defining resist 

layer, which facilitates alignment, and the other four chambers have a discontinuous 

layer. The same photomasks enable fabrication of a range of devices with different 

channel heights because this parameter is only determined by the photoresist application. 

Two dilutor networks, intended to supply a different concentration of a reagent to each of 

the eight chambers after cells have been arrayed, were evaluated with dye solutions but 

the required low flow rate is undesirable and optimization of these dilutors was not 

explored. The following chapter concerns the trapping chambers themselves and involves 

trial arraying experiments with polymeric microbeads for a range of cell trapping devices 

with different channel dimensions. 
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Chapter 5:  Trapping of Polymeric Beads  

The preliminary assessment of the particle arraying properties of the hydrodynamic side 

trapping devices was performed with polymeric beads of different sizes. Microbeads of 

15 µm and of 6-7 µm diameter were selected because they represent the size of two WBC 

sub-populations and 3 µm beads because they approximate the width of a concave RBC. 

Microbead trapping in a two-layer device, containing both continuous and discontinuous 

trapping channels, was compared with bead trapping in a single-layer device. 

5.1 Microbead Samples 

Microbeads in the 3-15 µm size range were chosen because these are compatible with 

the device geometry and also approximate blood cell dimensions. As described in 

Chapter 4, the main serpentine channel has a height of 25 µm and width of 60 µm, and 

trapping structures are varied from 10 to 100 µm in width or length. The height of the 

cross-flow channels is 5 µm with two configurations, either continuous channels (CL) or 

discontinuous channels (DL). The most abundant WBC subpopulation are neutrophils 

with have a size of approximately 12-15 µm, while the smallest WBCs are the 

lymphocytes which are approximately 6-9 µm in size. Furthermore, RBCs are 2-3 µm 

thick and 6-8 µm in diameter. Therefore, fluorescent and non-fluorescent polystyrene (PS) 

microspheres (Park Scientific Ltd., UK) with diameters of 15, 7 and 6 µm were utilised to 

represent WBCs, and 3 µm microbeads were chosen to represent the RBC thickness. 

Trapping experiments were conducted firstly with large beads (15 µm), and medium-

sized beads (6-7 µm) to assess the performance of the trapping system, and then a mixture 

of beads (3-15 µm) was applied to mimic a mixture of WBCs and RBCs. 

The initial bead trapping experiments failed due to particle aggregation, resulting in 

channel clogging, especially with the large beads. Therefore, the stock suspension of 

polystyrene (PS) microspheres was washed and then 100x diluted in phosphate-buffered 

saline (PBS) (Sigma-Aldrich Ltd., UK) supplemented with with 5% bovine serum albumin 

BSA (Fisher Scientific Ltd, UK) to reduce agglomeration and adhesion to PDMS as 

reported in the literature. It was also observed that the large PS microbeads quickly 

sediment in the syringe, which was mitigated by positioning the syringe vertically, as 

discussed in section 4.2.6. For the subsequent experiments, 1 ml of a suspension of 

polystyrene microspheres was loaded on to the microfluidic chip at a flow rate between 5 

and 10 µl/min. 
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5.2 Testing with Large Beads (15 µm) 

The trapping system was initially evaluated with large microbeads of 15 µm diameter. 

Figure 5.1 displays the successful trapping of these particles with the two-height system. 

Particles larger than the height of the cross-flow channels can be trapped. A fully 

occupied array with 15 µm beads is shown in Figure 5.1A, with either a single bead or 

multiple, up to four, beads captured in a trapping pocket with width Wp= 20 µm and 

length Lp=30 µm, as in the trapping sites of chamber 2 (C2) of device 1 (D1). A zoomed-

in view of large beads trapped at (Wp=20 µm× Lp=30µm) sites with discontinuous 

channels (DL) is presented in Figure 5.1B and with continuous channels (CL) in Figure 

5.1C.  

 

Figure 5.1 Testing trapping system with large beads (15 µm) trapping experiment was done 
with D1 with cross-flow channel height is Ht=5 µm, and main channel is Hm=25 µm,and flow 
rate 5 µl/min. A) Zoom out bright-field image of trapping chamber (C2) in D1 with W

p
=20 µm× 

L
p
=30µm traps shows a complete filling of array with large particles (scale bar 100 µm). (B-E) 

zoomed in bright-field images of beads occupancy with either a single bead or multiple beads 
with discontinuous channels (DL) is presented (B& D) or continuous channels (CL) in (C& E) 
(scale bar 50 µm). One trap was empty in (D) as red arrow points; this was due to a lithography 
defect, which resulted in disconnected cross-flow channel.  

The bead occupancy of wider trap sites can be seen in Figure 5.1D&E. Owing to the 

larger length and width of these trap sites, more beads per trap are observed. It is 

noteworthy that some of the smaller (Wp=20 µm × Lp=20 µm) traps could capture a single 

bead of 15 µm size (Figure 5.1A&C), suggesting that array-wide single bead capturing 

could potentially be obtained with slightly narrower trap sites. On the other hand, larger 

numbers of beads captured as multiple layers were also observed (Figure 5.1), especially 

with the larger (Wp=50 µm × Lp=50 µm) trap sites. This suggests that the traps are still not 

fully sealed by the beads and that the residual cross-flow drives multilayer bead trapping. 
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When large beads accumulate in trap sites, the interstitial are likely to present a cross-

flow path which leads to extension of the bead packing outside the trap buckets. This 

constricts the main flow path and eventually leads to clogging of the main channel.  

Nevertheless, capturing beads with the two-height system almost always resulted in 

efficient filling (~100% trap occupancy) of the array, unless there was a fabrication 

defect. An example of such a defect is depicted with a red arrow in Figure 5.1D. 

Moreover, there was almost no difference between discontinuous channel (DL) or 

continuous channel (CL) cross-flow configurations for the capturing of these large beads 

(see Figure 5.1). However, poor filling sometimes happened when the cross-flow 

channels had the continuous configuration (CL). This was due to collapse of these 

shallow continuous channels during bonding, and could be prevented as described in 

section 4.2.5. 

Comparing with the literature, the limitation of obtaining high trap occupancies was 

reported by Lawrenz et al. to be mainly a result of bead (20 µm PS particles) aggregation, 

channel clogging and the trap aperture size [96]. They attributed this to the fact that 

microspheres are non-deformable particles, and that electrostatic or hydrophobic forces 

might drive their agglomeration. 

It is worth mentioning that single bead trapping was also observed with a single-layer 

device (D4) with a trap opening of 12 µm. But the trapping efficiency was sensitive to the 

flow rate and the beads could be easily dislodged from the traps. This was expected due 

to the large vertical-gap trap opening (Wt=12 µm, Ht=Hm=25 µm), which would sustain 

the cross-flow. However, random trapping events were observed within the one-height 

system due to the large trap opening size, and there was a large accumulation at the 

bottom line which contains the narrowest traps of 5 µm width. This highlights the 

advantage of the two-layer system, where wider traps can efficiently capture beads 

because the height of the trap opening and the height of the main channel can be 

individually controlled. 

5.3 Testing with Medium-Sized Beads (6-7 µm) 

The trapping system was also tested with smaller microbeads of 6-7 µm diameter. Figure 

5.2 illustrates the arraying of these microspheres using the two-layered system. 100% 

occupancy of 6 µm particles into array format is shown in Figure 5.2A, since they were 

larger than the height of shallow channel Ht=5 µm. Furthermore, it was observed that the  
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Figure 5.2 Medium-size (6-7 µm) microbeads testing with two-height system (Ht=5 µm, 
Hm=25 µm). A) Zoomed out bright field image of D1C3 with traps (W

p
=20 µm × L

p
=20 µm) and 

continuous channels (CL) configurations of cross-flow channels showing a 100% occupied 
traps with 6 µm PS particles (scale bar 100 µm). (B-D) zoomed in fluorescent images of 
different traps geometry (W

p
=20 µm × L

p
=30 µm) with CL, (W

p
=20 µm × L

p
=30 µm) with DL, and 

(W
p
=50 µm × L

p
=50 µm) with CL cross-flow channels, respectively with multiple trapping with 

7 µm fluorescent PS beads. Red arrow shows the squeezing small beads within shollow 
channel Ht=5 µm; (scale bar 50, 50, and 20 µm respectively). (E-F) A merged view of bright 
field and fluorescent images showing a reverse flow experiment with 7 µm fluorescent PS 
beads. E) Zoom out view reverse trapping displays a complete filling of the array as forward 
flow experiment. F) Zoomed in view showing that multilayers beads occupancy is less 
occurred here (see red arrow) compared to forward trapping due instability of arrayed beads to 
the collisions by others coming beads, which such collisions was prevented by traps pocket 
(scale bar 100 µm).  G-H) displays the testing with a single-layer chip (D4) of height 
Hm=Ht=25 µm. G) Zoomed out view of one-height system with trap size (12 to 5 µm) shows 
passing of 6 µm FITC-beads through the traps and accumulate within the 5 µm traps width 
(scale bar 50 µm). H) Shows the accumulation of small fluorescent beads at 5 µm traps line. 
Red arrow indicates the direction of beads passing, and yellow arrow points to trapped beads 
within Wt= 5µm and Ht=25 µm. (scale bar 50 µm).   
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larger the trap size, the larger number of captured microspheres (see Figure 5.2B&D). 

Small 6-7 µm beads tend to accumulate as bead multilayers in the trap pockets, which 

again indicates that the PS beads do not completely block the cross-flow channel, 

resulting in a residual cross-flow that carries more beads to the trap pocket. Unlike the 

large beads, these 6-7 µm beads tend to be less problematic in terms of channel clogging 

for DL configurations; bead multilayers did not extend out of the trapping pocket into the 

main channel (Figure 5.2). This may be due to their smaller size, allowing more beads to 

be accommodated per trap site or may be due to a diminished residual cross-flow when 

multiple layers of beads have been trapped. It should be noted that the shallow-height (5 

µm) cross-flow channel could contain some of these medium-sized beads (indicated by 

the red arrows in Figure 5.2). This is probably due to the elastic nature of PDMS, which 

could enable the shallow cross-flow channel to expand at a high cross-flow rate.  

In contrast, 6-7 µm bead multilayers extending out of the trapping pocket into the main 

channel was always seen for CL configurations of the cross-flow channel (see Figure 5.2, 

A& B& D). This indicates that the CL configuration supports a stronger cross-flow than the 

DL configuration, which is expected to have a significant influence on the trapping of 

cells (discussed in Chapter 7) since these are more deformable than PS microbeads. 

Nonetheless, capturing small beads with the two-height system almost exhibited excellent 

filling (~100%) of the array. Interestingly, bead arraying was also achieved when the 

beads were introduced from the outlet of the device (i.e. reverse flow addition). In this 

device operation mode, the beads are subjected to cross-flow from the back of the cross-

flow channels, which do not have a trapping pocket outside the main flow channel. 

Figure 5.2E&F shows that there was less tendency of bead multilayer accumulation under 

these conditions, and it was observed that beads travelling along the main flow channel 

could dislodge beads that were stationary at the back of a cross-flow channel. However, 

bead multilayer formation did occur with reverse flow trapping, as indicated with the red 

arrow in Figure 5.2E. This demonstrates that multilayer bead capturing is not (entirely) 

related to the dimensions of the trapping pockets. 

Turning now to a single-layer device (D4), it was hard to capture these medium-sized 

microbeads within a one-height system due to the large vertical-gap size (Wt=12 to 5 µm 

and Ht=Hm=25 µm) of the traps (as shown in Figure 5.2G&H). It was noted that, unlike 

with the two-layer device, the beads did not follow the trajectory of the serpentine main 

channel. This might occur due to the large gap between the trap structures, leading them 
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to act as arranged posts or pillars, with the beads following the path of the least fluidic 

resistance, which is from the inlet of the chamber to the outlet, through the trap 

structures. These microspheres did accumulate in the 5 µm traps, which because of the 

bead trajectories acted as pillars in a front trapping scheme (section 2.2.2). The large 

vertical-gap opening (Wt=5 µm and Ht=25 µm) would contribute to further loading of the 

beads per trap site. Moreover, these beads could also be positioned on top of each other, 

which is not possible in the two-layer horizontal-gap system. Particle stacking in the 

horizontal rather than in the vertical plane is advantageous in terms of array analysis by 

optical microscopy. 

Tan et al. [23] stated that the height of single-layer trap systems is a key parameter for 

single bead trapping, and if the height is too large, the access leakage results in multiple 

occupancies per trap. Another point to mention is that the width of a gap opening in a 

single-layer trapping chip is limited by the lithographic resolution. However, this 

requirement of high resolution does not apply to the two-height trapping system where 

the smallest dimension of the gap is the height, which is determined by photoresist spin 

coating. 

5.4 Testing with Mixed Beads (3 & 15 µm) 

After establishing that the two-height trapping system can array particles larger than the 

height of the cross-flow channels, the next step was testing this system to perform size-

based bead separation. A mixture of 15 µm non-fluorescent PS beads and 3 µm red-

fluorescent PS microspheres was utilised to mimic the mixture of WBCs and RBCs. It was 

found that the 15 µm beads were captured within wider and narrower trap pockets as 

displayed in Figure 5.3. However, 3 µm fluorescent spheres displayed two different 

behaviours in the trapping device. These particles could easily pass through the shallow 

cross-flow channel with a height of 5 µm without being captured. This behaviour could 

be seen at the site of the (still) vacant trap in Figure 5.3A. However, 3 µm fluorescent 

beads got captured in the interstitial spaces between already captured 15 µm beads. 

Hence, separation of mixed beads failed due to the fact that microspheres are non-

deformable particles. Because the large beads were not completely blocking the cross-

flow channel, the residual cross-flow directed the small beads to the interstitial spaces 

between the large beads (shown in red in Figure 5.3), where the 3 µm beads were 

retained. 
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Figure 5.3 Testing trapping system with a mixture of sized beads (3 µm +15 µm). (A-D) merged 
view of bright field and fluorescent images showing two-layer system with Hm=25 µm and 
Ht=5 µm. A) Trapping of 3-15 µm beads within large traps (W

p
=50 µm × L

p
=50 µm) D1C7 with 

continuous cross-flow channels CL, displaying 3 µm fluorescent beads being captured, and 
accumulated in between the trapped large beads (15 µm). Blue arrow points to an empty that 
has not filled yet indicating that 3 µm beads are not captured unless the traps are occupied 
with large beads, (scale bar 50 µm). B) Zoomed in view of merged view of bright field and 
fluorescent images of same large traps (W

p
=50 µm × L

p
=50 µm) D1C8 with discontinuous cross-

flow channels DL showing same trapping behaviour, (scale bar 20 µm). C) Another zoomed in 
view of merged view of bright field and fluorescent images of small traps (W

p
=20 µm × L

p
=30 

µm) of D1C2 with discontinuous cross-flow channels DL in (C) and also (W
p
=20 µm × L

p
=30 

µm) in D1C1 with continuous cross-flow channels CL showing same trapping behaviour of 
mixed beads, (scale bar 50 µm). 

There was almost no difference between DL or CL configurations of cross-flow, which 

can be explained by the fact that the 15 µm beads do not pack in a significantly different 

manner in these two configurations (section 5.3.2) and are hence both capable of 

retaining 3 µm beads in interstitial spaces (Figure 5.3). Similar trapping behaviour was 

also observed with a single-layer device. Similar results have been reported by 

Alvankarian et al.; however, such an accumulation of mixed beads ends up with 

blockage of their filter [64]. 

Despite unsuccessful separation of these 15 µm and 3 µm beads, size-based cell 

separation may well be possible because cells are deformable and could hence block the 

cross-flow at trap sites more efficiently than rigid beads. Lawrenz et al. pointed out that 

changes in the physical properties of the species being trapped had a substantial impact 

on single trapping, and reported higher trap occupancies for cells than for PS beads of a 

similar size [96]. 
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5.5 Summary 

The arraying performance of the trapping system was investigated with polymeric beads 

of different diameter, approximating the size of two different WBC sub-types and the 

width of RBCs. For the two-layer system with main channel height of 25 µm and a cross-

channel height of 5 µm, various dimensions of the trap pockets were investigated, in 

combination with the continuous and discontinuous layout of the cross-flow channels. 

All trap sites in the array were filled in the case of the 15 µm and the 6-7 µm beads, 

demonstrating that particles larger than the height of the cross-flow channel can be 

trapped and hence arrayed. However, bead packing occurred as multilayers, indicating 

that a residual cross-flow leads additional beads to the trap sites. This is undesirable for 

single-particle arraying and also presented the unsuccessful separation of 3 µm and 15 

µm beads because the 3 µm beads were retained in the interstitial spaces between 

trapped 15 µm beads. Single-layer devices could array the polystyrene beads under some 

conditions but are particularly problematic for smaller particles because the trap width 

cannot be smaller than the lithographic resolution, while for the two-layer device the 

restricting dimension is the cross-flow channel height, which is determined by the spin 

coating step. Cells are expected to have different arraying characteristics because they are 

deformable, hence the next chapter will investigate blood cell samples. 
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Chapter 6:  Blood Sample Requirements 

This chapter describes how the blood sample preparation and imaging procedure has 

been optimized for the microfluidic cell array. It starts with a brief overview of cell 

staining with various dyes, listing their advantages and drawbacks and compatibility with 

off-chip and on-chip staining of the cells. Preliminary experiments with a commercial 

blood product and with fingerprick blood samples are then described, highlighting 

methods to prevent the introduction of cell aggregates to the array chambers. Chip pre-

treatment to prevent adhesion of the blood cells to the walls of the PDMS channels is also 

addressed.  

6.1 Cells Visualisation and Staining 

Initial trapping experiments with whole blood indicated that distinguishing WBCs from 

other blood constituents is a difficult task since blood cells appear pale and transparent in 

optical microscopy images (shown in Figure 6.1A&D). Staining the blood cells with cell 

membrane stain improved their visibility, particularly with fluorescence microscopy, but 

the WBCs were still undistinguishable (Figure 6.1B&E). Therefore, selective labelling of 

WBCs is required to visualize their arraying, and other bloods cells also need to be 

stained to confirm that these are not retained in the arraying chambers. Figure 6.1C&F 

display a commonly used stain to differentiate WBCs from other blood cells. This 'DNA 

stain' labels the nucleus of cells, and WBCs are the only nucleated cell fraction. 

The difference between visualising cells from a whole blood sample by deposition on a 

glass slide and by using the hydrodynamic cell trapping chip is illustrated in Figure 6.1. 

Starting with imaging the glass slide, it can be seen that the blood cells are randomly 

distributed, which makes it difficult and time consuming to locate the WBCs among the 

RBCs. Moreover, it was a cumbersome process to focus on the cells during imaging 

because they tend to remain in suspension if the cells are not fixed. Moreover, because of 

the abundance of RBCs, typically only one WBC is present in the field of view of the 

microscope using the glass slide method, while over a hundred WBCs can be visualised 

in the cell trap device at the same magnification. In the cell trapping approach WBCs 

become immobilised at predefined locations, without the need for fixation or mounting, 

which makes locating them a straightforward procedure. 
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Figure 6.1 Whole blood cells visualisation using a glass slide Vs. cell traps. (A-C) imaging on a 
glass slide A) A bright field images of human blood cells sample on glass slide indicating 
difficulty to identify WBCs among other blood cells (scale bar 100 µm). B) A fluorescent image 
of blood cells was stained with membrane stain (red), indicating the requirement of selective 
staining WBCs to be distinguishable cells (scale bar 50 µm). C) A fluorescent image of blood 
cells was stained with DNA stain (blue), displaying WBC, as they are only blood cells having 
nucleus (scale bar 50 µm). (D-F) imaging using cell trap chip Ht=5 µm, and Hm=25 µm. D) A 
bright field images of human blood cells flow into array, indicating difficulty to find WBCs 
among other blood cells (scale bar 50 µm). E) A fluorescent image of blood cells was stained 
with cell membrane stain (Rhod), showing the difficulty to detect WBCs without any selective 
staining for them (scale bar 50 µm). F) A fluorescent image of blood cells was stained with 
DNA stain (DAPI), displaying multiple WBC at predefined sites of the same location. 

6.1.1 Fluorescent/Coloured Dye Staining 

Cell visualisation is accomplished by using coloured or fluorescent dyes that selectively 

bind to specific cellular components. To gain an understanding of the different cell 

staining methods, the basic structure of a cell and its intracellular organelles is shown in 

Figure 6.2. The cell membrane acts as a barrier that separates the intracellular 

compartments from the extracellular environment, and is selectively permeable to ions 

and others molecules. Various stains have been developed to specifically label either 

membrane components (e.g. membrane proteins) or intracellular compartments (e.g. 

DNA in the nucleus). Intracellular staining is achieved with either membrane-permeable 

dyes or by using impermeable dyes in combination with a fixation or detergent treatment 
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(e.g. Triton X100) that compromises membrane integrity. Some stains may require a 

fixation process to preserve the cells. A chemical fixative, for example ethanol, creates a 

chemical bond between proteins which increases the rigidity of the cells. 

 

Figure 6.2 basic cell structure and their intercellular components taken from Genome Research 
Limited [97] 

Figure 6.3 schematically depicts a cell with an intact cell membrane in (A) and a cell with 

a compromised membrane in (B), together with different stains. In Figure 6.3A, a 

permeable non-fluorescent compound is converted by intracellular esterases into a 

fluorescent dye, hence staining the cytoplasm. Other membrane-permeable dyes can 

cross the membrane and then reach either the nucleus or the mitochondria. On the other 

hand, a membrane-impermeable dye can only gain access to the cytosol when the 

membrane is compromised, resulting for example in a stained nucleus as shown in Figure 

6.3B. Some of these membrane-impermeable dyes can be used to distinguish between 

viable and dead cells, where cell death has caused membrane damage. 

 

Figure 6.3 A cartoon depicts the cell staining methods for intact cell in (A), and compromised 
cell membrane in (B)  
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6.1.1.1 Giemsa Stain  

Initial work used an inexpensive dye stain called Giemsa modified solution (Sigma 

Aldrich Ltd, UK), which consists of a mixture of dyes, azure B / azure II-eosin / methylene 

blue (1:12:2, w/w/w) in glycerol/methanol (5:24, v/v), with a total dye content of 0.6%. 

This differential stain gives different colours to different cellular components. For 

instance, the nucleus (DNA) stains purple, the cytoplasm of WBCs appears blue to light 

pink, and RBCs gain a pink to orange colour, as shown in Figure 6.4A&B. It is typically 

applied to fixed blood smears, which involves drying a blood film, fixing it by methanol, 

then dipping it into the Giemsa solution for 45 min followed by washing with distilled 

water. Giemsa-stained blood films are commonly used for cell counting, however as 

shown in Figure 6.4B, the cells become spread out on a glass slide and are hence 'flatter' 

then in their normal plasma-suspended state. 

 

Figure 6.4 Giemsa staining. A) An example of a blood film from literature stained with Giemsa 
dye. Monocyte and neutrophil can be seen by dark purple colour of DNA among pink RBCs, 
taken from literature. B) a bright- field image of Giemsa stained blood film on a glass slide. 
Herein, a buffy coat sample was used, i.e. a concentrated WBCs sample; therefore, larger 
numbers of WBCs can be seen per field of view. Dark spots indicate various WBCs subtypes, 
red arrow points to neutrophil, (scale bar 50 µm). (C-D) loading Giemsa stained blood sample 
to cells trap Ht=5 µm and Hm=25 µm.  C) A bright- field image of blood cells stained with 
Giemsa showing large cell clusters that blocking trap, (scale bar 100 µm). D) A zoomed in 
view of one captured WBC as red arrow points (scale bar 20 µm).   

However, applying such a protocol to stain a blood cell suspension in an eppendorf tube 

was more complicated than staining a blood smear. Initial attempts failed, resulting in the 
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formation of large cell clumps. Several attempts were made to prevent this cell clumping: 

adding methanol drop-wise while vortex mixing, adding 1-5% BSA and 0.02% of the 

anti-coagulant EDTA to the cell suspensions, and keeping cell concentrations around 

106/ml. However, from the obtained results (Figure 6.4C&D), it seems that this stain may 

not be a good choice for the arraying system because introducing Giemsa-stained cells 

into the trap system still displayed aggregation of all blood cells. These cell clumps were 

captured within the traps, preventing WBC arraying, as seen in the zoomed-in view of 

Figure 6.3D. Because this may be a result of the fixation treatment, different WBC-

specific membrane-permeable dyes for vital cell staining were explored. 

6.1.1.1 Nucleus Staining 

Two membrane-permeable DNA stains were identified. BisBenzimide H 33342 

trihydrochloride, or Hoechst 33342 (H342), (Sigma Aldrich Ltd, UK), is a minor groove 

binding DNA stain that gives a blue fluorescence upon binding to DNA, staining both 

live and dead cells. Figure 6.5 displays the staining of blood cells with 1 µg/ml of 

Hoechst 33342 (H342) stain on a glass slide and in the cell traps. This DNA stain can be 

used to distinguish WBC subpopulations based on nucleus morphology. 

 

Figure 6.5 The nucleus staining with Hoechst 33342 (H342). (A-B) visualising using a glass 
slide. A) an overlapping image of fluorescent and bright field images of stained blood with 
H342 dye showing WBCs in blue (scale bar 100 µm). B) A fluorescent image (DAPI filter) of 
nucleus staining displaying WBCs in blue (scale bar 100 µm). (C-D) imaging using a cell traps 
chip Ht=5 µm and Hm=25 µm displays a merged view of bright field and fluorescent images in 
(C), and a fluorescent image is obtained using DAPI filter showing arrayed WBCs in blue (scale 
bar 50 µm).  
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The second DNA stain was Acridine Orange (AO), supplied as 10 mg/ml in water (Life 

Technologies Ltd, UK), which is a permeable nucleic acid binding dye that becomes 

green fluorescent when bound to dsDNA and red fluorescent when bound to ssDNA or to 

RNA. It has been widely used for WBC counting and to detect malaria parasites in blood 

films [98]. Figure 6.6 shows examples of AO-stained blood cells in a blood film and in a 

WBC array. Staining whole blood cells with AO results in a clear nucleus morphology, 

which is favourable for identifying WBC subtypes. One drawback of this stain is the 

adsorption of unbound (free) fluorophores to the PDMS surface, resulting in green 

fluorescent background signal, which was difficult to eliminate, even by performing more 

than five wash steps by centrifugation to remove excess dye molecules. However, AO-

stained WBC were readily visible even with this background, and were clearly 

distinguishable from the RBCs (Figure 6.6D). 

 

Figure 6.6 Acridine Orange (AO) staining of blood cells. A) A merged view of fluorescent 
images (red& green) of blood cells stained with AO. (Scale bar 50 µm)  enlarged view of one 
WBC type called neutrophil in (i), and a same image of neutrophil stained with Giemsa in (ii) 
for comparison from literature. (scale bar 20 µm). (B-D) imaging of stained blood cells with AO 
dye using cell traps Ht=5 µm and Hm=25 µm. B) a merged fluorescent images of FITC and 
Rhod filters showing arrayed WBCs in yellow (scale bar 50 µm). C) An overlapping view of a 
bright field and fluorescent images representing arrayed WBCs in yellow, (scale bar 50 µm). D) 
An enlarged view of arrayed WBCs, and some sticking RBCs shown in black by red arrows, 
(scale bar 20 µm).   

Another DNA stain, 4',6-diamidino-2-phenylindole (DAPI), was also tried. However, this 

requires cell fixation, or membrane permeabilization of live cells, and its properties have 

been reported to be pH dependent. 
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6.1.1.2 Cytoplasm Staining  

Calcein-AM is a cytoplasm stain that is suitable for all live blood cells. It is a membrane 

permeable dye, and in the cytoplasm intracellular esterases cleave the acetoxymethyI 

(AM) ester group, resulting in a membrane-impermeable calcein fluorescent molecule 

that is retained within live cells. Conveniently, this dye does not require any specific pH. 

Calcein-AM labels all live blood cells as shown in Figure 6.7A. However, it was difficult 

to distinguish WBCs among other blood cells without also using a DNA stain. Combining 

calcein-AM with H342 dye enables selective staining of WBCs while allowing the other 

blood cells to be imaged (see Figure 6.7B). Visualising the WBC arraying with calcein-

AM is shown in Figure 6.7C&D. Some cells that are not stained by calcein-AM are visible 

in Figure 6.7B&D, implying that these cells are not viable anymore. 

 

Figure 6.7 staining blood cells with calcein-AM, and H342 dye. (A-B) stained blood sample on 
a glass slide with calcein-AM (green) in (A), and combined with DNA stain (blue) in (B), red 
arrows point to two WBCs: one was live (red arrow), and other is dead as it was not stained 
with calcein-AM (yellow arrow) . (scale bar 50 µm). (C-D) using cells array of Ht=5 µm, 
Hm=25 µm. C) shows arrayed stained blood cells with calcein-AM, (scale bar 50 µm). D) The 
same image of arrayed cells in (C) when they as well stained with DNA dye confirming that 
arrayed cells are WBCs, (scale bar 50 µm). E) Zoomed in images of large traps (20×50 µm) of 
Ht=4 µm and Hm=25 µm. Arrayed cells were stained with calcein-AM and H342 dye showing 
one cell was not stained with DNA dye (red arrow in (i)), which means that was a live RBC, 
and another unstained cell (yellow arrow) with neither calcein-AM nor DNA stain in (ii) 
indicating it was a dead RBC, (Scale bar 50 µm). 



 

      98 

6.1.1.3 Cell Membrane Stain  

Labelling the cell membrane is one of the most common staining procedures in cell 

biology. A widely used stain is wheat germ agglutinin (WGA) (Invitrogen, UK), which is a 

lectin protein that binds to N-acetyl-D-glucosamine and sialic acid moieties on the 

surface of cell membranes. It has been found that WGA can also stain intracellular 

organelles such as Golgi apparatus [99]. Because WGA stains all blood cells, live or 

dead, it was combined in this work with a DNA stain to identify the WBCs (see Figure 

6.8). However, blood cells incubated with WGA appeared as large cell clumps in the 

arraying chip, preventing WBC trapping (Figure 6.8C). It is known that lectins such as 

WGA induce cross-linking of RBCs, i.e. these proteins act as a haemagglutinin [100], as 

illustrated in Figure 6.8D&E. Furthermore, it has been found that WGA labelling also 

increases the rigidity of RBCs [81,98]. Hence, cell membrane labelling with WGA was 

only performed as on-chip (i.e. post-arraying) staining, as described in section 6.2 

 

Figure 6.8 cell membrane staining with WGA dye A) An overlapped image of bright field and 
fluorescent images of blood cells labelled with WGA stain on a glass slide, scale bar is 20 µm. 
B) a merged view of fluorescent images of same sample stained with WGA (in red) and DNA 
(in blue) stains. Yellow arrows points to WBCs. C) a failed trapping experiment using a blood 
sample stained with WGA (5 µg/ml) as cells are clumped and blocking trapping sites, scale bar 
is 50 µm. D) zoomed in view of RBCs agglutinin on a glass slide during WGA staining, scale 
bar is 20 µm. E) A schematic drawing of cross-linking between RBCs by lectin (WGA) from 
literature. Lectin has at least two carbohydrate binding sites per molecule allowing crosslinking 
between membrane proteins, called Glycophorins.  
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6.1.1.4 Intracellular Staining 

Another interesting stain is DiOC6, 3,3’-dihexyloxacarbocyanine iodide (Invitrogen, UK). 

This is a membrane-permeable dye that stains intracellular organelles such as the 

endoplasmic reticulum, and mitochondria. It only labels WBCs and PLTs as they are 

more complex structures than RBCs. WBCs are readily distinguishable from PLTs because 

of their larger size (Figure 6.9A&B). As such it is not necessary to combine this dye with 

DNA stain to locate WBCs. Indeed, WBCs that are stained with a DNA dye were also 

stained with DiOC6 while both dyes do not stain RBCs (Figure 6.9C&E). 

 

 

Figure 6.9 DiOC6 staining of blood cells. A) A merged view of bright field and fluorescent 
images blood sample on glass slide was stained with DiOC6 (green) shows only labelling 
WBCs and PLTs, scale bar is 50 µm. B) A fluorescent image of same sample stained with 
DiOC6 (in green). It clearly displays the difference between WBCs and PLTs in size (yellow 
arrows points to WBCs), scale bar is 50 µm. C) zoomed in view of merged image of WBC 
stained with DiOC6 (green) and DNA (blue) staining, scale bar is 20 µm. D) single WBCs 
arraying, was labelled with DiOC6 (green) using D3C3 of Ht=5 µm, Hm=25 µm, scale bar is 
20 µm. E) zoomed in view of single WBC (i) stained with DiOC6 (green) and DNA (blue) 
stains, and another WBC in (ii) has RBC sticking as pointed with red arrow. (Scale bar is 20 
µm).  
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6.1.2 Immunostaining 

A common way to distinguish different subtypes of WBCs is by fluorescence labelling of 

their surface antigens, known as Cluster of Differentiation (CD). This can be done by 

using fluorescently-tagged antibodies that target a specific antigen on the cell surface. An 

example of such antibody (Ab) is shown in Figure 6.10. Currently, there are 350 known 

CD molecules and all have different expression profiles. In this work fluorescently 

labelled antibodies were used that target the following membrane receptors: CD45, 

CD15 and CD3. CD45 is a general marker, present in all WBCs. The CD15 receptor is 

specific to most granulocytes, i.e. primarily the neutrophils, which are the most abundant 

WBC subtype, constituting ~65% of the WBC population. CD3 is specific for T-cells, 

which form ~15-20% of the WBCs. To prevent non-specific binding of these antibodies a 

blocking buffer solution with BSA was used. 

 

Figure 6.10 A schematic drawing of Abs labelling. A) A cell has different surface antigen (1), a 
antibody (2) that is conjugated with fluorescent tag (3) bound to specific antigen. B) A 3D 
presentation of antibodies labelling of WBC, taken from Miltenyi Biotec website. 

6.1.2.1 Anti-CD45  

Labelling of all WBC subpopulations with anti-CD45 was initially tested on a glass slide, 

as shown in Figure 6.11A&B. This was achieved by following the protocol provided by 

the supplier (Miltenyi Biotec, UK), with some optimization. Staining with FITC-

conjugated (green fluorescence) anti-CD45was specific for the WBCs, as on a cellular 
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level, it co-localizes with DNA stain. Figure 6.11C&D shows arraying of anti-CD45 

stained WBCs using cell traps, while the RBCs were not labelled. 

 

Figure 6.11 Staining WBCs with anti-CD45. A-B) A test staining of blood cells with anti-CD45 
on a glass slide (scale bar 50 µm). A) Merged view of CD45 labelling (green), DNA stain (blue), 
and bright field images showing two WBCs were stained with CD45 and DNA stains.  B) 
Overlap image of CD45 marker (green) and DNA stain (blue). C) Trapping of WBCs labelled 
with FITC- conjugated antibodies using traps chip (D1C2) of Ht=5 µm, Hm=25 µm. (Scale bar 
is 50 µm). D) Zoomed in view of same merged image displaying WBCs stained with anti-
CD45, and red arrow points to sticking unlabelled cells, which suggests that they are RBCs 
(scale bar 20 µm).  

6.1.2.2 Anti-CD15 & Anti-CD3 

WBC subpopulations were identified either with anti-CD15 or anti-CD3. The antibody 

against CD15 is APC-tagged (red fluorescence), while anti-CD3 is conjugated with DAPI 

(blue fluorescence). Figure 6.12 shows cells labelled with anti-CD45 and anti-CD15 or 

anti-CD3, both on a glass slide and arrayed in the chip. 

In the selected frames of the glass slide image, one anti-CD45 labelled (green) cell was 

also labelled with anti-CD15 (red), identifying it as a granulocyte (Figure 6.12A&C). The 

cell labelled with anti-CD45 but not with anti-CD15 (Figure 6.12D&F), is another WBC 

subtype, based on the cell size most likely a lymphocyte.  
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Figure 6.12 labelling of a specific subtype of WBCs, granulocytes, with anti-CD15, and T-cells 
with anti-CD3. A-F) An example of trial testing on glass slide of blood cells stained with CD45 
(green) and CD15 (red) (scale bar is 20 µm). Stained WBC with anti-D45 (green) in (A), plus 
anti-CD15 (red) in (B), and bright field shows unlabelled RBCs in (C) displaying one cell of 
granulocytes.  (D-F) one WBC was stained with CD45 (green) in (D), not stained with CD15 
(red) in (E) and not stained RBCs in a bright- field image in (F). This suggests that this WBC is 
likely to be lymphocyte from its size. (G-I) using array for imaging stained with CD45 and 
CD15 using chip D1C1 (Ht=5 µm, Hm=25 µm). Displaying larger number of stained WBCs 
with CD45 (FITC) in (G), and some of WBCs are labelled with CD15 (Cy5) in (H). A coloured 
zoomed in of merged view showing that CD45 and CD15 overlapped among some cells, 
indicating that they were granulocytes (points be yellow arrows). (J-L) shows another example 
of using the array to identify the T-cells by anti-CD3. WBCs-labelled with anti-CD45 (green). 
(K) T-cells tagged with anti-CD3 (blue). (L) Merged view of antiCD45 (green) and anti-CD3 
displays the T-cells. (Scale bar 20 µm).   
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Similar observations were made for arrayed cells (see Figure 6.12G-I), including the anti-

CD3 identification of a lymphocyte (Figure 6.12J-L). Table 6.1 summarises the CD marker 

and the type of WBC that can be distinguished. A more comprehensive analysis of WBC 

arrays by antibody labelling is presented in section 8.2. 

Table 6.1 Summary of CD marker and which type of cells can be identified  

CD marker Type of cells 

CD45 Common marker for all subtypes of WBCs 

CD15 Most granulocytes (primarily neutrophils and some monocytes) 

CD3 T-cells 

 

6.2 Off-Chip versus On-Chip Staining 

It was found that when staining the cells prior to loading the cell sample onto the 

microfluidic array, some stains had a detrimental effect on the arraying performance. As 

mentioned above, Giemsa stain and WGA led to a poor yield of arrayed cells because of 

cell aggregation and perhaps also because of an increase in cell rigidity. In contrast, 

Acridine Orange (AO), calcein-AM and H342 stain, as well as antibody labelling, 

resulted in a high arraying efficiency of WBCs without compromising blood cell 

deformability. The previous stains are for live or dead cells, except calcein-AM, which is 

commonly used to determine the cell viability. An example of an off-chip staining 

procedure with AO dye is: 1) A blood sample was obtained as described in the following 

section 6.5.1, 2) 20x diluted blood was then mixed with 200 µl of 5 µg/ml of AO stain, 

and incubated for 30 min., 3) after incubation, the cells were washed for 3-5 times in 1 

ml PBS at 2000×g for 3 min., and 4) the stained cells were introduced to the chip at flow 

rate 1 µl/min. However, it was also possible to first array the cells in the cell traps and 

then flush the staining solution through the microfluidic chip. Figure 6.13A&B show that 

this enables WGA staining of the cell membranes of the trapped cells. On-chip staining 

thus enables use of this dye whereas off-chip staining with its concomitant cell 

aggregation does not. On-chip staining was also successfully performed with the 

antibodies against the CD receptors, resulting in efficient labelling of all arrayed WBCs 

(Figure 6.13C). On-chip staining is performed by introducing the cells without any 

staining to the array, and then antibody solution (20 µl of anti-CD45 in 200 µl PBS) was 
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perfused at 1 µl/min for 30 min. lastly, to reduce the background signal from antibodies 

binding to the PDMS surface, 1 ml of PBS was perfused at 1 µl/min for 5 min.  

 

Figure 6.13 On-chip staining using cell traps (Ht=5 µm, Hm=25 µm). With DNA H342 stain 
(blue) in (A) and cell membrane stain (WGA) in (red) in (B) (scale bar 50 µm) and zoomed in 
view multiple WBCs of various size arrayed (scale bar 100 µm). C) Staining with anti-CD45 on 
chip (scale bar 20 µm) showing arrayed WBCs in (white) with enlarged image showing 
captured WBCs stained with FITC-CD45 (scale bar 20 µm)  

6.3 Blood Sample  

The blood samples were initially sourced commercially and were later obtained by 

fingerprick. 

6.3.1 Commercial Blood Product  

For the first trial experiments 15 ml of a blood product was purchased from Seralab (UK). 

This human whole blood sample was obtained from a US supplier by venous blood 

collection from a healthy donor in an anticoagulant (EDTA K3). The shelf life at 4°C was 

specified as 10 days. It was found that arraying WBCs using this commercial blood 

product was possible for the first few days after it was received. But after this period of 

time, large aggregates clogged the microfluidic channels and the cell traps sites (Figure 
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6.14). These aggregates were stained by DNA stain (H342 dye), suggesting that DNA was 

released from damaged or dead cells and had caused cells to cluster. This highlighted the 

need to work with fresh blood samples. 

 

Figure 6.14 blood cells trapping using a commercial blood product. A) Showing large cells 
clumps that clog the channel. B) With DNA stain (H342), it shows these clumps are stained, 
suggesting that DNA might be released from damaged or dead cells, making cells sticky and 
forms clusters, scale bars 100 µm. 

6.3.2 Fingerprick Sample  

Since microfluidic cell arraying does not require a large sample volume, a blood sample 

of 10-50 µl volume would be sufficient. Therefore, a fingerprick sample was obtained 

using a standard protocol. First hands were washed and the finger was wiped with an 

alcohol wipe. The finger was then punctured using a safety lancet. The first drop of blood 

was discarded because this contains excess skin tissue. The subsequent blood drops were 

collected and pipetted into a 500 µl Minicollect tube (Becton Dickinson, UK), which is 

coated with tripotassium EDTA (K3 EDTA). This anticoagulant binds calcium ions, thus 

suppressing the coagulation cascade. This tube was then turned upside down at least 10 

times to ensure that the anticoagulant mixed with the blood sample, and was then placed 

on a blood roller at room temperate. This blood sample was used within 8 hours of the 

fingerprick blood collection. 

6.4 Blood Clotting  

It was observed that the fingerprick sample, even though this was fresh, also contained 

aggregates that blocked the traps sites (Figure 6.15A). This was expected due to the fact 

that PLTs activation is more prominent in a fingerprick sample than in a venous sample 
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[102]. Hence, unlike the lysed cells of the aged commercial blood sample, these 

aggregates represent blood cell clots. The following sections outline strategies to prevent 

these clotted blood cell particles from entering the cell trap array. 

6.4.1 Cell Strainer  

A common step in blood experiments is to filter out these large cell aggregates by using a 

cell strainer. This consists of a membrane filter with a pore size between 20 to 70 µm, 

with the configuration shown in Figure 6.15B. A pre-separation filter with 20 µm pores 

was utilised (Miltenyi Biotec, UK) in this work. This was found to significantly reduce cell 

aggregation in the filtered sample. 

 

Figure 6.15 Testing fingerprick sample A) initial trial experiment with fingerprick sample shows 
large clots blocking trapping sites (scale bar 50 µm). B) A picture of cell strainer of 20 µm pore 
size with schematic drawing of the filter taken from Miltenyi Biotec. C) A bright field image of 
inline filter presents its function of capturing large clumps (scale bar 150 µm). D) Added pillar 
array of 20 µm wide gap size showing capturing of small escaped clumps from inline filter 
(scale bar 50 µm).  

6.4.2 Microfluidic Filter  

To minimize sample preparation steps, later generations of the chips (design D2 etc.) 

contained an on-chip filter. Similar filter configurations were found in the cell trapping 

literature, with an example shown in Figure 3.3. Figure 6.15C shows that large clumps 

were retained on this in-line filter, which consists of passages of 20 µm width. 

Furthermore, a single line of pillars with a spacing of 20 µm was added to each branch of 

the sample delivery channels, at the start of each arraying chamber (Figure 6.15D). This 
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second filter minimized the chance that any aggregates, or air bubbles, that had escaped 

from the main pillar array filter (Figure 6.15C) could enter the arraying chambers. 

6.5 Sample Preparation  

To achieve efficient arraying of WBCs from whole blood, the blood sample preparation 

method and the sample concentration, as supplied to the chip, were optimized. 

6.5.1 Blood Collection Method  

Initial experiments with a fingerprick blood sample showed that most blood cells could 

pass through cross-flow channels of 5 µm height, which was not the case with the 

commercial blood sample. Figure 6.16A shows blood cells obtained by fingerprick on a 

glass slide. These have a different size and morphology than the cells from the 

commercial blood product. This can be attributed to osmosis effects, as schematically 

depicted in Figure 6.16B, which suggests that the blood cells obtained by fingerprick had 

experienced a hypertonic condition.  

 

Figure 6.16 Morphology of blood cells on a glass slide. A) a bright field image of blood cells 
were taken from a fingerprick sample that immediately pipetted into Minitube without any 
dilution of anticoagulant additive (EDTA), scale bar 20 µm. B) Osmosis effect on cells cartoon 
shows RBCs in different solutions: (Left) normal (isotonic solution) with normal RBCs size and 
shape. (Middle) diluted (hypotonic solution) with swollen RBCs, and (Right) concentrated 
(hypertonic solution) with shrinking of RBCs. C) A bright field image of blood cells were taken 
from a fingerprick sample that immediately pipetted into Minitube with topping with buffer, 
Scale bar 20 µm 
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The anticoagulant Minitube is meant to be filled with blood to a volume of 250-500 µl 

and the amount of coagulant coated on the inner surface of the tube is suitable for this 

volume. Under-filling or over-filling of such tubes can alter blood test outcomes because 

of a too high or a too low, respectively, anticoagulant concentration in the collected 

sample [103]. In this work, typically only ~50-100 µl of blood was collected into the 500 

µl anticoagulation tube, which hence was under-filled. This implies that the blood cells 

were exposed to too high an EDTA concentration, which explains why they had reduced 

in size. 

Another consideration with fingerprick blood collection is to avoid taking the last blood 

drops from the punctured finger skin. Figure 6.17 illustrates that these late-bleeding 

droplets contain an increased number of captured PLTs. With cross-flow channels of 3 

µm height, these PLTs are retained at the cell trap sites, largely preventing the arraying of 

the WBCs in the sample. This does however indicate that the two-height system can also 

be employed to array PLTs. High resolution imaging with an oil immersion objective 

illustrates the size difference between PTLs and WBCs (Figure 6.17C&D). 

 

Figure 6.17 PLTs trapping obtained from a blood specimen during a bleeding, using chip 
D3C1 of Ht=3 µm Hm=25 µm. A) A merged view of bright field, DNA stain (blue), calcein-AM 
(green) images showing arraying of PLTs with poor filling of WBCs (few blue stained cells) 
(scale bar 50 µm). B) Arrayed cells stained with DNA stain (blue), calcein-AM (green), scale 
bar 50 µm. C-D) shows high NA imaging of arrayed cells using 63x oil objective. Only 
captured PLTs is shown in (C) without any DNA stain confirming that no WBCs are captured, 
scale bar 20 µm. One of WBCs (monocyte) was captured in (D) and arrayed next to PLTs, scale 
bar 20 µm.   
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When the same late-bleeding sample, hence with the same high PLT / WBC ratio was 

flown through a device with 5 µm cross-flow channels, the trap sites were filled 

predominantly with WBCs, with only some PLTs trapped inbetween the WBCs (Figure 

6.18). This difference in blood cell arraying of a PLT-enriched blood sample with a 3 µm 

height or a 5 µm height cross-flow channel illustrates the size sorting capability of a 

hydrodynamic cross-flow trapping system, which will be further discussed in section 

7.1.1. 

 

Figure 6.18 WBCs and PLTs trapping obtained from a blood specimen during a bleeding, using 
chip D3C1 of Ht=5 µm Hm=25 µm. A) A merged view of bright field, DNA (H342) stain 
(blue), calcein-AM (green) images showing arraying of PLTs with good filling of WBCs (scale 
bar 50 µm). B) Arrayed WBCs stained with DNA stain (blue), calcein-AM (green), scale bar 50 
µm. The blue lines in (A) and (B) represent single cells moving through the flow channel during 
the 1 ms exposure time of the camera. From watching recorded movies (real time), the velocity 
of moving cells can be estimated as ~1.29 mm/s. C-D) shows high NA imaging of arrayed 
WBCs with some PLTs (red arrows) is shown in (C) without any DNA, scale bar 20 µm.   
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6.5.2 Blood Dilution 

An initial trapping experiment was conducted with 0.5 mL of a commercial blood 

product that was directly taken from the anticoagulation tube (not diluted). However, this 

sample was very viscous and did not flow well through the chip (see Figure 6.19). This 

was expected since most blood on chip studies used diluted whole blood or RBC-lysed 

blood (see section 2.4). Subsequently, various dilutions of the blood sample (2x, 10x, 

20x, and 50x in PBS) were tested. Channel clogging and air bubble inclusion gradually 

decreased with increased dilution, and good filling of the cell traps in all eight arraying 

chambers, without any flow problems, was achieved with 20-fold diluted blood. Unless 

stated otherwise, this blood dilution factor was employed for all cell arraying 

experiments.  

 

Figure 6.19 using whole blood sample without any dilution with buffer shows the channel and 
traps were clogging. Scale bar 100 µm.  

6.6 Chip Pre-Treatment 

The hydrophobicity of PDMS is well known to lead to non-specific adsorption and cells 

can adhere to the walls of PDMS flow channels. Various methods have been reported to 

prevent this, including flushing the chip with the protein BSA [26] or the non-ionic 

surfactant Pluronic F127 [18,32]. The non-ionic detergent Triton-X100 was also found to 

eliminate RBCs adhering to channel walls and to facilitate RBCs pass through a weir filter 

with a 3.5 µm gap (see also section 2.4.2) [67].In this work, it was established that 

without any treatment or pre-flushing of the chip, the blood cells sedimented and 

adhered to the PDMS, as shown in Figure 6.20A. Flushing with Pluronic prevented this 
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effectively but most cells were now seen to pass through the cross-flow channels, 

indicating increased deformability (Figure 6. 20B). In contrast, Triton treatment resulted in 

more pronounced cell adhesion, especially PLTs, to the PDMS (Figure 6. 20C&D). 

However, pre-treatment with BSA solution gave satisfactory results, with no cell adhesion 

to the walls of the channels and WBC retention in the cell traps (Figure 6. 20E), and this 

method was therefore selected.   

 

Figure 6.20 Various chip pre-treatment using chip D1 Ht=5 µm Hm=25 µm. A) Shows no pre-
treatment was applied, red arrow points to cells sedimentation to PDMS walls (scale bar 50 
µm). B) Flushing with Pluronic with poor trapping yield, as cells appear to be more 
squeezable, and passed through. C-D) Pre-treatment with Triton X100 displaying more cells 
sticking, and more PLTs adhering to channels. E) Chip pre-treatment with 0.5% BSA in PBS 
buffer showing a good arraying of WBCs without any cells sticking events (scale bar 50 µm).   

6.7 Summary 

A set of cell stains for DNA, the cytoplasm and the plasma membrane that allows 

differentiating WBCs among other blood cells has been described. Fluorescently labelled 

antibodies against the membrane receptors CD45, CD15 and CD3, enabling 

identification of some WBC sub-types were also introduced. Visualization of blood cells 

in cell traps was demonstrated with pre-arraying off-chip staining as well as with post-
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arraying on-chip staining, also with the high numerical aperture oil immersion objectives 

that require glass coverslip bonding. Various cells stains have been examined and some 

of them were selected to be used for the following Chapters (as summarised in Table 6.2). 

Blood sample preparation has been optimised for fingerprick blood samples in terms of 

anti-coagulant concentration, pre-arraying filtering and blood dilution, while chip pre-

treatment with BSA was found to enable efficient WBC trapping without adhesion of the 

blood cells to the PDMS channel walls. The next chapter will systematically explore the 

different device geometry parameters for the arraying of WBCs from whole blood by two-

height hydrodynamic side trapping. 

Table 6.2 Summary of the stains to be used further in coming chapters 

Staining  Target cells Purpose  

Calcein-AM All live blood cells For cell size and studying 

nanoparticles association with cell 

membrane 

(See Chapter 8)  

Wheat germ agglutinin 

(WGA) 
All Live/dead blood cells 

Acridine Orange AO  All WBCs To distinguish WBCs from other blood 

cells (see Chapter 7) 

To identify WBCs type based on 

nucleus morphology 

(See Chapter 8)  

Hoechst 33342 (H342)  All WBCs 

CD45 All WBCs 

For WBCs subtypes identification 

(See Chapter 8)  
CD15 

Granulocytes, and some 

monocytes 

CD3 T-cells 
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Chapter 7:  Relation between Device Geometry 

and Blood Cell Arraying  

This chapter describes blood cell arraying from a fingerprick blood sample in a large 

number of different two-height hydrodynamic side trapping devices. The first section 

experimentally addresses the influence of the cross-flow channel height and of the flow 

rate with which the whole-blood sample is delivered to the microfluidic chip. The second 

section relates the arraying results of the first section to the calculation of the ratio of the 

cross-channel flow rate to the main channel flow rate according to the adapted 

hydrodynamic model. The third section concerns the fabrication of a large number of 

different devices in which geometrical parameters such as the width of the trapping 

pocket and the length of the cross-flow channel are systematically varied to gain further 

insight into the relation between the flow ratio and the efficiency of WBC arraying. 

7.1 Investigation of Channel Height 

As discussed in Chapter 3, a key parameter for hydrodynamic side trapping is the height 

of the cross-flow channels where the cells are trapped and the height of the main 

channel; parameters P1 and P2, respectively, as presented in Table 4.1. To identify the 

optimal conditions for arraying WBCs from whole blood, a range of cell trap devices was 

fabricated, as described in Chapter 4, with different heights of both channels. The cross-

flow channel trap height (Ht), i.e. parameter P1, was first varied (2, 3, 4, 5, 6, 8.5 µm) 

while the main channel height (Hm) was kept at 25 µm. Then, the height of the main 

channel (Hm), i.e. parameter P2, was also changed (20, 25, 50 µm) while keeping the 

cross-flow channel trap height (Ht) at 5 µm. For each fabricated device, the eight different 

arraying chambers contained trap pockets, i.e. the trapping sites with height Hm at the 

start of the cross-flow channels, of different width and length. Chips with a dilutor (D1) 

and without a dilutor (D2) were also compared. Blood samples were prepared as outlined 

in section 6.5 and, unless stated otherwise, the blood cells were stained off-chip with the 

Acridine Orange (AO) stain. For the devices with different channel heights, the blood 

samples were loaded at different flow rates to establish the optimal flow rate for efficient 

arraying of WBCs. 
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7.1.1 Cross-Flow Channel Height Variations  

Starting with the devices with a main channel height Hm of approximately 25 µm, which 

is sufficient to allow the largest blood cells, up to 20 µm, to move easily through the main 

flow channel, the side flow channel height (Ht), classified as small height (2-3 µm), 

medium height (5-6 µm) and large height (8.5 µm), was varied.   

7.1.1.1 Small Height (2-3 µm)  

Trapping experiments were performed using a device, with a dilutor (D1), of a trap height 

(Ht =2 µm) and main channel height (Hm =25 µm) to find the optimal trap height to retain 

WBCs while passing the abundant RBCs. Figure 7.1 displays the testing of a small trap 

height (2 µm) using two different flow rates. Experiments showed that this 2 µm trap 

height resulted in poor WBC filling of the array both at a low flow rate of 3 µl/min and at 

a high flow rate of 10 µl/min. The 2 µm high cross-flow channels showed a large 

occupancy of RBCs although some RBCs were observed to pass through these channels. 

This indicates some heterogeneity in RBC deformability. Figure 7.1 shows that this small 

cross-flow height is not large enough to let all RBCs pass through. Hence the abundant 

RBCs occupy the trap sites and it is rare to see captured WBCs within the array. 

It was observed that most WBCs were following the main serpentine flow, rather than 

flowing towards the traps. This may be attributed to large occupancy of trapping sites by 

the abundant RBCs. However, even if a trap was not occupied with RBCs or PLTs (see 

Figure 7.2A-D), the WBCs travelled along the serpentine flow and did not show a 

tendency to flow towards empty traps. This suggests that this small height results in a 

weak cross-flow, resulting in poor WBCs filling. This will be discussed further in section 

7.2. 

Interestingly, by on-chip staining with cell membrane dye RBCs and PLTs can be 

visualised in the cell traps (Figure 7.2E-H). This suggests that the hydrodynamic cell 

trapping system with a 2 µm cross-flow channel height is a promising platform for 

arraying RBCs from whole blood. This could be useful for various biomedical 

applications such as analysis of pathogenesis of malaria, hereditary spherocytosis, sickle 

cell disease and other RBC disorders [85]. However, a fabrication drawback of these 

shallow channels is that they are likely to collapse, i.e. are ‘not connected’ during plasma 

bonding, especially when the cross-flow channel width or length is large, ~50 µm, as 

discussed in section 4.2.5. 
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Figure 7.1 Testing of 2µm trap high. Using the device with a dilutor (D1)(Ht=2 µm- Hm= 25 
µm) was performed at low and high flow rates. Blood cells were stained with AO dye, labelling 
only WBCs (green). For these flow rates experiments, FITC channel was only captured for AO 
dye for a quick identification of WBCs from RBCs as their nucleus morphology was not 
necessary to be imaged here. Captured images (bright field /fluorescent) were selected for 
small traps (D1C2) and wide traps (D1C8). (A-D) trapping experiments was started with 3 
µl/min (low flow rate) and  (E-H) was started with 10 µl/min (high flow rate). This shows poor 
occupancy of WBCs into the array, and was no difference at low or high flow rates (scale bar 
60 µm).  
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Figure 7.2 testing small traps heights using the chip with a dilutor (D1) Ht= 2 µm, Hm=25 µm 
at 10 µl/min (A-D) blood stained with AO dye (FITC, Rhod), therefore, any capture WBCs 
should be orange in these merged views. It can be seen with zoomed in images of small and 
wider traps with 2 µm height that it was rare to see WBCs, even if the traps were empty as 
pointed with red arrows scale bar 20 µm. RBCs were seen as black spots at some sites (E-H) 
was visualised with on chip staining with membrane dye (WGA, red), small traps (D1C2) 
showing array of RBCs with some PLTs scale bar 100 µm, 20 µm. 

An attempt has been made to facilitate RBCs passing through the 2 µm high cross-flow 

channels by a device pre-treatment with Pluronic F127 in order to increase cell 

deformability (see section 6.4). Surprisingly, whereas the WBCs had become more 

deformable and could be seen passing through the cross-flow channels at the high flow 

rate of 10 µl/min, the RBC arraying characteristics did not change (see Figure 7.3). Hence 

Pluronic F127 pre-treatment did not facilitate WBC arraying. In fact, neutrophils have 
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been reported to be able to pass through gaps down to 1.2 µm [84] while RBCs can be 

retained by slits of 2-5 µm width and 5 µm height [85], as discussed in section 3.2.2. 

 

Figure 7.3 testing of 2 µm traps height using chip with a dilutor (D1) at 10 µl/min was 
visualised with AO dye, which specifically labels WBCs since they have nucleus. RBCs can’t 
be seen by AO dye since they lack the nucleus, and easily seen in BF as black spots as shown 
in A. Here, AO stain was detected using two channels (FITC& Rhod), and WBCs appeared 
orange in merged view as B. (A-D) Trial experiments with pre-flushing the same chip with 
Pluronic F127 showing WBCs (red arrows) more squeezable than RBCs (yellow arrows in A) 
(Scale bar 50 µm). (C-D) The occupancy is plotted either for WBCs or RBCs against different 
traps sizes in different chambers. As an example, 80% occupancy of WBCs refers to the fact 
that 80% of the trap sites (here defined as the trapping pocket together with the cross-flow 
channel) in a specific array chamber contain one or more WBCs. (C1-8) shows the data for two 
chambers of same traps size either with CL continuous trapping channels or DL discontinues 
trapping channels. Here, CL chambers are shown with red markers symbols and DL array are 
highlighted with blue markers symbols. This was tested with pre-treatment with BSA (�&n) 
and Pluronic F127 (¢&✕). The dimensions of trapping pockets and trapping channels for 
different chambers (C1-8) as follows (C1) trap pocket is (Lp✕Wp=30✕20 µm), (Lt✕Wt=24✕120 
µm) for CL channel. (C2) trap pocket is (Lp✕Wp=30✕20 µm), (Lt✕Wt=24✕24 µm) for DL 
channel. (C3) Trap pocket is (Lp✕Wp=20 ✕20 µm), CL is (Lt✕Wt=24✕120 µm). (C4) Trap 
pocket is (Lp✕Wp=20 ✕20 µm), and DL is Lt✕Wt=24✕24 µm). (C5) Trapping pocket is 
(Lp✕Wp=20 ✕50 µm), CL is (Lt✕Wt=54✕150 µm), (C6) Trap pocket is (Lp✕Wp=20✕50 
µm),and DL is (Lt✕Wt=54✕54 µm). (C7) trapping pocket is (Lp✕Wp=50✕50 µm), CL is 
(Lt✕Wt=24✕150 µm). (C8) trapping pocket is (Lp✕Wp=50 ✕50 µm), and (Lt✕Wt=24 ✕54 µm) 
for DL channel. C) Shows the percentage of WBCs occupancy at different chambers, 
displaying that less WBCs occupancy of WBCs in some chambers when Pluronic was used due 
the squeezing behaviour. ~40-80 % of WBCs filling was seen in C5&C7 chambers of CL type, 
which were the wider traps pocket Wt=50 µm and wider traps channel 154 µm. D) The 
percentage of RBCs filling ~100 % with BSA or Pluronic pre-treatment showing no significant 
difference between both types of treatment, and this showed a failure attempt to allow RBCs to 
pass with this small trap height.  Results shown for BSA pre-treatment of chip are (average ± 
std).  
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For the next device, the cross-flow channel height was increased to 3.3 µm. This gave an 

increased number of WBCs occupying the cell traps, especially at the high flow rate of 10 

µl/min (Figure 7.4). However, most WBCs followed the serpentine main flow path and 

only some WBCs moved towards the trap sites. This suggests that the 3.3 µm high 

channels result in a stronger cross-flow than the 2 µm high channels, but that this is still 

insufficient to 1) effectively present a flow path for the WBCs that flow through the main 

channel, and 2) to expel RBCs from the cross-flow channels. Channel pre-treatment with 

Pluronic F127 gave the same results as with the 2 µm high channels (data not shown), i.e. 

RBC clearing was not achieved. 

It was observed that the array chambers with wider trap pockets contain more WBCs at 

the trap sites, suggesting that the wider cross-flow channels result in a stronger cross-flow. 

At the high flow rate of 10 µl/min the number of arrayed WBCs also increased, although 

not to the extent that the entire array was filled with WBCs. These effects will be analysed 

in section 7.2. Interestingly, although this 3 µm channel height does not allow efficient 

WBC arraying, when WBCs are trapped in the trapping pockets, there are no RBCs in the 

same pocket, and in this sense the 3 µm cross-flow height gives the 'cleanest' WBC array 

(although with an intermediate arraying efficiency). This could be attributed to a 

complete blocking of the cross-flow channel by the captured WBCs (see also section 8.1). 

This observation is in agreement with Wagenaar et al. who used 1 µm high traps for 

single sperm cell trapping and who observed that the ratio of single versus multiple cell 

trapping increased with decreasing the height of the traps, but at a cost of a large 

percentage of empty traps [104].  

Additionally, a device with a 4 µm cross-flow channel height was fabricated and its blood 

cell arraying properties were investigated. This device gave a similar arraying 

performance as the previously described device with a 3.3 µm cross-flow channel height. 
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Figure 7.4 3.3 µm trap high chip with a dilutor (D1) testing at slow and high flow rates. Bright 
field and fluorescent images of small traps (D1C2) and wide traps (D1C8), Ht=3.3 µm and 
Hm=25 µm. Blood cells were stained with AO dye. Here, only FITC (green) images were 
captured for flow rate testing, for rapid identification of WBCs from RBCs, since this helps to 
speedily record the process during flow rate changes. (A-D) was loaded at 3 µl/min, and (E-J) 
was started with 10 µl/min showing large number of WBCs trapping at high flow rate within 
wide traps (scale bar 60 µm). (I-J) zoomed in images of small traps and wide traps showing 
captured WBCs in green. (scale bar 60 µm) 
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7.1.1.2 Medium Height (5-6 µm) 

A different arraying behaviour was observed when the cross-flow channel height was 

increased to 5-6 µm. Significantly, blood cell arraying characteristics did now depend on 

the flow rate at which the blood sample was introduced onto the chip. Following Figure 

7.5, at the lowest flow rate of 1 µl/min, not many WBCs were seen flowing through the 

eight arraying chambers and hence the WBC occupancy of the trap sites was poor. On 

the other hand, when the flow rate was increased to 5 or 10 µl/min, large numbers of 

WBCs were flowing through the arraying chambers, but there was still a low WBC 

arraying efficiency because now 'squeezed' WBCs were seen to travel through the cross-

flow channels. This suggests that efficient WBC trapping with this channel height could 

be achieved at an intermediate flow rate.  

Figure 7.6 displays images of WBCs at the trap sites of a device with a 5-6 µm cross-flow 

channel height, operated at a sample input flow rate of 3 µl/min. All the trap sites in the 

array are occupied with WBCs. It was observed that the RBCs readily flow through the 

cross-flow channels while the WBCs are retained in the trapping pockets at the start of 

these channels. This indicates that this medium channel height is large enough to let 

RBCs pass through and shallow enough to trap WBCs, with an appropriate cross-flow 

strength to direct WBCs towards these traps and to propel RBCs through the cross-flow 

channels. 

However, it could be seen that for trap sites that were already occupied with WBCs, 

RBCs could still enter the trap pocket, packing against the WBCs. This indicates that the 

WBCs in the trapping pocket did not completely seal the entrance to the cross-flow 

channel, resulting in a residual cross-flow until the RBCs closed the flow path, inbetween 

the WBCs, completely. This was a similar observation to the experiments with 

polystyrene beads of 15 and 3 µm (section 5.3), but these beads packed as multilayers in 

the trapping pocket whereas the blood cells become trapped as a single row of cells. This 

can be attributed to the deformability of cells, enabling tighter cell-cell and cell-

PDMS/glass packing than is possible with the rigid microbeads. 

 

 

 



 

    
121 

 

 

 

Figure 7.5 Flow rates testing with 5 µm trap high using chip with a dilutor. (Left) large and 
small traps at slow flow speed 1 µl/min and (Right) shows the same trapping chambers (D1C2), 
and (D1C8) at flow rate 10 µl/min. (A-C-E-G) traps were almost empty and no cells coming 
through the chambers, unlike (B-D-F-H) cells were squeezing resulting in poor filling of traps 
with WBCs. (scale bar 60 µm) 
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Figure 7.6 Testing the medium height 5-6 µm traps using a device with a dilutor (D1) at 3 
µl/min showing almost filled traps with WBCs (green).  (Left) 5 µm trap height, small traps of 
D1C2 in (A-C) large traps (D1C8) in (E-G). (Right) 6 µm trap high, small traps of D1C2 in (B-D) 
large traps (D1C8) in (F-H)  (scale bar 60 µm) 

 

It was also noticed that it was rare to observe RBCs stationary in a cross-flow channel 

when WBCs filled the trapping pocket (Figure 7.7). Additionally, It was found that some 

of the trapped WBCs could enter the 5-6 µm high cross-flow channel, also at a low flow 

rate. This was more pronounced for the continuous layer (CL) cross-flow channel layout 
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than for the discontinuous layer (DL) layout, suggesting that the CL configuration results 

in a stronger cross-flow, as also indicated by the trap pocket filling patterns of 6-7 µm 

polymeric beads (section 5.3). It is likely that the different pocket/channel filling patterns 

of the blood cells relate to the heterogeneity of the WBC population, with WBCs ranging 

in size from 6 to 20 µm. This might also explain why some trap pockets are only filled 

with WBCs (Figure 7.7), without any RBCs, as the larger WBCs could block a cross-flow 

channel opening completely. 

 

Figure 7.7 Testing of 5 µm trap high using chip (D2) at 1µl/min – RBCs sticking behaviour 
analysis at 20 µm traps wide in (A) and 50 µm traps in (B) when sometimes WBCs not 
completely blocking the cross-flow, scale bar 60 µm. Blood cells stained with AO dye, WBCs 
were orange, RBCs were not stained (black). Red arrow points that not yet filled traps and there 
were no RBCs. Black arrows show RBCs were stuck within shallow channel. Blue arrows show 
nicely packed WBCs at traps without any RBCs. Zoomed in images in C, and D scale bar 20 
µm.  

It proved possible to flush out RBCs from the trapping pockets and from the cross-flow 

channels by flowing a solution of Pluronic F127 through the device at a flow rate of 10 

µl/min after first trapping WBCs (Figure 7.8). This method could hence be used to obtain 

WBC-only trapping but at the expense of exposing the WBCs to this surfactant. 
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Figure 7.8 5 µm trap high using a chip with a dilutor (D1). (Left) trapping WBCs in (A,C) at 3 
µl/min. (Right) after rinsing with Pluronic at 10 µl/min the arrayed WBCs (green) in (B,D) to 
flush out any sticking RBCs (black spots) showing complete elimination of RBCs at trapping 
sites, and note that even the fluorescent background has been reduced as well. (Scale bar 60 
µm). 

7.1.1.3 Large Height (8.5 µm) 

Devices with a 8.5 µm height of the cross-flow channel were also investigated, primarily 

to confirm the suitability of the 5-6 µm channel height. It was found that most blood cells 

easily passed through these 8.5 µm high cross-flow channels, resulting in almost empty 

arrays where only a few large WBCs, probably monocytes, were retained (Figure 7.9). 

Most cells followed the cross-flow paths, without being retained, while in devices with a 

smaller cross-channel height the cells have a tendency to follow the main serpentine flow 

path, at least for a given distance, also when most of the trap sites are still empty. This 

could imply that cross-flow through the 8.5 µm high channels is so strong that this device 

is effectively a front trapping rather than a side trapping system. 
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Figure 7.9 Testing of a large trap height 8.5 µm using a chip with a dilutor. Captured imaged of 
small traps (D1C2) and large traps (D1C8) was started with 3 µl/min showing all blood cells 
was passing through, then reduced the flow rate to 1 µl/min, and observed some of WBCs are 
retained, from nucleic morphology seems to be monocyte. (Scale bar 60 µm)  

It was noticed that the array chambers with the continuous channel (CL) layout of the 

cross-flow channels contained the largest number of WBCs (Figure 7.10A). However, 

these are mostly positioned in the cross-flow channel behind the PDMS walls that define 

the spacings between the trap pockets, which are areas of stagnated flow. At the back of 

traps wall, resulting in WBCs can be docked there. Furthermore, when the (DL layout) 

cross-flow channels were made longer, Lt=50 µm, fewer WBCs were retained (Figure 

7.10B). The larger length of the cross-flow channel should result in a larger microfluidic 

resistance Rt (Equation (3.7)) and a decreased cross-rate flow Qt, which would increases 

the possibility that WBCs do not exit the cross-flow channel ‘despite the large height of 

traps’.  
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Figure 7.10 8.5 µm chip with a dilutor (D1) at 3 µl/min showing few capturing of WBCs within 
A) the continuous cross-flow channel (D1C7), red arrows point to traps back of areas of 
stagnated flow B) or large length of trapping channel (Lt =50µm, highlighted by black arrow) 
(D1C6) in (B). (Scale bars are 60 µm in (A-B), and 50 µm in (zoomed in images ‘right’). 

7.1.2 Main Channel Height Variations  

For the devices with a main channel height (Hm) of 25 µm, the optimal height of the 

cross-flow channel (Ht) was found to be 5-6 µm. Next, for this cross-flow channel height, 

the effect of a shallower (20 µm) and a deeper (50 µm) main channel were investigated. 

The latter value was chosen to maintain the condition W > H for the calculation of the 

fluidic resistance of a rectangular channel (see section 3.2.1), that Hm should be smaller 

than the width Wm of the main channel, which is 60 µm. Figure 7.11 illustrates that the 

smaller the height of the main channel, the larger the number of blood cells 'squeezed' 

that is found in the trapping pockets and in the cross-flow channels. 
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Figure 7.11 Testing different height of main channel Hm (Left) 20 µm (Middle) 25 µm, and 
(right) 50 µm while the cross-flow height was kept 5 µm using a chip with dilutor (D1) at 3 
µl/min. Blood cells were stained with AO dye, shown here only FITC channel. Captured 
images of merged view of bright field and fluorescent (FITC) images of three trapping chambers 
(D1C2) in (A-C), (D1C6) in (D-F) and (D1C7) in (E-F). Results showed that cells squeezing is 
less from left to right, towards larger height 50 µm. Nice arrayed of WBCs was seen in D1C7 in 
(F) without squeezing, but with RBCs were not passing through (unlikely to be seen for 5 µm 
traps height) (scale bar 60 µm) 

For the device with the largest main channel height, 50 µm, most cells were seen to 

follow the main serpentine flow path, which is evidence of a weak cross-flow, and 

consequently WBC arraying was inefficient. Surprisingly, some RBCs were retained 

within the 5 µm high cross-flow channels, whereas with a main channel height of 25 µm 

(see section 7.1.1.2) this was not the case, again indicating a weaker cross-flow. 

However, there was a good WBC array occupancy for the device with a 50 µm high main 

channel in chamber 7 (D1C7), which has a continuous layer layout of the cross-flow 

channels. Figure 7.11F shows WBCs in a single line in the D1C7 trapping pockets of 5 

µm trap height, without the cells being pushed into the shallow cross-flow area. This was 

similar to trapping behaviour with 3.3 µm high traps, and 25 µm main channel height in 

Figure 7.4J, but this was not usually seen with 5 µm traps high. This suggests that the 

cross-flow is stronger than for the DL chambers of the Hm=50 µm device, but weaker than 

for the CL chambers of the Hm=25 µm device. This will be further discussed in section 

7.2. 
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Table 7.1 presents a summary of all observations of blood cell trapping for the different 

devices, all with a dilutor, for the various flow rates that were investigated. 

Table 7.1 Summary of flow rates testing of different heights using a chip with a dilutor  

Heights 

(µm) 

Flow rate 

(µl/min) 
Main flow Cross-flow 

WBCs in the 

channel 
Trapped cells 

Ht=2 

Hm=25 

1 Dominate Weak Few WBCs RBCs+PLTs 

5 Dominate Weak Many WBCs flow RBCs+PLTs 

10 Dominate Good Many WBCs flow 
RBCs+PLTs 

Few WBCs 

Ht=3.3 

Hm=25 

1 Dominate Weak Few WBCs RBCs+PLTs 

5 Dominate Weak Many WBCs flow RBCs+PLTs 

10 Dominate Good Many WBCs flow 
RBCs+PLTs 

More WBCs 

Ht=5- 6, 

Hm=25 

1 Good Good Few WBCs Few WBCs 

3 Good Good Many WBCs 
Filled array with WBCs+ 

RBCs combination 

5 Good Strong Many WBCs flow 
Few WBCs 

WBCs squeezing 10 Strong Strong Many WBCs flow 

Ht=8.5 

Hm=25 

1 Weak Dominate Few WBCs None 

3 Weak Dominate Many WBCs flow Fewer WBCs 

Ht=5 

Hm=50 
3 Dominate Weak Many WBCs flow Few WBCs 

 

7.1.3 Effect of Channel Height in the Absence of A dilutor 

Previous results of height variations were tested with a device with a dilutor (D1). A small 

heights of the cross-flow channel (3 µm) was found to work with a high flow rate of 10 

µl/min to obtain intermediate-efficiency trapping of WBCs. Cross-flow channels with a 

medium height (5-6 µm) were shown to yield efficient WBC arraying at a flow rate of 3 

µl/min. Cross-flow channels of large height (8.5 µm) resulted in poor WBC trapping, even 

at a low flow rate of 1 µl/min. 

This characterization was repeated for a chip without a dilutor. The cell trapping 

behaviour was essentially the same but the optimal flow rates were somewhat different. 

For example, Figure 7.12 shows poor arraying of WBCs for a device with 2.1 µm high 

cross-flow channels at a flow rate of 10 µl/min, whereas Figure 7.13 shows improved 
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WBC trapping with 3.2 µm high channels. A very low trap occupancy of WBCs was also 

observed for a channel height of 8.5 µm (Figure 7.14). 

 

Figure 7.12 Testing 2.1 µm cross-flow channels high at 10 µl/min using a chip without the 
dilutor (D3). Main channel height was 26 µm. blood cells labelled with AO satin. Here, only 
FITC channel was captured for AO dye since this would be sufficient to distinguish WBCs as 
green spots from unlabelled RBCs. (A-B) bright field and fluorescent (FITC) images, respectively 
of small traps (D3C2) showing almost poor capturing of WBCs and all traps are occupied with 
RBCs. RBCs cannot be labelled with AO stain since they lack a nucleus; however, they can be 
visualised in BF as small black spots, yellow arrows point to some of RBCs (C-D) bright field 
and fluorescent images of wider traps (D3C1) displaying similar trapping behaviour (scale bar 
60 µm).  

 

Figure 7.13  3.2 µm traps high testing using a chip without a dilutor (D2) at 10 µl/min. (A-B) 
small traps (D2C2) Vs. wide trap (D2C8) showing the wider the trap the more WBCs are 
captured with this small height. (Scale bar 60 µm)   
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Figure 7.14 Trapping experiment with 8.5 µm side flow channel using a chip without dilutor at 
1 µl/min showing almost empty traps within small traps (D2C2) in (A-C-E) and large traps in (B-
D-F). (Scale bar 60 µm) 

Figure 7.15 shows that all trap sites were also filled with WBCs for a device with 5 µm 

high cross-flow channels, as was previously observed for the device with a dilutor. 

However, this efficient WBC arraying was obtained at 1 µl/min rather than at the 3 µl/min 

flow rate for the device with the dilutor. This indicates that the chip with a dilutor 

requires a higher sample input flow rate to achieve the same favourable flow regime 

within the arraying chambers as the chip without the dilutor, which relates to the 

contribution of the dilutor channel network to the fluidic resistance. 
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Figure 7.15 Testing of 5 µm trap high with a chip without the dilutor (D2) at 1µl/min. Captured 
images of small traps (D2C2) in (A-C-E) and large traps in (B-D-F) showing a filled array with 
WBCs. (Scale bar 60 µm) 

7.1.4 Summary of Channel Height Investigation 

Devices with various heights of the cross-flow channels and of the main channel, with 

and without a dilutor, were investigated at various flow rates. Efficient WBC arraying was 

obtained with a cross-flow channel of ~5-6 µm height and a serpentine main channel of 

25 µm height. In contrast, a cross-flow channel height of 2-4 µm resulted in the arraying 

of RBCs while arrays with a cross-flow channel height of 8.5 µm only retained a small 

number of large WBCs, probably monocytes. These two systems might therefore be 

applied to selective RBC/PLT or monocyte arraying from a whole blood sample. 
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The results showed that cell trapping behaviour (single-row packing) is different from 

microbead trapping (multi-row packing). Tan et al. [23] defined a height regime for beads 

trapping at which the height is larger than the target particle diameter (Φp), and smaller 

than 1.4x Φp, as discussed in section 3.2.1. Applying this regime to arraying WBCs, 

where the target particles are WBCs (6-20 µm) and the non-target particles are RBCs (6-8 

µm) and PLTs (3 µm), Φp can be taken as the diameter of for smallest WBC subtype, 

which is about 6 µm. Then 1.4× Φp = 8.4 µm and Tan’s condition would be 6 µm < Ht < 

8.4 µm. However, cells are deformable and the lower boundary therefore has to be 

smaller. If, tentatively, 1 µm is subtracted from this lower boundary we obtain (Φp - 1 < 

Ht< 1.4× Φp), which corresponds to an optimal trap height of 5-6 µm. 

The main channel height variations showed that also this height matters for arraying 

WBCs, with Hm increasing to 50 µm leading to the cells predominantly following the 

serpentine main flow through the array chambers rather than the cross-flow paths. The 

medium height of the main channel, 25 µm, resulted in a good WBC occupancy for all 

the eight arraying chambers with various traps geometries, with cells showing a tendency 

to follow the flow paths through the 5 µm high cross-flow channels (when these were not 

already blocked by previously trapped cells). 

Evaluating different flow rates, in the range 1-10 µl/min, at which the sample is 

introduced onto the chip, no substantial difference was observed for devices with a 2 µm 

cross-flow height. However an increase in the flow rate to 10 µl/min gave improved WBC 

arraying for cross-channel of 3 µm height. For the optimal channel height of 5-6 µm, 

trapping performance was sensitive to the flow rate, with optimal WBC arraying at a flow 

rate of 3 µl/min for a chip with a dilutor and 1 µl/min for a chip without a dilutor For both 

chips, a flow rate ≥ 5 µl/min made it possible for WBCs to flow through the cross-flow 

channels, which is undesired. 

Further investigations on WBC trapping, specifically addressing hydrodynamic side 

trapping theory, will be performed with devices without a dilutor, with a main channel 

height of 25 µm and a cross-flow channel height of 5 µm, operated at a flow rate of 1 

µl/min.  

7.2 Flow Ratio Analysis for Height Variations  

This section discusses the WBC arraying results in relation to hydrodynamic side trapping 

theory. As discussed in Chapter 3, the Qt/Qm(or Rm/Rt) ratio is postulated to be the key 
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governing parameter for cell trapping, with the flow rate Q (and the fluidic resistance R), 

depending on the length (L), width (W) and length (H) of the main channel and the cross-

flow trapping channels. First of all, the blood cell arraying characteristics described in the 

previous section 7.1 for different heights of the cross-flow (Ht) and the main channel (Hm) 

will be analysed in section 7.2 Then, further experimental investigations on the cross-flow 

mechanism, addressing other design variables such as the channel width and length, is 

carried out in section 7.3 with the results explained in relation to the flow ratio Qt/Qm. 

The optimal conditions for arraying WBCs from whole blood are then summarised. 

Starting with the cross-flow channel height (Ht), poor WBCs arraying was observed with 

either a small cross-flow channel height of 2 µm or a large height of 8.5 µm. Intermediate 

trap occupancy of WBCs was obtained with a 3 µm height, while all trap sites were filled 

with WBCs when the cross-channels were of the medium height of 5-6 µm. To gain 

further insight in the hydrodynamic side trapping performance, the adapted theoretical 

model described in Chapter 3 (Equation 3.14) was applied to the two-height system that 

is the subject of this work, and related to WBC and RBC occupancy. Tables 7.2, 7.3, and 

7.4 summarise the Qt/Qm ratio calculated using the adapted model described in section 

3.3 with the trapping data of different heights.  

These Qt/Qm values calculated for the various devices and compiled in Tables 7.2-7.4 

and are summarised in Figure 7.17. The different bar charts represent individual devices, 

with specific cross-flow and main flow channel heights. Each bar chart is divided in eight 

areas, which represent the eight arraying chambers (of each device) that have a 

continuous layer (CL) layout or a discontinuous layer (DL) layout of the cross-flow 

channels of same trap size. As an example, 80% occupancy of WBCs refers to the fact 

that 80% of the trap sites (here defined as the trapping pocket together with the cross-flow 

channel) in a specific array chamber contain one or more WBCs. For each device, the 

number of WBCs and RBCs in each trap was counted by visual inspection of the optical 

microscopy images, and results are shown as an average value with a standard deviation. 
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Table 7.2 values of (Qt/Qm) ratio (which was the inverse value calculated using Equation 3.14) 
for optimal trapping channel heights using chip D1 (Ht=5-6µm), which was demonstrates good 
WBCs filling here. Ratio obtained for optimal heights (Ht=5-6µm, Hm=25 µm) using chips (D1) 
at 3 µl/min for various 8 trapping chambers. Ratio values against % of occupancy of WBCs and 
RBCs. CL continues layer of cross-flow channel while DL is for discontinues layer. Cn: 
chamber number, and CF: cross-flow channel. Data are shown as (avg±std) 

Ht 

(µm) 

Hm 

(µm) 

Trapping chamber 

Qt/Qm 

 

 
% 

WBCs 

Filling 

 
% RBCs 

Filling Cn 

Trap 

pocket 

(Lp×Wp) 

µm 

Cross-flow 

channel 

(Lt×Wt) 

µm 

CF 

5 25 

C1 30×20 24×120 CL 0.269 100±1  91±1 

C2 30×20 24×24 DL 0.055 86±6 65±27 

C3 20×20 24×120 CL 0.293 93±7 70±19 

C4 20×20 24×24 DL 0.057 75±24 36±16 

C5 20×50 54×150 CL 0.212 87±23 81±36 

C6 20×50 54×54 DL 0.074 92±14 90±8 

C7 50×50 24×150 CL 0.448 100±0 100±0 

C8 50×50 24×54 DL 0.162 94±10 80±20 

6 25 

C1 30×20 24×120 CL 0.414 97±4 75±2 

C2 30×20 24×24 DL 0.087 93±10 55±15 

C3 20×20 24×120 CL 0.464 90±12 67±19 

C4 20×20 24×24 DL 0.091 87±2 65±7 

C5 20×50 54×150 CL 0.358 99±0 87±15 

C6 20×50 54×54 DL 0.123 100±0 92±8 

C7 50×50 24×150 CL 0.730 100±0 100±0 

C8 50×50 24×54 DL 0.267 100±0 94±8 
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Table 7.3 values of (Qt/Qm) ratio for others trapping channel heights (Ht), which was 
demonstrates poor, and intermediate WBCs filling. Ratio obtained for optimal heights (Ht=2,3 
,8.5 µm, Hm=25 µm) using chips (D1) at 3 µl/min for various 8 trapping chambers. Ratio 
values against % of occupancy of WBCs and RBCs. CL continues layer of cross-flow channel 
while DL is for discontinues layer. Cn: chamber number, and CF: cross-flow channel. (Qt/Qm) 
ratio was the inverse value calculated using equation 3.14. Data are shown as (avg±std) 

Ht 

(µm) 

Hm 

(µm) 

Trapping chamber 

Qt/Qm 

 

 
% WBCs 

Filling 

 
% RBCs 

Filling Cn 

Trap 

pocket 

(Lp×Wp) 

µm 

Cross-flow 

channel 

(Lt×Wt) 

µm 

CF 

2 25 

C1 30×20 24×120 CL 0.021 5±2 99±1 

C2 30×20 24×24 DL 0.004 2±3 86±9 

C3 20×20 24×120 CL 0.022 14±3 92±7 

C4 20×20 24×24 DL 0.005 3±3 92±9 

C5 20×50 54×150 CL 0.014 76±8 100±1 

C6 20×50 54×54 DL 0.005 17±11 98±2 

C7 50×50 24×150 CL 0.032 32±18 99±1 

C8 50×50 24×54 DL 0.012 10±6 100±1 

3 25 

C1 30×20 24×120 CL 0.068 54±24 77±17 

C2 30×20 24×24 DL 0.014 25±16 77±2 

C3 20×20 24×120 CL 0.071 72±22 84±4 

C4 20×20 24×24 DL 0.014 36±23 75±9 

C5 20×50 54×150 CL 0.047 95±7 92±3 

C6 20×50 54×54 DL 0.017 89±11 91±9 

C7 50×50 24×150 CL 0.105 92±9 99±2 

C8 50×50 24×54 DL 0.038 88±6 97±6 

8.5 25 

C1 30×20 24×120 CL 0.808 31±20 15±13 

C2 30×20 24×24 DL 0.197 14±0 9±2 

C3 20×20 24×120 CL 0.983 31±10 11±4 

C4 20×20 24×24 DL 0.211 30±4 17±7 

C5 20×50 54×150 CL 0.950 78±20 47±24 

C6 20×50 54×54 DL 0.319 43±1 20±8 

C7 50×50 24×150 CL 1.689 79±5 68±9 

C8 50×50 24×54 DL 0.657 17±0 8±8 
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Table 7.4 Qt/Qm values for main heights variations (Hm= 20, 25, and 50 µm) while cross-flow 
channel height was 5 µm. The optimal main channel heights was Hm=25 µm. Ratio values 
against % of occupancy of WBCs and RBCs. CL continues layer of cross-flow channel while 
DL is for discontinues layer. Cn: chamber number, and CF: cross-flow channel. (Qt/Qm) ratio 
was the inverse value calculated using equation 3.14. Data are shown as (avg±std). 

Trapping chamber 

Ht=5 µm 

Hm=20 

µm 

Ht=5 µm 

Hm=25 µm 

Ht=5 µm 

Hm=50 µm 

Cn 

Trap 

pocket 

(Lp×Wp) 

µm 

Cross-

flow 

channel 

(Lt×Wt) 

µm 

CF Qt/Qm Qt/Qm 

% 

WBCs 

Filling 

% 

RBCs 

Filling 

Qt/Qm 

% 

WBCs 

Filling 

% RBCs 

Filling 

C1 30×20 24×120 CL 0.455 0.269 100±1 91±1 0.055 72±17 74±7 

C2 30×20 24×24 DL 0.098 0.055 86±6 65±27 0.010 67±24 79±24 

C3 20×20 24×120 CL 0.506 0.293 93±7 70±19 0.058 81±16 78±15 

C4 20×20 24×24 DL 0.103 0.057 75±24 36±16 0.011 38±27 51±9 

C5 20×50 54×150 CL 0.382 0.212 87±23 81±36 0.040 76±2 79±29 

C6 20×50 54×54 DL 0.134 0.074 92±14 90±8 0.014 78±4 83±15 

C7 50×50 24×150 CL 0.776 0.448 100±0 100±0 0.088 99±2 99±2 

C8 50×50 24×54 DL 0.290 0.162 94±10 80±20 0.031 79±6 85±22 

 

7.2.1 Analysis of Cross-Flow Channel Heights 

Figure 7.16 illustrates the difference in trapping behaviour between continuous (CL) and 

discontinuous (DL) trapping layer designs for different array chambers. The eight different 

parts of each bar chart show the percentage of WBCs and RBCs occupancy among the 

eight trapping chambers (i.e. cells occupancy against the trap size of each chamber (as 

described in previous Tables)). The eight different parts of each bar chart are ordered as 

the left four parts where the narrower traps (~ Wt=20 µm), and the other four right parts 

where wider traps (~Wt=50 µm) with either a CL or a DL trapping layout. For all the 

devices, the array chambers with a CL layout have a higher WBC or RBC occupancy of 

the trap sites than with the DL layer, which can be related to a stronger cross-flow Qt.  
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Figure 7.16 % Occupancy of WBCs and RBCs against trapping chambers of (different traps sizes) for 
different channel heights. Plotted data was for 8 trapping chambers, which was had trapping channels as 
discontinues layer (DL) or continues layer (CL) of same traps sizes (as described in Tables 7.1, 7.2, and 
7.3). Data obtained using a chip with dilutor (D1) at optimal flow rate for each height. % Cells 
occupancy= No of traps contained target cells/ total number of traps ×100. i) % WBCs occupancy, and ii) 
% RBCs occupancy for A) a chip with Ht=2 µm and Hm=25 µm, B) ) a chip with Ht=3 µm and Hm=25 
µm, C) a chip with Ht=5 µm and Hm=25 µm, D) a chip with Ht=6 µm and Hm=25 µm, E) a chip with 
Ht=8.5 µm and Hm=25 µm, and F) a chip with Ht=5 µm and Hm=50 µm. The dimensions of trapping 
pockets and trapping channels for different chambers (C1-8) as follows (C1) trap pocket is (Lp✕Wp=30✕20 
µm), (Lt✕Wt=24✕120 µm) for CL channel. (C2) trap pocket is (Lp✕Wp=30✕20 µm), (Lt✕Wt=24✕24 µm) for 
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DL channel. (C3) Trap pocket is (Lp✕Wp=20 ✕20 µm), CL is (Lt✕Wt=24✕120 µm). (C4) Trap pocket is 
(Lp✕Wp=20 ✕20 µm), and DL is Lt✕Wt=24✕24 µm). (C5) Trapping pocket is (Lp✕Wp=20 ✕50 µm), CL is 
(Lt✕Wt=54✕150 µm), (C6) Trap pocket is (Lp✕Wp=20✕50 µm), and DL is (Lt✕Wt=54✕54 µm). (C7) 
trapping pocket is (Lp✕Wp=50✕50 µm), CL is (Lt✕Wt=24✕150 µm). (C8) trapping pocket is (Lp✕Wp=50 
✕50 µm), and (Lt✕Wt=24 ✕54 µm) for DL channel. Results are shown as avg±std.   

 

According to the adapted trapping model, the calculated Qt/Qm ratio is always higher for 

the CL configuration than for the DL configuration for various heights tested for cross-flow 

channels (Tables 7.2-7.4).  

By relating the flow ratio values to cell occupancy results, the general impression from 

the trapping data as quantified in the previous Tables, for all cross-flow channel heights, 

is that the percentage of trap sites occupied by WBCs or RBCs is smallest either at the 

lowest or at the highest Qt/Qm ratio.  

Very poor trapping of WBCs (<10%) within the continuous layer (CL) of chamber (C1) 

and discontinuous layer (DL) of chambers (C2&4&8) was seen with the 2 µm trap height 

at a very low Qt/Qm ratio value of range ~0.004-0.021. This was in agreement with the 

observation that most WBCs were following the main channel flow, even if the trap sites 

were empty. This dominance of the main flow path (see also Table 7.1) is consistent with 

a low Qt/Qm ratio. However, ~75% of WBCs occupancy at this 2 µm trap height was 

observed within chamber (C5) which had wider traps and a CL layer. Here, the flow ratio 

was 0.014, which is not very high and falls in the previously identified range 

corresponding to poor trapping. It might be that the wider traps had the increased 

possibility to see WBCs among packed RBCs at trapping sites, since RBCs are the most 

abundant cells in whole blood, whereas the narrower traps were easily filled with RBCs. 

It should be noted, in terms of occupancy quantification, that it was not considered 

whether a trap pocket was completely filled with cells. This means that 100% WBC 

occupancy indicates that each trap pocket contains at least one WBC, i.e. it does not 

indicate that all trap pockets are completely filled with WBCs.  

However, a low occupancy of WBCs (<40 %) was observed at the high Qt/Qm ratio of 

~0.197-0.983 for the trap height of 8.5 µm. This was in agreement with trapping 

behaviour as the cross-flow was the dominant flow path and all cells were directed 

toward the traps (Table 7.3). However, these traps could not retain many WBCs because 

the height of 8.5 µm is (too) large with respect to the dimension of most WBCs. However, 

80% WBCs occupancy was seen for a high Qt/Qm value (~1.7) for chamber 7, with a CL 

layout. This can be attributed to the areas of stagnated flow behind the PDMS walls that 
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protect cells from passing through (shown in Figure 7.10A). In terms of Qt/Qm ratio, this 

trap height may be able to efficiently array cells that are somewhat larger than WBCs. 

According to Tan’s model, Qt/Qm>1 enables trapping of 20-100 µm PS beads, but here it 

seems that a ratio >1 is not a good condition for arraying WBCs. This was also in 

disagreement with the observation of Nourmohammadzadeh et al. that human pancreatic 

islets (50-400 µm in diameter) were optimally trapped at a Qt/Qm =2.8 ratio. This suggests 

that each sample has its own optimal ratio for optimal trapping, and hence that these 

ratio conditions cannot be generalized in trapping theory models because these do not 

refer to properties, such as the size, of the target cells. Khalili et al. observed in their 

simulation study that the velocity streamlines are not fully directed to the trap channel 

when Qt/Qm<1. Also, Jin et al. mentioned that only 37% of the flow stream is directed 

towards the traps when Qt/Qm=0.58. This suggests that 100% of the flow stream being 

directed towards the traps is not necessary for trapping blood cells. 

Intermediate (i.e. not complete) filling of traps with WBCs (>80 %) was seen with the 

Ht=3 µm traps at a high Qt/Qm flow ratio of ~0.017-0.105. These chambers (C5-8) were 

the wider traps (Wt=50 µm) of both CL and DL layer. Considering the small trap height, 

this suggests that the wider the traps, the stronger the chance to see WBCs among RBCs 

retained in the traps. In this case the main flow is still dominant in relation to the cross-

flow but it is possible for WBCs to be directed to the trap sites, especially for wider traps 

(C5-8).  

Intermediate flow behaviour, i.e. a less dominant main flow, was observed in the devices 

with the intermediate trapping height of 5 or 6 µm (Table 7.2), corresponding to a Qt/Qm 

ratio range of 0.055-0.488 and of 0.087-0.730, respectively. Here very efficient (85-

100% trap occupancy) WBC arraying was achieved, although ~40-100% of the trap sites 

also contained RBCs. These RBCs were trapped inbetween captured WBCs because these 

WBCs did not completely seal the cross-flow channel.  

Hence, very poor WBC arraying was observed at both weak cross-flow (Qt/Qm < ~ 0.01) 

and strong cross-flow (Qt/Qm  > ~0.1). Weak cross-flow for the 2 µm high cross-flow 

channel devices meant that most WBCs were not directed to the trap sites. Strong cross-

flow with the 8.5 µm cross-channel devices meant that almost all WBCs were squeezed 

through the channels rather than being retained. Very efficient arraying of WBCs 

occurred at a Qt/Qm ratio of ~0.055-0.730 for the 5-6 µm cross-flow channel devices, 

where WBCs were directed towards the trap sites and could also be retained, even at a 
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stronger cross-flow. This highlights the importance of designing a hydrodynamic side 

trapping device that can achieve a proper Qt/Qm flow ratio (< ~1, and >~0.02) with cross-

channel heights that can block the passage of the target cells. 

7.2.2 Analysis of Main Channel Heights 

Turning to the height variations of the main channel, it was noticed that the smaller the 

height of the main channel, the more the cells squeezed within the trapping sites.  

Moreover, with a main channel height Hm=50 µm, some RBCs were retained within 5 µm 

height traps that did not contain WBCs. Looking at the Qt/Qm values in Table 7.4, it can 

be seen that these ratios tend to be very small when the main channel height is 50 µm 

rather than 25 µm, hence corresponding to very weak cross-flow. 

Figure 7.17 shows blood cell array images of different arraying chambers, annotated with 

the calculated Qt/Qm flow ratio for each chamber. Typically for a device with a 50 µm 

high main channel, as can be seen in Figure 7.17C, intermediate array occupancy of 

WBCs occurred at a Qt/Qm ratio range of ~0.014. This is similar to intermediate trapping 

in a device with a main channel height of 25 µm and a small cross-flow channel height of 

2 µm, with a flow ratio of 0.014. In both cases, it appears that a nearly equal main flow 

with cross-flow prevents WBCs to flow towards the trap sites. 

On the other hand, captured cells were more squeezed within cross-flow channels for 

configurations with a Qt/Qm flow ratio range of 0.134-0.776 (see Figure 7.17A&D&E). 

This range is close to the flow ratio range of 0.197-1.689 as calculated for the device with 

the large cross-flow channel height of 8.5 µm and a main channel height of 25 µm, 

where the majority of the WBCs were squeezed out of the cross-flow channels. 

In addition, it was earlier observed (section 7.1.2) that one chamber (C7) of a device with 

a continuous layer (CL) cross-flow layout and Ht=5 µm and Hm=50 µm, had trap pockets 

with nicely single-row arranged WBCs, without cells being squeezed into the cross-flow 

channels as usually observed with the CL layout. Interestingly, this particular chamber 

had a flow ratio of ~0.088, which is close to the range of ~0.055-0.267 as calculated for 

the devices with a cross-flow channel height of 5-6 µm (with DL trapping layer) and a 

main channel height of 25 µm, which also enable efficient WBC arraying, generally also 

without cells being forced into the cross-flow channel (Figure 7.7). However, it was 

observed with this large height of main channel (Hm=50 µm) that some RBCs are retained 



 

    
141 

in the traps without any WBCs, which was not usually seen with 5 µm high traps. This 

can be attributed to their Qt/Qm flow ratio range of 0.01-0.088, which is low compared to 

the flow ratio range of (0.055-0.448) of devices with Ht=5 µm and Hm=25 µm. 

 

 

Figure 7.17 Main channel heights (Hm) variations with calculated Qt/Qmvalues. Trapping 
channel was 5 µm height. (Left) Hm=20 µm, (middle) Hm=25 µm, (right) Hm= 50 µm. (A-C) 
chamber 6 with discontinues layer (DL) within a chip with a dilutor (D1) at 3 µl/min. (D-F) 
trapping chamber 7 with continues layer (CL) of same previous tested chip. Scale bar 60 µm. 
Qt/Qm ratio for each (A) 0.134, (B) 0.074, (C) 0.014, (D) 0.776, (E) 0.448, and (F) 0.088.  

To summarise, the height of both the cross-flow and the main channel is a key parameter, 

strongly influencing the Qt/Qm ratio and hence the WBC arraying efficiency. This is 

because the flow resistance is a third power of the height (Chapter 3). Although efficient 

WBC arraying can be achieved with a 50 µm main channel height with array chambers 

with an appropriate Qt/Qm ratio, the use of the 25 µm channel height offers more 

application flexibility because here different trap pockets (i.e. different array chambers 

within a single device) support efficient WBC arraying.  

7.3 Influence of Channel Width and Length 

Other geometrical parameters in the hydrodynamic trapping theory equations are the 

width and length of the channels, including the cross-flow trapping channel length (Lt) 

and width (Wt), the trapping pocket length (Lp) and width (Wp) and the main channel 

width (Wm). Sections 7.1 and 7.2 primarily concerned the channel heights, although the 
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eight arraying chambers of each device also contained relatively small variations of the 

trapping pocket width, in the range 20-50 µm, with concomitant changes in the cross-

flow channel width. Efficient WBC arraying could be achieved with these devices with 

the appropriate choice of the cross-flow and main channel height. 

To gain a better understanding of the hydrodynamic side trapping mechanism, chips were 

fabricated with larger variations of the width and length of the cell pockets, cross-flow 

channels and the main channels. A chip with four different arraying chambers, without a 

dilutor, was utilised. The channel height was kept constant; cross-flow channel height 

(Ht=5 µm) and main channel height (Hm=25 µm). One of the four arraying chambers in 

each of these new devices consists of the 20×20 µm DL trap geometry, i.e. this chamber 

is identical to one of the chambers of the D1 devices described in section 7.1 and 7.2, 

serving as a reference arraying chamber. In the other three chambers, one geometry 

parameter was changed while the others dimensions were kept the same as those of this 

reference chamber. Unless otherwise stated, these devices were operated with a flow rate 

of 1 µl/min. 

7.3.1 Length and Width Variation of Cross-Flow Channel 

The cross flow channel height has shown a significant impact on arraying WBCs from 

whole blood. The length (Lt) and width (Wt) of the cross flow channel, i.e. parameters P3 

and P4 (see Figure 4.3G) are addressed in this section. Starting with parameter P3, the 

cross-flow channel length (Lt) was varied (10, 20, 50, 100 µm) while keeping other 

dimensions identical to those of the reference/control chamber. Following Figure 7.18, it 

seems that the larger the length of cross flow channel the less the occupancy of WBCs 

within the array. 100 µm cross flow channel length has shown intermediate WBC filling 

(~63%) compared to others trapping chambers. It was found that most coming WBCs 

tend to follow the main serpentine flow without being captured, indicating a weaker 

cross-flow. This can be explained by returning to the fluidic resistance formula as follow 

(R=L/W�H3); therefore, the larger the length of channel, the larger the fluidic resistance, 

resulting in a lower cross-flow. 

This was in agreement with embryo arraying by Khoshmanesh et al. Their experimental 

data showed a validation of improving the trapping with a shorter suction channel, and 

trapping did not occur when the suction channel length exceeded 1.5 mm [52]. They 
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suggested that this was due to the lack of sufficient suction force capable of changing the 

trajectory of embryos travelling in the serpentine main flow. 

 

Figure 7.18 trapping channel length (Lt) testing using a chip without dilutor DP3 at 1 µl/min 
(Ht=5 µm, Hm=25 µm). It was shown with correspond calculated Qm/Qt (&Rm/Rt) ratio Blood 
cells stained with AO dye showing arrayed WBCs (orange). (Left) zoom out of merged image. 
(Middle) zoom in merged view (right) fluorescent image. A) Trapping chamber 1 (C1) with 
Lt=10 µm B) trapping chamber C2 with Lt=20 µm C) trapping chamber3 C3 with Lt=50 µm. D) 
trapping chamber C4 with Lt=100 µm. good WBCs occupancy was seen in (A-B-C), and poor 
trapping of WBCs in (D), Qt/Qm values for each chambers are 0.123, 0.073, 0.029, and 0.023, 
respectively.  Scale bar 60 µm.  

 

By returning to Qt/Qm ratio considerations, the largest number of empty traps among the 

four chambers (Figure 7.18) was for the largest investigated length (Lt=100 µm), with a 
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flow ratio (Qt/Qm) of 0.023. This range is similar to the intermediate occupancy Qt/Qm 

range of 0.017-0.105 of the devices with a 3 µm cross-flow channel height (section 7.2). 

This confirms that equally main flow makes it difficult, but not impossible for WBCs to 

enter a trapping site. The other arraying chambers (Lt =10, 20, 50 µm) supported efficient 

WBC arraying. The flow ratios of these three chambers cover the range ~0.123, 0.073, 

and 0.029, respectively, which is similar to the ~0.055-0.448 range of Qt/Qm of the 

devices with a 5 µm cross-flow channel height (section 7.2), which also resulted in 

efficient WBC arraying.   

Next, the influence of the width of the cross-flow channel (Wt), parameter P4, was 

investigated by fabricating arraying chambers with four different Wt values: 10, 20, 50 

and 120 µm. The width of the trapping pocket remained 20 µm. The very large 850 µm 

cross-flow channel width hence equates to the continuous layer layout of the cross-flow 

channel in the eight-chamber chip with a dilutor (D1). Therefore, the Wt of this CL layer 

was taken as the distance between two traps (as shown in Figure 3.11). In Figure 7.19, 

poor WBCs occupancy was observed for the chamber with the narrowest trap width of 10 

µm, even if these traps were not already occupied by RBCs (Figure 7.19A). It was 

observed that some RBCs can pass through this narrow cross-flow channel (Wt =10 µm, 

Ht =5 µm), but the cross-flow was not sufficiently strong to drag WBCs out of the 

serpentine main flow path. 

The wider the cross-flow channel, the more WBCs were arrayed and the more RBCs were 

found squeezed into the cross-flow channels (Figure 7.19D). This indicates that a wider 

cross-flow channel enables a stronger cross flow, resulting in multiple trapping events, 

until the entrance to the channel is sealed. Because the fluidic resistance is inversely 

proportional to the channel width, the larger the width of the cross-flow channel, the 

smaller the fluidic resistance, resulting in a larger cross flow. 

Regarding Qt/Qm ratios, poor WBC occupancy was observed for the narrowest trapping 

channel width (Wt), and the flow ratio was ~0.018, which is outside the previously 

identified regime of ~0.055-0.730 for efficient WBC arraying. However, the other 

chambers of Wt =20, 50 and 120 µm showed good arraying of WBCs, with more 

squeezing of the WBCs inside the cross-flow channel at larger Wt. The flow ratio ranges 

are ~0.045, 0.118, and 0.294 for Wt =20, 50 and 120 µm, respectively. This is also in 

agreement with previously identified conditions for efficient WBC arraying. The later ratio 

of ~0.294 was in the ratio range of 8.5 µm cross-flow channel height devices (section 7.2) 
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have a Qt/Qm range of ~0.197-1.689, which gave inefficient WBC arraying only because 

this height was too large, in combination with a strong cross-flow. The arraying 

characteristics of the Wt =120 µm chambers show that a shallower cross-flow channel (Ht 

=5 µm) can retained WBCs even at a strong cross-flow. 

 

Figure 7.19 Testing of trapping channel width (Wt). Using a chip without a dilutor DP4 (Ht=5 
µm, 25 µm) at 1 µl/min). Blood cells stained with AO dye showing arrayed WBCs (orange), 
RBCs shown in black spots. Zoomed in of merged image showing (A) Wt=10 µm (B) Wt=20 
µm (C) Wt=50 µm (D) Wt=120 µm. Poor WBCs filling was seen in (A) with narrowest side 
channel 10 µm. The Qt/Qm ratio is A) 0.018, B) 0.045, C) 0.118, and D) 0.294 (scale bar 60 
µm) 

7.3.2 Trapping Pocket Size Variations   

The trapping channel length (Lt) and width (Wt) showed a significant influence on WBC 

arraying. The parameters investigated next are P5 and P6 (Figure 4.2), the trapping pocket 

length (or "depth") (Lp) and width (Wp). The length of the trap pocket (Lp) was either 0, 10, 

20 or 50 µm while the width of the cross-flow channel was 30 µm. Trapping experiments 

showed that varying the trapping pocket length/depth in this range has almost no effect 

on WBC arraying, as can be seen in Figure 7.20. 
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Figure 7.20 Trapping pocket length (Lp) testing using a chip without dilutor DP5 at 1 µl/min 
(Ht=5 µm, Hm=25 µm). Blood cells stained with AO dye showing arrayed WBCs (orange). 
(Left) zoom out of merged image. (Middle) zoom in merged view (right) fluorescent image. A) 
Trapping chamber 1 (C1) with Lp=0 µm, no pocket B) trapping chamber C2 with Lp=10 µm C) 
trapping chamber3 C3 with Lp=20 µm. D) trapping chamber C4 with Lp=50 µm. Good WBCs 
occupancy was seen all Lp configurations of Lp in (A-D). The Qt/Qm ratio is A) 0.040, B) 
0.045, C) 0.041, and D) 0.058 (scale bar 60 µm). 

When there is no trapping pocket (Lp =0 µm) and the entrance of the cross-flow channels 

is right at the side wall of the main channel, WBCs can be captured at these sites but are 

sensitive to the main flow and can be lost when hit by cells travelling along the main 

flow. This was in agreement of some trapping theory models, as they do not consider a 

trapping pocket in the equations. Similarly, Frimat et al. observed that trap pocket size 

has only a minor effect on single cell arraying [28]. 

In Figure 7.21, a zoomed in view of the cell trap sites in another experiment with the 

same Lp configurations showed a similar trapping behavior. Capturing WBCs without the 
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trap pocket (Figure 7.21E&F) is similar to a reverse flow operation of the device (Figure 

5.2). 

 

Figure 7.21 Another testing of trapping pocket variations showing similar WBCs capturing 
results. Using a same chip without a dilutor DP5 (Ht=5 µm, 25 µm) at 1 µl/min). Blood cells 
stained with AO dye showing arrayed WBCs (orange), RBCs shown in black spots. Zoomed in 
of merged image showing (A) Lp=0 µm (B) Lp =10 µm (C) Lp =20 µm (D) Lp =50 µm. good 
WBCs filling was seen in (A-D). E) Zoomed in of no trap pocket configuration in (A) to 
compare with a similar result in (F) obtained with a reverse flow experiment performed with a 
chip with a dilutor (D1) at 3 µl/min. WBCs were stained with FTIC–anti CD45. (scale bar 60 
µm) 

Figure 7.20 also shows the calculated values of the Qt/Qm range for the four Lp 

configurations, which are almost identical (Qt/Qm =0.040-0.058). This justifies the model 

of Tan and Lee et al., where the trapping pocket is ignored. The model of Chung et al. 

does consider the dimensions of this pocket, but the fluidic resistance of the pocket (Rp) is 

small compared to the resistance of the cross-flow trapping channel (Rt), hence ignoring 

Rp does not have a significant impact on the Qt/Qm ratio. The Qt/Qm flow ratio range of 

~0.040-0.058 falls with the range previously identified for efficient WBC arraying with 5-

6 µm high cross-flow channels.  

Next, the trap pocket width was investigated, either with keeping the cross flow channel 

width at 20 µm, or by making it the same size as the trap width, but with a 10 µm 
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allowance to aid alignment (see section 4.2), i.e. Wp=Wt+10 µm. Figure 7.22 shows WBC 

arraying in chambers of various trap pocket width (Wp=10, 20, 50, 100 µm) while the 

cross flow channel width was kept at Wt= 20 µm. It was found that altering the width of 

the trap pockets in this range has no major effect on WBC arraying. The number of WBC 

in each trap was the number required for sealing the cross flow opening (Wt=20 µm), 

which is 2-3 WBCs. 

 

Figure 7.22 Experiments results of width of trapping pocket (Wp) testing. The width of cross 
flow channel was kept Wt=20 µm. Using a chip without a dilutor (DP6, Ht=5 µm Hm=25 µm). 
Blood cells stained with AO dye showing arrayed WBCs (orange), RBCs shown in black spots. 
Zoomed in of merged image showing (A) Wp=10 µm, Wt=20 µm (B) Wp =20 µm, Wt=20 µm 
(C) Wp =50 µm, Wt=20 µm (D) Lp =100 µm, Wt=20 µm.  Similar trapping WBCs was seen in 
(A-D), but was single WBCs arraying in (A). The Qt/Qm ratio is A) 0.040, B) 0.046, C) 0.055, 
and D) 0.071. (E) Magnified image of merged view of (A) displaying interesting arraying of 
single WBC per traps while RBCs (black) following in main channel. (F) A merged view of 
fluorescent images obtained using FITC and Rhod filters. (Scale bar 60 µm). 

Interestingly, single-WBC arraying was achieved with Wp=10 µm and Wt=20 µm, as 

shown in Figure 7.22A&E-F. This indicates that narrowing the trap pocket to 10 µm 

enables efficient single-WBC arraying, in contrast to narrowing the cross-flow channel to 

10 µm (Figure 7.19A), which results in very poor WBC arraying. The flow ratio ranges for 

Wp=10, 20, 50, 100 µm (at Wt=20 µm) were ~0.040, 0.046, 0.055, and 0.071, 

respectively. These all fall within the efficient WBC arraying regime of ~0.03-0.105 of the 
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3 µm high cross-flow channels and 5-6 µm high cross-flow channels of range (0.055-

0.448). 

Figure 7.23 displays the effect of varying the trap pocket width while also varying the 

cross-flow channel width (Wp≈ Wt). Now, wider traps / cross-flow channels result in a 

larger number of WBCs per trap pocket. For instance, an arraying chamber with a 100 

µm trap pocket width and a 110 µm cross-flow channel width contains 8-10 WBCs 

arrayed as a single row (Figure 7.23D-F). In contrast, a trap pocket of 100 µm width in 

front of cross-flow channel of 20 µm width only contains 2-3 WBCs (Figure 7.22D). This 

clearly demonstrates that (for a device with a main channel and trap pocket height of 25 

µm and a suitable Qt/Qm ratio) the only parameter which controls the number of captured 

WBCs is the cross-flow channel width (Wt). 

With an increased width of the trapping pocket and of the cross-flow channel, the 

number of RBCs inside the trap sites also increased (Figure 7.23D). As mentioned above, 

a wider cross-flow channel supports a stronger cross-flow, which leads to RBCs being 

forced inside the shallow cross-flow channels and also leads to RBCs filling the interstitial 

spaces between arrayed WBCs. 

Flow ratios of three trapping chambers (E, F and G) fall inside the ~0.055-0.730 range 

required for efficient arraying. However, the widest trapping pockets and cross-flow 

channels of ~100 µm have a flow ratio range of ~0.478. As outlined earlier, a Qt/Qm ratio 

range of ~0.197-1.689 corresponds with negligible WBC arraying in devices with a 8.5 

µm cross-flow height but devices with a flow ratio of 0.478 and 5 µm high cross-flow 

channels support efficient WBC arraying because these channels are too shallow for 

WBCs to traverse, even at a strong cross-flow. 

Interestingly, single WBCs arraying was also observed with the narrowest pocket channel 

width Wp of 10 µm while Wt =20 µm, corresponding to a flow ratio of ~0.040. However, 

for the reverse geometry (Wp=20 µm and Wt=10 µm, giving Qt/Qm =0.018) resulted in a 

poorly filled array (Figure 7.19A). This shows that the width of the trap pocket and of the 

cross-channel can be tailored to achieve either a fully occupied or a partially occupied 

WBC array, which could both be beneficial, depending on the intended application of 

the WBC array. 
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Figure 7.23 Testing of trapping pocket width (Wp) variations with the width of cross-flow 
channel (Wt) variations +10 µm for alignment process. Using a chip without a dilutor DP7 
(Ht=5 µm,Hm= 25 µm) at 1 µl/min). Blood cells stained with AO dye showing arrayed WBCs 
(orange), RBCs shown in black spots. Zoomed in of merged image showing (A) Wp=10 µm, 
Wt=20 µm (B) Wp =20 µm, Wt=30 µm (C) Wp =50 µm, Wt=60 µm (D) Lp =100 µm, Wt=110 
µm. Good WBCs occupancy was seen in (A-D) The wider the Wp&Wt, the larger number of 
captured WBCs, scale bar 60 µm. The Qt/Qm ratio is A) 0.040, B) 0.071, C)0.185, and D) 
0.478. E-F) Zoomed in of the widest traps configuration in (D) showing 7-9 WBCs are captured 
(scale bar 50 µm). 

7.3.3 Variation of the Spacing between Traps 

The influence of the spacing between traps (St), which determines the trap density, on 

WBC arraying was also investigated. Figure 7.24 shows that chambers with 20x20 µm 

trap pockets that are either 10, 20, 50 or 100 µm apart are all efficiently filled with 

WBCs. This could be the reason why St is not included in the hydrodynamic trapping 

theory equations. Hence, the choice of the trap density only depends on the required 

number of cells to be observed within the field of view of the microscope objective. For 



 

    
151 

instance, it was noticed during high resolution imaging that a larger distance between 

arrayed cells is convenient because it avoids photobleaching of large number of cells at 

the same time. 

 

Figure 7.24 Spacing between traps (St) testing using a chip without dilutor DP8 at 1 µl/min 
(Ht=5 µm, Hm=25 µm). Blood cells stained with AO dye showing arrayed WBCs (orange). 
(Left) zoom out of merged image. (Middle) zoom in merged view (right) fluorescent image. A) 
St=10 µm B) St =20 µm C) St =50 µm. D) St =100 µm. The Qt/Qm ratio is A) 0.048, B) 0.045, 
C) 0.044, and D) 0.051. St was not defined in the adapted model, and changed Lm. Good 
WBCs occupancy was seen all configurations of St in (A-D) scale bar 60 µm.  

Flow ratio ranges were calculated as follows: ~0.048 for St =10 µm, ~0.045 for St =20 

µm, ~0.044 for St =50 µm and ~0.051 for St =100 µm. There were similar values since St 

was not defined in the adapted model, and resulted in changing Lm. The flow ratios for 

various spacings correspond to those of the devices with a 3 µm high cross-flow channel 

(Qt/Qm ≈ 0.047) of efficient trapping (i.e. %92 WBCs occupancy). However, the 5 µm 
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cross-flow channel height employed here allows the RBCs to pass through the channel 

and hence WBC arraying works well.  

 

Figure 7.25 The highest trap density achieved within this two heights trapping system when the 
spacing between traps St=10 µm. Using a chip without dilutor DP8 at 1 µl/min (Ht=5 µm, 
Hm=25 µm). Blood cells stained with AO dye showing arrayed WBCs (orange) in merged 
view. A) Bright field image of arrayed WBCs. B) fluorescent image obtained with FITC showing 
arrayed WBCs in (green) and highlights the traps layout C) Another fluorescent image obtained 
with Rhod showing captured WBCs in (red) D) merged image of (A-C) showing arrayed WBCs 
in orange. (E-G) zoomed in images of Rhod, FITC, and merged view showing single WBCs 
arraying. This obtained by Wp=20 µm, and Wt= 20 µm but cross –flow channel a bit shifted 
resulted in smaller Wt opening which leads to single arraying WBCs; however, some traps 
have two WBCs (scale bar 60 µm).  

Surprisingly, although these devices were designed to have a 20 µm wide trap pocket and 

cross-flow channel, capturing of single cells was observed in some cases, as shown in 

Figure 7.25. This can be attributed to a misalignment of the cross-flow channel defining 

resist layer and the trapping pocket defining resist layer (Chapter 4), resulting in a shift of 

~8 µm. Hence the effective cross-flow channel width was 12 µm and not the intended 20 

µm. This is sufficiently wide to allow the passage of RBCs, while it allows for only one 

WBC to be trapped at the cross-flow channel entrance. This indicates that single WBC 

arraying can be obtained using a trap geometry of Wt=10 µm or 12 µm and Ht=5 µm and 
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that misalignment of the two resist layers could actually be employed to realize such 

narrow cross-flow channel entrances. 

7.3.4 Traps Positions Variations   

In all devices discussed so far, the positioning of the trap sites is the same in all trap rows, 

that is along all the turns of the serpentine main channel. When arraying chambers were 

fabricated where this is not the case (see Figure 7.26 for the various relative trap 

positions) efficient arraying of WBCs was observed in all cases. In spite of changing the Lm 

length as a result of changing the trap positions, the flow rate ratio does not change 

significantly.  

 

Figure 7.26 Traps positions (Tp) testing using a chip without dilutor DP9 at 1 µl/min (Ht=5 µm, 
Hm=25 µm). Blood cells stained with AO dye showing arrayed WBCs (orange). (Left) zoom out 
of merged image. (Middle) zoom in merged view (right) fluorescent image. A) A common used 
trapping positions configuration within our trapping system. B) Traps are located in the first 
row and not in the subsequent row and so on C) traps positions were not parallel to each other 
with keeping the spacing St=50 µm. D) the same configuration as (C) but with larger spacing 
St=100 µm. The Qt/Qm ratio is A) 0.061, B) 0.081, C) 0.082, and D) 0.099. Good WBCs 
occupancy was seen all Tp configurations in (A-D) scale bar 60 µm. 
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Trapping theory analysis gave a Qt/Qm flow ratio range of 0.061-0.099 for all tested 

geometries, which falls within the 0.055-0.448 range of the devices from section 7.1 with 

a good WBC arraying efficiency (cross-flow channel height of 5µm).   

7.3.5 Main Channel Width Variations   

The width of the main channel (Wm) in all the previously described devices is 60 µm, 

which is about three times larger than the size of the largest WBCs. Figure 7.27 shows 

WBC arraying in four chambers with a different width of the main channel: 20, 30, 60 or 

160 µm.  

 

Figure 7.27 Main channel width (Wm) testing with corresponded flow ratios. Using a chip 
without a dilutor DP10 (Ht=5 µm, 25 µm) at 1 µl/min). Blood cells stained with AO dye 
showing arrayed WBCs (orange), RBCs shown in black spots. Zoomed in of merged image 
showing (A) Wm=20 µm (B) Wm=30 µm (C) Wm=60 µm (D) Wm=160 µm. A clogging 
happened (red arrow) in narrower main channel (Wm=20 µm) in (A). Good WBCs filling was 
seen in (B-D). The Qt/Qm ratio is A) 0.245, B) 0.113, C) 0.044, and D) 0.023. E) The same 
chamber in A after increasing flow rate to 5 µl/min to remove the clogging. (Scale bar 60 µm). 

It was found that the narrowest main channel (Wm=20 µm) could easily be clogged with 

small cell aggregates. Hence this width is not suitable. However, a clogged aggregate 

could be flushed out of the chamber by increasing the flow rate from 1 µl/min to 5 

µl/min, after which efficient WBC arraying was observed Figure 7.27E. 
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The widest main channel (Wm=180 µm) supports a strong main flow and not all the cell 

trap pockets are occupied with WBCs. Another disadvantage of this layout is the 

increased distance between cell trap sites, which drastically reduces the number of cells 

in a microscope frame. The Qt/Qm flow ratio ranges are as follows: 0.245, 0.113, 0.044, 

and 0.023 for, respectively, Wm= 20, 30, 60, and 180 µm. The smaller three main 

channel widths hence fall in the ~0.044-0.245 range, which is almost identical to the 

0.055-0.448 range that gives efficient WBC arraying in the 5 µm high cross-flow channel 

devices of section 7.1. The ~0.023 range of the Wm=180 µm chambers on the other hand 

is on the low side (Qt/Qm ≈ 0.014-0.105 for a 3 µm cross-flow channel height). 

Hence a main channel width of 60 µm enables efficient WBC arraying because of a 

favourable flow ratio and prevents channel clogging by small aggregates that were not 

filtered out of the whole blood sample.  

7.3.6 Control Experiments  

Similar results were obtained when selected devices with width or length variations were 

used to array WBCs that were stained with dyes other than the AO stain, or when these 

devices were fabricated with a different height (Figure 7.28). In Figure 7.28A&B, cells in 

devices with different traps pocket length (Lp) were observed with DiOC6 stain, and DNA 

(H342) stain, displaying similar trapping behaviour as described in section 7.3.2. Similar 

cell squeezing within the continuous cross-flow channel (section 7.2.1) was evident for 

blood cells that were stained with calcein-AM and DNA (H342) stain (see Figure 7.28C). 

Moreover, a device with 3 µm high cross-flow channels, which showed poor arraying of 

WBCs (section 7.1.1.1) was investigated with 1) a larger traps width of 100 µm (Figure 

7.28D, 2) a smaller spacing of 10 µm between traps (Figure 7.28E), and 3) a main 

channel width of 160 µm (Figure 7.28F). All these three device variations showed 

efficient arraying of RBCs. 

The devices discussed so far had either eight (sections 7.1 and 7.2) or four (section 7.3) 

arraying chambers. To address the possibility that arraying performance depends on the 

position of the arraying chamber, a device was fabricated with eight identical arraying 

chambers. These had the same geometry as the reference chamber used in section 7.3. 

The arraying characteristics were the same in all eight chambers (data not shown) and it 

was hence concluded that the position of the arraying chamber is unlikely to modulate 

the blood cell trapping. Devices with only a single arraying chamber were also 
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fabricated, either with a trap width of 20 or of 50 µm. Here, similar WBC arraying was 

observed as described in the previous sections when the flow rate was reduced to 0.5 

µl/min. 

 

Figure 7.28 Testing some various parameters with others staining or different heights. A-B) 
traps pocket length testing Lp=10, 50 µm, respectively. Using chip without a dilutor, DP5 Ht=5 
µm Hm=25 µm. Blood cells was stained with DiOC6 dye (FITC) and DNA (H342) stain (DAPI) 
displaying similar trapping behaviour in Figure (7.19), scale bar 50 µm. C) Continuous cross 
flow testing using a chip with a dilutor (D1) at 5 µl/min Ht=5 µm Hm=25 µm. blood cells 
stained with calcein-AM (FTIC), and H342 stain (DAPI) showed a similar cell squeezing in 
Figure (7.17), scale bar 60 µm. (D-F) Poor arraying of WBCs using 3 µm traps heights while 
main channel height 25 µm of investigated parameters such as Wp=100 µm in (D), scale bar 
60 µm, St=10 µm in (E), scale bar 60 µm and Wm=160 µm in (F), scale bar 50 µm. Blood cells 
was stained on chip with cell membrane (WGA) (Rhod) and DNA stain (DAPI) showing 
trapping of RBCs by 3 µm trap high even with different traps geometry. 

Turning now to a single-layer device (D4), it was hard to capture blood cells within a 

one-height system due to the large vertical-gap size (Wt=12 to 5 µm and Ht=Hm=25 µm) 

of the traps, but some WBCs were seen at Wt=5 µm. This situation is similar to the 

trapping of microbeads with a single-layer device (sections 5.3 and 5.4). It was noted that 

the cells did not follow the trajectory of the serpentine main channel. This might occur 

due to the large gap between the trap structures, leading them to act as arranged posts or 

pillars, with the particles (beads or cells) following the path of the least fluidic resistance, 

through the trap structures. For these single-layer devices to array WBCs, the trap width 

should be similar to the cross-flow channel height in a two-layer device, which requires 

high resolution photolithography.  

Finally, a trapping experiment was performed with the front trapping chip (device Df) 

depicted in Figure 4.10. This design was used by Chen et al. [19] to array WBCs from 

RBC-lysed blood, and was also inspired by Skelley et al. [45]. It was fabricated with the 



 

    
157 

optimal heights for the hydrodynamic side trapping devices (D1 and D2), i.e. a cross-flow 

height Ht of 5 µm and a main channel height Hm of 25 µm. When a whole blood sample 

was applied to these front traps, the WBC arraying efficiency was poor many RBCs had 

accumulated behind the trapped WBCs, as shown in Figure 7.29. This suggests that RBCs 

can flow through these two-layer front traps before they are occupied with WBCs, but 

after WBC trap filling RBCs are drawn towards the interstitial spaces between the arrayed 

WBCs. This explains why Chen et al. first lysed the RBCs before applying the blood 

sample to their trapping device. In addition, some traps in our device were empty. This 

illustrates the advantage of using a serpentine channel as the delivery channel, which 

ensures that the cells flow along all the trap sites. Trapped WBCs could also be present as 

multiple layers of cells and appeared to stack on top of each other (Figure 7.29C). All 

these observations illustrate the advantages of the hydrodynamic side trapping approach, 

with its distinct Qt/Qm flow ratio regime, over the front trapping approach.  

 

Figure 7.29 Testing of front trapping system (chip Df), Ht=5 µm and Hm=25 µm). A) few WBCs 
were captured, and stained with AO dye (FITC), B) bright field image of (A) showing large 
numbers of RBCs (unstained). C) Merged view shows WBCs in green and large accumulation 
of RBCs in pocket area (as red arrow points), Scale bar 50 µm. D) Zoomed in view of captured 
WBCs with multilayers trapping behaviour. Scale bar 20 µm   

7.3.7 Summary of Width and Height Investigations 

Testing of different variations of channel width and height showed that there was a 

significant influence of some parameters, but not of others, on the arraying efficiency of 

WBCs from whole blood. Starting with the cross-flow channel dimensions, it was found 
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that a narrower width (Wt=10 µm) resulted in a poor trap occupancy of WBCs, whereas a 

continuous cross flow channel (Wt=120 µm) gives more 'squeezed' cells that are drawn 

from the trapping pocket to the confined height of the cross-flow channel. A large length 

of the cross-flow channel (Lt=100 µm) decreased the efficiency of WBC arraying, whereas 

varying the trapping pocket length (Lp) had no effect. However, the narrowest width of the 

trapping pocket (Wp=10 µm) enabled arraying of single WBCs rather than a single row of 

multiple WBCs. 

The number of captured WBC per trap site is controlled by the width of the cross-flow 

channel. A number of 7-10 WBCs is captured when Wp= Wt=100 µm. If the trapping 

pocket width is maintained at 100 µm but the cross-flow channel width is reduced, the 

number of cells in the trap site decreases because trapping stops when the entrance of the 

cross-flow channel is blocked. The wider the cross-flow channel, the more cells are 

found in the confined-height space of this channel, suggesting an increase in cross-flow 

strength. 

The spacing between traps (St) or the relative trap position within an array chamber (Tp) 

had no impact on the efficiency of WBC arraying. Reducing the main channel width led 

to channel clogging while increasing the width also increased the main flow strength, 

which reduced the arraying efficiency. Hence a main channel width of ~60 µm is 

suitable from an arraying efficiency perspective whereas it also ensures a fair number of 

trap sites per field of view of a microscopy objective. 

Comparing the theoretical model of the flow rate ratio Qt/Qm with various device 

geometries demonstrated a good correlation of these ratios and the WBC trap occupancy. 

This analysis shows that the most significant geometry parameter is the height of the 

cross-flow trapping channels (Ht). The cross-flow channel height, in combination with the 

other dimensions of the arraying chamber, should enable a sufficiently strong cross-flow 

that directs WBCs from the main flow to the cross-flow path. The height of the channels is 

important because the fluidic resistance R = L / W�H3. 

Poor WBC trapping was observed in devices with a flow rate ratio Qt/Qm in the range 

~<0.01 (weak cross-flow, e.g. with 2 µm high cross-flow channels) or with a relatively 

high flow rate ratio ~> 0.1 (strong cross-flow, e.g. with 8.5 µm high cross-flow channels). 

However, the latter flow rate ratio is compatible with efficient WBC arraying if the cross-

flow channel height is reduced to 5-6 µm. A flow rate ratio range of ~0.055-0.730 
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appears most suitable for efficient WBC arraying (sufficiently strong cross-flow, e.g. with 

5-6 µm high cross-flow channels). 

Another relevant parameter for WBC arraying is the cross-flow trapping channel width 

(Wt) and length (Lt). Poor occupancy was noticed when Wt=10 µm (giving Qt/Qm ≈0.018) 

and also intermediate occupancy with Lt=100 µm (giving Qt/Qm ≈ 0.023). These flow rate 

ratio ranges approximate the weak cross-flow regime as identified for devices with the 

smallest cross-flow channel height. 

7.4 Summary    

This chapter has systematically investigated the impact of a range of geometrical 

parameters of the two-layer hydrodynamic side trapping chip on the arraying efficiency of 

WBCs from a whole blood sample. The experiments described in section 7.1 show that a 

cross-flow channel height of ~5-6 µm in combination with a serpentine main channel 

height of 25 µm is optimal for WBC arraying. A cross-flow height of 2 µm enabled RBC 

and PLT arraying, the most prevalent cells in a whole blood sample, while a height of 8.5 

µm, perhaps in part because of an excessively strong flow through these channels, 

appears more suitable for cells that are larger than WBCs. 

In section 7.2, the adapted model (Equation 3.14) for hydrodynamic cell trapping was 

expressed in terms of the ratio of the trapping (cross-flow) main channel flow rate over 

the main channel flow rate (Qt/Qm). When this model was applied to the Hm=25µm / 

Ht=5-6 µm device, the smallest Qt/Qm value was 0.055 and the largest value was 0.730, 

hence the Qt/Qm ratio range is 0.055-0.730, which should also give good WBC arraying 

in other devices with a suitable cross-flow channel height. 

When these heights are maintained, changing the length and width of the cross-flow 

channel or the trapping pocket or the width of the main channel can decrease the WBC 

arraying efficiency in some cases. For example, a poor occupancy was noticed with the 

narrowest traps (Wt=10 µm) and also intermediate occupancy with the longest cross-flow 

channels (Lt=100 µm). These have a flow rate ratio in the range 0.018-0.023, implying a 

cross-flow that is not very high with respect to the main flow, rendering diversion of cells 

from the main flow to the cross-flow path, where they could be retained in the trapping 

pockets a less efficient process. However, a similar value of the flow rate ratio, of 0.017, 

was seen with 3 µm high traps that resulted in a ~89% WBC occupancy. This suggests 

that the flow rate ratio range of the adapted model are not very necessary to be in certain 



 

      160 

regime for WBCs arraying if the cross-flow channel height is small enough to prevent the 

passage of WBCs.    

The next chapter will explore and discuss possible applications of the developed WBC 

arrays, using devices with the optimal heights of Ht=5 µm and Hm=25 µm while avoiding 

poorly performing cross-flow channel geometries such as Wt=10 µm or Lt=100 µm. 
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Chapter 8:  Applications of WBC Arrays 

This chapter explores possible applications of the developed WBC arraying platform, 

using devices with a 5-6 µm cross-flow channel height, a 25 µm main channel height, 

and various trap pocket widths. The first section shows how to distinguish different 

subpopulations of arrayed WBCs, either by their size and their nucleus morphology or by 

antibody labelling at individual cell level, which is relevant for biomedical studies. As 

nanoparticle-cell interactions are important for nanomedicine applications and 

nanotoxicity assessment, the WBC arrays are used in the second section of this chapter to 

visualise association of silica nanoparticles with blood cells at the single-cell and the sub-

cellular level. 

8.1 Identification of WBCs Subtypes  

Since WBCs are a mixture of five major subtypes (section 2.3), rapid subtype 

identification of arrayed WBCs will be carried out with dye staining or immunostaining 

with fluorescently-labelled antibodies. To obtain high magnification images, the PDMS 

replica was bound to a thin coverslip of 170 µm thickness (see section 4.2) to enable 

imaging with x40 and x63 high numerical aperture oil-immersion objectives. 

8.1.1 Cell Size and Nucleus Morphology  

The WBC subpopulations differ in size, nucleus morphology, and nucleus/cytoplasm 

ratio, as described in section 2.3. A common technique for WBC enumeration is the 

blood smear film method (section 6.1.1.1). This requires drying and fixing of the blood 

sample onto a glass slide followed by staining with the Giemsa stain or with other dyes. 

WBCs can then be identified in optical microscopy images based on their cell size and 

morphology (Figure 6.4A). The developed WBC arrays also rely on cell staining (section 

6.1.1) but do not require cell drying or cell fixation.  

8.1.1.1 Cell Membrane and Nucleus Staining  

Microscopy images of arrayed WBCs stained with DNA stain (H342 dye) and cell 

membrane dye (WGA) are shown in Figures 8.1, 8.2, and 8.3. The use of an oil 

immersion objective resulted in high quality imaging and subcellular detail can be 

resolved. WGA stain allows visualising the cell membrane and hence determination of 
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the cell size. The DNA stain enables visualisation of the nucleus morphology (e.g. multi-

lobed) and is thus useful for the identification of a specific WBC subtype. DNA-stained 

cells were loaded onto the chip and subsequently the arrayed cells were exposed to the 

WGA stain (i.e. on-chip staining) to avoid WGA-induced RBC aggregation (see section 

6.1.1). RBCs were readily distinguished from WBCs because they do not have a nucleus 

and are hence not coloured blue by the DNA stain. 

 

Figure 8.1 High magnified images of WBCs array using an oil immersion objective. Using a 
chip without a dilutor (D3), Ht=5 µm Hm=25 µm at 1µl/min. Blood sample stained with H342 
dye (blue) and WGA (red) on chip at 1 µl/min. (A) 15 µm trap wide shows one lymphocyte 
captured, which has a round nuclei and three RBCs. (B) one lymphocyte is captured with 10 
µm trap wide (C) one RBC was captured within 10 µm trap wide. A close view shows that 
there was misaligned layout leading to narrowing trap opening to ~3 µm wide. (Scale bar 10 
µm)  

Lymphocytes, identified by their round uniformly stained nuclei and high nuclear to 

cytoplasmic ratio (N:C), are found entrapped together with some RBCs in traps of 15 µm 

width (Figure 8.1A) or as isolated cells in 10 µm wide traps (Figure 8.1B). The 
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lymphocytes account for 20-40 % of all WBCs, hence are expected to be found in many 

trap sites. The size difference within the lymphocyte subpopulation, i.e. small 

lymphocytes (8-10 µm) and large lymphocytess (11-12 µm), can be observed. Within the 

15 µm wide trap, the lymphocyte appears to be squeezed into the shallow cross-flow 

channel of 5 µm height, which did not happen in the narrower trap. 

 

 

Figure 8.2 High NA images of 15-20 µm traps. Using a chip without a dilutor (D3), Ht=5 µm 
Hm=25 µm at 1µl/min. Blood sample stained with H342 dye (blue) and WGA (red) on chip at 
1 µl/min. (A) one WBC was trapped at 15 µm trap wide appears to be monocyte from kidney 
liked nuclei with size ~12 µm. (B) Two WBCs captured at 15 µm traps one cell is small 8 µm 
with round nucleus suggesting to be lymphocyte and other large cell looked to monocyte of 18 
µm size with bright dense dots, which suggests to vacuoles were present. (C) One WBC with 
three adhesive RBCs at 15 µm trap. WBC seems to be neutrophil of 12 µm diameter with three 
lobed nuclei. (D) Two WBCs at 20 µm trap wide. Their morphology suggests being large 
lymphocytes with 15-16 µm size.  (Scale Bar 10 µm)  
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Surprisingly, some RBCs were observed in a trap of 10 µm trap width without a WBC 

(Figure 8.1C). This can be attributed to the small opening of only ~3 µm width of the 

cross-flow channel, as caused by misalignment between the two resist layers. As 

observed earlier, RBCs can be retained in cross-flow channels of small height (2-3 µm, as 

shown in Figure 7.2). Figure 8.2 shows that some WBC subtypes can completely seal the 

cross-flow channel opening and are entrapped without any RBCs in the trapping pocket. 

Figure 8.2A&B shows arrayed monocytes, which are the largest WBCs, accounting for 4-

8% of all WBCs. They vary in size and have a horseshoe or kidney shaped nucleus. 

Monocytes are known to be phagocytes and vacuoles can be present (see Figure 2.13), 

visible as bright dense spots stained with the WGA dye (red), which can also associate 

with the membranes of intracellular organelles (Figure 8.2C). In addition, one monocyte 

was noticed to be squeezed within the shallow cross-flow channel (Figure 8.2B), 

apparently confirming that even within the same subtype of WBCs there is a difference in 

size and nucleus morphology and also cell deformability.  

A neutrophil was also trapped in the 15 µm wide trap site, characterized by the cell size 

of 12 µm and the multilobed nucleus (Figure 8.2C). This neutrophil was squeezed into 

the cross-flow channel, sealing the 15 µm wide channel together with three RBCs. Figure 

(8.2D) shows two large lymphocytes together with one RBC captured in a 20 µm wide 

trap. This confirms the earlier observation (Chapter 7) that RBCs are present when the 

arrayed WBCs do not completely seal the cross-flow channel, which especially concerns 

the smaller WBCs. 

Figure (8.3) shows a high resolution image of wider traps (50 µm) with multiple WBCs 

captured. Such wider traps allow comparing 2 to 10 different WBCs within the same field 

of view and at the same imaging conditions. However, it was noticed that imaging 

arrayed cells in wide traps is not a straightforward process because the cells are not all in 

the same focal plane, unless they were squeezed into the shallow cross-flow channel 

(Figure 8.3A&B). When cells are present in the constricted-height (5 µm) cross-flow 

channel, it is also easier to observe intracellular detail, and essentially the cells are spread 

out, or 'flattened', as with blood cell imaging on a glass slide. 

For comparison, cells were also arrayed in a device with a 3 µm cross-flow channel 

height. Figure 8.3C shows a trap with a neat row of four RBCs and one lymphocyte. In 

general, with the 3 µm height less cells are present in the cross-flow channels, which is in 
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agreement with hydrodynamic trapping analysis (section 7.2): a 3 µm trap height had 

results in a weaker cross-flow than a 5 µm trap height. 

 

 

Figure 8.3High-resolution imaging of 50 µm wide traps. Using a chip without a dilutor (D3), 
Ht=5 µm Hm=25 µm at 1µl/min. Blood sample stained with H342 dye (blue) and WGA (red) 
on chip at 1 µl/min. A) Not yet filled trap with cells. Arrayed cells appeared to be in middle 
monocyte and lymphocyte, and squeezed RBC. Cells at edges were not very clear  ‘’out of 
focus’’. B) Filled trap with arrayed cells. Type of WBCs at edges was not known, in middle 
band neutrophil, and four lymphocytes with some combination of RBCs. C) using 3 µm trap 
high of same 50 µm wise trap shows four RBCs and one lymphocyte. (scale bar 10 µm)  

8.1.1.2 Cytosol and Nucleus Staining  

Captured cells could be analysed on-chip with cytoplasm and DNA stains to identify 

WBCs subsets. Cytosol stain (calcein-AM) could be utilised as an indicator of cell size 

and combined with DNA stain (H342 dye) to assess the nucleus morphology as seen in 

the previous section. Here, oil immersion images were obtained after flushing arrayed 

cells with Pluronic F127 at 10 µl/min to remove RBCs sticking within shallow channels as 
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seen in section 7.1.1.2. Arrayed WBCs at narrow traps of 10 µm width are shown in 

Figure 8.4. 

 

 

Figure 8.4 high magnified images of single WBCs arraying at 10 µm traps wide. Using a chip 
without a dilutor (D3) Ht=5 µm Hm=25 µm; arrayed cells at 1µl/min, then flushed with 
Pluronic F127 at 10 µl/min. blood sample was stained with calcein-AM (green), and H342 
(blue). A) One small WBC with round nucleus suggesting to be lymphocyte. B) One WBC with 
mulitlobed (three) suggests being neutrophil. It seems undergoing to be inside the shallow 
channel. C) One WBC with again three nucleus lobes indicates another neutrophil; herein, it 
completely squeezed within the shallow channel. (scale bar 10 µm)  
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A small lymphocyte, with a round nucleus, that is present in the trap pocket can be seen 

in Figure 8.4A. The same trap site also contains a neutrophil, which unlike the 

lymphocyte, is squeezed into the cross-flow channel (Figure 8.4B&C). This could be 

attributed to the different nuclei: a neutrophil has a segmented nucleus with three to five 

lobes whereas the lymphocyte has a non-segmented round nucleus. This is in agreement 

with Guo et al., who established that lymphocytes are approximately twice as rigid as 

neutrophils because of a different nucleus-to-cytoplasm (N:C) volume ratio [84]. 

In Figure 8.5, two to three WBCs are captured at 20 µm wide trap sites. Many of these 

WBCs are identified as neutrophils, which is the most abundant subtype of WBCs, 

accounting for ~40-66% of all WBCs. Another type of WBC, with a bi-lobed nucleus and 

with large granules in the cytoplasm, are the eosinophils, which account for less than 5 % 

of all WBCs. Eosinophils could easily be distinguished among the trapped WBCs: due to 

their large dense granules these cells appear darker under bright field illumination than 

the other WBC subsets (Figure 8.5B&C). It can be seen that most WBCs were present 

inside the shallow, 5 µm height, cross-flow channel, except the lymphocytes. It is known 

that neutrophils are more deformable than other WBC subtypes and that monocytes are 

more adhesive than others WBCs [60,103]. 

Cells present inside the cross-flow channel are spread out somewhat to fit inside the 5 µm 

channel height, which makes it easy to identify their nucleus morphology. Figure 8.6 

shows multiple WBCs inside 50 µm wide traps, with some cells in the trapping pocket 

and some inside the cross-flow channel. The latter cells, for which it was straightforward 

to find the correct focal plane, where identified as a neutrophil, a monocyte and small 

lymphocytes (Figure 8.6A&C). 

There is one type of WBC that was not observed in the WBC arrays analysed in this and 

in the previous sub-section section. These are the basophils which constitute only 1% of 

the WBC population. In general, the WBCs identified in the arrays appear to reflect the 

relative abundance of WBC subtypes. 
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Figure 8.5 high resolution on chip imaging of arrayed WBCs at 20 µm traps wide. Using a chip 
without a dilutor (D3) Ht=5 µm Hm=25 µm; arrayed cells at 1µl/min, then flushed with 
Pluronic F127 at 10 µl/min. blood sample was stained with calcein-AM (green), and H342 
(blue). A) Two WBCs: one small WBC with round nucleus suggesting to be lymphocyte, and 
other with multilobed nucleus suggests neutrophil. B) Two WBCs: one with two lobes and dark 
texture in bright field image suggesting to be eosinophil, and other cell had three lobes 
indicates another neutrophil. C) Three WBCs: two of them had three lobes suggest neutrophil, 
and another WBC had bilobes with large granules that appears dark texture in BF. (Scale bar 
10 µm)     
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Figure 8.6 high magnified images of arrayed WBCs within 50 µm wide traps. Using a chip 
without a dilutor (D3) Ht=5 µm Hm=25 µm; arrayed cells at 1µl/min, then flushed with 
Pluronic F127 at 10 µl/min. blood sample was stained with calcein-AM (green), and H342 
(blue), scale bar 10 µm.  

8.1.1.3 AO Nucleus Staining  

Identification of WBC subpopulations was also carried out with the Acridine Orange (AO) 

dye described in section 6.1.1. The AO dye differs from the H342 stain since the 

fluorescent can be produced when combining dsDNA, and ssDNA or RNA. It can be 

detected using two different fluorescence filters since it produces a green fluorescence 

(FITC) when bound to dsDNA and red fluorescence (Rhodamine) when bound to ssDNA 
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or RNA. Here, devices with a 3 µm cross-flow channel height were used to obtain 

arrayed WBCs without co-trapped RBCs (see section 7.1). As expected, not all trap sites 

were occupied with WBCs, but the traps that did contain WBCs were indeed free of 

RBCs. Figures 8.7 - 8.12 present examples of arrayed WBCs, using cell size and nucleus 

morphology for rapid WBC subtype identification. 

 

Figure 8.7 High resolution imaging of arrayed WBCs at 15 µm wide traps. Using a chip 
without a dilutor (D3) Ht=3 µm, Hm=25 µm at 10 µl/min. Blood cells was stained with 
acridine orange (AO) dye that selectively label WBCs (shown orange in merged images). AO 
dye was distinguished using two fluorescent channels: red-fluorescent (Rhod) when bound to 
ssDNA or RNA, and green fluorescent (FITC) when bound to dsDNA. However, this AO dye 
shows a high background signal in green channel due to dye sticking to PDMS walls. A) Three 
WBCs are captured having spherical nucleus suggests lymphocytes. B) Two WBCs are trapped: 
one cell with three lobes indicating neutrophil, and other cell has a small round nuclei 
suggesting lymphocyte. C) Two WBCs: one looks eosinophil as has bilobed with darker 
appearance in BF, and other looks to be neutrophil with three lobes, but the 3rd lobe was not 
so clear as the cell was not flatten.  D) One WBC has multilobed nucleus suggesting 
neutrophil. E) One WBC, and its nucleus morphology suggest to be monocyte. (Scale bar 10 
µm).  
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A basophil, as the least common (≤1%) WBC sub-type, was identified in a 20 µm wide 

trap, shown in Figure 8.9B. Basophils have bi-lobed nuclei that may be obscured by large 

granules. More lymphocytes were observed in this device with a 3 µm cross-flow channel 

height than in devices with a 5 µm height, which suggests that the smaller lymphocyte 

species may not be effectively retained by 5 µm high cross-flow channels. This would 

correspond with Carlson et al., who observed T-lymphocytes at a deeper location in their 

(H=W=5 µm) array (see Figure 2.21). 

It should be noted that the 3 µm high cross-flow channels contained less WBCs than the 

5 µm high channels, but as shown in Figure 8.8C&D and in Figure 8.12, neutrophils and 

monocytes can be found in 3 µm high channels. These devices give nicely arrayed WBCs 

without RBCs, but are not ideal for WBC subtype identification/enumeration because the 

nucleus morphology is most easily recognised when cells are positioned in the cross-flow 

channels. However, WBC subtypes can also be identified by antibody labelling. 

 

Figure 8.8 Oil immersion imaging of trapped WBCs within 15 µm traps. Using a chip without a 
dilutor (D3) Ht=3 µm, Hm=25 µm at 10 µl/min. Blood cells was stained with acridine orange 
(AO) dye that selectively label WBCs as described in the previous image. A-B) One WBC is 
captured having spherical nucleus suggests lymphocytes. B-C) One WBC is captured per trap: 
three lobes connected with thin filaments indicating neutrophil, difference between 
lymphocytes or neutrophil subpopulation can be noticed  (scale bar 10 µm).  
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Figure 8.9 On chip imaging of arrayed WBCs using high NA objective at 20 µm wide traps. 
Using a chip without a dilutor (D3) Ht=3 µm, Hm=25 µm at 10 µl/min. Blood cells was stained 
with acridine orange (AO) dye that selectively label WBCs (orange in merged view). A) One 
white cell is captured appeared bilobed nuclei suggests to be eosinophil. B) one WBC with 
bilobed nuclei that granules may cover part of nucleus. C) two WBCs are trapped: one cell 
with three lobes looks to be neutrophil, and other cell bilobed nuclei with larger granules 
stained in green suggesting eosinophil. D) three WBCs are trapped and they have muitlobes (3 
lobes) suggesting to be neutrophils. (scale bar 10 µm).  
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Figure 8.10 High resolution images of trapped WBCs at 50 µm wide traps. Using a chip 
without a dilutor (D3) Ht=3 µm, Hm=25 µm at 10 µl/min. Blood cells was stained with 
acridine orange (AO) dye that selectively label WBCs (orange). A) Bright field image (BF). B) 
Fluorescent images Rhod in (B) merged view of FITC and Rhod filters in (C) and merged image 
of BF and fluorescent images in (D) showing six WBCs. Three WBCs had muitlobes (~3 lobes) 
suggesting to be neutrophils, but still not clear as cell was flatten. One WBC appeared bilobed 
nuclei with large granules stained green and looked darker in BF (pointed by red arrow) 
suggests to be eosinophil. The last two cells had round nucleus suggest being lymphocytes. 
(Scale bar 10 µm). 
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Figure 8.11 High NA images of arrayed WBCs at 50 µm wide traps. Using a chip without a 
dilutor (D3) Ht=3 µm, Hm=25 µm at 10 µl/min. Blood cells was stained with acridine orange 
(AO) dye that selectively label WBCs (orange). A) Bright field image (BF). B) Fluorescent 
images Rhod in (B) merged view of FITC and Rhod filters in (C) and merged image of BF and 
fluorescent images in (D) showing six WBCs. All of them WBCs had round nucleus suggest 
being lymphocytes. (Scale bar 10 µm). 
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Figure 8.12 High NA images of arrayed WBCs at 50 µm wide traps. Using a chip without a 
dilutor (D3) Ht=3 µm, Hm=25 µm at 10 µl/min. Blood cells was stained with acridine orange 
(AO) dye that selectively label WBCs (orange). A) Bright field image (BF). B) Fluorescent 
images Rhod in (B) merged view of FITC and Rhod filters in (C) and merged image of BF and 
fluorescent images in (D) showing six WBCs. All of them WBCs had round nucleus expect one 
squeezed WBC. Five WBCs are lymphocytes, and one squeezed appears to be monocyte.  
(Scale bar 10 µm). 

8.1.2 Antibody Labelling  

Another method to identify WBCs subtypes is by immunostaining as described in section 

6.1.2. WBCs were stained with a mixture of antibodies: anti-CD45 (FITC labelled; green), 

anti-CD15 (APC labelled; red), and anti-CD3 (DAPI labelled; blue) and an example of 

arrayed immunostained cells is shown in Figure 8.13. According to the antibody supplier, 

anti-CD45 binds to all WBCs subtypes, anti-CD15 binds to B cells, basophils, 

eosinophils, granulocytes, monocytes, neutrophils and T cells, while anti-CD3 binds to 

natural killer (NK) cells and T cells. In the fluorescence microscopy images, T-cells and 

natural killer cells should appear blue, granulocytes and monocytes should appear red, 

and other WBC subtypes should appear green. Because T-cells can be marked with both 

CD15 and CD3, they should appear purple, as an overlap of red and blue fluorescence.   
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Figure 8.13 On chip imaging of arrayed WBCs with immunostaining. Using a chip without a 
dilutor (D3) Ht=5 µm, Hm=25 µm at 1 µl/min. WBCs were stained with CD45 (green), CD15 
(red), and CD3 (blue). A-B) at 15 µm wide traps. C) at 50 µm wide traps. NK cells appeared 
blue, granulocytes, and monocyte appeared red, T cells looked purple and other WBCs 
subtypes appeared green, RBCs were unstained and looked dark D) zoom in view of some 
traps (left) for 5 µm trap high (right) for 3 µm traps high. More squeezing behaviour was seen at 
5 µm traps  (scale bar 20 µm).  

The cells in the traps shown in Figure 8.13 are readily visualized with fluorescence 

microscopy using different filters for the different antibody labels. Unlike WBC 
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identification by nucleus morphology (i.e. nucleus staining), the selected antibodies 

enable the identification of specific types of lymphocyte. Comparison of WBC arraying 

using 5 µm high cross-flow channels (for example Figure 8.13A-C) with arraying using 3 

µm high channels (for example Figure 8.13D), showed that more cells were anti-CD3 

(blue) labelled in the devices with the 3 µm cross-channel height. This again indicates 

that the smaller lymphocyte species are not efficiently retained in traps with a 5 µm cross-

flow channel height. 

High-magnification images of immunostained WBCs are shown in Figure 8.14 and 8.15. 

In Figure 8.14A the WBC was labelled with anti-CD45 (green) and anti-CD3 (blue) but 

not with anti-CD15 (red), indicating that this is a natural killer (NK) cell. In Figure 8.14B, 

a WBC at another trap site was labelled with all three antibodies, indicating that this is a 

T cell. The cell in Figure 8.14C (5 µm high cross-flow channel) was also labelled with all 

three antibodies and hence is also a T cell, but here the cell is in the cross-flow channel 

whereas in Figure 8.14B (3 µm high cross-flow channel) it is in the binding pocket. This 

indicates that T cells can squeeze into and probably also pass through a cross-flow 

channels of 5 µm height. This agrees with a study of Tripathi et al. [61] who reported that 

some WBCs, e.g. small lymphocytes, could escape from 3.5 µm microholes. 

Furthermore, it was noticed that anti-CD3 (blue) sometimes labelled the entire cytoplasm 

of a specific WBC species (Figure 8.14). CD3-positive staining is known to relate 

cytoplasmic expression at early T cell differentiation [106], and is another T cell 

indicator. 

Figure 8.15 illustrates that the antibody against CD15, just as the cell membrane stain 

WGA can label small intracellular compartments. Similar to WGA (see section 6.1.1.3), 

CD15 is known to be a carbohydrate adhesion molecule, and glycoproteins, glycolipids 

and proteoglycans can be expected to be present on both the plasma membrane and the 

membranes of intracellular compartments. 

The fluorescence microscopy imaging of immunostained arrayed WBCs demonstrates 

that the trapping system enables a rapid identification of WBC subtypes. However, it was 

noticed that during imaging the fluorescence intensity of the labelled cells quickly fades, 

which is not the case with dye (e.g. AO) staining. However, such photobleaching can be 

avoided by reducing the intensity of the excitation light. 
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Figure 8.14 High-resolution imaging of immunostaining using a chip without a dilutor (D3). (A-
B) Ht=3 µm Hm=25µm at 10 µl/min. (C) Ht=5 µm Hm=25 µm at 1 µl/min. WBCs were stained 
with CD45 (green), CD15 (red), and CD3 (blue). A) One WBC was captured at 15 µm wide 
traps, was labelled with CD45 and CD3 suggesting NK cell. B-C) One cell was stained with all 
CDs marker suggesting T cell at 3 µm trap high in (B) and at 5 µm trap high. T cell squeezed 
within 5 µm trap height. (Scale bar 20 µm).  

 



 

    
179 

 

Figure 8.15 Comparison of anti-CD15 and WGA stain. Using a chip without the dilutor (D3), 
Ht=5 µm Hm=25 µm at 1µl/min. (left) fluorescent image (middle) bright field image (right) 
merged view. A) WBC was labelled with anti-CD15 (red) with some bright dots. B) WBC 
stained with cell membrane (WGA) dye (red) with similar bight dots in membrane. (Scale bar 
20 µm).  

8.2 Silica Nanoparticle Association with Blood Cells 

Nanoparticles are under development for biomedical applications such as subcellular 

imaging and targeted drug delivery but the nanoparticle-cell interaction mechanisms are 

not well understood and there is concern about possible nanocytotoxic effects. The 

body’s defence against pathogens and foreign invaders is mediated by WBCs and the 

interaction between nanoparticles (NPs) and WBCs is therefore of considerable interest. 

In this section, we utilised the developed WBC arrays and the evaluated cell stains to 

determine association of nanoparticles with blood cells and, if nanoparticle uptake had 

occurred, their intracellular location. 

Blood cells were incubated with same amount of 10 µl of a 50 mg/mL dispersion of red-

fluorescent amorphous silica nanospheres of 200 nm diameter (Kisker Biotech, Germany) 

for 2 hours at room temperature, and then washed by centrifugation 5x at 500g to remove 

excess NPs. As an initial experiment, a nanoparticle-incubated blood sample was 

deposited on a glass slide and examined by optical microscopy. As the example in Figure 

8.16 illustrates, the NPs strongly associated with some blood cells, especially the larger 
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cells (i.e. WBCs), but not with other cells. However, it is a time consuming process to 

wait for cell sedimentation and then locate WBCs among RBCs.     

 

 

Figure 8.16 Trial experiment of NPs-blood cells interaction was examined on a glass slide. 
Blood cells were stained with cell membrane (WGA) green. A) WGA dye B) 500nm silica 
particles (red) C) merged view of (A, B).  D) Zoomed in of 500 nm silica particles associated 
with WBCs. (scale bar 20 µm (A-C), and 10 µm for D). 

Next, a NP-incubated blood sample was loaded on a WBC arraying chip. Figure 8.17 

shows red fluorescence in many trap pockets, but some pockets show a much higher 

fluorescence intensity than others, indicating different extents of cell-NP association. The 

arrayed cells were then exposed to cell membrane stain (green) to visualize the cell 

membranes and to assess NP-cell association.  

Higher-magnification imaging, as shown in Figure 8.18, indicated that the silica NPs 

associate preferentially with the larger blood cells. This suggests that NPs could prefer 

association with WBCs. However, it was not clear whether NPs were associated with the 

cell membrane or were (also) internalized by the cells. Hence the arrayed cells had to be 

visualized at the highest magnification, where sub-cellular detail can be obtained. 
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Figure 8.17 On chip imaging of NPs-blood cells association. Using a chip with a dilutor (D1), 
Ht=3 µm- Hm=25 µm at 10 µl/min. blood sample was incubated with 200 nm silica NPs for 2 
hour, and then loaded into the array. A) A fluorescent image of 200 nm silica NPs (red). B) a 
bright image of arrayed blood cells. B) Merged view of a fluorescent image in (A) and a bright 
field image in (B). D) Arrayed cells were then stained on chip with WGA dye (green) showing 
that NPs were strongly associated with some cells, as they appeared bright orange colour in 
some regions. (Scale bar 100 µm).  

 

Figure 8.18 Zoomed in imaging of NPs-blood cells association. Using a chip with a dilutor 
(D1), Ht=3 µm- Hm=25 µm at 10 µl/min. blood sample was incubated with 200 nm silica NPs 
for 2 hour, and then loaded into the array A) A fluorescent image of 200 nm silica NPs (red). B) 
Merged view of a fluorescent image in (A) and a bright field image. C) Arrayed cells were 
stained on chip with WGA dye (green). D) Merged view of (A) and (C) showing that NPs were 
associated with larger cells, which would be WBCs, scale bar 50 µm. E) Zoomed in views of 
arrayed blood cells show some cells had strong association with NPs, but was not clear 
whether NPs internalization or membrane sticking (scale bar 10 µm).  
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The images in Figure 8.19, obtained with an oil-immersion objective, indicate that the 

200 nm silica NPs indeed associate preferentially with WBCs (yellow arrow) and not with 

RBCs (red arrow). Heterogeneity in the WBC-NP interaction is also apparent: some WBCs 

showed NPs adhering to the cell membrane (yellow arrow) while others have no 

associated silica nanoparticles (green arrow) and one subset of WBCs, most likely the 

monocytes, shows intracellular NPs (blue arrow). 

 

Figure 8.19 High resolution imaging of NPs-blood cells interaction. Using a chip without a 
dilutor (D3), Ht=3 µm- Hm=25 µm at 10 µl/min. blood sample was incubated with 200 nm 
silica NPs (red, Cy5) for 2 hour, and then loaded into the array, and was stained on chip with 
WGA dye (green, FITC). Images were merged fluorescent (FITC+Cy5), and bright field (BF). 
Black arrows in BF point to WBCs, and they can be distinguish from RBCs as they tend to be 
larger size and had some texture and not smooth surface as the RBCs, which sometimes look 
to be transparent in BF since they are simpler in structure and lack the nucleus. Red arrows 
point to RBCs with no NPs interaction, green arrows indicate some type of WBCs that had no 
association with NPs, yellow arrows point to type of WBCs that shows NPs adhering to cell 
membrane, and blue arrow indicates uptake of NPs by large WBC. (Scale bar 10 µm).  
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To identify WBC subsets, DNA stain was utilised for nuclei identification. Blood cells 

were arrayed after 2 h incubation with the red-labelled silica NPs, Hoechst 342 dye 

(blue) as the DNA stain, and also with a low concentration (<2 µg/ml, hence reducing 

RBC aggregation [83] of the membrane dye WGA (green) or with the cytoplasmic stain 

calcein-AM. It was noticed that with <2 h incubation time, there was no association of 

NPs with the cells. However, the 2 h incubation led to cytosol staining with the WGA 

dye, which is known to be internalized by cells over time [99]. For three repeated 

experiments, nanoparticles were sonicated for 5 min directly prior to use with the blood 

sample to avoid NP aggregation. Blood samples were collected and stained as described 

in sections 6.2 and 6.5. Then, the stained blood sample was incubated with 10 µl of a 50 

mg/ml suspension of red-fluorescent amorphous silica NPs of 200 nm diameter for 2 h at 

room temperature. After incubation with NPs, cells were washed with PBS at least 3 times 

to remove unbound NPs at 500g for 3 min. Lastly, cells were loaded to WBCs array and 

the cells-NP association was visualised using microscopy with oil-immersion objectives.   

 

Figures 8.21-8.31 show examples of high-magnification images of NP-exposed and 

nucleus-stained cells in different cell traps. These are also stained with WGA (Figures 

8.21-8.27) or with calcein-DNA (Figures 8.28-8.31). Individual cells in the array chamber 

were identified as described in section 8.1 and for each cell it was noted whether 

nanoparticles had associated with the cell or not. The results are presented in Table 8.1 

and Figure 8.20 for three repeated experiments. For example, 61 lymphocytes (which 

account for 20-40% of the WBC population) were identified, 10 of which (i.e. 16%) had 

nanoparticles associated with them. It is clear from the (preliminary) data in Table 8.1 

and Figure 8.20 that the NP-cell interaction strength depends on the cell type. No RBCs 

had associated NPs, 16-36% of the eosinophils, basophils, neutrophils and lymphocytes 

had associated NPs, 53% of the platelets (PLTs) showed NP association, and almost all 

(88%) of the monocytes had interacted with the NPs during the 2 h incubation step.  
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Table 8-1 Percentage of cells with associated NPs. 

Cell type % of NPs 
association 

Total number of 
counted cells 

% Normal Count of 
WBCs 

Monocyte 88% ± 5 101 2-8% 

PLTs 53% ± 4 58 -- 

Eosinophil  36% ± 16 18 1-4% 

Basophils  32% ± 16 8 0.5-1% 

Neutrophil 25% ± 12 154 40-60% 

Lymphocyte  16% ± 5 61 20-40% 

RBCs 0% ± 0 96 -- 
 

 

 

Figure 8.20  Percentage of arrayed blood cells with associated NPs. M=monocytes, PLTs=platelets, 
E=eosinophils, B=basophils, N=neutrophils, L=lymphocytes and RBCs= red blood cells. Blood cells were 
arrayed after 2 h incubation with the red-labelled silica NPs (200 nm in diameter). Results shown are as 
average ± std from three independent experiments. Monocytes showed the highest percentage of 
association with NPs where RBCs had no interaction.  

 

The following discussion relates some of these observations to the nanobioscience 

literature.  
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Figure 8.21 high-resolution images of trapped WBC at trap high 5 µm (D3, Ht=5 µm Hm=25 
µm). The blood sample was stained with WGA dye (green), and H342 stain (blue). Blood cells 
were arrayed after 2 h incubation with Red-labelled silica NPs (of 200 nm diameter). A) 
Merged image showing the bright field image of trap area (15 µm wide) with NPs sticking (red) 
to trapped WBC (scale bar 10 µm).  B) Shows associated NPs (red). C) Trapped cell was stained 
with cell membrane dye (WGA) in green, and seems staining inside the cell; indicating of 
uptake of WGA dye. D) Nuclear DNA was stained with Hoechst 342 (blue) indicating that 
WBC was monocyte. E) Merged view showing the NPs localisation within the cell cytoplasm. 
(Scale bar 10 µm)  
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Figure 8.22 high-magnified images of two captured WBCs at trap high 5 µm (D3 at 1µl/min, 
Ht=5 µm Hm=25 µm). Cells were stained with cell membrane WGA dye (green), and DNA 
was stained with Hoechst 342 (blue). Blood cells were arrayed after 2 h incubation with 200 
nm silica NPs (red) A) Merged image showing the bright field image of trap area (20 µm wide) 
with NPs sticking (red) to one trapped WBC, and other not (scale bar 10 µm). B) Nuclei of 
WBCs suggesting that both WBCs were neutrophils; one was band neutrophil and other 
segmented neutrophil. C) Merged view showing the NPs localisation within one cell 
cytoplasm, taking nuclei shape. D) Shows associated NPs (red). E) Trapped cell was stained 
with cell membrane dye (WGA) in green. (Scale bar 10 µm) 
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Figure 8.23 Oil immersion images of two captured WBCs at trap high 5 µm (D3 at 1µl/min, 
Ht=5 µm Hm=25 µm). Used stains were WGA dye (green), and H342 (nucleus) dye (blue). 200 
nm NPs (red) were incubated for 2 h with blood sample. A) Merged image showing the bright 
field image of trap area (10 µm wide) with no NPs sticking (red) to both trapped WBCs (scale 
bar 10 µm).  B) Nucleus of WBCs were round and high nucleus to cytoplasm ratio suggesting 
that both WBCs were lymphocytes C) Merged view showing that there was no NPs localisation 
within cell cytoplasm. D) Shows no associated NPs (red). E) Lymphocytes were stained with 
cell membrane dye (WGA) in green. (Scale bar 10 µm) 

 

 

 



 

      188 

 

 

 

 

 

Figure 8.24 Another example of oil immersion images of one captured WBC at trap high 5 µm 
(D3 at 1µl/min, Ht=5 µm Hm=25 µm). Used stains were WGA dye (green), and H342 dye 
(blue). 200 nm silica NPs (red) were incubated for 2 h with blood sample. A) Merged image 
showing the bright field image of trap area (10 µm wide) with no NPs sticking (red) to trapped 
WBC (scale bar 10 µm). B) Shows no associated NPs (red). C) Merged view showing that there 
was no NPs localisation within cell cytoplasm. D) Nucleus of WBC was bilobed nuclei with 
large round granules and suggesting that both WBC was eosinophil. E) Cell was stained with 
cell membrane dye (WGA) in green. (Scale bar 10 µm) 
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Figure 8.25 High NA images of multiple captured cells at trap high 5 µm (D3 at 1µl/min, Ht=5 
µm Hm=25 µm). WGA dye (green), and H342 dye (blue). 200 nm silica NPs (red) were 
incubated for 2 h with blood sample. A) Merged image showing the bright field image of trap 
area (20 µm wide) with NPs sticking (red) to only two trapped WBC (scale bar 10 µm). B) 
Nucleus morphology suggesting WBC subtypes to be two monocytes (M), and one neutrophil 
(N). C) Merged view showing that there was NPs localisation within cell cytoplasm of 
monocytes, and no NPs interaction with neutrophil, and RBC (bright green with no nucleus). 
D) Shows binding NPs (red). E) Cells were labelled with cell membrane dye (WGA) in green. 
This indicates the difference of WGA dye labelling of WBCs and RBCs. WGA signal appears 
stronger intensity in RBCs.  (Scale bar 10 µm) 
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Figure 8.26 High NA images of multiple captured blood cells at 50µm wide trap (using chip 
D3 at 1µl/min, Ht=5 µm Hm=25 µm). WGA dye (green), DNA (H342) dye (blue), and 200nm 
silica NPs (red). Blood cells were arrayed after 2 h incubation with NPs (red). A) Merged image 
showing the bright field image of trap area (50 µm wide) with NPs sticking (red) to some 
trapped cells (scale bar 10 µm). B) Nucleus morphology suggesting WBC subtypes to be two 
monocytes (M), and one lymphocyte (L), and other two unknown cells due to out of focusing. 
C) Merged view showing that there was NPs localisation within cell cytoplasm of monocytes, 
and no NPs interaction with other WBCs and RBC (bright green with no nucleus). D) Shows 
binding NPs (red). E) Cells were labelled with cell membrane dye (WGA) in green.  (Scale bar 
10 µm) 
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Figure 8.27 Another data set of high-resolution images of trapped blood cells at 5 µm trap high 
(using D3 at 1 µl/min Ht=5µm Hm=25 µm). Blood cells were stained with cell membrane 
(WGA) dye (green), and DNA (H342) dye (blue). The arrayed blood cells were incubated with 
200 nm NPs for 2 h. (Left) shows DNA (H342) staining with initial name of identified WBCs 
type M: monocyte, N: neutrophils, E: eosinophil, L: Lymphocytes. (Right) merged view 
showing the NPs sticking to different subsets of WBCs. RBCs are shown in green without any 
nucleus stain, and were no NPs interaction. (Scale bar 10 µm).  
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Figure 8.28 High resolution imaging of trapped cells was visualised with cytoplasm dye 
calcein-AM (green), and WBCs nucleus was stained with H342 dye (blue). Arrayed cells were 
incubated with the same incubation time (2 h) with 200 nm NPs. Using chip D3 Ht=5 µm 
Hm=25 µm at 1µl/min. A) Merged image showing the bright field image of trap area (20 µm 
wide) with NPs sticking (red) to only one trapped WBC (scale bar 10 µm). B) Shows trapped 
cells with calcein-AM dye. C) Merged image showing that there was NPs localisation within 
cell cytoplasm of monocyte (M), and NPs sticking to small cell (green) without nucleus 
suggesting to be PLTs, and was no NPs interaction with neutrophil (N), D) Shows binding NPs 
(red). E) Nucleus morphology suggesting WBC subtypes to be one monocyte (M), and one 
neutrophil (N). (Scale bar 10 µm) 
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Figure 8.29 High magnified image of captured WBC using chip D3 Ht=5 µm Hm=25 µm at 
1µl/min. cells were stained with calcein-AM (green), and H342 (blue). The sample was 
incubated with red labelled NPs 200nm for 2 h. A) Merged view of trapping site showing 
trapped white cell. (Scale bar 10 µm). C) Shows sticking NPs with red. B) Merged view 
showing one WBC was spread out with clear bilobed nuclei, and few black dots in the bright 
field image suggesting being basophil. D) Cell was stained with cytosol stain. E) Nucleus 
morphology (Scale bar 10 µm).  
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Figure 8.30 High resolution imaging of lymphocyte with NPs binding. Using chip D3 at 1 
µl/min. Ht=5 µm Hm=25 µm. Used stains were calcein-AM dye (green), and DNA (H342) dye 
(blue). The sample was incubated with red NPs 200 nm for 2 h A) Merged image showing the 
bright field image of trap area (20 µm wide) with NPs sticking (red) to trapped WBC (scale bar 
10 µm). B) Merged view showing that there was NPs interaction with trapped cell. C) Nucleus 
of WBCs were round and high nucleus to cytoplasm ratio suggesting lymphocyte D) 
Lymphocyte was stained with cytoplasm dye (calcein-AM) in green. E) Shows associated NPs 
with  (red). (Scale bar 10 µm) 
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Figure 8.31  High-resolution images of another examples trapped blood cells at 5 µm trap high 
(using chip D3 at 1 µl/min Ht=5µm Hm=25 µm). Blood cells were stained with cytoplasm dye 
(calcein-AM) (green), and DNA (H342) dye (blue). (Left) shows DNA (H342) staining with 
initial name of identified WBCs type M: monocyte, N: neutrophils, E: eosinophil, L: 
Lymphocytes. (Right) merged view showing the NPs sticking to monocyte. (Scale bar 10 µm). 

 

The RBCs were not seen to interact with the 200 nm silica particles. This is in agreement 

with published work on NP-RBC interactions. NPs smaller than 200 nm can enter RBCs 

by passive internalization [107]. Mature RBCs lack a nucleus and other organelles, and 

most importantly do not support active internalization by endocytosis [107]. However, 
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PLTs are capable of endocytosis. Pal’tsyn et al. visualized that endocytosis of NPs by PLTs 

with electron microscopy [108]. It has also been reported that nano-sized particles (silica 

nanospheres, multi-walled carbon nanotubes, and black carbon) can stimulate a PLT 

activation pathway [109], implying NP-PLT contact. However, the small size of 3 µm 

makes it difficult to study PLT-NP association with optical microscopy. 

Almost all monocytes had associated NPs, with examples shown in Figures 8.20, 8.24, 

8.25 and 8.26. The red-fluorescent NPs are clearly located in the cytoplasm but not in the 

nucleus. During NP-cell interaction, NPs may cross the cell membrane either by an 

active or a passive uptake mechanism [110]. Active uptake involves the endocytosis 

process, in which particles first associate with the cell membrane and a membrane patch 

then invaginates to become an intracellular endocytic vesicle that encloses the particles. 

NPs in endocytic vesicles are hence not transferred into the cytosol itself. Rather, these 

vesicles are delivered to particular intracellular compartments, including endosomes and 

lysosomes. On the other hand, passive NP uptake involves direct membrane penetration, 

and consequently the NPs gain entry to the cytosol where they can freely diffuse [111]. 

Figure 8.31 illustrates the possible internalisation pathways of NPs, including active 

uptake (a-e) and passive penetration (g-f). 

 

Figure 8.32 Possible internalisation pathways of NPs. Taken from [110] 

An example of NP uptake can be seen in Figure 8.32A [112]. This shows that 29 nm 

cross-linked dextran iron oxide particles labelled with a red fluorescent dye (CLIO-680)) 

are present in endosomal compartments of the depicted macrophage, which is a type of 

WBC that is a developed from a monocyte that has migrated from the blood stream into 
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tissue. The function of macrophages is to engulf and digest cellular debris and other 

foreign substances in a process called phagocytosis, which is a form of endocytosis [107]. 

Monocytes and neutrophils in the blood are also capable of phagocytosis. Mendoza et al. 

studied the interaction of 10 nm and 100 nm silica particles with human peripheral blood 

mononuclear cells (PBMC), mainly monocytes, by electron microscopy [113], and 

visualized the membrane binding and intracellular localization of the silica NPs. The 100 

nm NPs were found located in endocytic intracellular compartments, as show in Figure 

8.32B&C.   

 

 

Figure 8.33 Examples from the literature to show the nanoparticles uptake A) into macrophages 
(RAW cells) via macropincytosis. Uptake of Red NPs (crosslinked dextran iron oxide particles 
labelled with red fluorescent dye (CLIO-VT680)) into endosomal compartments. Taken from 
[112]. (B-C) binding and uptake of 100 nm SiO2 by human adherent PBMCs, mainly 
monocyets. B) Black arrow shows NPs are initially adsorbed to cell surface. C) 100 nm NPs are 
in V, either phagosomes or phagolysosomes. One of these V contains material other than silica 
particles, indicating that it is an autophagolysosome (Au); (N) nucleus, and (Ap) is an apoptotic 
cell bound to monocyte with no NPs presence, scale bar 1 µm. taken from [113].  

Figure 8.33 shows transmission electron microscopy images a monocyte and a 

lymphocyte [114]. The image of the monocyte clearly shows the relative size and 

localization of the lysosomes to which endocytic vesicles are delivered. Because the 

intracellular localization of the 200 nm silica NPs in arrayed monocytes (see for example 
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Figure 8.20 and 8.27) appears very similar, we hypothesise that these particles have been 

internalized by the monocytes by endocytosis. In contrast, Figure 8.29 shows an arrayed 

lymphocyte with NPs adhering to the cell membrane, suggesting that this cell type cannot 

internalize the NPs. These preliminary observations demonstrate the potential of the 

developed WBC arraying platform, with its large number of arrayed cells and its sub-

cellular imaging capability, to gain insight into the interaction between nanoparticles and 

different cell types. 

 

Figure 8.34 Transmission electron microscopy (TEM) images show of A) monocyte with some 
small lysosomes and B) lymphocyte with not very active cytoplasm containing few 
mitochondria and free ribosomes. Taken from [114].  

8.3 Summary  

This chapter has demonstrated possible applications of the WBC array. High-resolution 

imaging of blood cells has been achieved, showing for the first time the sub-cellular 

details of arrayed live WBCs from a fingerprick blood sample, without fixing or other cell-

damaging procedures required for a glass slide blood smear. WBC subtypes were 

identified based on cell size and nucleus morphology, visualised with different stains. The 

nucleus morphology was clearly visible when cells were present in a cross-flow channel 

of 5 µm height. Devices with a 3 µm high cross-flow channel enabled trapping of only 

WBCs and only in the trap pockets, but at a intermediate array occupancy of WBCs. 

Identification of WBC subtypes was also achieved with immunostaining. For example, the 

use of different antibodies showed an arrayed T-cell and a natural killer (NK) cell, which 

as lymphocyte sub-species cannot be identified from the cell size or nucleus morphology. 

Many more antibodies, labelled with different dyes, are commercially available, and with 
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optimisation of antibody concentration and incubation time, many more WBC subsets 

can be addressed. 

Finally, the interaction between blood cells and fluorescent silica nanospheres of 200 nm 

diameter was visualised with high-resolution imaging of arrayed cells. The preliminary 

results indicate that these NPs preferentially associate with specific types of blood cells. A 

strong NP-cell association was observed with WBCs and PLTs, whereas no NPs were 

found associated with RBCs. Heterogeneity in WBC-NP interactions was also identified; 

monocytes showed the strongest interaction, with a possible sub-cellular localization in 

lysosomes, implying active NP uptake by endocytosis. 

The final chapter of this thesis will summarise the main conclusions of this work, with 

suggestions for further development of the WBC arrays and a recommendation for 

interesting applications. 
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Chapter 9:  Conclusions and Future Work  

This chapter summarizes the main conclusions and presents recommendations for further 

development of the microfluidic WBC arraying platform and for potential application 

areas. 

9.1 Main Conclusions 

The aim of this project was to develop an optically accessible microfluidic array of 

WBCs, selectively captured from whole blood by hydrodynamic side trapping at 

predefined trap sites. This work can be divided in: (i) WBC array design and fabrication, 

(ii) sample preparation requirements, (iii) relation between device geometry and WBC 

arraying performance, and (iv) applications of the optimized WBC array. 

9.1.1 WBC Array Design and Fabrication 

The two-height hydrodynamic side trapping design of the WBC array was based on a 

previous study [26] in which, at the time and to date, the highest density of traps for 

arraying single cells was achieved. This system utilised cross-flow channels to array single 

cells from a homogeneous cell population, i.e. all cells in the sample were of the same 

size. This side trapping, rather than front trapping, approach has the advantage that the 

risk of clogging of the main channel and the trap sites is minimized. Moreover, the 

serpentine main channel with adjacent trap sites leads to sequential cell capturing, 

minimising the trap vacancies that are difficult to avoid in front trapping systems. A key 

feature of this cell arraying chip is that the trap openings are defined as height differences 

in a two-layer resist process, and not as restricted-width openings in a single layer of 

resist. With such a hydrodynamic side trapping layout, cells are thought to be diverted 

from the main flow to the entrance of the cross-flow channels when the flow rate ratio 

flow resistance ratio of traps Rt  is smaller than main channel resistance Rm. 

Because of the outlined advantages for cell arraying, a hydrodynamic side trapping 

device was fabricated using two-layer photolithography and PDMS replication. The 

channels and trapping pockets were defined with an acetate mask, as there was no 

requirement for features smaller than 10 µm. This is because the smallest dimension in 

the chip is the cross-flow channel height, which can easily be controlled with photoresist 

spin coating. However, the alignment of the two resist layers needed to be optimized, as 
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addressed in section 4.1.3. A small extent of misalignment could however be favourable, 

as it can result in cross-flow channel openings down to 5 µm width. A single-layer 

trapping chip, with trap widths of >5 µm was also fabricated, but in contrast to the two-

layer device, this could not be used for efficient arraying of microbeads or WBCs. 

Initially, the eight arraying chambers of each device were downstream of an on-chip 

dilutor, with the idea that each array chamber could be exposed, in a single experiment 

to different concentrations of, for example, antibodies or nanoparticles. However, 

investigations with (fluorescent) dyes suggested that the dilutor only works as intended at 

low flow rates (≤ 1 µl/min), which cause cells to sediment. The dilutor was also not useful 

for the delivery of the silica nanoparticles to pre-arrayed cells, as the nanoparticles were 

found to adhere to the PDMS walls. Hence, devices without this dilutor structures were 

preferred, and because of their smaller footprint these could also be bonded to the thin 

glass coverslips that enable imaging with the short working distance oil-immersion 

objectives for high-resolution microscopy. 

9.1.2 Sample Preparation 

The arraying system was initially investigated with various sizes of polymeric beads as 

models for blood cells. However, this resulted in multi-layer bead trapping because the 

rigid beads are unable to close the cross-flow path completely. The cell arraying chips 

can hence only be evaluated with cells, which are able to deform and can thus close the 

cross-flow channels more efficiently. Fingerprick blood collection was optimized in terms 

of anti-coagulant concentration and sample dilution. However, platelet activation could 

not be avoided and small blood clots had to be removed with an off-chip cell strainer 

filter and/or with an on-chip pillar array upstream of the arraying chambers. BSA pre-

coating of the chip enabled WBC arraying without cells adhering to the PDMS walls of 

the device. Efficient arraying and on-chip imaging of WBCs from whole blood was 

achieved, with off-chip and on-chip labelling of the WBCs with various stains for DNA, 

the cytoplasm and the cell membrane and also with fluorescently labelled antibodies 

against the membrane proteins CD45, CD15 and CD3. 

9.1.3 Relation between Device Geometry and WBC Arraying 

The performance of this two-height trapping system should depend on the flow rate ratio 

of the main channel to that of the cross-flow trapping channel (Qt/Qm). Despite that fact 
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that similar trapping systems based on DFR theory were also reported in the literature, it 

was not clear what flow rate or resistance ratio is required for efficient cell trapping. 

Therefore, an intensive study was performed to find the optimal conditions for selectively 

arraying WBCs from a whole blood sample. The results showed that the Qt/Qm >1 

condition is not necessary to trap WBCs, and the obtained ratio was similar to the flow 

rate ratio reported by other work [26,31,78,79]. Nonetheless, it was found that when the 

Qt/Qm ratio exceeds 0.7, WBCs can pass through the trap (i.e. are not trapped) because of 

the large trap height. For 0.01< Qm/Qt < 0.7, WBCs can be retained at trap sites provided 

that the cross-flow channel height is small enough to prevent the passage of WBCs. 

The geometry of the cross-flow channel was shown to be a key parameter for WBC 

arraying from whole blood. It was found that Ht=5-6 µm is an optimal height to capture 

and retain WBCs, although some RBCs are included in the trapping pocket, probably 

because previously arrayed (smaller) WBCs can not completely seal the cross-flow. The 

width of the trapping channel (and of the binding pocket) determines the number of 

WBCs per trap site, and through its influence on the Qt/Qm ratio it also determines 

whether cells can 'squeeze' into the cross-flow channel. The optimal width of the trap 

sites thus depends on the intended application of the array. For example, more cells per 

trapping pocket can be convenient for high-magnification imaging (smaller field of view) 

imaging, whereas cells trapped into the shallow cross-flow channel are convenient to 

assess the morphology of the nucleus. 

Cells deformability and applied flow rates also had a significant impact on WBC arraying. 

For example, use of the cell membrane stain WGA increases cell rigidity (and also 

induces RBC aggregation). Single-WBC arraying was observed in two cases: (i) Wp=10 µm 

and Wt=20 µm, and (ii) Wp=20 µm and Wt=12 µm (here the intended Wt was 20 µm but 

misalignment resulted in Wt=12 µm). This indicates that capturing of single WBCs 

requires traps (cross-flow channel openings) of 10-12 µm width and 5 µm height. RBCs 

that co-occupy these trapping pockets appear not problematic because they are only 

visible in bright field images if the WBCs are selectively stained. Otherwise, RBCs can be 

removed from the trap sites by post-arraying flushing with a solution of Pluronic F127. 

9.1.4 Applications of the WBC Array 

The developed WBC arraying device was utilised for two applications: identification of 

WBC subtypes and visualization of the association of silica nanospheres with blood cells. 
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High-resolution images were obtained, showing sub-cellular structures WBC subtypes 

could be identified based on cell size and nucleus morphology, facilitated by cross-flow 

channel localization of the cells, and also by antibody labelling, for which a trap pocket 

location worked well. However, when many cells are captured in wide, e.g. 50 µm, trap 

pockets, imaging is difficult when these cells are not all in the same focal plane. 

Preliminary analysis suggests that WBCs are arrayed according to their relative 

abundance in blood, although small lymphocytes may not be efficiently retained with 5-6 

µm high cross-flow channels. 

Also, blood cells were incubated with fluorescent silica nanospheres of 200 nm diameter 

and then arrayed with devices 5 µm and with 3 µm high cross-flow channels. In a 

preliminary analysis, for each blood cell type the NP interaction was expressed as a 

percentage of cells (of each type) with associated NPs. This revealed that these NPs do 

not associate with RBCs but do interact with platelets and with WBCs, with heterogeneity 

in the WBC-NP interaction, i.e. not all WBC subtypes interacted with these NPs in the 

same way. Monocytes accumulated the largest amount of NPs, and their intracellular 

location suggested a lysosomal location and hence NP uptake by endocytosis. 

9.2 Future Work 

There is plenty of scope for further development of this blood cell arraying platform. In 

this section suggestions are made regarding the design of the array chambers, the sample 

preparation, the cross-flow channel height and potential application areas. 

9.2.1 Design of the WBC Array 

The chip could be redesigned to have larger array chambers, i.e. to accommodate more 

cells. However, this involves increasing the length of the serpentine main flow channel, 

which will increase the fluidic resistance of the main channel and could thus result in a 

stronger cross-flow, the effects of which will have to be established. It would be 

interesting to fabricate a design with the optimal trap height (5-6 µm) that has a flow rate 

ratio Qt/Qm>1. Additionally, the first rows with trapping chambers could be adapted so 

that these can trap small cell aggregates that have escaped from the upstream pillar array. 

It would also be very interesting of trapped cells, purified from a mixed-cell sample, 

could be released from the array and be collected off-chip for further analysis. It could be 
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explored whether this can be achieved by applying a strong reverse flow, perhaps in 

combination with trapping pockets that are less deep. 

9.2.2 Blood Sample Preparation 

A multitude of cell dyes has been developed for cell biology and hence many more stains 

could be used. For example, Shi et al. [115] demonstrated a combination of three dyes 

(PI, FITC, BO21) with which four subtypes of WBC (neutrophils, lymphocytes, monocytes 

and eosinophils) could be differentiated in a sheathflow microfluidic chip, as shown in as 

seen in Figure 9.1. They used a lysis-fixation solution to render the cell membrane 

permeable and stain intracellular granules. This procedure will make the cells more rigid 

but, such a solution could also be flushed through hydrodynamic side trapping chip the 

WBCs are arrayed, enabling more sophisticated intracellular staining.  

 

Figure 9.1 The images were taken by a 100 objective lens (water immersion) as test for 
staining, however, WBCs counting was done with laser optical detection, taken from [115] 

Furthermore, different combinations of the many available CD marker antibodies could 

be used to identify different subsets of WBCs. For instance, anti-CD16 for neutrophil 

labelling and anti-CD14 for monocyte labelling. In addition, viability tests could be 

performed on WBCs that have been arrayed for a certain period of time, for example with 

the common vital stains calcein-AM, which is an indicator of metabolic activity (section 

6.1.1.2), and propidium iodide (PI) which is an indicator of cell membrane integrity. 
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9.2.3 Relation between Device Geometry and WBC Arraying 

A medium cross-flow channel height of 5-6 µm was shown to result in efficient arraying 

of WBCs, but co-trapping of RBCs occurred, probably because the cross-flow was not 

completely blocked. Therefore it could be investigated whether a 4.5 µm high cross-flow 

channel gives good WBC arraying without RBCs present in some trapping pockets. 

Furthermore, as the large cross-flow channel height of 8.5 µm showed nearly empty 

arrays, with only some large WBCs, probably monocytes, it would be interesting to test 

whether monocytes can be prefentially captured with cross-flow channels that are 7-7.5 

µm high. On the other hand, a 2 µm height could be utilised to array RBCs or PLTs. 

Possible applications of an array of RBCs could be assessment of RBC deformability 

[116], the identification of sickle cells in relation to anaemia disease [117], or the 

detection of malaria-infected RBCs [116,117,118] 

9.2.4 Applications of the WBC array 

Similarly to work by Hosokawa et al. [60] (section 2.4.2), the array could also be applied 

to WBC enumeration, which is a common diagnostic method. Another application could 

be assessment of abnormal WBC rigidity, as WBCs are 2.5-fold more rigid in patients 

with severe sepsis [119,120]. It would be of great interest to apply these size-selective 

cell traps to the isolation and arraying of circulating tumour cells (CTCs), which is 

actively pursued in the microfluidics field. CTCs are very rare, with only about 1-100 

CTCs present in 1 ml of blood [123]. However they are larger and less deformable than 

WBCs, with a higher nuclear to cytoplasm (N/C) ratio [121,122]. Hence devices with a 

cross-flow trap height of 8.5 µm could be suitable for the capture of these CTCs. It would 

also be interesting to determine whether the chips can be adapted to array pure-lipid 

giant unilamellar vesicles, which are useful model membrane systems and are the only 

liposomes that are large enough for optical imaging of, for example, membrane domain 

formation [75], [125]. 

Finally, as indicated in our publication (work not included in this thesis) on the 

membrane disruption of large unilamellar vesicles by silica nanospheres of different size 

and surface chemistry [126], elucidation of the cell-NP interaction mechanisms is 

essential for the further development of nanomedicine. Single cell imaging studies can 

give a wealth of information on cellular uptake of NPs as well as inadvertent, potentially 

cytotoxic effects. Further work could therefore include different NPs, including NPs that 
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have acquired a protein corona, different NP concentrations and different cell-NP 

incubation times, as well as biomolecular markers for the various intracellular organelles 

that NPs could accumulate in. 

9.3 Publications 

A1) Poster presentations on the WBC array 

Hend I. Alkhammash and Maurits R.R. de Planque (2014) Nanoparticle-cell interactions 

studied with microfluidic blood cell arrays. At CHAINS2014-Chemistry as Innovation 

Science, Eindhoven, NL, 17 - 18 November 2014. 

Hend I. Alkhammash and Maurits R.R. de Planque (2014)  Microfluidic white blood cell 

arrays. At RSC Analytical Research Forum 2014, London, GB, 07 July 2014. 

Hend I. Alkhammash and Maurits R.R. de Planque (2014) Microfluidic white blood cell 

arrays. At 2nd Annual Health & Pharma Conference, Southampton, UK, 29 April 2014. 

A2) Future publications from the material in this thesis 

The material in Chapter 5 and Chapter 7 will be submitted as a journal paper that 

describes the requirements of a hydrodynamic side trapping system, from an 

experimental as well as from a theoretical perspective, for the WBC arraying from whole 

blood. 

The material in Chapter 8 will be submitted as a journal paper on the parallel imaging of 

arrayed single blood cells. 

B) Nanoparticle-liposome interactions (not included in this thesis) 

Hend I. Alkhammash, Nan Li, Rémy Berthier and Maurits R.R. de Planque (2015) Native 

silica nanoparticles are powerful membrane disruptors. Physical Chemistry Chemical 

Physics, 17, 15547-15560.    (doi:10.1039/C4CP05882H) 

Hend I. Alkhammash, Nan Li, Shuangfan Yang and Maurits R.R. de Planque (2013) 

Membrane disruption by silica nanospheres is modulated by surface chemistry and 

biocoating. Poster presentation at the 57th Annual Meeting of the Biophysical Society, 

Philadelphia, US, 02 - 06 February 2013. 
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Hend I. Alkhammash, Nan Li, Shuangfan Yang, and Maurits R.R. de Planque (2012) Silica 

nanosphere-induced membrane damage is modulated by nanoparticle diameter, surface 

chemistry and biocoating. Poster presentation at Colloids and Nanomedicine 2012, 

Amsterdam, The Netherlands, 15 - 17 July 2012. 
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