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CONTINUOUS SEPARATION OF WHITE BLOOD CELL 
FROM BLOOD IN A MICROFLUIDIC DEVICE 

Florina S. ILIESCU1, Andreea P. STERIAN2 , Elena BARBARINI3, Marioara 
AVRAM4, Ciprian ILIESCU5  

Articolul prezintă o metodă magnetoforetică de separare a celulelor albe 
ale sângelui prin curgere continuă pe cip. Separarea celulelor roşii din sânge este 
realizată folosind metoda unui gradient ridicat al câmpului magnetic pentru 
captarea în interiorul dispozitivului a acestor particule. Dispozitivul este realizat 
printr-o tehnologie de microfabricaţie şi permite captarea celulelor roşii ale 
sângelui fără a folosi tehnicile cunoscute. Metoda constă în curgerea probei 
diluate de sânge printr-un canal microfluidic unde un strat feromagnetic este 
supus permanent unui câmp magnetic exterior. Majoritatea celulelor roşii ale 
sângelui sunt captate în partea inferioară a dispozitivului în timp ce restul 
sângelui este antrenat spre ieşire. Rezultatele experimentale arată că în medie 
95% din celulele roşii sunt captate în dispozitiv. 

 
This paper presents a magnetophoretic separation method on a chip of 

white blood cells from blood under continuous flow. The separation of red blood 
cells from the whole blood is performed using a high gradient magnetic separation 
method under continuous flow to trap the particles inside the device. The device is 
fabricated by microfabrication technology and enables to capture the red blood 
cells without the use of labeling techniques such as magnetic beads. The method 
consists of flowing diluted whole blood through a microfluidic channel where a 
ferromagnetic layer, subjected to a permanent magnetic field, is located. The 
majority of red blood cells are trapped at the bottom of the device while the rest of 
the blood is collected at the outlet. Experimental results show that an average of 95 
% of red blood cells is trapped in the device. 
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1. Introduction 

Micro total analysis systems (µTAS) and laboratories-on-a-chip is one of 
the key growth industries in the future due to its small sizes, easy to use, 
transportability and sure due to the small amount of the sample required to be 
analyzed [1,2]. Manipulation and characterization of small quantities of biological 
samples are some of the targets on lab on chip devices. 

One approach is using electric field – dielectrophoresis –for cell trapping 
[3-6] or cell separation [7-10] or even for electrofusion of small lipid containers –
liposome- [11]. Main disadvantages are related to the huge electric field gradient 
which can generate an increase temperature gradient (in spite of the existing 
solution for a limitation of Joule effect [12]), and the fact that, not always, the 
dielectric properties of the cells allowed separation of two or more populations.  
Another solution can be using magnetic field: immunomagnetic (cell separation in 
which magnetic particle are selectively attach to cell beads [13-15]) which can be 
a very performing method especially for separation of rare cell types. Other 
research [16-19] use targets the native magnetic properties of some biological 
cells (deoxyhemoglobin red blood cells). Separation of red blood cells from whole 
blood is often an essential step before the application of many clinical and 
molecular diagnostic tests on blood samples. The procedure is also useful in blood 
transfusion applications as it allows the selective transfusion of particular cell 
types. Separation can be possible due to hemoglobin. Hemoglobin is a conjugated 
metal-protein comprising of four polypeptide globins chains containing a ring 
structure covalently bonded with a central ferrous iron atom (Fe2+), which binds 
reversibly with oxygen. If is deoxygenated, each of the four iron atoms contains 
four unpaired electrons, giving the protein and the cell a substantial paramagnetic 
moment. White blood cells do not contain hemoglobin and are diamagnetic 
particles. These properties are the starting point for the red blood cells trapping 
using high gradient magnetic separation. 

This paper presents a simple microfluidic device for extraction of red 
blood cells from blood under continuous flow. The device consist in two glass 
dies: one with the inlet/outlet holes and the microfluidic channel, the other one 
with “dots” of ferromagnetic layer. The geometry of the ferromagnetic layer and 
the application of an external permanent magnetic field perpendicular to the flow 
direction generate a magnetic force on the red blood cells presented in the blood. 
The device also offers other advantages, such as the collection of the red blood 
cells inside the channel. Glass structure allows the complete visibility and analysis 
of the sample. 
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2. Design of the microfluidic device for magnetophoretic separation 

The design of the device is relatively simple and involves glass 
microfabrication. A glass die with inlet / outlet holes and a 60μm-depth 
microfluidic channel is bonded to another glass die, on which a ferromagnetic 
structure consisting off square “dots” (2x2x2 μm) of Ni (Figure 1). A permanent 
magnet generates a magnetic field perpendicular on the flow direction. The blood 
is diluted with PBS and is flown through the microfluidic channel. The 
ferromagnetic “dots” generate a gradient of magnetic field which amplifies the 
magnetic force that acts on red blood cells. As results the red blood cells (RBC)  
are trapped by the ferromagnetic layer while the white blood cells (WBC) are 
flushed out with the plasma and the other blood components.  

 
Fig. 1. Schematic view of the microfluidic device for separation of RBC and WBC 

3. Separation principle 
If a uniform external magnetic field is applied normal to the axis of a 

ferromagnetic wire, it is deformed near the ferromagnetic wire, and generates a 
high gradient magnetic field, experienced by the magnetic particles moving 
around the wire. Therefore, blood cells flowing near the ferromagnetic wire 
experience a magnetic force created by the high gradient magnetic field near the 
ferromagnetic rectangular wire, with w- width and h - height. 
The magnetic force of a ferromagnetic wire on blood cells, located around the x-
axis, can be calculated as [17]: 
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where BBC χχχΔ −=  is the relative magnetic susceptibility of a blood cell 
relative to the buffer solution; μw and μB are the magnetic permeabilities of the 
ferromagnetic layer and the buffer solution, respectively; VBC is the volume of the 
blood cell; a is the lateral dimension of the ferromagnetic structure; r and φ are the 
cylindrical coordinates of the distance and angle; H0 is the external magnetic field; 
and re  and ϕe  are unit vectors for the distance and angle in the cylindrical 
coordinate. 

If the ferromagnetic structure is magnetically saturated, the first term of 
the magnetic force in equation (1) is independent of the external magnetic field, 
H0, and proportional to the square of the saturation magnetization. The second and 
third terms of the magnetic force are linearly proportional to the product of the 
saturation magnetization  Ms and the external magnetic field  Ho.  

For magnetic particles placed (approximately) on the z-axis (φ ≈ 0 in 
Figure 1), sin2φ ≈ 0, cos2φ ≈ 1, the ferromagnetic material attracts paramagnetic 
particles (red blood cells) and repels diamagnetic particles (white blood cells). For 
magnetic particles placed on the y-axis (φ ≈ 90), sin2φ ≈ 0, cos2 φ ≈ -1, the 
material attracts diamagnetic particles (white blood cells) and repels paramagnetic 
particles (red blood cells). The first geometric configuration has been called the 
paramagnetic capture mode; the later has been called the diamagnetic capture 
mode. Therefore, to achieve a higher magnetophoretic force, the magnetophoretic 
microseparator is designed in the paramagnetic capture mode with a rectangular 
ferromagnetic structure. 

To summarize, the main parameters that influence the magnetic force 
applied on the particles affected by an external magnetic field are: the intensity 
and orientation of the magnetic field H0; the permeability of the buffer solution 
and the ferromagnetic material; the susceptibilities of the cells and the buffer 
solution and the dimension of the device. 
 

4. The Fabrication process of the microfluidic device 
 
Three major steps characterize the fabrication process of the microfluidic 

device for continuous separation of red blood cells and white blood cells: 
- fabrication of the top wafer with the inlet/outlet holes and the 

microfluidic channel;  
- fabrication of the bottom wafer with ferromagnetic concentrators; 
- bonding of the wafers.  

 
For the top wafer a 4” Pyrex glass wafer (Corning 7740) was chosen for the 
microfabrication process, mainly due to its good wet etching properties [20, 21]. 
The fabrication process is summarized in Figure 2. For the etching of the 
microfluidic channel - Figure 2a- a Cr/Au/photoresist mask was used ([22]). The 



Continuous separation of white blood cell from blood in a microfluidic device               25  

Cr/Au (50 nm/500 nm) layer was deposited on a CHA e-beam evaporator, the Au 
layer being deposited in 3 steps in order to cover the deposition defects ([22]). 
The patterning of the Cr/Au was performed using a 2 μm-thick photoresist mask 
(AZ7220 from Clariant) and classical Au and Cr wet etchants. In order to increase 
the hydrophobicity of the masking layer, recommended for deep wet etching 
process in high concentrated HF solution [23], the photoresist was hard backed at 
120OC for 30 minutes on a hot plate. The wet etching process (Figure 2b) was 
performed in HF (49%) /HCl (37%) in ratio 10/1, optimized in [24]. This etching  

 
Fig. 2. Main steps of the fabrication process of the top wafer: a) processing of the 

Cr/Au/photoresist masking layer, b) wet etching of the microfluidic channel, c) removing of 
the masking layer, d) processing of the Cr/Au/photoresist masking layer for inlet/outlet holes, 

e) wet etching of inlet/outlet holes, f) removing of the second masking layer. 

solution assures a fast etching rate (7.5 μm/min) as well as a good roughness of 
the generated surface (Ra = 3 nm). HCl removes the insoluble products resulted 
after the reaction of Al2O3 (present in the glass composition) with HF. The etch 
depth was 60 μm (performed during 8 minute in a Teflon container using 
magnetic stirring). During the wet etching process the backside of the wafer was 
protected by a dummy silicon wafer bonded with wax on the glass wafer. The wax 
bonding and debonding process was performed on a hot plate. After removing of 
the Cr/Au/photoresist mask (Fig. 2c) using classical resist stripper (NMP) – for 
photoresist and residual wax and Au and Cr etchants, a second Cr/Au/photoresist 
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mask was applied on the opposite surface of the glass wafer (Fig. 2d). The 
thickness of the deposited Au layer was 1μm, due to the fact that the required 
depth of the etching process was increased (around 440 μm). The preparation of 
the mask was similar with the process described for the generation of the 
microfluidic channel. Similar, a second wax bonding process will assure the 
protection of the microfluidic channel, while the wax served also as etch-stop 
layer for the deep wet etching process in same HF/HCl (Fig. 2e). The etching time 
was 70 minutes (over etch for compensation of the nonuniformity of the etching 
process). Finally, the glass wafer was debonded from the dummy silicon wafer 
and the masking layer was removed with a similar procedure as was described 
before. 

The fabrication of the bottom wafer consists of a simple lift off process 
presented in Fig. 3. On a similar 4” glass wafer (Corning 7740) a 5 μm-thick 
photoresist mask (AZ4620 from Clariant) was deposited (Fig. 3a) followed by a 
descuum process (1min) on a RIE system using oxygen. The metal layer Ti/Ni (50 
nm/2 μm) was deposited in a CHA e-beam evaporator – (Fig. 3b). The photoresist 
masking layer was finally removed in an ultrasonic bath using acetone. 
 

 
Figure 3: Main steps of the bottom wafer fabrication process: a) deposition of the 

photoresist mask, b) deposition of Ti/Ni layer, c) removing of the photoresist mask. 

The bonding of the glass wafers was performed using a simple adhesive 
bonding with SU8-5 photoresist [25, 26]. This technique was preferred to other 
methods such as: glass fusion bonding described by Saarela et al [27] or adhesive 
bonding using parylene previously used in [28, 29] for other applications. The 
technique consists of imprinting of an SU8-5 layer initially spun on a dummy 
silicon wafer (Fig. 4a) on a Teflon cylinder (Fig. 4b) and of transferring further 
the adhesive from the cylinder to the top glass wafer (Fig. 4c). This contact 
imprinting technique allowed deposition of a thin adhesive layer only on the 
bonding regions. In the last step, the wafers are manually align and bonded at 150 
OC for 30 minutes with an applied pressure of 1000 N (Fig. 4d). Finally, the wafer 
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is diced. An image of the fabricated device is presented in Fig. 5. The dimensions 
of the chip are 32 mm x 9 mm.  
 

 
Fig. 4. Adhesive bonding of the glass wafers using contact imprinting method: 

 a) spinning the SU8 on a dummy (silicon) wafer, b) imprinting of the adhesive (SU8) on 
a Teflon cylinder from the dummy wafer c) transferring the adhesive layer on the 

glass surface d) bonding 

 
Fig. 5. Image with the fabricated microfluidic device for magnetophoretic separation of 

red blood cells and white blood cells 
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5. Testing 
 
Diluted blood (1:20 in PBS) was used for testing purpose. The permanent 

magnet creates an external magnetic flux density (magnetic induction) of 0.2 T 
and the flow rate was set in the range between 0.5 and 0.7 ml/h (using a syringe 
pump). Two connectors fabricated by polymer printing secured the inlet and outlet 
connections. The results are based on the quantitative analysis of the red cells 
collected at the output of the device. Experimental results show an average of 5% 
of red blood cells collected at the output of the device. Fig. 6 presents the image 
with the field densities of cells before and after the sample was flown through the 
microfluidic device. 
 

 

Fig. 6. Image of the field density of the cells on Neubauer hemocytometer before and after flowing 
the blood sample through the microfluidic device 

 
6. Conclusions 
 
The paper presents a microfluidic device for magnetophoretic trapping of 

red blood cells under continuous flow, using high gradient of magnetic field. 
Experimental results show a good trapping efficiency that can be further 
improved. 
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