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Introduction

Over the years, several experimental techniques were performed in in vitro
environments, in an attempt to understand the flow behaviour of blood in
microcirculation. Several of these studies were performed in glass capillaries, and
have produced significant results with respect to rheological properties of blood [1,
2). Another way to perform in vitro blood studies is to use microchannels fabricated
by soft- lithography [3, 4] and xurography [5]. With these techniques several
studies have focused in the formation of the cell-free layer (CFL) that is caused by
the tendency of red blood cells (RBCs) to migrate toward the centre of the
microchannel, in that the physical reason is known as the Fahraeus Lindqvist. The
presence of this CFL at the regions adjacent to the wall is affected by the
geometry of the microchannel [4] and the physiological conditions of the working
fluid, such as the hematocrit (Hct) [6], and the RBC deformability [7]. The



formation of CFL can be used for separation of diseased cells from healthy blood
cells [8]. The aim of this paper is to show briefly the importance of the microfluidic
devices to study several physiological phenomena that happens in vivo

environments with special focus on the CFL behaviour and RBC deformability.

Materials and Methods

Working fluids

Generally several working fluids were examined: dextran 40 (Dx-40) containing
1%, 5%, 9% and 12% of RBCs. The hematocrits (Hcts) correspond to the feed
reservoir Het and it was measured by using a hematocrit centrifuge. Detailed

description of the samples preparation can be found elsewhere [4, 5, 9-11].

Microchannels fabrication

The microchannels tested were fabricated by means of two different
microfabrication techniques, i. e., the soft-lithography [3, 4] and soft-xurography
[5]. Al the microchannels tested with dimensions less than 200 um were
fabricated by standard soft-lithography techniques from a SU-8 photoresist mold
[4, 9-11]. Recently we have developed a low cost microfabrication technique to
study blood flow phenomena at a microscale level. This process uses vinyl mold
masters fabricated by a cutting plotter. By using this technique we do not need a
clean room facility and as a result it is possible to reduce significantly the
production cost. Figure 1 shows the vinyl mold master and the correspondent
PDMS microchannel fabricated by a soft-xurography. Detailed description of this

fabrication process can be found elsewhere [5].



Figure 1. Images obtained using an inverted microscope with a 4x objective lens: A - The
vinyl mold master fabricated by a cutting plotter; B — PDMS microchannel of the
confluence.

Experimental set-up.

The high-speed video microscopy system used in our experiments consists of an
inverted microscope combined with a high-speed camera (see Figure 2). The
PDMS microchannel was placed on the stage of the microscope where the flow

rate of the working fluid was kept constant by means of a syringe pump.
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Figure 2. High-speed video microscopy system.



Image analysis

Overall, the recorded images were transferred to the computer and then evaluated
in Image J (NIH). To measure the CFL thickness the captured videos were
converted to a sequence of static images (stack). Then, for each pixel, the
maximum intensity of all the images in the stack was selected using the “Z project’
function in Imaged, which results in a region of RBCs core brighter than the
background. To obtain quantitative measurements the grey scale images were

converted to binary images with thresholding.

The RBC deformation measurements in hyperbolic microchannels were possible
by using the following image analysis procedure. First, the captured videos were
converted to a sequence of static images. Then, in order to reduce the noise in the
images, a background image was created and subtracted from all original images.
This process resulted in images having only the RBCs visible. To enhance its
quality, image filtering was applied using ImageJ (NIH). Finally, the grey scale
images were converted to binary images adjusting the threshold level. Detailed

description of the image analysis procedure can be found elsewhere [10].

Results and Discussion

CFL and RBC separation

By using a microchannel with a confluence fabricated by a soft lithography
technique we have obtained a very interesting blood flow phenomenon that
happens at microscale level. Figure 3 shows flow visualizations around the
confluence on the both trace particles in pure water and human RBCs containing
about 14% Hct [4].



Figure 3. Image of trace particles in pure water (up) and in vitro blood (down) obtained
after “Zproject” (maximum intensity function). This microchannel was fabricated by a soft
lithography technique.

From Figure 3 we can clearly observe a CFL in middle of the microchannel after
the apex of the confluence. In contrast this flow phenomenon is not observed with
pure water. Recently, this phenomenon was also observed in microchannels
fabricated by a soft xurography technique [5]. Detailed studies about this
phenomenon are currently under way and will be published in due time. Figure 4
shows an image with the flow of RBCs through a 75% constriction for a constant
flow rate of 1 uL/min. Measurements on the CFL thickness were also performed in

a 25% constriction.



Figure 4. Flow visualization of in vitro blood in a micrchannel with the following

dimensions: W1=100 um and W2 = 75um.
By using a combination of image analysis techniques we are able to automatically
measure the CFL thickness before and after the artificial contractions. Figure 5
shows clearly that in both cases the constriction enhances CFL thickness.
Furthermore, it is also clear that the enhancement is more pronounced for the
channel with a contraction ratio (W»/W1) equal to 0.25 than 0.75 [11]. This
separation strategy will be crucial to obtain a low Hct and consequently perform
cell deformability measurements.
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Figure 5. CFL thickness before and after artificial constrictions with different contraction
ratios (Hct = 9% ) [11].



RBC deformation

To analyze the deformability of RBCs, the cells were measured in two pre-defined
regions, (A) and (B) as shown in Figure 6. Region (A) is located upstream of the
hyperbolic contraction and region (B) comprises a narrow part of the contraction
region. Both regions are located axially along the centerline of the channel.

The flowing cells selected for measurement are measured twice in region (A) and
(B). The RBC deformation was defined by the deformation index (DI) as
(Lwiajor=Lwtinor)/( Lvajor + Lwtinor), Where Luajor @nd Lyinor refer to the major (primary) and
minor (secondary) axis lengths of the ellipse best fitted to the cell. These values

were obtained by using ImageJ (NIH).

Figure 6 shows an original image of the PDMS hyperbolic microchannel and the
view of flowing RBCs at different flow rates (9.45 pl/min and 66.15 pl/min) and in
two pre-defined regions, (A) and (B). In Figure 7 the average deformation index

calculated are shown for each case.
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Figure 6. RBC deformation at different flow rates in region A and B [9].
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Figure 7. Comparison of deformation index at different flow rates in different regions.

As can be seen in Figure 7, for both flow rates, DI is higher in the hyperbolic
contraction region (B) where the RBCs are submitted to a strong extensional flow.
In the contraction region (B), DI increases substantially with the flow rate as a
consequence of the higher strain rate to which the RBCs are submitted. These
results evidence the highly deformable nature of RBCs under strong extensional
flows and the present hyperbolic-shape microchannel is suitable for RBC

deformability examination.
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