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Abstract Red blood cell (RBC) deformability has become one of the important factors to assess blood
and cardiovascular diseases. The interest on blood studies have promoted a development of various
microfluidic devices that treat and analyse blood cells. Recent years, besides the RBC deformability
assessment, these devices are often applied to cancer cell detection and isolation from the whole
blood. The devices for cancer cell isolation rely mainly on size and deformability of the cells. Howev-
er, the examination of deformability of the RBCs mixed with cancer cells is lacking. This study aims
at determining the deformation index (DI) of the RBCs in contact with cancer cells using a hyperbolic
microchannel which generates a strong extensional flow. The DIs of human healthy RBCs and human
RBCs in contact with a tumor cell line (HCT-15, colon carcinoma) were compared by analyzing the
flowing RBCs images captured by a high speed camera. The results reveal that the RBCs that were in
contact with HCT-15 cells have lower deformability than the normal RBCs.
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Introduction

Red blood cells (RBCs) deformability is the ability of RBCs to deform when submitted to certain
flow conditions. The major determinants of the deformability include geometry and size of the
microvessels, flow rate, mechanical properties of the cell membrane and its cytoskeleton and
intracellular viscosity. For example, the RBCs elongate significantly when they pass through
microchannels with dimensions smaller than the diameter of the RBCs at rest [1-5]. Decreased RBC
deformability is a threat to human health, since it causes a clog in the small capillaries. Therefore,
RBC deformability evaluation has become a research interest in a range of research fields.

In biomechanical and microfluidics studies, the clinical significance of RBC deformability has
been promoting the development of methods for measuring this phenomenon. Some examples are the
RBC filtration [6], laser diffraction ellipsometry [7], rtheoscopy [8], micropipette aspiration [9] and
cytometry [10]. Recently, by using a soft lithography technique it is possible to fabricate transparent
microchannels to investigate the motion and dynamical deformation of cells [3, 11-17].

The microfluidic device technologies have been recognized as a promising, high-throughput
method for diseased cell studies [18]. Besides the assessment of blood cells themselves, another
application is associated with cancer cell detection in a blood flow. One of the focussed research
interests is a circulating tumor cell (CTC) detection and isolation from the whole blood [19-23].
Largely, there are two major device designing strategies: one is to create arrays of narrow gaps within
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a larger microchannel and catch the cancerous cells in these gaps leaving other blood cells passing
through the gaps [19,20], and the other is to sort the heterogeneous cells such as a mixture of RBCs,
white blood cells and cancerous cells by using an inertial migration force under the flow in a
microchannel where the cells tend to migrate toward different lateral equilibrium positions and
eventually are sorted into separate regions of the microchannel [21-23]. Importantly, for both
strategies a key issue is the size and deformability of the cells. The former method requires a careful
design for the width of the gaps, otherwise the deformable cells, including both RBCs and cancer cells
would not be able to be sorted accurately. For the latter case, the size and deformability of the cells
greatly influence the flow behaviour and consequently lateral equilibrium positions might be altered.
For instance, it is known that the highly deformable cells migrate towards the center of the
microchannel whereas the rigid cells are pushed away from the center. Without a good knowledge of
mechanical properties of healthy and diseased cells, a high efficiency of cell sorting will not be
achieved. As mentioned above, there are a number of studies for development of microfluidic devices
for cancer cell separation from a mixture of blood cells and cancerous cells but to our knowledge no
insightful investigation has been done for characterizing deformability, by using DI, of the RBCs in
contact with cancer cells. As RBC deformability is one of the most important properties for designing
microfluidic devices for sorting heterogeneous cells, there is a need to examine the deformability of
RBCs which were in contact with cancer cells.

In this paper, we examine deformability of human RBCs mixed with HCT-15 (colon carcinoma)
using the microchannel having a hyperbolic shape in which the fluid experiences a strong extensional
flow with a nearly constant strain rate at the centerline of the microchannel. The deformability is
characterized by deformation index (DI) measuring the major and minor axis lengths of the RBCs
flowing near the centreline of the microchannel. The influence of the time duration that the RBCs
were in contact with the cancer cells is also examined.

Materials and Methods

Working fluids and microchannel geometry

The working fluid used in this study was Hank's Balanced Salt Solution (HBSS) containing 2% Hct
of human RBCs and the preparation was done as follows. The blood was collected from a healthy
adult volunteer, and ethylenediaminetetraacetic acid (EDTA) was added to prevent coagulation. The
RBCs were separated from the plasma and buffy coat by centrifugation (1000 rpm for 10 min). The
RBCs were then washed and centrifuged with HBSS twice. Washed RBCs were diluted with HBSS to
make several samples with hematocrit levels of ~2% by volume. All blood samples were stored
hermetically at 4°C until the labelling.

A human tumor cell line HCT-15 (colon carcinoma) was used to mix with RBCs. Cells were
routinely maintained as adherent cell cultures in culture medium so that RPMI 1640 was supplemented
with fetal bovine serum (10% FBS), streptomycin/penicillin antibiotic, 2 mM glutamine, and essential
amino acids, at the temperature of 37°C, in a humidified air incubator containing 5% of CO,. Each cell
line was plated at an appropriate density (2 x 10° cells/well HCT-15) in 6-well plates and mixed with 1
ml of RBCs (2% Hct) (c.f. Fig. 1). One sample of RBCs mixed with tumor cell line was taken after
24h of incubation and another one after 48h. Note that for these samples, only RBCs were taken by a
micropipette and the tumor cells were not used for the flow experiments.
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Figure 1. Images of cell culturing after 24h of incubation. (a) HCT-15 cell line only, (b) HCT-15 cell line mixed
with RBCs. HCT-15 cells are attached on the bottom of the dish so that the suspended RBCs (red color cells) are

more visible.

In order to avoid the possibility of the influence other than tumor cells’ contact on RBCs, the
samples of RBCs only with HBSS and RBCs only with the medium were also prepared. All the
samples prepared are summarized in Table 1.

The hyperbolic microchannel geometry and the regions for DI measurement are shown in Fig. 2.

Table 1. Sample preparation

Case Cell sample Incubation time (h) Temperature (°C) CO, (%)
1 RBCs with HBSS - Room temperature -
2 RBCs with medium 24h 37°C 5%
3 RBCs with medium 48h 37°C 5%
4 RBCs with HCT-15 24h 37°C 5%
cell line
5 RBCs with HCT-15 48h 37°C 5%

cell line
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Figure 2. (a) Illustration of the entire microchannel view, (b) schematic diagram and geometries of the
microchannel focused on the hyperbolic contraction part, (c) deformation measurement sections with
corresponding lengths in microns.

Experimental set-up

Fig. 3 shows a schematic of the experimental set-up. The confocal system of an inverted
microscope (Diaphot 300, Nikon) combined with a high-speed camera (FASTCAM SA3, Photron)
was used in the present study. A polydimethylsiloxane (PDMS) microchannel having a hyperbolic
shape was manufactured by using a soft-lithography technique. As described in Fig. 2, the dimension
of the microchannel is 396um (W) x 396 um (I) x14 um (h) where w, | and h refer to the width of the
inlet microchannel, the length of the hyperbolic contraction region and the depth of the microchannel.
The PDMS microchannel was placed on the stage of the microscope where the flow rate Q of the
working fluids was kept constant (0.5ul/min) by means of a syringe pump (PHD ULTRA) with a ImL
syringe (TERUMO ® SYRING). The flowing RBCs were recorded by the high speed camera at a
frame rate of 7500 frames/s and then the digital images were analysed with the assistance of an image
handling software.



Microchannel -,

camera

oLl

Inverted microscope =. ; it
P | Computer

Data transfer
Figure 3. Experimental set-up.

Image Analysis

Fig. 4 shows the steps of image processing with the corresponding actual images in each step.
Briefly, the original video data was converted to a stack of JPEG images (Fig. 4a). Then by averaging
each pixel over the sequence of original images (stack), a background image was created (Fig. 4b).
The background image contains the objects that are static in all the images such as microchannel
walls, dusts and so on. The next step is to subtract the background image from the stack images. This
process eliminates all the static objects from the original images and leaves only RBCs visible (Fig.
4c). The images were then filtered by replacing each pixel with the median of the neighbouring pixel
values with a mask size of 3x3 pixels, in order to reduce the artifacts and enhance the image quality.
The brightness and contrast of the resulted images were also manually adjusted. Finally, the grey scale
images were converted to binary images adjusting the threshold level (Fig. 4d). Well-known Otsu
threshold method was used in this case [24]. The resulted images contain RBCs as black edged
ellipsoidal objects against a white background. After this segmentation process, the flowing RBCs
were measured frame by frame automatically by using Analyze Particles function in ImageJ [25]. This
function counts and measures the objects in binary images, by detecting the edge of the objects and
outlining them (Fig. 4¢). Various parameters for measurement such as area and circularity of the cells
were appropriately pre-set so that the values outside the range specified are ignored. For instance, we
set the range of area as 17-150 pm? such that the objects smaller than 17 pm?” and larger than 150 pm?
are eliminated from the results table. Likewise, the circularity range was set to be 0.5-1.0. Here the
circularity is defined as 47 x (area) / (perimeter)’. This way, most of the apparent deviant objects (eg.
out-of-focus cells, aggregated cells, etc.) were ignored for measurements.

The major output results of this measurement are the major (X) and minor (Y) axis lengths of the
ellipse that can be best fitted to the RBCs. The X-y coordinates of the measured cells’ centroids were
also recorded so that the position of the cells can be identified. Using this set of data, the DIs of all the
measured cells were calculated by using the formula of (X-Y)/(X+Y). The DI value is between 0 and
1, in that 0 means a perfect circle and the higher value means more deformed shape. In this study, we
calculated DIs for all the RBCs located in the sections of interest (Fig. 2¢) and averaged the values for
each section.
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Figure 4. Steps of image analysis. (a) original image, (b) created background image, (c) subtracted image where
only RBCs are visible, (d) binarized image by thresholding, (¢) RBCs outlined by ImageJ, Analyze Particles
function.

Results and Discussion

Fig. 5 shows the comparison of DIs among the three control cases (c.f. RBCs with HBSS, RBCs
with medium for 24h and RBCs with medium for 48h). For each case, the mean DI values for six pre-
defined regions in the microchannel were shown (c.f. Fig.2c).

The DI values and tendency of the transition are very similar in all the cases. In the contraction
regions (Sections 1, 2 and 3), the DI values are high under the strong extensional flow, and tend to
increase as the cells proceed to the exit of the contraction part. In Section 3, in all the cases the DI
reaches the maximum values. Then the DI drops dramatically in the release region (Section 4) and stay
with the constant value in the consequent regions (Sections 5 and 6). These tendencies consolidate that
through the microchannel with a hyperbolic shaped contraction the RBCs experience strong
extensional force and deform significantly. It is worth noting that the DI differences between RBCs
with HBSS and medium are not seen. Moreover, the RBC deformability does not show significant
difference in terms of time duration for the cases of RBCs with medium for 24h and 48h. It is
important to examine these control cases so that the other cases, that are RBCs mixed with tumor cells,
can prove that the influence on RBCs deformability is extremely limited to the contact of tumor cells.
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Figure 5. RBC deformation index for Case 1, 2 and 3. Note that Case 1 is RBCs with HBSS, Case 2 is RBCs
with medium for 24h, and Case 3 is RBCs with medium for 48h.

Case 1

Fig. 6 compares RBC deformation between RBCs with medium and RBCs mixed with HCT-15 as
a function of time duration: 24h and 48h. It reveals that the RBCs mixed with HCT-15 show extremely
low DI compared with the RBCs with medium in the contraction regions. This implies the RBCs in
contact with HCT-15 became more rigid than healthy RBCs. It is also possible to say that an increase
of rigidity occurred within 24h after a mixture with HCT-15 and this status did not change with time
(see Fig. 6b for 48h case). Although there is a tendency that the DI values increase towards the exit of
the contraction part and then drops after the release, the maximum value of RBCs in contact with
HCT-15 is almost half of that of the RBCs with medium. The DI values for the Sections 4, 5 and 6 do
not show significant differences among the cases shown in Fig. 6.

It is reported that an increase of RBC rigidity is caused by lowering pH, elevating temperature,
increasing extracellular glucose concentration, or making the suspending medium hypo- or hypertonic
[26-28]. Moreover, there are studies that cancer cells are more acidic than normal cells and generate
acidic or low pH microenvironment which is ideal for invasion and metastasis [29,30]. Considering
the phenomena of all the above, the observed RBCs rigidity in the current study was possibly due to
the influence of tumor cells’ acidity or the acidic environment generated by the tumor cells. In most
studies on cancer cell isolation from blood cells, microchannel devices are designed based on the
hypothesis that the healthy RBCs are highly deformable cells. However, our results have shown that
the increase of RBC rigidity could occur when RBCs were mixed with cancer cells in a culturing stage
and its increase degree was not ignorable. In order to achieve high throughput of cancer cell isolation,
it is necessary to take into account that the possible alteration of RBC deformability can happen and
this property change could directly influence flow behaviour and migration tendency which are the
key issues in designing microfluidic devices. Further investigation on RBC deformability and cell
sorting based on the current study will be conducted in the near future and will be shared in due
course.
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Figure 6. (a) RBC deformation index for Case 2 and 4, (b) RBC deformation for Case 3 and 5. Note that Case 2
is RBCs with medium for 24h, Case 4 is RBCs with HCT-15 for 24h, Case 3 is RBCs with medium for 48h, and
Case 5 is RBCs with HCT-15 for 48h.
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