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In this paper, sickled red blood cells of different densities from distinct Sickle Cell Disease (SCD) patients were
analyzed, using a microfluidic device based on bioimpedance sensing. Complementary to our previous work (Xu
et al., 2020) demonstrating the capacity of our microfluidic device to discriminate between normal and path-
ological red blood cells, we investigated the microcirculatory properties of red blood cells (RBCs) in sickle cell
disease based on their density. RBCs were separated using a triple density Percoll fractionation in low density
(LD), dense (D) and high density (HD) RBCs. Single cell transiting through microfluidic constrictions was elec-
trically recorded. Gaussian distributions, adjusted to the histograms of transit time (TT), as well as in phase
blockade amplitude (IP BA) and phase shift (PS) of the electrical signal, were analyzed for the three RBC sub-
populations. A specific electrical signature was achieved for each RBC subpopulation, with decreased TT, BA and
PS for increasing densities. This approach provides a promising tool to monitor the effect of therapeutical
strategies in sickle cell disease and other red cell disorders.

1. Introduction

Sickle cell disease (SCD) is a hemolytic anemia characterized by
painful vaso-occlusive crises (VOCs) due to the obstruction of small
blood capillaries (Pauling et al., 1949) (Ballas et al., 2012). The muta-
tion in the gene encoding f globin chain leads to the production of
abnormal hemoglobin (HbS), which polymerizes under hypoxic condi-
tions causing the sickling of red blood cells (RBCs) (Steinberg, 2008)
(Stuart and Nagel, 2004). In SCD, RBC properties are irreversibly
altered, with increased cellular dehydration, rigidity and fragility (Piel
et al., 2017) (Ware et al., 2017). Based on in vivo studies using SCD
mouse models, VOCs would be initiated by abnormal adhesion of neu-
trophils or of young RBCs, called reticulocytes (Bookchin et al., 1991)
(Swerlick et al., 1993) (Gee and Platt, 1995), to the capillary wall
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reducing its luminal diameter, followed by obstruction with rigid dense
RBCs. Studies with human RBCs are more difficult to achieve in vivo, but
several in vitro studies show marked differences among the heteroge-
neous RBC population in SCD. To access SCD RBC microcirculatory
properties at a single cell level, we have recently developed a minia-
turized bioimpedance-microfluidic device that mimics the dimensions of
human capillaries (Toepfner et al., 2018) (Varlet-Marie et al., 2010) (Liu
et al., 2019) and induces successive mechanical constraints on flowing
RBCs. Physical parameters related to RBC microfluidic transiting within
a 30 pm long section of 5 pm x 2 pm, in which RBCs are squeezed, were
measured (Fig. 1A., B., C. and D.) (Hoffman and Britt, 1979) (Gawad
et al., 2001) (Zhou et al., 2018). We demonstrated that this device was
able to discriminate between normal and pathological RBCs based on
their rigidity and capacity to deform (Xu et al., 2020). Conventional
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methods to analyze RBC populations, as Cytometry do not offer the
capabilities to analyze single cell in physiological conditions (con-
strained with a biomimicking capillary) (Piagnerelli et al., 2006). Op-
tical tweezers is a good alternative to analyze the single cell
bio-rheological properties (Zhu et al., 2020), nevertheless with low
throughput. The microfluidic approach gives a good compromise
(Amirouche et al., 2020) (Man et al., 2021) (Zheng et al., 2013) as it
allows to achieve the single cell sensing in physiological conditions, with
possible high throughput when electrical sensing is integrated, as in our
case (Supplementary Table 1.).

In this paper, RBCs from SCD patients were separated into 3 sub-
populations using a triple density gradient, low density (LD), dense (D)
and high density (HD) RBCs (Kaul et al., 1983), and were electrically
monitored while flowing in the microfluidic device. Our study shows for
the first time that transit time, IP blockade amplitude, and phase shift
induced by single RBC transiting can provide an electrical signature of
SCD RBCs densities.

2. Material and methods

The miniaturized system proposed for experiments was made by the
assembly of two subsystems: a fluidic subsystem involving a successive
microfluidic open-channels network, manufactured with poly-
dimethylsiloxane (PDMS) polymer (Lizarralde Iragorri et al., 2018), and
an electrical monitoring subsystem involving gold microelectrodes (Cr
20 nm/Au 200 nm) patterned on a quartz substrate (Xu et al., 2020).
Both subsystems were reversibly assembled by depressurization in the
channel, that also served to introduce the blood in the microfluidic de-
vice. The PDMS part was coated by a parylene C layer (3.5 pm) that
prevents any gaz penetration to the channel that would otherwise be
caused by the porosity of PDMS. The microfluidic network containing 8
sets of 24 parallel microfluidic channels array (each of those containing
10 successive restrictions) was replicated by soft lithography (White-
sides, 2006) using a three-layers SU-8 resist mold. The total hydraulic
resistance of the system was Rp toral = 1.3 X 1073 Pa-s~pm’3 (Oh et al.,
2012) (See Fig. 1B.). The subsystem with microelectrodes was manually
aligned with the microfluidic network, and reversibly assembled using
depressurization. For our experiment a pair of electrodes was aligned
with a restriction of the external branch (See Fig. 1C. and D.) (Roman
et al., 2018) (Raillon et al., 2013) (Reichel et al., 2019). Excitation
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voltages Vex(t) = Vex sin(2nfect) were applied to those electrodes (2 V,
10 kHz) using the transimpedance amplifier AD847J (Analog Discov-
ery), that also sampled the current flowing in the restriction: I(t) =

T sin(2nfext + ¢), dependent on the cell position within the channel (See
Supplementary Figure 1A.). ¢ is the phase shift introduced by the
presence of the cell (¢ = 0 when there is no cell within the restriction).
Thanks to synchronous detection system, followed by threshold detec-
tion with IGOR Pro software, the IP blockade amplitude I, — I.cos(¢)
was determined. I, and I. correspond respectively to I with or without
the cell in the restriction. AxioObserver Z1 microscope (Zeiss) was used
with a Phantom Miro M 320 S high-speed camera for imaging the cell
transit simultaneously to the electrical acquisition (See Supplementary
Figure 1B.). Three different blood samples form sickle cell patients
non-treated with hydroxyurea (HU) and non-transfused in the previous
three months were collected at the hospital “Hopital Necker-Enfants
Malades”. RBCs were washed 3 times with ID-CellStab (Biorad),
centrifuged at 1500 rpm for 5 min at room temperature, and diluted to
2% hematocrit in conductive buffer (HBSS-BSA 0.4%, 1 mM CaCl,, 1
mM MgCly, 1.26 Sm™}, 1% F.S. to 1.99 Sm™).

Sickle cell Percoll fractionation: The RBC suspension was layered at
the top of the Percoll gradient layers with densities of 1.076, 1.096, 1.11
g/ml (Specific volumes of two stock solutions allow these densities to be
prepared. Solution 1: 9.5 ml 0.5 M BSA/H,0 + 0.5 ml Hepes pH 8; So-
lution 2: 9.5 ml 0.5 M BSA/Percoll +0.4 ml Hepes pH 7.3 + 0.1 ml H,0
[Percoll SIGMA-ALDRICH/BSA Euromedex]) (See Supplementary
Fig. 2.). Cell fractionation was achieved by a 30 min centrifugation at
1000g at room temperature in a swinging-bucket centrifuge (Eppendorf
5804 R). The top layer consisting of the remaining white blood cells was
removed and the successive layers, named as LD (low density, rich in
reticulocytes), D (dense) and HD (high density, rich in irreversibly
sickled cells), were collected, washed 3 times with ID-CellStab to remove
Percoll residues, and used for subsequent experiments. The RBCs were
obtained from a blood sample collected in a EDTA vacutainer tube.

3. Results and discussion

Sicke RBCs samples obtained from three patients were analyzed in
our microfluidic device. Each of those RBCs were fractionated on a
triple-density gradient to obtain three populations: low density (LD),
dense (D) and high density (HD) RBCs. The nine samples were processed
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Fig. 1. A. Reversible assembly of the microfluidic channels network and the subunit containing gold electrodes for the sensing of single red blood cell transit; B. Cells
transiting within the zone of the 24 channels x 10 restrictions array; C. Single red blood cell transiting within the restriction; D. 3D representation, of the sickled red
blood cell transiting between excitation electrodes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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in the device (40 min flowing duration). A total of 1937 LD (943 from
first, 717 from second and 277 from third patient), 2631 D (1063 from
first, 1104 from second and 464 from third patient) and 3854 HD RBCs
(1682 from first, 1384 from second and 788 from third patient) were
analyzed.

Physical parameters associated with the cell microcirculatory prop-
erties, which are transit time, IP blockade amplitude and phase shift,
were recorded at a single cell level. The Gaussian distribution of these
parameters was fitted with a multipeak Gaussian model in order to es-
timate the mean values (1, {2 ...) and the dispersions (67,63 ...) for each
subpopulation (Roman et al., 2018) (Raillon et al., 2013):

2 2
) 4 nc(®)
y(x) = Al-e /o4 A2e 2/ 4.

where Ai correspond to the maximum amplitude for each peak in the
distribution. Scatter plots were realized to discriminate SCD sub-
populations and analyze the interdependency between two of these
three parameters.

3.1. Case of transit time

The highest mean transit time was observed for LD RBCs, and
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decreased inversely to the cell density (uip ¢ = 11.5 ms, pip 1 = 9 ms,
pup ¢ = 7.4 ms, see Fig. 2A., Supplementary Figure 3A., B., C., Supple-
mentary Table 2.). In addition, the main peak of the LD RBCs showed
higher dispersion than the peaks of the D and HD RBCs (ofp_ﬂ =12.6
ms?, G%_tl = 4.43 ms?, G%D_t = 4.47 ms?, Supplementary Table 2.),
indicating a higher variability in this population.

Transit time is dependent on the contact surface between the flowing
RBC and the microchannel wall. As HD RBCs are dehydrated and/or
sickled cells, they are more elongated than LD and D RBCs (Fig. 2.), with
a trend to align with the flow direction. This leads to a smaller contact
surface, and thus a shorter transit time (Reichel et al., 2019). At the
opposite, LD RBC subpopulation is composed of a majority of re-
ticulocytes (young immature RBCs), which are larger than mature RBCs.
LD RBCs present a larger contact surface with the microchannel wall
leading to a longer transit time. Therefore, despite the decreased RBC
deformability with increasing density, the smaller transit time of HD
RBCs appears to be poorly dependent on the cell deformability and
mostly governed by the dominant effect of decreased contact surface at
this particular microchannel size.

The multipeak behavior in Fig. 2. is related to the heterogeneity
(size, shape) in the same subpopulation. Indeed, LD RBC subpopulation
is composed of a majority of reticulocytes (young immature RBCs),
which are larger than mature RBCs, leading to a longer mean transit

Fig. 2. Gaussian distributions, adjusted to histogram
(See Supplementary Fig. 3, 4 and 5.), of transit time,
of IP blockade amplitude and of phase shift measured
for each subpopulation of three non-treated SCD pa-
tients. Microscopy imaging of the cell transit per-
formed simultaneously to the electrical recording.
The error bar represents 5% of the value. 3D recon-
stitution, according to measurement data (See Sup-
plementary Table 5.), representing separately their
sickle shape of different levels (Lizarralde Iragorri
et al.,, 2018). A. Comparison of the Gaussian distri-
bution of transit time, adjusted to histogram, for 1937
sickled red blood cells of low density (orange curve
for LD SCD RBCs), for 2631 sickled dense red blood
cells (green curve for D SCD RBCs) and for 3854
sickled red blood cells of high density (violet curve
for HD SCD RBCs); B. Comparison of the Gaussian
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time and a higher IP blockade amplitude.
3.2. Case of IP blockade amplitude

The in phase amplitude of the electrical current blockade also
decreased with increasing RBC density (Uipa1 = 0.979 mV, pp a1 =
0.976 mV, pup a1 = 0.8 mV, see Fig. 2B., Supplementary Figure 4A., B.,
C., Supplementary Table 3.), confirming our interpretation regarding
the major influence of the decreasing contact surface of RBC with the
microchannel walls, with increasing densities. The IP blockade ampli-
tude distribution appears to be dispersed, which can be attributed to
variability of RBC morphology for each subpopulation as well as various
possible positions of the cell during its transit through the restricted
fluidic channel.
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3.3. Case of phase shift

As the presence of the cell interfers with the electrical field topology
between the sensing electrodes, a phase shift between the applied
voltage and induced current produced by the microelectrodes can also
be measured. This phase shift reflects the presence of RBC squeezed
within the smallest section of the microchannel. The mean value of
phase shift decreased with increasing density (uip p1 = 0.053 rad, pp p1
= 0.047 rad, and pppp1 = 0.037 rad, see Fig. 2C., Supplementary
Figure 5A., B., C., Supplementary Table 4.).

Analytical prediction of phase shift, varying with RBC density (re-
flected by different membrane permeabilities, contact surfaces and
membrane thickness), was also achieved (Supplementary Fig. 6.). With
the consideration of RBC membrane thickness (ememp = 8 nm) (Singer
and Nicolson, 1972) (Hochmuth et al., 1983) (Heinrich et al., 2001),
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amplitude versus transit time for single SCD subpopulation: A. case of LD SCD RBCs (N = 1937); B. case of D SCD RBCs (N = 2631); C. case of HD SCD RBCs (N =
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relative permittivity ememp = 11, negligible conductivity 6memp = 107>
S/m, cytoplasm conductivity Geyro = 0.9 S/m and relative permittivity
€cyto = 50 (Polevaya et al., 1999), the impedance measured between the
pair of microelectrodes, with the presence of a single cell, can be
modeled (Fig. 1D.):

1 Reyio 1

Zcell =7 + B + -
.]Cmemb('0 (1 +JRcyl0CC)’“’m) ]Cmembm

1 len
Ocyto Scell

(Scen rep-
resents the cross-sectional area of the restriction (10 pmz), leen is the cell
length contacting the surface of the microchannel), and w represents
angular frequency of the electrical excitation. The phase shift due to RBC
presence in the restriction is introduced by this impedance Zg. The
membrane permeability and conductivity increase with the density in
our experiments, which leads to a lower phase shift also mentioned in
the case of pathological cells in (Ma et al., 2012) (Sirs and Stolinski,
1970). RBC membrane thickness, relative permittivity and conductivity
might depend on their pathological state, as such variation was reported
in the case of heated RBC (Sirs and Stolinski, 1970). However, for our
impedance detection system, we used average values from those, based
on the literature.

S, S,
where Ciemb = 8Osmembﬁ 5 Ccylo = 8Oecylofﬁ]I 5 Rcylo =

3.4. Correlation between transit parameters

The scatter plot of IP blockade amplitude versus transit time of RBCs
from the 3 SCD patients was analyzed (See Fig. 3., Supplementary
Figure 7A., B., C., Supplementary Figure 8A., B. and C.). For LD RBCs,
the high cell density zone (delimited by the 50% iso-density curve, see
Fig. 3A.) is spreader (Fig. 3D., IP blockade amplitude versus transit time;
Fig. 3E., phase shift versus IP blockade amplitude; Fig. 3F., phase shift
versus transit time), probably because of the heterogeneous composition
of this subpopulation in terms of reticulocytes and mature RBCs. D RBCs
spread towards the higher IP blockade amplitudes (Fig. 3B.) (Lizarralde
Iragorri et al., 2018). We could also confirm similarities in the defor-
mation dynamics, by the imaging of the cell transiting through the re-
striction (Fig. 2, right-side, above 3D reconstitution). HD RBCs are more
concentrated on the left corner of the graph (Fig. 3C., D., E. and F.),
indicating a shorter detected transit time, a smaller IP blockade ampli-
tude and a slighter phase shift.

Even though the three scatter plots of SCD subpopulations show
distinct profiles, a clear overlap between these profiles is observed. This
indicates that the separation of RBCs solely on the basis of cell density is
not sufficient to discriminate RBCs with a specific impedance signature.
This is probably because of the heterogeneity in cell size and shape
among SCD RBCs of equal density, as observed by microscopy within the
LD, D and HD RBC populations (Fig. 2. for RBC transit shape, Fig. 3. for
RBC static shape).

Although one would expect slower circulation of RBCs in capillaries
with increased density because of reduced elasticity, we found that
transit time, and the two other related parameters, of SCD RBCs were
inversely correlated with cell density, indicating that less deformable
RBCs circulate faster in capillaries having a 5 pm x 2 pm section. This is
due to the lower contact surface of D and HD RBCs with the micro-
channel wall of the microfluidic device. This implies that these cells
would have a lower gas exchange rate with the endothelial wall in vivo
because of reduced contact surface. The O, flux dependence on RBC
shape diminishes as the RBC residence time increases as mentioned in
(Wang and Popel, 1993) (Zarda et al., 1977). Moreover, the difference in
hemoglobin (Hb) saturation at a given RBC residence time (0.22 s) can
be as large as 10% for different RBC shape. However it was mentioned in
those papers that at a given RBC residence time in the capillary, the RBC
shape modification from normal to parachute shape induced a decrease
of average O flux by 26%. This suggests that, in addition to smaller
oxygen cargo of sickled RBCs because of HbS polymers, altered tissue
oxygenation in SCD could also be impacted by disturbed oxygen delivery
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because of lower contact surface area between dense RBCs and the
vascular wall. The imaging of RBC morphology within the microchannel
confirms the lower contact surface with higher density. Indeed, LD RBCs
present a long “umbrella” shape, while D RBCs are shorter, and HD RBCs
show the typical elongated sickle shape with apparent smaller contact
surface with the microchannel wall.

4. Conclusion

Our miniaturized bioimpedance-microfluidic device was capable to
monitor RBC microcirculatory properties, reflecting RBC size, shape and
density. A clear distinction between RBC subpopulations defined by the
cell density, was highlighted by our approach: mean transit time
decreased with the density (from 11.5 ms to 7.4 ms) as well as IP
blockade amplitude (from 1 mV to 0.8 mV) and phase shift (from 0.05
rad to 0.04 rad). Our experimental platform validates the feasibility to
characterize electrically SCD RBCs under flow conditions in capillaries
mimicking the in vivo conditions. For the future experiments, we intend
to extend the study by using arrays of microelectrodes embedded in the
microfluidic device to achieve a higher throughput (parallel channels)
and to enable analyzing RBC parameters in successive restrictions. Such
device is a promising tool to monitor the impact of therapeutical treat-
ments on RBC behavior in the microcirculation of SCD patients.
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