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ARTICLE INFO ABSTRACT

Keywords: The impact of therapeutic interventions on red blood cell (RBC) deformability and microscale transport is
RE?C mic.ro.scale flows investigated, using statins as an exemplar. Human RBCs were treated in vitro with two commonly prescribed
Microfluidics statins, atorvastatin and rosuvastatin, at clinically relevant concentrations. Changes in RBC deformability were
microParticle tracking velocimetry ified usi icrofluidic-based ek d di £ the el . ind Dil

Deformability quantified using a microfluidic-based ektacytometer and expressed in terms of the elongation index. Dilute
Therapeutics suspensions of the statin-treated RBCs were then perfused through a microfluidic pillar array, at a constant flow
Statins rate and negligible inertia, and imaged. Particle Tracking Velocimetry (PTV) was applied to track RBCs, identify

preferential paths and estimate their velocities, whereas image processing was used to estimate cell dynamics,
perfusion metrics and distributions. The findings were compared against those of healthy, untreated cells. Statins
enhanced RBC deformability in agreement with literature. The extent of enhancement was found to be statin-
dependent. The softer statin-treated cells were found to flow in straight, less tortuous paths, spend more time
inside the pillar array and exhibit lower velocities compared to healthy RBCs, attributed to their enhanced
deformation and longer shape recovery time upon impact with the array posts. The in vitro microfluidic approach
demonstrated here may serve as a monitoring tool to personalise and maximise the outcome of a therapeutic
treatment.

1. Introduction RBCs that merit further investigation. For example, cancer therapy has
been found to enhance the deformation of RBCs (Cohen, 1979; Kim and

Red blood cells play a key role in oxygen transport and tissue Lee, 2022).

perfusion. Their function is facilitated by their unique biomechanical
properties. One of these properties is RBC deformability, the ability of
RBCs to alter their shape and dynamics in response to their flow envi-
ronment. RBC deformability allows them to squeeze through very small
capillaries; it also facilitates the margination of leukocytes and gives rise
to numerous biophysical phenomena in the microcirculation (Secomb,
2017). RBC deformability is determined by the cell membrane and in-
ternal viscosity and is known to be impaired in many pathologies such as
sickle cell disease, malaria, diabetes and sepsis, as well as transfusion
blood storage (Barshtein et al., 2021; Baskurt et al., 1998; Connes et al.,
2016; Cranston et al., 1984; Shin et al., 2007b) adversely affecting
microvascular perfusion (Alexy et al., 2022). Evidence suggests that
therapeutic interventions might also induce changes in the properties of

Statins are one of the most prescribed drugs in the fight against
cardiovascular disease, the leading cause of mortality and morbidity
worldwide. They are front-line agents to treat hypercholesterolemia
(Martinez-Hervas and Ascaso, 2019), a lipid disorder in which choles-
terol (low-density lipoproteins, LDL) levels are elevated in the serum,
potentially leading to atherosclerosis and increased risk of cardiovas-
cular disease (Suckling, 2014). Approximately 50 % of circulating
cholesterol is carried in RBC membranes (Turner et al., 2012), playing a
crucial role in their structural integrity, and regulating the membrane
fluidity and stiffness (Maxfield and Tabas, 2005). When cholesterol
levels are elevated, the RBC membrane lipid content also increases
(Vaya et al., 2008) impacting its fluidity and function; also increasing
cell internal viscosity, and leading to microvascular complications
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(Forsyth et al., 2012; Stapleton et al., 2010). Statins lead to an up-
regulation of the low-density lipoprotein receptor, thus reducing
serum cholesterol levels (Kolovou et al., 2008; Schwartz, 2001; Sever
et al., 2003). They have also been found to reduce splenic atrophy, and
bacterial infection in the spleen (Jin et al., 2013), and prevent sepsis-
induced spleen apoptosis (Nezic et al., 2019). By administering statins,
mortality rates of patients with chronic kidney disease (Kim et al., 2022)
were found to decrease and kidney function in patients with cardio-
vascular diseases was improved (Esmeijer et al., 2019; Vogt et al., 2019).
Statins have been reported to have antithrombotic effects and can be
administered to treat blood coagulation (Undas et al., 2005).

A number of studies have associated the use of statin drugs with the
softening of the RBC membrane (Forsyth et al., 2012; Sheikh-Hasani
et al., 2018; Tziakas et al., 2009). However, there appears to be a lack of
systematic in vitro studies examining the biomechanical properties of
statin-treated RBCs under different flow conditions and the effect of
altered cell mechanics on microscale blood flows, which are relevant to
renal and splenic functions as well as tissue perfusion. There have been a
number of in vitro studies in the literature examining the impact of RBC
deformability in microhemodynamics, both numerically and experi-
mentally. The majority of these works, including those by our group
(Passos et al., 2019; Stathoulopoulos et al., 2022, 2024), have focused on
the impact of impaired RBC deformability. Harder RBCs alter the
rheological properties of blood (Alexy et al., 2022; Chien, 1987) and
have been shown to influence transport and haematocrit distributions in
microfluidic networks (Czaja et al., 2020; Ebrahimi and Bagchi, 2022).
Softer RBCs have received far less attention despite evidence that softer
particles alter the nature of interparticle interactions and partitioning
characteristics (Shen et al., 2023).

In view of the above, the present work aims to investigate the effect
of enhanced RBC deformation, induced by statin drugs, on the micro-
scale flows of dilute RBC suspensions (5 % haematocrit level (Hct)). A
simplified microfluidic geometry resembling the passage of RBCs
through complex porous-like structures, such as the intervillous space of
the human placenta (Chernyavsky et al., 2010; Zhou et al., 2022) (for
details see the methods section) was utilised. Similar designs have been
used to mimic the alveolar capillary networks (Huang et al., 2021;
Stauber et al., 2017), interendothelial slits of the spleen (Dao et al.,
2021; Elizalde-Torrent et al., 2021; Rigat-Brugarolas et al., 2014) and
the nephron of the kidney (Sol et al., 2020; Valverde et al., 2022). Flows
of healthy and statin-treated cells were imaged and velocity and cell
distributions were determined to analyse the influence of enhanced RBC
deformability on cell transport.

2. Experimental methods and protocols
2.1. Blood sample preparation

Blood samples were obtained from consenting human donors via
venepuncture, following an approved protocol (South East London NHS
Research Ethics Committee, 10/H0804/21), and mixed with 1.8 mg/mL
ethylenediaminetetraacetic acid (EDTA) to prevent coagulation using
appropriate vacutainers (Beckton Dickinson, UK).

RBCs were separated from whole blood through centrifugation at
3400 rpm for 9 min to remove the plasma and the buffy coat through
aspiration. Then, RBCs were washed twice in phosphate buffered saline
(PBS pH 7.2, Gibco, UK) using the same centrifugation protocol and
resuspended at the desired Hct level using appropriate levels of PBS
solution.

All samples were used within 4 h of their collection. Samples were
adjusted to room temperature prior to perfusion; healthy samples were
measured first, followed by statin-treated ones. Measurements reported
herein were taken with samples from the same donor to avoid inter-
donor variation in RBC properties.

Microvascular Research 158 (2025) 104765

575 um

W

g Halogen Lamp

Microchannel

Syringe Plunger 7S

> - ‘

Magnetic stir bar

20x

iTo High-speed camera

Fig. 1. (a) Top view of the microfluidic channel featuring a staggered array of
cylindrical posts across the examined flow domain; RBC suspensions were
perfused from the left side of the image (575 pm in width (W), 6.5 pm in height
(h)) with the dashed red lines denoting a smaller region near the channel wall
providing geometrical details. The diameter of each pillar (D) is 20 pm. (b)
Schematic representation of the experimental setup. The pink arrow indicates
the flow direction from the syringe pump. The sample was stirred gently before
each measurement, and before dispensing the RBC suspensions in the micro-
fluidic geometry, using a magnetic stir bar.

2.2. Preparation of statin solutions

Two different statins, a lipophilic (Atorvastatin, Merck, UK) and a
hydrophilic (Rosuvastatin, Merck, UK) one, were utilised to prepare
statin solutions and examine whether statin solubility has an effect on
the transport of RBCs in microscale flow geometries. Atorvastatin and
rosuvastatin were deemed suitable for the comparisons as they are the 2
most efficacious statins regarding reducing LDL cholesterol levels
(Angelo et al., 2018; Barter et al., 2010; Bjorkhem-Bergman et al., 2011;
Cobble and Ross, 2013).

Two different protocols were followed to prepare the statin solutions,
depending on the solubility of the drugs similar to (Ludolph et al., 2007;
Sheikh-Hasani et al., 2018). For the lipophilic atorvastatin, the statin
solution was sonicated at 37 °C for 60 min while sonication was un-
necessary for solutions containing hydrophilic statins. Subsequently,
RBCs were suspended in the respective statin solutions and incubated.
Atorvastatin-treated RBCs (a-RBCs) were incubated in the solution for
10 min at room temperature whereas the rosuvastatin-treated RBCs (r-
RBCs) were incubated at 37 °C for 30 min. Finally, the statin-treated
RBCs were washed twice through centrifugation with PBS to remove
any excess statins and then resuspended in PBS at a 5 % Hct level. Unlike
our previous studies (Sherwood et al., 2014; Stathoulopoulos et al.,
2022, 2024) in which dense suspensions were utilised to probe cell in-
teractions, here the Ht level was lowered to enable particle tracking
analysis to resolve RBC trajectories and interactions with microfluidic
features.

A statin concentration of 0.7 pg/mL was utilised, similar to previous
in vitro studies (Ludolph et al., 2007; Sheikh-Hasani et al., 2018). This
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Fig. 2. EI curves plotted over a range of shear stresses. (a) Comparison of EI values for healthy RBCs in the current study against the ones reported in the literature
(Baskurt et al., 2009a; Shin et al., 2007a). The Hct level of the RBC suspensions used in the deformability tests is illustrated in brackets. (b) Comparison of EI values
between healthy (blue), atorvastatin-treated (yellow) and rosuvastatin-treated (purple) RBCs.

concentration is comparable with clinically relevant values; note that
the mean concentration of statins in human serum (at therapeutic doses)
is reported to be around 1-15 nmol/L (Bjorkhem-Bergman et al., 2011;
Chou et al., 2013). The deformability of statin-treated RBCs was quan-
tified to ascertain whether statin treatment alters RBC properties using
ektacytometry as described in Section 2.5.

2.3. Microchannel fabrication

A staggered micropin configuration comprising 19 rows of 16 cy-
lindrical posts each (20 pm in diameter D), was employed. The pitch
ratios (ratio of centre-to-centre distance to pin diameter) were 2 and 1.5
in the longitudinal and transverse directions, respectively (Fig. 1(a)).

Standard soft lithography techniques were used for microchannel
fabrication. Briefly, an SU-8 master was used to create microchannels
from polydimethylsiloxane (PDMS, Sylgard 184, Dow, UK) prepolymer
mixed with a curing agent at a 10:1 ratio. After degassing the polymer
for bubble removal in a vacuum chamber, it was poured over the silicon
mould (FlowJEM, US) and baked at 60 °C overnight. Subsequently, the
PDMS block was peeled off and inlet and outlet holes were punched
using a biopsy kit (Technical Innovations, USA). Finally, PDMS chips
were bonded onto microscope glass slides using a handheld corona de-
vice (BD-20ACV, Rotaloc Inc., USA).

2.4. Image acquisition setup

Fig. 1(b) illustrates the experimental setup that was utilised to enable
high-speed, brightfield imaging of the RBC flows. An inverted micro-
scope (Nikon Diaphot 200, Japan) coupled with a high-speed camera
(NanoSense MKIII, IDT, USA) and a 20x objective (NA = 0.4) were
employed to conduct time-resolved measurements. The microchannel
flow was illuminated using a 100 W halogen lamp and 1000 images were
acquired for 20s at 50 Hz. RBC suspensions were perfused in the
microchannels using a pneumatic syringe pump (Nemesys S, Cetoni,
Germany) that has been successfully demonstrated in published micro-
fluidic blood flow experiments (Kang et al., 2016; Zhou et al., 2020,
2022). The pneumatic syringe pump allows us to impose a flow rate
rather than pressure while dispensing the fluid through the microfluidic
geometry which eliminates the need to derive the flow rate from the
measured velocities as in our previous studies (Stathoulopoulos et al.,
2022, 2024). Image acquisition, processing and velocity estimation were

controlled using a commercially available software (DynamicStudio,
Dantec Dynamics, Denmark).

The following protocol was followed to perfuse RBC suspensions in
microchannels in order to reduce RBC sedimentation inside the tubing
and acquire consistent data sets. Firstly, the samples were perfused at a
high flow rate before each measurement to redistribute RBCs in the
imaging region and then the desired flow rate was selected from the
software of the flow controller. After 20 s of setting the target flow rate,
image acquisition was triggered for a period of 20 s, as described in
Passos et al. (2019) and van Batenburg-Sherwood and Balabani (2022)
so sedimentation effects are negligible in the acquired images.

The flow rate at the channel inlet (Q;,) was kept constant at 0.5 pL/
min yielding a bulk flow velocity U, of 2.2 mm/s, before entering the
microfluidic network; these are within the physiological range of values
for microvascular flows (Chaigneau et al., 2019; Klein et al., 2019).

2.5. RBC deformability measurements

To determine changes in RBC deformability due to statin treatment, a
microfluidic-based ektacytometer (Rheoscan-D300, Sewon Meditech,
Inc., Seoul, Korea) was utilized. The instrument calculates the elonga-
tion index (EI) of the measured cells over a range of applied shear
stresses using laser-diffraction techniques. Briefly, RBCs were loaded
into a disposable microfluidic cartridge and deformed as they passed
through a gradually stenotic track (40 mm long, 4 mm wide and 200 pm
high). Their diffraction pattern was recorded, and the EI was calculated.
The latter is given by the ratio (Aeuipse — Bettipse) / (Aetiipse + Bettipse ) » Where
Aeltipse and By represent the major and minor axes of the deformed
cell, respectively (Baskurt et al., 2009b; Shin et al., 2007a). Each sus-
pension was measured three times using three different cartridges to
ensure repeatability and to increase the significance of the acquired
data.

2.6. Particle tracking velocimetry (PTV)

RBC tracking velocimetry experiments were conducted to gain
insight into the motion of RBCs in the micropillar array. To extract RBC
trajectories, the TrackMate tracking algorithm was utilised (Ershov
et al., 2022) and the behaviour of healthy and statin-treated cells was
examined. In each experiment, >1000 individual RBC tracks were



A. Stathoulopoulos et al.

Table 1

Mean El,,, values for healthy and statin-treated RBCs and the percentage dif-
ference between them. Differences in the reported El g, values between healthy
and statin-treated RBCs are statistically significant (p < 0.05).

Healthy RBCs a-RBCs r-RBCs
EImax (mean+S.D.”) 0.52 + 0.014 0.58 + 0.009 0.56 + 0.009
Difference (%) — 12.86 8.69

2 S.D. standard deviation.

identified. Only RBC tracks that crossed the whole micropillar domain
were isolated and further processed in order to facilitate comparisons;
approximately 500 tracks for each RBC suspension were thus analysed.

Table 2

Microvascular Research 158 (2025) 104765
2.7. Statistical analysis

To confirm the significance of the observed trends, statistical analysis
was implemented, using the Student’s t-test hypothesis test. The Stu-
dent’s t-test is used to compare the statistical significance between the
distributions of the 2 groups of data. 5 % was selected as the threshold of
the p-value.

Summary of studies examining changes in RBC deformability during statin treatment.

Statin drug and concentration ~ Ht RBC incubation conditions in Deformability Deformability change
statin solution measurement setup (%)
(Sheikh-Hasani et al., Atorvastatin 0.7 pg/mL Dilute human RBC 10 min at room temperature AFM 25%
2018) suspension
(Sheikhhassani et al., Atorvastatin 0.1, 1 and 10 2 % human RBC 10 min at 4 °C AFM 25 %

2022) pM suspension

(Ludolph et al., 2007) Rosuvastatin 20 ng/mL 35 % human RBC
suspension

(Forsyth et al., 2012) Simvastatin 0.76 mg/L 1 % human RBC
suspension

(Kohno et al., 1997) Patients under pravastatin Human whole blood

treatment

30 min at 37 °C

Modified filtration method 25 %

10 min at room temperature Custom-made imaging 4%
setup
Custom-made imaging 15 %
setup

Fig. 3. Typical examples of characteristic RBC tracks in the micropillar array for (a) healthy, (b) atorvastatin-treated and (c) rosuvastatin-treated RBCs. Flow is from
the left to right. The coordinates are normalised by the width of the channel W = 575um,x" = x/W,y" =y/W. The coordinate system is defined such that the origin
(0,0) is in the centre of the entrance of the micropillar geometry (i.e., left side of the image).
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Fig. 4. Box chart summarizing (a) tortuosity (z), (b) normalised retention time (tr/Tys) values, (c) Ay/2 and (d) directional change of RBC trajectories (0yqck) for
healthy and statin-treated RBCs. The lines inside the boxes indicate the median of the measurements and the bottom and top sides of the boxes indicate the 25th and
75th percentiles, respectively. In all cases, the differences between healthy and statin-treated RBCs are statistically significant (p < 0.05).

3. Results and discussion
3.1. Deformability of statin-treated RBCs

The measured elongation indices for healthy RBCs were first
compared against literature for validation. Fig. 2(a) shows that EI values
of healthy RBCs are in good agreement with reported values (Baskurt
et al., 2009a; Shin et al., 2007a), providing confidence in the measure-
ments and illustrating that the Hct level of the suspensions does not
affect deformability measurements.

EI values for the RBCs treated with both statins are shown in Fig. 2(b)
as a function of the applied stress and compared with those for healthy
cells. The standard deviation of these measurements was omitted for
clarity but is listed in Table 1. It is evident that RBC deformability in-
creases for both statin treatments with the a-RBCs being the most
deformable ones. The effect of statin treatment on RBC deformability
becomes more pronounced when applied stresses exceed 4 Pa. At low
stress values, RBCs exhibit similar EI values.

The maximum elongation index at infinite shear stress, El,,, was
also estimated for each suspension. The mean value of three measure-
ments and the percentage difference of the statin-treated RBCs from the
healthy control group are summarised in Table 1. Elq. values further
support that statin treatment softens the membrane of the RBCs with a-
RBCs exhibiting the greatest enhancement in deformability. The
measured differences are in close agreement with those reported in the
literature for atorvastatin (Sheikh-Hasani et al., 2018) and rosuvastatin
(Ludolph et al., 2007) treatments, respectively, as well as for
simvastatin-treated RBCs (Forsyth et al., 2012). Table 2 summarises
reported measurements of deformability of statin-treated RBCs. An

increase in deformability is apparent in all studies as a result of statins.
Reported changes vary from 4 to 25 %. This could be partly attributed to
the different techniques utilised for the measurement of deformability;
ektacytometry was employed in the current study whereas optical
tweezers and a modified filtration method were used by Sheikh-Hasani
et al. (2018) and Ludolph et al. (2007), respectively.

3.2. RBC preferential pathways

Fig. 3 shows selected tracks of RBCs passing through the micropillar
array. It is evident that healthy RBCs (Fig. 3(a)) exhibit non-straight
tracks as they flow inside the examined domain. Specifically, for y* <
0 healthy RBCs migrate from one axial route to the other (i.e., lane
swapping event) and this trend becomes more pronounced as the cells
approach the exit of the domain. In contrast, statin-treated RBCs (Fig. 3
(b), (c)) feature almost straight tracks, aligning with the flow direction,
with individual cells exhibiting a decreased tendency to translocate from
one row to another.

A low degree of lateral displacement of healthy RBCs flowing
through porous media has also been shown by Stauber et al. (2017) in a
microfluidic network similar to the one studied here, as well as in
microfluidic experiments using droplets to mimic RBC flows in complex
geometries (Zhou et al., 2022). Numerical simulations of Kriiger et al.
(2014) showed that the displacement of particles with different levels of
membrane deformation leads to different preferential pathways in
porous-mimicking geometries with a staggered array of pillars. They
showed that softer particles follow a deterministic route inside the ge-
ometry exhibiting little displacement from one row to another, whereas
more rigid particles follow a characteristic zigzag motion, leading cells
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Fig. 5. Probability density function (pdf) of RBC suspensions with 5 % Hct
flowing past through the microfluidic pillar array plotted as a function of
Urgc/U,. Ugnc takes into account all the detected velocity magnitudes from all
tracks for each RBC suspension.

to laterally shift columns along the flow direction.

An indicator of cell permeability in complex porous mimicking net-
works is tortuosity (7). In this study, tortuosity is defined as the theo-
retical RBC displacement, assuming that RBCs move along a straight line
between the entrance and the exit of the array, over the actual
displacement of the cell. Values close to 1 indicate that the cell travels
along a line whereas values close to 0 indicate that an RBC would tra-
verse the flow domain. Tortuosity values are presented for healthy and
statin-treated RBCs in Fig. 4(a). The latter exhibit statistically significant
(p < 0.05) higher values (z around 0.9) compared to the healthy RBCs,
further supporting the findings in (Fig. 3(b), (c)) and indicating less
tortuous paths due to statin-induced RBC softening.

The transit time of an RBC through the domain, denoted as retention
time (tg), is normalised with the reference transit time (Ty) that cells
require to advect the examined domain and plotted in Fig. 4(b). In each
identified trajectory, a single RBC passes through the geometry and is
captured by a series of successive images; tzr was calculated by dividing

Microvascular Research 158 (2025) 104765

the number of images by the acquisition frequency of the camera. Ty is
defined as T,,s = L/U, where L = 1.21W is the length of the domain that
cells traverse and U, the inflow velocity, U, = Qin/(Wh) where Qy, is the
inlet flow rate (0.5 pL/min).

From the estimated RBC tracks, it is evident that statin-treated RBCs
spend, on average, significantly more time (using the t-test analysis, p <
0.05) inside the micropillar array compared to the healthy ones. The
importance of RBC deformability in RBC motion in complex domains is
further depicted by the fact that a-RBCs spend significantly more time in
the array, compared to the r-RBCs (p < 0.05 when comparing (tg/Trer)
values between statin-treated cells in Fig. 4(b)). This underlines that
although statin-treated cells exhibit on average similar tracks in terms of
tortuosity (Fig. 4(a)), the increase in RBC deformability for a-RBCs leads
to a statistically significant increase in RBC transit time, highlighting the
correlation between RBC deformability and transit time in micropillar
networks. This further implies that the changes in RBC deformability
might also affect velocity distributions, which will be examined further
below.

To quantify the extent of lane-swapping events of the identified RBC
trajectories, the lateral displacement of each trajectory (Ay) was calcu-
lated; Ay is defined as the absolute difference, in the transverse (y")
direction, between the entrance and the exit point of each track. Ay was
then normalised against the transverse spacing (centre to centre) of the
pillars, A =1.5D. From Fig. 4(c), it is evident that the majority of healthy
RBC trajectories are displaced by at least one column in the transverse
direction of the flow field whereas statin-treated cells exhibit relatively
little transverse displacement. Also, the differences between a-RBCs and
r-RBCs are statistically insignificant (p > 0.05), further supporting the
tortuosity findings in Fig. 4(a).

Another metric that can characterise the impact of RBC deform-
ability on their transport through the array is their tendency to change
direction as they encounter the pillars. This can be expressed through
the RBC directional change angle 0, defined as the mean value of the
change in direction of each single RBC between successive images in
each track. Fig. 4(d) shows that healthy RBCs exhibit the highest
directional change among the three RBC suspensions, indicating that the
softening of RBCs affects their dynamics as they are transported through
the array. In line with the findings in Fig. 4(a) and (c), no statistically
significant difference was evident between a-RBCs and r-RBCs, respec-
tively, explaining the less tortuous tracks and less lane-swapping events

(a) t=0s (b) t=0.18s (c) t=0.28s (d) t=0.40s
e @
\L ol 5 )
_’
-~
(e) t=0s (f) t=0.80s (g) t=1.60s
(i) t=0s (j) t=0.30s (k) t=0.66s
N e
o ®© |
L.

Fig. 6. Snapshots of RBCs (Hct: 5%) colliding with a single circular post of the microfluidic geometry. The location of the pillar is illustrated in Fig. 1(b) and the
motion of cells is from the left to right. (a)-(d) illustrate healthy RBCs, (e)-(h) a-RBCs and (h)—(1) r-RBCs. The red arrows are used for clarity and guide the reader to
detect the single RBCs. Flow enters from the left side of the figures and exits from the right side.
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Fig. 7. RBC shape recovery index (a), for a single cell, for healthy (blue),
atorvastatin-treated (yellow) and rosuvastatin-treated (purple) RBCs colliding
with a single, circular post of the microfluidic geometry.

along the flow direction found.

To further characterise the transport of RBCs through the micro-
fluidic network, their instantaneous velocities (Ugrpc) were determined
and their probability density function (pdf) was plotted and shown in
Fig. 5. To facilitate comparisons, Ugrpc was normalised with the velocity
at the inlet of the geometry U,. It should be noted that the applied flow
rate of RBC suspensions was kept constant and equal to 0.5 pL/min for
all the examined cases.

The normalised velocity distributions of healthy RBCs (Fig. 5) show
that they move faster compared to the statin-treated ones. The softer
cells, i.e. a-RBCs, are the slowest of the three. Healthy cells exhibit a
wider velocity distribution compared to statin-treated ones. The veloc-
ities of the statin-treated RBCs are distributed in a relatively narrow
band and show a high degree of overlap, indicating that as RBC
deformability increases, cells slow down, exhibiting similar low veloc-
ities throughout the domain. Interestingly, the histogram for the a-RBCs
illustrates a large peak close to Uggc = 0. This is due to the trend of slow-
moving soft RBCs being trapped as they collide with the posts as can be
seen in the acquired images in Fig. 6, discussed further in this section.
Although many cells seem to be travelling with near-zero velocities,
especially a-RBCs, these events become less frequent with a decrease in

0 0.3 0.6 0.91 1.21
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RBC deformability illustrating that RBC transport in the pillar arrays is
heterogeneous and dynamic and strongly dependent on cell deform-
ability. The distributions in Fig. 5 further corroborate the findings in
Fig. 4(b) implying that as cell deformation increases, RBC instantaneous
velocity decreases and cells spend more time inside the micropillar
domain. The findings are in agreement with the computational work of
Kriiger et al. (2014), illustrating that softer cells develop lower velocities
as they pass through a porous medium compared to more rigid ones.

To gain insight into the impact of RBC collisions with the circular
posts and understand the high number of near-zero velocities in Fig. 5,
individual snapshots of single cells were isolated from the acquired
images. Healthy RBCs (Fig. 6(a)—(d)) tend to collide and escape from the
near-post region much quicker than statin-treated cells. It is also evident
that healthy cells deform and change their shape into a parachute-like
structure before leaving the micro-pillar array.

a-RBCs, which are the most deformable ones, can be seen to collide
with the pillar, start changing shape (Fig. 6(e)—(f)) and slide along the
wall in the flow direction (Fig. 6(g)). Eventually, they escape from the
near-wall area but their motion after impacting the post is significantly
slower compared to the healthy ones (Fig. 6(h)), reflected in the esti-
mated transit times. Similarly, r-RBCs are seen in Fig. 6(i)-(1) to spend
more time near the pillars compared to the healthy ones.

It becomes apparent that changes in RBC deformation due to statin
treatment can affect the nature of heterogeneous collisions between
RBCs and posts. Kriiger et al. (2014) showed numerically that changes in
RBC deformability impact the shape cells adopt along the flow direction
past collisions with the posts. They found that the more deformable
RBCs become, the more their diameter decreases affecting their trajec-
tory. This reduces RBC transverse motion from one column to another
leading to a more deterministic RBC motion inside the pillar geometry.
This can also be observed in Fig. 6 -note the diameter of statin-treated
cells (i.e., Fig. 6(), (g), (), (k) is reduced compared to the healthy
ones (i.e., Fig. 6(b), (c)) after colliding with the pillar- and further
quantified by estimating the change in RBC shape (Agpc)-

This was done by locating individual cells in Fig. 6, binarizing them
and estimating their area. The calculated values were averaged and
normalised with the initial cell area (Aggco), prior to colliding with the
pillar, defining thus an RBC shape recovery index, @ = Arsc/Arsco
plotted in Fig. 7 for all RBCs investigated.

Healthy RBCs can be seen to collide with the circular pillars, and
almost recover their initial shape in <0.5 s whereas statin-treated cells
take more time to return to their original size. Interestingly, a-RBCs take
the longest time to recover, and the final cell size is the least recovered
out of the three examined RBC suspensions. Thus, as RBC deformability
increases, individual cells take more time to return to their original
shape after colliding with a rigid obstacle. Moreover, softer cells deform

(b)

Fig. 8. Indicative maps illustrating the probability of the detected RBCs to be in the same location of (a) healthy and (b) a-RBCs in the micropillar array. Flow is from

left to right.
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Fig. 9. (a) (d) Axial x"-locations (red solid lines) in the pillar array selected to illustrate cell distributions, expressed via image intensity 1 — I". (b), (c), (e), (f) Fan
charts summarizing all measured 1 — I profiles in the selected axial positions for healthy (blue), a-RBCs (yellow) and r-RBCs (purple). Each sublot compares healthy
RBC distributions against statin treated ones, i.e. (b), (¢) compares healthy against a-RBCs and (c), (f) healthy against r-RBC suspensions. Black lines indicate the
mean value of the measurements and the shaded bands distribution percentiles. The left panel corresponds to cell distributions between pillars in alternative rows
(locations shown in Fig. 9a) whereas the right panel to cell distributions between rows, very close to the pillars (locations shown in Fig. 9b).

more upon colliding with the pillars and spend significantly more time
around the pillar region by flipping and sliding along the pillar wall,
which explains the lower velocities observed for the statin-treated RBCs.

3.3. Local distributions of statin-treated cells

The spatial organisation of the RBCs in the pillar arrays is illustrated
in the form of colourmaps in Fig. 8, showing the probability of the
detected RBCs being in the same location. To produce these colourmaps
the acquired images were binarized so that RBC areas were assigned
values of 1 whereas the rest of the image values of 0 and time-averaged.
Thus, if an RBC, during the period of the acquisition, was detected in the

same location then the colormap value will be close to 1. If an RBC flows
past a specific region in a way that is rarely detected in the same posi-
tion, then the colormap value will be close to zero. The differences be-
tween healthy and a-RBCs are clearly illustrated as they transit the pillar
array. The colourmaps show near zero probability for healthy RBCs to be
in the same location between successive images and higher probabilities
for the slower moving statin treated cells, reflecting the local RBC dy-
namics and transit time characteristics discussed in the previous section.

Local RBC concentrations were also inferred from the time-averaged
images of each suspension and fan charts were utilised to show cumu-
lative results. The mean intensity values were normalised by the
maximum image intensity in the area outside of the channel (Ip,q), i.e.
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I' = Liaw/Inax, and expressed in terms of 1 —I" so that darker regions
correspond to higher cell concentration and zero cell concentration
corresponds to the presence of a pillar.

Typical distributions for selected rows (i.e., illustrated in Fig. 9(a))
are shown in Fig. 9(b) and (c) comparing healthy RBCs against a- and r-
RBC suspensions, respectively. The distribution of healthy cells between
adjacent pillars in a row appears uniform, a trend that is also evident for
flows of healthy cells around pillars in wider geometries
(Stathoulopoulos et al., 2022), and in agreement with the trajectories of
the healthy cells. On the other hand, statin treated cells exhibit less
uniform distributions across the row compared to healthy cells and the
effect is more pronounced for the r-statin treated cells. This can be
attributed to the enhanced tendency to collide with the pillars, as well as
their deformation and shape recovery post collision (Fig. 6). The impact
of cell deformability is further depicted by the enhanced concentration
of r-RBCs compared to a-RBCs (Fig. 9(b), (c)); this can be attributed to
the reduced retention time r-RBCs experience as they pass through the
array resulting in r-RBCs flowing in the interpillar spacing, unlike a-
RBCs that collide with the posts. Furthermore, a-RBCs exhibit longer
shape recovery times and might cross the gap between pillars while still
deformed resulting in a lower 1 — I" value recorded therein compared to
r-RBCs.

Cell distributions between successive rows - i.e. in the pillar wakes
(Fig. 9d) - exhibit higher fluctuations compared to those between pillars
as shown in Fig. 9(e)—(f), which can be attributed to the fact that the flow
is less confined compared to the gap flows. Despite the variation with
axial location the general trends between healthy and statin treated cells
are similar to those observed in between pillars.

4. Conclusions

The impact of treating RBCs with two commonly prescribed statins,
atorvastatin and rosuvastatin, on their deformation and transport
through a pillar array was experimentally investigated. The deform-
ability of the treated RBCs was quantified using a microfluidic-based
ektacytometer and found to be enhanced by at least 9% compared to
healthy ones.

RBC transport was studied by means of Particle Tracking Velocim-
etry. The trajectories of statin-treated cells were found to be more
deterministic compared to healthy ones. Specifically, statin-treated
RBCs could traverse the array with little lateral displacement featuring
straight tracks along the flow direction, unlike healthy RBCs. As a result,
a higher tortuosity index was estimated for healthy cells compared to
statin-treated ones. However, although both statin-treated cells exhibit
similar tortuosity indices, a-RBCs spent significantly more time inside
the micropillar array due to the impact of RBC deformability on RBC
collisions with rigid obstacles.

Due to the nature of these collisions, statin-treated cells were found
to exhibit lower cell velocities compared to healthy ones, as they passed
through the geometry. The softer statin-treated RBCs deform more
compared to healthy ones around the pillars and they recover their
shape slower, which leads to an increase in the probability of near-zero
velocities and their retention time in the array compared to the healthy
ones.

Local cell distributions revealed that healthy cells are more uni-
formly distributed in the interstitial space between pillars and exhibit
higher concentration fluctuations in between rows, compared to statin-
treated ones. r-RBCs were found to exhibit higher cell concentration
between pillars and more heterogeneous distribution compared to a-
RBCs.

The study illustrates that statins enhance the deformability of RBCs,
altering perfusion through complex microfluidic networks. While statins
are prescribed to lower the risk of vascular events, this enhanced
deformability might be beneficial for patients with comorbidities such as
diabetes or conditions such as Alzheimer’s known to impair RBC
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deformability and impact microvascular flow. The study shows that
changes in RBC deformability are statin-dependent which implies that
potential benefits of statins might be heterogeneous.

Finally, the findings of this study might have implications for other
routine treatments for example testosterone therapy (TTh), that may
result in a notable change in RBC deformability. The in vitro approach
illustrated in this study provides a platform to examine the impact of
such treatments and may serve as a monitoring tool for the efficacy of
such therapeutic treatments, paving the way for personalised medicine.
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