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ARTICLE INFO ABSTRACT

Keywords: The effect of nanoparticles on the mechanical behavior of red blood cells (RBCs) under an extensional flow has

D‘ffﬂrmaf“?n index not been extensively studied. In this work, by using a microfluidic hyperbolic contraction, it is assessed the

xmmﬂ““_j‘fs deformability of healthy RBCs in contact with ~20 nm nanoparticles of magnetic iron and non-magnetic cerium.
anoparticles

The results showed that, under a controlled extensional flow, the healthy RBCs deformability index depended on
the cells’ velocity along the microfluidic contraction. Additionally, the results showed that the deformability
index of the RBCs decreased when the cells got in contact with the nanoparticles, being that difference higher for
the magnetic nanoparticles and for the longer exposition times. The RBCs presented a logarithmic deformability
index vs velocity trend, with variations according to the magnetic or non-magnetic properties of the nano-
particles, to the concentration and to the exposure time. Thus, the representation of the deformation index as a
function of velocity seems to be a promising method to evaluate the mechanical behavior of the cells. Such
knowledge will be essential for further understanding how the cell-nanoparticle interactions occur in RBCs
disorders, and will open new possibilities regarding future applications of these nanocarriers in targeted drug
delivery systems for therapeutics.

Red blood cells
Extensional flow velocity

1. Introduction mechanical deformability of the RBCs, as they make up almost half of

the total blood composition. Additionally, hemoglobin is the main

The blood flow and the ability of the red blood cells (RBCs) to deform
are indicators of many pathological conditions, as arterial hypertension,
brain and cardiac infarctions, inflammation, diabetes or malaria, among
other hemoglobinopathies [1-6]. Microfluidic devices have been widely
explored for precise, low-cost, portable, continuous and high-
throughput analysis of RBCs, and have becoming attractive clinical
tools for rapid and efficient manipulation and characterization of blood
samples, with potential use in diagnosis [4,7]. In microcirculation, the
blood flows through extremely small vessels, including capillaries below
8 pm diameter [8], and this flow is strongly influenced by the

component of RBCs and makes up about 95 % of the proteins in the
cytosol, reaching a concentration of about 5 mM in the cytoplasm [9].
When RBCs are suspended in an isotonic medium (such as plasma or
physiological saline), they have a biconcave, discoid shape with a major
diameter of about 6-8 pm [7]. When the healthy RBCs are exposed to
large external flow forces, as it occurs when the cells face narrow cap-
illaries or microfluidic devices with micro-contractions, they deform
without rupturing, being able to cross those micro vessels, and usually
return to their original shape when the external forces are removed
[4,7]. Pathological RBCs usually have a lower ability to deform [3,4]
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and to recover their biconcave shape [4].

In parallel, during therapeutics, the drug efficiency and the global
spread of drug resistance [10-12] have become a challenge in the
treatment of different diseases. In recent years, much research has been
focused on targeted nanocarriers as alternatives for local drug delivery,
to increase the drugs’ efficiency. One promising option are nanoparticles
(NPs), with high specificity, based on targeting properties present only
on diseased/infected blood cells (as modifications in pH [13,14], tem-
perature [15] or magnetic response [16-18], among others) [19].
Particularly, magnetic nanoparticles (MNPs) could be interesting in this
area, as several diseases (for instance malaria, which leads to the for-
mation and growing of hemozoin, a ferrous and paramagnetic crystal
[20]) cause alterations in the magnetic properties of the RBCs [21,22].

Few studies report the influence of NPs on the RBCs deformation and
flow for biomedical applications [21,23-26]. Rodrigues et al. (2016)
[23] evaluated the RBCs deformability in contact with iron oxide MNPs,
by using a polydimethylsiloxane (PDMS) microfluidic device with hy-
perbolic contractions to force an extensional flow, and detected small
variations in the RBCs’ stiffness and deformability index when MNPs
bound to the cells [23,24]. In the reported study, the iron oxide MNPs,
besides magnetic, were chosen as they have high surface-to-volume
ratio, field irreversibility, high saturation magnetization, biocompati-
bility and non-toxicity, which are, indeed, remarkable nanoscale prop-
erties for biomedical applications [18,27,28].

It was predicted, as a research hypothesis, that healthy RBCs in
contact with NPs suffer modifications in their mechanical behavior and
deformation ability, and this effect will be higher as the NPs concen-
tration and contact time increases. Thus, herein, following the Rodrigues
et al. (2016) approach [23], we intend to study, using microfluidic
platforms, how healthy RBCs mechanically respond to different mag-
netic iron oxide (Fe304) and non-magnetic cerium (CeO3) nanocarriers,
assessing the cells-nanoparticles affinity (through measuring the cells
deformability), and exploring their potential for the future development
of highly specific local drug delivery systems. The adsorption of NPs
onto the surface of RBCs is strongly influenced by electrostatic in-
teractions [29-31], and this attachment is higher for the more positively
charged NPs and lower for negatively charged NPs (occurring repul-
sion), due to the electrostatic interactions with the negatively charged
cells’ membrane [29-31]. Additionally, due to their small size, some
NPs are also able to cross the cells’ membrane and translocate into the
RBCs, although this mechanism is not entirely understood yet [32,33].
Thus, in this work, we will compare the effect between positively
charged Fe3O4 NPs and negatively charged CeO2 NPs. Additionally, as
non-oxygenated hemoglobin molecules (ferrohemoglobin) present 4
unpaired electrons per heme, it confers them magnetic susceptibility and
a pronounced paramagnetic contribution, with a magnetic moment of
5.46 pB/heme, as discussed in [34,35]. So, in this work it is also
intended to evaluate if this minimal paramagnetic behavior has any
effect on the binding of the RBCs to magnetic NPs flowing in micro-
devices, and if there are differences between the effect of magnetic and
non-magnetic NPs.

It is expected that this work helps us to establish the basics of the
interactions between RBCs and NPs and how these interactions affect the
cells deformability, here with a focus on healthy RBCs. Such knowledge
will be the first step for further understanding how those interactions
occur in RBCs disorders and will open new possibilities regarding future
applications in hemoglobinopathies, but also targeted drug delivery
systems for cancer, malaria, cardiovascular diseases therapeutics,
among others [19,36-38].

2. Methods
2.1. Samples preparation

A Dextran 40 (Dx40, chemical formula (CgH;00s)y) solution (Sigma-
Aldrich, USA) containing RBCs at a 0.1 % of hematocrit was used as the
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working fluid in the microfluidic experiments. Blood was provided by
healthy individuals by the Instituto Portugues do Sangue e da Trans-
plantagao (IPST) — Porto. The blood samples were collected into 2.7 mL
tubes (S-Monovette®, Sarstedt) filled with ethylenediaminetetraacetic
acid (EDTA). All procedures for the collection of blood and for the in
vitro experiments were carried out in compliance with the EU directives
2004/23/CE, 2006/17/CE. The RBCs were obtained from whole blood
by three centrifugation steps, in a Centrifuge (XC-2009, Premiere, USA),
for 15 min at 1500 rpm, at room temperature. Between each centrifu-
gation step, the supernatant was removed and the RBCs were re-
suspended and washed in a physiological salt solution (PSS) with 0.9
% NaCl (supplied by B. Braun Medical, Germany), in a 1:1 ratio. This
step intended to separate the RBCs from plasma and the buffy coat.
Afterwards, the collected RBCs were added to the D x40 solution in a 0.1
% concentration. Dx40 was used as carrier fluid instead of blood plasma
to avoid the clotting and jamming of the blood cells in the in vitro
microfluidic studies, which are generally promoted by some blood
components [23]. Experiments were conducted with two different
concentrations (0.1 % and 0.01 %) of positively charged magnetic iron
oxide (Fe30O4) [39] and negatively charged nonmagnetic cerium (CeO3)
nanoparticles (NPs), both types of NPs with diameter around 18-20 nm.
The protocol synthesis of the magnetic iron NPs (Fe-MNPs) is detailed in
Rodrigues et al. (2016) [23], and the synthesis of the non-magnetic
cerium NPs (Ce-NPs) followed the protocol described by Mahmoud
and Faidah (2012) [40], via a microwave assisted hydrothermal tech-
nique in the presence of different amounts of poly vinyl pyrrolidone
(PVP) [40], where the use of PVP in the synthesis is responsible for
conferring the negative charge to the NPs (as described in [41]). Addi-
tionally, the Fe-MNPs were functionalized with hydrophilic ligands by
adding alendronic acid into the colloidal suspensions, followed by son-
ication, stirring and purification, assuring the colloidal stabilization of
the ferrofluids, and avoiding their agglomeration and fast sedimenta-
tion. After synthesis of the NPs, the NPs and the Dx40 + RBCs solution
were weighed using a micro analytical balance (BBC32, Boeco, Ger-
many), to add a mass percent of 0.1 % and 0.01 % of Fe-MNPs or Ce-NPs
to the working fluid. The microfluidic experiments were performed 1 h
and 72 h after the preparation of the working fluid. Between experi-
ments, the working fluid was stored in the fridge at 8.5 °C. During the
entire refrigerator storing time, the RBCs were kept suspended in the
Dx40 carrier fluid, to avoid the cells’ hemolysis, also avoiding clotting,
jamming and sedimentation. Nevertheless, before each extensional flow
assay (both at 1 h and at 72 h), the integrity of the RBCs samples was
observed at the microscope, to assure that no hemolysis occurred
[42,43] and the cells’ mechanical behavior could be captured.

2.2. Microchannels fabrication

Polydimethylsiloxane (PDMS) microchannels with geometric con-
tractions were microfabricated using soft lithography with epoxy-based
negative photoresist (SU-8) molds, as reported in [44]. PDMS is trans-
parent (allowing optical and microscopy measurements) and allows
surface functionalization by O plasma surface treatment [4,45]. The
geometry and main dimensions of the microchannels are shown in
Fig. 1. The microchannels comprise an inlet for the RBCs samples, an
outlet region and a hyperbolic micro-contraction area, with 20 pm width
to force the RBCs to deform [4,45,46]. Each channel has a 20 pm height,
and contains a hyperbolic-shaped contraction with a total length of 400
pm, and a minimum width at the end of the contraction region of 20 pm
(similar to the diameter of various blood vessels and capillaries in
microcirculation). The width of the microchannel, before and after the
contraction region, is 400 pm. The hyperbolic-shaped contraction
[47-49] with a Hencky strain of ~3 (also called logarithmic strain, ey =
In(Whatax/ Waiin)) [50] was used to allow the velocity to increase almost
linearly with the axial position x (constant strain rate), without
suffering entrance or exit effects, being adequate for a better control of
the microflows, and with lower risk of clogging [23,50].
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Fig. 1. Geometry of the microchannel used in the experiments. The samples flow through a tube into the microchannel on the inlet side (grey area), pass through a
pre-contraction region, through the channel hyperbolic contraction and exit through the post-contraction/relaxation area to the outlet side (grey area). The channel
depth, d, is 20 pm. The width before and after the hyperbolic contraction region is the same, Wjq = 400 pm. The minimum width in the contraction region is Wy, =
20 pm, defining a total Hencky strain of 3. The total length of the microchannel is 1.25 cm.

High-speed
camera

S

Y N O
NS ©®

“MicrodeVice

(I l—]

Al

O | £k

Waste

PC
Image Analysis

Inverted microscope

Fig. 2. Schematic diagram of the experimental setup. The setup consists of a syringe pump connected to the microchannel through polymeric tubing. The micro-
fluidic device is fixed on an inverted microscope. A high-speed camera is connected to the microscope and to the computer for data acquisition. Adapted from [51],

distributed under a Creative Commons Attribution License (CC BY 4.0).
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2.3. Measurement setup and data analysis

For the microfluidic experiments, the 0.1 % hematocrit RBCs samples
(with and without NPs) were filled into a syringe pump (Nemesys B101-
02 D, Cetoni, Germany). The syringe pump was connected to the entry of
the microchannel and ensured a controlled inflow of the sample into the
channel. At the exit of the microchannel, the fluid was disposed. The
inlet flow rate was kept constant at 20 pL/min. The microfluidic device
was fixed on the stage of a microscope (IX71, Olympus, Japan). The
magnification used in all experiments was 10 x by the objective + 1.6
zoom of the microscope. A high-speed camera (Fastcam SA3, Photron,
Japan) was connected to the microscope and recorded pictures (1024 x
256 px resolution) of the flowing RBCs, with a frame rate of 7500 fps and
1/30000 s exposure time. Finally, the high-speed camera was connected
to a computer for data acquisition, using Photron Fastcam Viewer soft-
ware (3282(x64), Photron, Japan). Fig. 2 presents a schematic of the
entire microfluidic setup. All experiments were performed at room
temperature. It is important to notice that the spatial resolution of the
acquired frames results from a balance between the frame rate (which
needs to be high to follow and measure the high velocity of the indi-
vidual RBCs inside the contraction) and the image quality, as improving
one of them decreases the quality of the other.

The recorded videos were analyzed with the image handling soft-
ware ImageJ (1.53 k, NIH, USA). Fig. 3 shows the complete process of
analyzing a frame in ImageJ. First, the videos were converted into a
stack of static frames, as in Fig. 3 a). Then, a background image was
created, based on the average of all frames from one video, through the
ZProject function, as seen in Fig. 3 b). The background picture was then
subtracted from all frames to eliminate all noise and static objects
(including the microchannel walls), resulting in frames containing only
the flowing RBCs, as seen in Fig. 3 c). At this stage, the image quality of
the frames was improved through Brightness/Contrast adjustment filters
and Median operation filters (in which a radius of 1 pixel was applied).
Afterwards, the frames were converted into binary images using the
Otsu threshold method. This resulted in images with the RBCs as white,
elliptical objects against a black background, as shown in Fig. 3 d).

As a next step, 10 RBCs from each video were randomly selected and
their movement was manually tracked frame by frame. As the RBCs flow
in the channel, at standard distances to the entrance of the contraction
(see Fig. 4 a)), the RBCs major (X) and minor (Y) axis length, the x and y
coordinates of their centroid and their area were measured using the
ImageJ measurements Fit ellipse, Centroid and Area functions. The
resulting datasets were saved and served as the basis for calculating the
deformation index (DI) of the RBCs, through the expression: DI = (X-Y)/
(X + Y), where 0 < DI < 1. The higher the DI, the higher the cell
elongation. A second series of measurements was taken in ImageJ to
determine the velocity of the RBCs, by using the MTrackJ plugin and
tracking the same 10 RBCs from each video, frame by frame. All
collected data (n = 10) were combined, resulting in the given DI and
velocity for each randomly selected RBC, at different time instants and
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Fig. 4. a) Example of the deformation of a healthy RBC at the end of the
contraction region, where the blue arrow indicates the flow direction, obtained
by overlapping several frames of the video. The RBC first deforms strongly in
the horizontal direction, and after the sudden end of contraction it resumes its
original shape before deforming again, more slightly, in the vertical direction.
At the end, it recovers its original shape. b) Hyperbolic contraction geometry,
with reference to the distance to the beginning of the contraction (point 0 of the
Xx-axis).

positions in the microchannel.
3. Results and discussion
3.1. RBCs tracking

Under an extensional flow, as the RBCs pass the hyperbolic
contraction, they gain velocity and are forced to deform and elongate
inside the contraction, increasing significantly their DI, and recovering
their original concave shape (more circular) after the expansion area, as
seen in the example presented in Fig. 4a). Fig. 4b) presents a schematic
representation of the hyperbolic geometry, where the x axis position
represents the distance to the beginning of the contraction, as will be
used as reference for the results presented in the subsequent DI plots.

As it can be seen in Fig. 4, the RBCs resolution, although allowing to
observe the cells’ deformation, is not perfect. It is important to point out
that, although the manual tracking and measuring of the RBCs
deformability is a common and widely reported methodology in bio-
microfluidics (as in [4,46,52]), it is a highly time consuming method and
has several limitations, both on image acquisition and data processing.
In particular, human errors may result from the manual selection of
RBCs at each microscope frame (as it ideally should be purely random
and automatic) and from the manual adjustment of the focus plan for the
images’ acquisition. Additionally, due to the high velocity of the cells
under an extensional flow, the acquisition setup (namely the high-speed

Fig. 3. Intermediate results of the image analysis steps in ImageJ: a) Single frame, after converting the video into static images; b) Background image from all the
frames of one video; ¢) Result after subtracting the background from the frame a); d) Binary frame after using the threshold settings.
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camera and objective lens) suffers from limitations which severely affect
the image spatial resolution. On one side, the frame rate needs to be
extremely high to follow and measure the behavior of individual cells
flowing through the contraction. By increasing the frame rates, the
illumination is reduced and, as a result, the image quality also decreases.
On the other side, to measure the cells deformability at such high ve-
locities, we have to use a 10x objective lens with a lower numerical
aperture, which also reduces the image resolution. Both of these factors
may increase the difficulty when measuring the major and minor axis
length of each cell, potentially affecting the precision of DI
measurements.

Fig. 5 summarizes the variation of the deformation index (a.u.) and
particle velocity (cm/s) of randomly selected RBCs as a function of the
distance (pm) to the beginning of the contraction, for healthy RBCs
without NPs, for RBCs with Fe-MNPs at 0.01 % and 0.1 % concentrations
and for RBCs with Ce-NPs at the same concentrations. In particular,
Fig. 5a) presents the DI measured 1 h after the preparation of the sam-
ples, and Fig. 5b) presents the same data, 72 h after the preparation of
the samples. Fig. 5¢) and d) present the velocity of the same samples,
measured 1 h and 72 h after the preparation of the samples, respectively.
For consistency purposes, all the data presented from samples contain-
ing only RBCs and Dx40 are labelled as RBC, and the data obtained from
samples containing NPs are labelled RBC plus the corresponding con-
centration and type of NPs (RBC + Fe-MNPs or Ce-NPs, respectively).

As it can be seen in Fig. 5a), a random 1 h healthy RBC (short storage
time) starts to elongate even before the beginning of the hyperbolic
contraction (as seen in Fig. 4, x = 0 represents the beginning of the
contraction), and reaches the highest DI and velocity at the end of the
contraction (x = 400 pm). While the velocity of the RBC increases lin-
early until the end of the contraction, the DI shows an approximately
quadratic increase. After the sudden end of the contraction, both the
velocity and the DI fall back to their initial values and the RBCs resume
their original shape. At that point, the velocity remains constant, while
the DI, under certain conditions (more evident after 1 h, for healthy and
Ce-NPs RBCs), increases again, more slightly, as it can be seen in
Fig. 5a), on the second DI peak between 400 and 600 pm. Analyzing
Fig. 4a), we can observe that, while the main deformation region relates
to a x axis elongation, the second area, with a less prominent defor-
mation region, relates to a y axis deformation of the RBCs, probably due
to the rotation of the cells while recovering their original shape at low
velocity.

From the DI data presented in Fig. 5, it is visible that the RBC + Ce-
NPs sample (non-magnetic sample) has a mechanical behavior similar to
the healthy RBCs, for both nanoparticle concentrations, at 1 h and 72 h.
However, regarding the RBC + Fe-MNPs sample (magnetic), it has a
different DI profile as a function of the distance to the beginning of the
contraction. Observing the data from 1 h after sample preparation, these
RBCs start to deform later than the healthy and non-magnetic samples
(around 100 pm after the beginning of the contraction) and for a shorter
distance, and that delay is higher as the Fe-MNPs concentration in-
creases. Also, this sample reaches a lower maximum deformation than
healthy RBCs and RBCs with Ce-NPs, and does not present a second
deformation area between 400 and 600 pm. These results indicate that
magnetic Fe-MNPs may have a greater affinity and bound to the RBCs,
affecting their deformability more than the non-magnetic Ce-NPs
(where there is almost no difference in comparison with the healthy
RBCs). These results are in agreement with the expected behavior of the
electrostatic interactions between the NPs and the RBCs’ membrane
[29,30]. As the used Fe-MNPs are positively charged [39], while the Ce-
NPs are negatively charged [41], the electrostatic interactions between
the Fe-MNPs and the RBCs’ negatively charged membrane [29] are
higher than between the Ce-NPs and the RBCs.

Regarding the RBCs velocity, it has a major impact on the cells’
deformation and, thus, it is important to be able to control it. The data
from Fig. 5 shows that the hyperbolic contraction in the microchannel
allows a linear increase of the velocity along the contraction, before its
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abrupt reduction, as already reported by [47,50]. Additionally, velocity
does not seem to be affected by the nanoparticles binding, as the ma-
jority of the curves are superimposed, both for 1 h and 72 h after sam-
ples’ preparation, indicating that, as expected, the velocity is dependent
only on the applied flow rate (20 pL/min) and hyperbolic geometry
(which is similar for all conditions).

Besides comparing the effect of magnetic/non-magnetic nano-
particles, it is also important to discuss the effect of the time after pre-
paring the samples, as it is known that RBCs tend to become more rigid
over time. For a better analysis of the effect of the binding time between
the RBCs and the nanoparticles, Fig. 6 presents, for each sample, the
deformation index (a.u.) of the RBCs presented in Fig. 5, as a function of
the distance (um) to the beginning of the contraction, at 1 h and 72 h
after sample preparation. The results after 72 h show that healthy RBCs
and RBCs with Ce-NPs still deform and achieve a high elongation.
However, after a longer storing time, here the RBCs start to deform later
(only deforming in regions where the cells’ velocity is higher), only after
the beginning of the contraction and for a shorter distance, and also
recovering their original shape immediately after the end of the
contraction, with no second deformation peak in the 400-600 pm in-
terval, presenting a behavior similar to the one previously discussed for
the RBC + Fe-MNPs samples after 1 h. Thus, after 72 h, all samples have
a more similar behavior (when compared to the results after 1 h),
indicating that the increase of the RBCs rigidity over time may have a
higher influence in the DI results than the nanoparticles binding.

It is also important to notice that the previously presented curves
represent randomly selected individual RBCs. For a global analysis of the
results, Table 1 and Table 2 present the mean and standard deviation
data (n = 10) of the maximum deformability and velocity in the
microchannel, respectively, for all the samples. Statistical analysis was
performed using GraphPad Prism 9.00 (Graph-Pad Software, Inc.). One-
way ANOVA was used to assess the statistical significance of each
sample, where all samples at 1 h storing time were compared against the
healthy RBC sample at 1 h, and all samples at 72 h storing time were
compared against the same sample at 1 h storing time. Statistical sig-
nificance was recognized for p < 0.05.

The mean data shows the same tendency as the individual RBCs
presented in Figs. 5 and 6 plots. RBCs with magnetic Fe-MNPs have
lower deformability (<0.8) than the healthy and non-magnetic Ce-NPs
RBCs (average > 0.8). Also, as expected, the maximum deformation
reached by the RBCs is always higher 1 h than 72 h after sample prep-
aration. Thus, the lowest average DI (0.72) was obtained for the RBCs
from the 72-hour old sample with 0.1 % Fe-MNPs. Furthermore, the DI
standard deviation is low in all cases, but slightly higher in the magnetic
Fe-MNPs (up to + 0.04). Regarding the velocities, the average maximum
velocity reached by the RBCs at the end of the contraction stands be-
tween 60 and 75 cm/s. In theory, the velocity should be similar for all
samples and storing times. However, some variations were observed,
since, when evaluating individual RBCs, the DI and velocity values are
obtained through a laborious and manual work of individual cells’ se-
lection, tracking and analysis. Thus, when performing RBCs evaluation,
there is the possibility of human error, namely when assuring that all the
selected cells from all samples are in the same height plan in the
microchannel, exactly at the same distance from the microchannel walls.
If RBCs from a different plan are selected, since they may be positioned
at different distances from the substrate or the top of the microchannel,
small variations in the measured cell velocity are expected.

3.2. Deformation index vs velocity

After evaluating the DI and velocity for all the samples, the DI was
also considered as a function of velocity. This allows to assess the effect
of the extensional flow in the deformation of the cells, i.e., although the
flow rate is constant from the syringe pump, when the RBCs flow
through the hyperbolic contraction, the velocities are not constant but
rather increase linearly which promotes a constant strain rate. For that
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Fig. 5. Example of the Deformation Index (a.u.) and particle velocity (cm/s) of a randomly selected RBC as a function of the distance travelled through the hy-
perbolic contraction (pm) for the healthy RBCs (red series), RBC + 0.01 % Ce-NPs (light blue), RBC + 0.1 % Ce-NPs (dark blue), RBC + 0.01 % Fe-MNPs (light green)
and RBC + 0.1 % Fe-MNPs (dark green) samples: a) DI 1 h after sample preparation; b) DI 72 h after sample preparation; ¢) Detail of the DI in the contraction region,
1 h after sample preparation; d) Detail of the DI in the contraction region, 72 h after sample preparation; e) velocity 1 h after sample preparation; f) velocity 72 h
after sample preparation. For a better analysis of the results, the vertical dashed lines represent the start and end positions of the geometric contraction.



J. Kriebel et al.

Experimental Thermal and Fluid Science 146 (2023) 110931

0.8

0.6

DI (a.u.)

0.4

0.2

0

1
-400  -200 0 200

400 600 800 1000

Distance travelled (pum)

—=—1h

b)

RBC + 0.01% Ce-NPs

1
0.8
1
0.6 !
-~ I
Z |
E 0.4 I
1
1
0.2 1
1
1 1
0 T } r } T T
-400  -200 0 200 400 600 800 1000
Distance travelled (jum)
—=—1h —-=—72h
d)
RBC + 0.01% Fe-MNPs
0.8
0.6
g 0.4
a
0.2
0 T } T + T T
-400  -200 0 200 400 600 800 1000

Distance travelled (um)
—=—72h

—=—1h

—a—72h

c)

RBC + 0.1% Ce-NPs

1
0.8
__ 06
)
— 04
A
0.2
1
1
0 T 4 T 4 T T
-400  -200 0 200 400 600 800 1000
Distance travelled (um)
—=—1h —=—72h
e)
RBC + 0.1% Fe-MNPs
0.8
0.6 !
1
1
—~ ]
E’, 0.4 :
= 1
A 1
0.2 !
1
1 1
1 1
0 T } T } T T
-400  -200 0 200 400 600 800 1000

Distance travelled (um)

—=—1h -a—72h

Fig. 6. Comparison between the Deformation Index (a.u.) of randomly selected RBCs, as a function of the distance travelled through the hyperbolic contraction (pm),
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purpose, Fig. 7 presents diagrams compiling all data of RBCs velocity
and the respective DI at the same positions in the channel (sample size n
=10 RBCs), 1 h (Fig. 7a)) and 72 h (Fig. 7b)) after sample preparation,
as well as the evaluation of the maximum DI and velocity of each of the
analyzed RBCs (Fig. 7c)). It is relevant to note that only measurements
up to the end of the contraction were considered, so no points in the

recovery area were taken into account. In Supporting Information, they
are available the individual RBCs plots for each sample, both at 1 h and
72 h, showing that the DI vs velocity trend remains the same among the
RBCs from the same type of sample.

Even though the maximum DI reached at the end is around 0.8 for
almost all samples (as previously observed in Table 1), it is noticeable



J. Kriebel et al.

Table 1

Mean and standard deviation values of the maximum Deformation Index (a.u.)
in the microchannel, calculated from 10 samples (n = 10), measured 1 h and 72
h after sample preparation. Statistical significance (*) was recognized for p <
0.05.

Maximum DI in the channel (a.u.) (n = 10)

Samples 1h 72h

Standard
deviation

Mean Standard p- Mean
deviation value

p-value

RBC 0.82
RBC + 0.82
0.01 %
Ce-NPs
RBC + 0.1 0.83
% Ce-
NPs
RBC + 0.78
0.01 %
Fe-
MNPs
RBC + 0.1 0.8
% Fe-
MNPs

+0.02 - 0.8
+ 0.02 0.8176 0.8

+ 0.02
+0.03

0.2875
0.3273

+0.02 0.5294  0.82 + 0.02 0.7347

+ 0.04 0.0746  0.76 + 0.04 0.9188

+0.03 0.8563  0.71 + 0.04 0.0002*

Table 2

Mean and standard deviation values of the maximum velocity in the micro-
channel (cm/s), calculated from 10 samples (n = 10), measured 1 h and 72 h
after sample preparation. Statistical significance (*) was recognized for p < 0.05.

Maximum velocity in the channel (cm/s) (n = 10)

Samples 1h 72h

Standard
deviation

Mean  Standard
deviation

p-value  Mean p-value

RBC 60.13
RBC + 62.39
0.01 %
Ce-NPs
RBC + 68.07
0.1%
Ce-NPs
RBC + 66.81
0.01 %
Fe-
MNPs
RBC + 68.02
0.1%
Fe-
MNPs

+6.94 - 74.33
+ 4.89 0.9342 74.76

+7.76
=+ 3.47

0.0053*
0.0006*

+ 1.96 0.0086* 70.22 +4.30 0.5882

+7.12 0.0844 69.22 =+ 6.02 0.9666

+5.26 0.1747 62.93 + 3.38 0.1409

that, after 1 h, the RBCs samples assume much higher DIs in the initial
range of velocities than after 72 h. Additionally, after 1 h (Fig. 7a)), it is
observed a progression from healthy RBCs (red series) to non-magnetic
Ce-NPs (blue series) and magnetic Fe-MNPs (green series), which is in
agreement with all the previous results and shows the biggest difficulty
of the RBCs + Fe-MNPs to deform (due to the higher amount of binding
of these NPs in the RBCs). We can also observe that, after 72 h, the
behavior is much similar between all samples.

Once again, the differences between Fig. 7a) and b) show that the
time spent after the sample preparation affects the deformability of the
RBCs. Healthy RBCs samples are the ones with the highest difference
over time. As the RBCs become less deformable over time, they need
higher velocities to achieve similar deformation values. Fig. 8 details, for
each sample, the DI vs velocity relation and trendlines for 1 h and 72 h
after sample preparation (n = 10), and the results are in agreement with
the previously discussed. Overall, after 1 h, for all samples, the DI in-
creases logarithmically with the increase of velocity. However, after 72
h, the DI modifies its trend. In particular, for the RBCs + 0.1 % Fe-MNPs
sample, the DI vs velocity relation loses the logarithmic trend,
approaching a polynomial curve.

Experimental Thermal and Fluid Science 146 (2023) 110931

Since data evaluation and manual image analysis are very time-
consuming, only 10 RBCs were tracked per sample, which is, indeed, a
small amount, when compared to the total amount of RBCs flowing in
the microchannels. However, based on the presented results, where each
series is based on the tracking of 10 different RBCs (n = 10), we observe
that the 10 randomly selected RBCs seem enough to represent the
deformation behavior of the cells in the microdevice, as they all show a
similar trend in Fig. 8 (in each sample, the RBCs data superimposes on
the same curve). Another reason is a relatively small standard deviation
of maximum DI and velocity, as seen in Tables 1 and 2. Thus, although
the results previously presented in Figs. 5 and 6 represent the tracking of
individual RBCs, the mechanical behavior of the cells is similar to their
mean behavior.

4. Conclusions

Microfluidic devices with geometric contractions have the potential
to create extensional flows, able to characterize the impact of several
diseases, such as malaria or diabetes, by assessing the DI variation of the
individual RBCs [4,45,53]. In addition, as shown in this work, these
devices have the ability to evaluate the effects of different nanocarriers
when interacting with blood cells [23].

This work reported the deformation behavior of healthy RBCs with
and without two different kinds of nanocarriers: magnetic Fe-MNPs and
non-magnetic Ce-NPs having a diameter of about 20 nm. The results
showed that, in the hyperbolic contraction used in the flow experiments,
and under a controlled extensional flow, the RBCs DI is strongly
dependent on the cells’ velocity at the microchannel contraction.
Additionally, the average maximum DI achieved by healthy RBCs in
contact with Fe-MNPs was lower than in contact with Ce-NPs, con-
firming the lower deformation capacity of RBCs in contact with the
magnetic NPs. One hypothesis for this difference relies on the strongest
electrostatic interactions between the positively charged Fe-MNPs and
the negatively charged RBCs’ membranes, when compared to the
negatively charged Ce-NPs. On a minor contribution, it is also possible
that some differences may occur due to the presence of a magnetic
interaction of the MNPs with the high iron content in the RBCs (due to
the presence of hemoglobin). However, further studies need to be con-
ducted to fully understand this phenomenon and to validate this hy-
pothesis. Additionally, plotting the DI as a function of the velocity seems
to be a promising method to compare the deformation behavior of RBCs
under different conditions. The results also showed that, regarding the
deformability of the cells, storing RBCs outside plasma (even keeping
them in Dx40) leads, over time, to a significant loss of the cells’ natural
properties. Consequently, these types of experimental analysis should
always be performed as soon as possible, with fresher RBCs samples and
shorter storing times.

Regarding the impact of this work, NPs have demonstrated, in the
last years, enormous potential as effective drug delivery vehicles
[16,54-57]. However, several challenges still need to be addressed. On
one hand, nanocarriers must assure that drug doses are administered
locally and in quantities sufficient to eliminate the pathogens quickly,
and on the other hand, the total doses must be sufficiently low to have no
side effects on the human host. Both goals can be achieved simulta-
neously through targeted drug delivery strategies using nanocarriers
[56-60], carrying binding molecules for specific receptors or benefiting
from properties of the cells (as their paramagnetic properties). However,
both the NPs concentration and the contact time had a significant effect
on the RBCs deformability. Rigid RBCs can cause coagulation phenom-
ena in the microcirculation vessels (i.e. capillaries, arterioles and ve-
nules) leading to blockage of normal blood flow in microcirculation
[61], which, in the worst case, can result in ischemia in the tissues and/
or cerebrovascular accidents [47]. Thus, this risk needs to be studied.
Nevertheless, in this work, the working fluid contained 0.01 % and 0.1
% NPs in 0.1 % hematocrit, which is an extremely high NPs/RBCs ratio,
a ratio unlikely to be used in in vitro drug assays. Although it is expected
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Fig. 7. Deformation Index (a.u.) as a function of cell velocity (cm/s) for 10 randomly selected RBCs, for the healthy RBCs (red series), RBC + 0.01 % Ce-NPs (light
blue), RBC + 0.1 % Ce-NPs (dark blue), RBC + 0.01 % Fe-MNPs (light green) and RBC + 0.1 % Fe-MNPs (dark green) samples: a) 1 h after sample preparation; b) 72
h after sample preparation; ¢) Maximum Deformation Index and the correspondent maximum velocity for each individual RBC under analysis. Each datapoint

represents the DI that one specific RBC had at the corresponding velocity.

that the NPs concentration in vitro will potentially be much lower,
leading to a less pronounced effect on the RBCs DI, studying these high
concentrations of NPs allows us to understand how the cells behave in
such extreme conditions, still being able to deform (DI > 0.7 in all ex-
periments, even after 72 h). So, these results open new research possi-
bilities, regarding the study of magnetic NPs in diagnosis and
therapeutics, as well as the integration of such nano systems in

microfluidic, lab-on-a-chip and organ-on-a-chip devices [62,63].
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