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Impact of sequential bifurcations on the cell-free
layer of healthy and rigid red blood cells

Yazdan Rashidi, ©*2 Christian Wagner @?2° and Steffen M. Recktenwald @?

In the microcirculation, red blood cells (RBCs) tend to move away from vessel walls, creating a central flow
of cells and a peripheral cell-free layer (CFL). The CFL significantly affects blood flow and is important for
lab-on-a-chip applications, such as cell-plasma separation. This study investigates how the length of the
feeding branch before bifurcations affects RBC distribution and CFL formation, especially in sequential
T-bifurcations. We conducted experiments to study RBC flow in microfluidic bifurcating channels of
different lengths (2.5-7.5 mm) at a fixed hematocrit of 5% using both healthy and artificially rigidified RBCs.
Our findings show that a minimum branch length is required before a bifurcation to achieve a steady state
in the CFL. If the channel length before a second bifurcation is shorter than this minimum, reaching an
equilibrium CFL in sequential bifurcations is impossible. We observe that short channels after the first
bifurcation lead to increased CFL asymmetry in the daughter branches after the second bifurcation, while
longer channels better maintain symmetry. Additionally, we explored the impact of RBC rigidity on CFL
development. Rigid and healthy RBCs showed similar behavior at the first bifurcation, but their CFL
development patterns differed significantly by the second bifurcation, affecting RBC partitioning. These
results emphasize the importance of considering branch length in the study and design of bifurcations for
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1 Introduction

The circulatory system is fundamental to the human body,
facilitating the transport of oxygen and essential nutrients to
organs through a complex network of blood vessels. This
network, characterized by branching and bifurcating vessels,
plays a significant role in influencing red blood cell (RBC)
distribution and hematocrit partitioning."”* RBCs constitute
approximately 45% of blood volume and are the primary
cellular component of blood. In microcirculation, RBCs tend
to migrate away from the vessel walls, leading to a central
RBC flow and a peripheral cell-free layer (CFL). This spatial
redistribution of RBCs has a profound impact on blood
rheology by reducing the apparent viscosity in small vessels,**
and it critically influences the flow properties of blood
in vivo."” There, the presence of the CFL near vessel walls
impacts various physiological processes, including platelet
and leukocyte margination,™® the modulation of wall shear
stress on endothelial cells,” and the heterogeneous
distribution of RBCs within branching vascular networks.®**
In animal models, it has been shown that the mean width of
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lab-on-a-chip devices and provide insights into how impaired RBC deformability can affect blood flow.

the CFL is directly related to vessel diameter, increasing from
0.8 um in 10 pm arterioles to 2.9 um in 50 pum arterioles.*
The dynamics of RBCs traveling through sequentially
diverging and converging bifurcations and the resulting RBC
partition play a crucial role in the local cell perfusion in the
microvascular system.

The spatial organization of RBCs and the formation of the
CFL are also vital in biomedical lab-on-a-chip applications,
particularly in microfluidic devices designed for cell and
plasma separation and flow-focusing.”*™"” Hence, the
microscale collective behavior of RBCs, including their
organization and the formation of a CFL near the vessel wall,
has been the focus of extensive experimental’®'®2* and
numerical investigations.®**"*® It has been shown that the
characteristics of the CFL in microchannels are influenced by
several factors, such as the suspension hematocrit, channel
dimensions, flow rate, and the biophysical properties of
RBCs, particularly their deformability.'”**”*® The rigidity of
RBCs is generally considered to impair blood flow and
disrupt the spatiotemporal organization of RBCs in
circulation. Decreased deformability in RBCs is a
characteristic of various diseases, including malaria,
diabetes, sickle cell disease, and acanthocytosis.”*** Hence,
measurement of RBC deformability, particularly in
biomicrofluidic devices, has been the focus of numerous
recent investigations.**™’
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The arrangement and focusing of RBCs in dilute
suspensions can be driven by geometric features of the
channels, including confinement®®**° and bifurcations.”’**
In bifurcating channels, the higher flow rate daughter vessel
often receives a higher RBC flow in relation to the
volumetric flow rate, known as the Zweifach-Fung effect.**
However, the opposite RBC partitioning can also occur
when the higher flow rate channel receives a lower RBC flux
in relation to the volumetric flow rate, depending on the
vessel size and RBC flow configuration.*® In microfluidic
networks, Pskowski et al*® showed that hematocrit
skewness along sequential bifurcations can induce
significant changes in downstream RBC partitioning. The
authors investigated the effect of the volumetric flow rates
at each bifurcation, the solution hematocrit, and the
channel length on the RBC flux and reported significant
differences in partitioning between upstream and
downstream bifurcations even when the flow rates in both
channels are the same.*® Similarly, it was observed that
bifurcations downstream of the suspension inlet exhibited
an inversion of RBC partitioning in idealized microfluidic
networks, resulting in a heterogeneous RBC distribution.*’
While  model  microfluidic  devices  advance
understanding of blood flow in microvascular networks, the
effect of geometrical parameters, such as the channel length
before reaching the bifurcation, on the development and
reformation of the CFL and its subsequent impact on the
partitioning of RBCs in sequential bifurcations is not fully
understood. Although our study did not directly measure
rheological parameters such as apparent viscosity, it is well
established that the CFL has a major influence on
microvascular rheology.**®*° Symmetric CFL formation is
likely to contribute to more uniform shear stress and flow
resistance, while asymmetric CFLs may introduce local
rheological heterogeneities.>'"**> Additionally, the effect of
biophysical cell properties, foremost impaired RBC
deformability, on microcirculatory flow patterns has not
been fully explored in the context of bifurcating networks.

This study investigates the evolution of RBC distribution
along the flow direction in two sequential model
bifurcations. Specifically, we examine how the flow rate and
length affect CFL formation. We use model T-junctions,
which produce a pronounced asymmetric CFL after the first
bifurcation compared to other bifurcation shapes.*!
Experiments are performed on healthy and artificially
rigidified RBCs with a fixed hematocrit of 5% under various
pressure drops and in microfluidic channels with different
lengths for the first daughter channel, ranging from 2.5 mm
to 7.5 mm. This study used a hematocrit of 5% to allow for
detailed visualization and quantification of CFL dynamics in
microchannels. While this is lower than physiological
hematocrit levels, it enabled clearer observation of flow
features. Although the flow rate has a significant influence
on achieving steady-state flow and focusing on obtaining a
symmetrical CFL at the end of each branch, our findings
demonstrate that after the first bifurcation, a minimum
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daughter channel length is required to achieve a symmetrical
CFL before the second bifurcation. Additionally, we explore
the impact of RBC rigidity on CFL formation. Although the
differences between rigid and healthy RBCs were negligible
at the first bifurcation, the development patterns of the CFL
diverged significantly as they approached the second
bifurcation. This divergence affects the partitioning of RBCs
in the second bifurcation. Our work provides further insights
into healthy and rigid RBC flow behavior at sequential
bifurcations.

2 Materials and methods

2.1 Sample preparation

Blood was collected from healthy volunteers with informed
consent using a finger prick. The collected blood was
centrifuged at 1500¢ for 5 minutes to separate the
components. The RBCs settled at the bottom were then
resuspended in phosphate-buffered saline (PBS) solution
(Gibco PBS, Fisher Scientific; Schwerte, Germany), and this
centrifugation and washing process was repeated three times
to ensure purity. After the final wash, the RBCs were diluted
to achieve a hematocrit concentration of 5% in PBS
containing 1 g L™ of bovine serum albumin (BSA, Sigma-
Aldrich; Taufkirchen, Germany).>°

To assess the impact of rigidity, we artificially rigidified
RBCs using a method previously described.*’ Specifically,
washed RBCs were incubated in a 0.1% glutaraldehyde (GA,
Grade I solution, Merck KGaA, Darmstadt, Germany) solution
for one hour, following the protocol established by Abay
et al®® A 0.1% concentration of GA was chosen, as Abay
et al’®® showed that this concentration fixes RBCs and
eliminates their deformability. After incubation, the RBCs
were thoroughly washed with PBS to remove any residual GA
and then suspended in a PBS/BSA solution at the same
concentrations used for healthy RBCs. In this study, the term
“rigid” refers to the GA-treated cells, in contrast to the
naturally deformable healthy RBCs.

All  procedures, including blood collection, sample
preparation, and subsequent experiments, were conducted in
accordance with the Declaration of Helsinki and the relevant
national laws and guidelines of Germany, and were approved
by the ethics committee of the “Aerztekammer des
Saarlandes” at Saarland University (reference No. 24/12).
Informed consent was obtained from all human participants
prior to participation in the study.

2.2 Microfluidic setup

The microfluidic device used in this study was fabricated
using standard soft lithography techniques with
polydimethylsiloxane (PDMS, RTV 615A/B, Momentive
Performance Materials, Waterford, NY).>" RBCs suspensions
are pumped through the microfluidic chip featuring
sequential T-junction geometries. The channel has a height
of H =50 um and consists of an inlet channel, known as the
mother channel, with a width of Wy, = 100 pm and a length
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of 2 cm in the flow direction. At the first T-bifurcation, the
mother channel splits into two daughter outlet channels,
each with a width of Wp; = 50 pm. In this study, the lengths
of the first daughter channels are varied between Lp; = 2.5
mm, 5 mm, and 7.5 mm, as depicted in Fig. 1. At the second
T-bifurcation, each daughter channel splits into two outlet
channels, each with a width of Wp, = 50 um and length of
the Lp, = 10 mm.

Rigid medical-grade polyethylene tubing with an inner
diameter of 0.86 mm (Scientific Commodities, Lake Havasu
City, AZ) connects the microfluidic device to both sample and
waste containers. The device is mounted on an inverted
microscope (Eclipse TE2000-S, Nikon, Melville, New York),
equipped with LED illumination and a 20x air objective (Plan
Fluor, Nikon, Melville, NY) with a numerical aperture (NA) of
0.7. A high-precision pressure control device (OB1-MK3,
Elveflow, Paris, France) was employed to drive the RBC
suspensions through the microchannels. The pressure device
allowed for constant pressure drops to be applied across the
channels, set at p = 50 mbar, 100 mbar, 250 mbar, and 500
mbar.

2.3 Image processing and data analysis

To determine the thickness of the CFL, the flow of RBCs
was recorded at different regions of interest (ROIs) along
the flow direction. These ROIs, indicated by red boxes in
Fig. 2(a), correspond to key positions in the microfluidic
channel: the first bifurcation at the end of the mother
branch, and the second bifurcation at the end of one of
the first daughter channels. Due to the symmetry of the
channel, we focused on one side of the channel, as
depicted in Fig. 2(a).

It is challenging to distinguish individual cells at RBC
concentrations above 1%, making it difficult to determine
the CFL based on RBC trajectories alone. To address this,
RBC flow was recorded using a high-speed camera (Fastec
HiSpec 2G, FASTEC Imaging, San Diego, CA) at a frame
rate of 100 frames per second. A custom MATLAB
(9.14.0.2206163 (R2023a), The MathWorks, Natick, MA)
algorithm was developed to analyze the recorded data and

Fig. 1 Schematic representation of the used microfluidic channels.
Each channel consists of two consecutive T-bifurcations in sequence
with lengths of the first daughter branch of (a) Lp; = 2.5 mm, (b) Lp; =
5 mm, and (c) Lp; = 7.5 mm. The lengths of the mother Ly and second
daughter Lp, are kept constant for all three channels. Each channel is
symmetric to the central axis, shown as red dashed lines.

This journal is © The Royal Society of Chemistry 2025
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(a) Image processing

(b) CFL measurement

in each RO N
single images

Fig. 2 Schematic representation of the experimental data analysis
routine. Images are recorded in two regions of interest (ROI) along the
flow direction, indicated by the red boxes in (a). In each ROI, 150 single
images are stacked, and the RBC core flow and the channel walls are
determined (see red and blue lines in (b)). Based on the positions of
the RBCs and the walls, the CFL is determined along the flow direction
(cyan and yellow areas). Data is shown for healthy RBCs at a pressure
drop of 500 mbar for Lp; = 2.5 mm. The scale bar represents 50 um.

calculate the CFL thickness. The CFL analysis process
involved several steps. First, 150 images from the recorded
image sequence were inverted and stacked. Then, the
stacked images' pixel-wise standard deviation and median
intensity were computed. Regions with high standard
deviation correspond to areas with significant intensity
fluctuations due to passing RBCs. We apply a threshold of
0.3% to detect regions of the core RBC flow, indicated by
red lines in Fig. 2(b). In contrast, the median intensity was
most noticeable at the stable channel borders throughout
the image sequence. The median inverted intensity peak
positions, corresponding to the channel borders, are also
depicted in Fig. 2(b). Similar methods have been previously
employed to detect the CFL at similar levels of
hematocrit."" The thickness of the CFL was calculated for
each pixel line by the distance between the detected
channel border and the detected RBC core flow. The CFL at
various positions along the flow direction is illustrated with
two different colors in Fig. 2(b): cyan represents the
continuation of the CFL in the mother branch, while yellow
represents the opposite side.

We further calculate the Reynolds number Re = UpaDnp/y
in the rectangular microfluidic channel, where U, is the
maximum velocity in the channel center, Dy, is the hydraulic
diameter, p is the fluid density (1 g em™), and 7 is the fluid's
dynamic viscosity (1.2 mPa s). The hydraulic diameter is
calculated as Dy = 2WH/(W + H) for a channel with width W
and height H. By employing particle image velocimetry (PIV)
to measure the velocity profile across the channel, we
determine the maximum velocity Upa. The calculated
Reynolds number is between 2 and 20 for all channels and
applied pressure drops, confirming that inertial forces play a
role in RBC organization.
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Fig. 3 The thickness of the CFL for different pressure drops (50, 100, 250, and 500 mbar) and different positions along the channel flow
directions. In each panel, the background color indicates the CFL region, with cyan representing the top side and yellow representing the bottom
side of the channel (see Fig. 2(b)). Panel (a-c) corresponds to the channel with the lengths of the first daughter branches being Lp; = 2.5 mm, Lp; =
5 mm, and Lp; = 7.5 mm, respectively, as shown in Fig. 1. The error bars represent the standard deviation of different measurements.

3 Results and discussion
3.1 CFL thickness along the flow direction

Fig. 3 summarizes the thickness of the CFL for healthy RBCs
in the three used microfluidic devices for various positions
along the flow direction, as explained in Fig. 2(b). Since the
mother branches are the same in all three used channels, the
CFL at the end of the mother (CFL1 in Fig. 3) is consistent
for each channel. There is a slight increase in CLF1 as the
pressure drop increases.

After the mother channel, we determined the thickness of
the CFL in the first daughter channel at two positions, the
inlet and the end of the branch, just before reaching the
second bifurcation. At each position, we measured the CFL
thickness on both the left (CFL2 and CFL3) and right sides
(CFL* and CFL5) along the flow direction, as schematically
shown by cyan and yellow colors in Fig. 2(b). CFL2 on the left
side along the flow direction corresponds to the continuation
of CFL1. However, we did not observe a pronounced CFL on
the right side (CFL* =~ 0) along the flow direction due to the
flow splitting at the bifurcation and because RBCs are
pushed against the wall at high flow rates. As the flow rate
increases, which corresponds to an increase in Re, the CFL2
also increases, creating more asymmetry at the inlet of the
daughter channel, meaning the difference in CFL thickness
between the two sides of the branch (CFL2 and CFL*)
becomes more pronounced. Since there are three different
channels with varying lengths of the first daughter branch,
the channel with the shortest daughter branch experiences a
higher flow rate at the same applied pressure drop. This is
illustrated in Fig. 3, where the channel with the shortest
daughter branch shows more pronounced CFL asymmetry at
the inlet of the daughter channel after the first bifurcation.

At the end of the first daughter channel, CFL3 represents
the left side, and CFL5 represents the right side along the
flow direction. After the first bifurcation (inlet of the
daughter channel), we observed asymmetry in the CFL for all
the channels. However, in the channel where the first
daughter branch is longer (Lp; = 7.5 mm), as shown in
Fig. 3(c), CFL3 and CFL5, are more closely aligned at a
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pressure of 500 mbar (Re = 15). This indicates that the length
of this daughter channel was sufficient to restore symmetry
in the CFL and reach a steady state. In contrast, in the
channel with the shorter daughter branch (Lp; = 2.5 mm), as
shown in Fig. 3(a), the CFL remains asymmetric despite the
same maximum pressure of 500 mbar (Re = 20), which can
impact the flow partitioning at the second bifurcation.

After the second bifurcation, we determined the CFL
thickness in the subsequent daughter branches, focusing on
the sides that continue from the CFL at the end of the first
daughter branches. The CFL thickness is labeled as CFL4 for
the top daughter branch, while for the bottom daughter
branch, it is labeled as CFL6. The results show that for the
channel with a first daughter branch length (Lp, = 2.5 mm),
the CFL values in the daughter branches are different, with
one branch having a thicker CFL than the other. This
difference becomes more pronounced as the pressure
increases. This is because the shorter length of the first
daughter branch was not sufficient to restore symmetry in
the CFL before reaching the second bifurcation. In contrast,
for the channel with a longer first daughter branch (Lp, = 7.5
mm), the CFL values in the daughter branches after the
second bifurcation are much closer to each other. This

CFL4 CFL6
15F T T
v ¥
=10} ¥ !
EN v
™ @ & Y o
O 5t v @ &
%
& 100 mbar ¥ 500 mbar
0 1 1 1

2.5 5 75 25 5 7.5
LD1 [mm]

Fig. 4 The thickness of the CFL4 and CFL6 in the last daughter
branches after the second bifurcation for various pressure drops as a
function of the length of the previous daughter Lp;. The error bars
represent the standard deviation of different measurements.

This journal is © The Royal Society of Chemistry 2025
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symmetry in the CFL thickness for the daughter branches
after the second bifurcation is due to the length of the first
daughter branch, which provided sufficient distance for the
CFL to stabilize and become symmetric before reaching the
second bifurcation even at higher flow velocities.

Fig. 4 emphasizes the results for CFL4 and CFL6 on how
geometry and flow rate influence the development of
asymmetric CFL in symmetric bifurcations. For CLF4, the
thickness of the CFL decreases with increasing channel
length at 500 mbar, while it seems to increase at lower
pressure drops. Hence, increasing the length of the first
daughter branches appears to reduce the influence of the
flow rate on CFL4, suggesting that the flow has less impact
on creating asymmetry in this case. In contrast, for CFL6, the
CFL thickness consistently increases with the length of the
daughter branches. The results indicate that the most
significant asymmetry for the daughter channel after the
second bifurcation occurs when the first daughter branch is
short and the flow rate is high. Interestingly, our findings
suggest that a minimum length for the first daughter branch
is necessary to avoid significant asymmetry in the daughter
branches after the second bifurcation.

The CFL phenomenon results from the interplay of
hydrodynamic forces, which have been extensively
studied.”**"*>>3 These forces cause the migration of cells
and particles to specific positions within the flow, leading to
the formation of the CFL. Lateral migration and particle
focusing in circular pipes due to inertial lift forces were
initially observed by Segré and Silberberg.”* This
phenomenon of inertial focusing is primarily influenced by
two opposing forces. The first is the wall-induced lift force,
which arises from the interaction between the particle and
the channel wall, causing the particle to move away from the
wall. The second is the shear gradient-induced lift force,
which results from the velocity profile's curvature within the
channel, pushing the particle away from the channel's
center.”>>* These forces collectively guide particles and cells
toward specific equilibrium positions within the channel
cross-section. These positions are determined by factors such
as the channel geometry, particle size and rigidity, and flow
velocity. In square or rectangular microchannels, particle
focusing is typically achieved when the particle Re number is
on the order of one or greater. Additionally, a certain length
L¢ is necessary for particles to stabilize at their equilibrium
positions along the flow direction.”® The formation of a CFL
in RBC suspensions flowing through microfluidic channels,
as described by Secomb et al.,* is a phenomenon primarily
driven by the lateral migration of RBCs toward the center of
the channel. This migration leads to the development of a
plasma-rich layer devoid of cells near the channel walls. Due
to its significant impact on flow resistance and the transport
of platelets and particles in microcirculatory blood flow, the
CFL has been extensively investigated through in vivo,
in vitro, and in silico studies.'”?**” However, most of this
research has focused on the behavior of the CFL under
varying blood flow conditions in a straight vessel or channel.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Recent studies have shown that the asymmetry in cell
focusing that occurs after a bifurcation can significantly
modify the distribution of RBCs in subsequent
bifurcations.'>***>°¢ Furthermore, it has been demonstrated
that at low hematocrit levels, RBC flow tends to deviate from
the Zweifach-Fung effect, with cell deformability playing a
crucial role in this reversed partitioning behavior.*?

Previous studies have demonstrated that the thickness of
the CFL, once it reaches a steady state, can be independent
of channel diameter,'®**°” particularly when the diameter
exceeds 10 um. Our findings confirm this by looking at the
steady-state CFL at the ends of the mother branches and the
first daughter channel in the case with the longest daughter
length and highest pressure drop. In this case, the CFL
thickness was approximately 6 um, despite the mother
channel having a diameter of 100 um and the daughter
channel a diameter of 50 um. Notably, the CFL thickness
remained comparable in both channels. These results are
consistent with those reported by Maeda et al,”® who
observed a CFL thickness of 6 um in channels with a
diameter of 35 um and a hematocrit of 8%.

3.2 CFL before the bifurcations

Starting with a random distribution of RBCs at the inlet, a
certain minimum length of the channel is required for the
CFL to fully develop. As RBCs migrate toward the center, the
CFL gradually forms along the length of the channel. The
CFL formation was investigated along the mother branch,
with measurements taken at the end of this branch just
before the first bifurcation (CFL1) with the length of 20 mm.
Fig. 5(a) shows how the CFL1 changes as a function of
velocity. Since the mother branch is same for all channels,
the primary parameter that determines the CFL1 is the
velocity profile. The results demonstrate that when the
maximum velocity of the velocity profile in the channel
exceeds approximately 200 mm s*, the CFL seems to reach a
steady-state thickness of approximately 5 um, in agreement
with previous studies.'® This suggests that for effective CFL
formation, the flow rate must be controlled, and the channel
length must be sufficient to allow RBCs enough time to
migrate and establish the CFL.

Fig. 5(b and c) shows the CFL thickness at the end of the
first daughter branch for the left (CFL3) and right (CFL5)
sides along the flow direction, respectively, as a function of
the RBCs velocity. After the first bifurcation, the CFL “resets”,
meaning that the symmetry in CFL thickness on both sides
of the channel is no longer maintained. As a result, we
observe asymmetry in the CFL at the inlet of the first
daughter branches. We examined how this CFL develops
along the first daughter channel, particularly at the end of
the channel before the second bifurcation. For CFL3, we
found that the CFL seems to reach a steady state again, when
the velocity is larger than approximately 200 mm s, similar
to the mother channel. Despite the diameter of the mother
channel being larger than that of the daughter channel, the
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Fig. 5 Development of the CFL before the bifurcations (CFL1, CFL3, and CFL5) as a function of the velocity. The first panel (a) shows the region
CFL1 at the end of the first mother branch. Panels (b) and (c) correspond to the ends of the first daughter branches before the second bifurcation,
labeled as CFL3 and CFL4, respectively. The dashed red line represents the average value of CFL1 when the velocity exceeds 200 mm s™ and
reaches a steady state. The dashed red line represents the thickness of the CFL when it reaches a steady state. The error bars represent the

standard deviation of different measurements.

steady-state thickness of the CFL remains the same. This
indicates that, for high concentrations of blood (in our case
5%), the width of the channel only has a minor effect on the
steady-state thickness of the CFL compared to the flow
velocity. In contrast, the right side along the flow direction of
the channel shows a different trend (Fig. 5(c)). Here, the CFL
thickness exhibits an increase with increasing velocity
without saturating, suggesting that a steady state has not yet
been reached for CFL5.

Previous work has already explored the growth of the CFL
along the flow direction in straight microfluidic channels.
Amini et al>® studied straight channels with a hydraulic
diameter of 48 um and particles with a diameter of 10 pum,
finding that the minimum length required for particle
focusing is approximately 2 cm, given a particle Reynolds
number of 3.3. The particle Reynolds number is defined as
Re, = Re(a/Dy)?, where a is the particle diameter and Dy, is
the hydraulic diameter of the channel. Our microfluidic chip
designs also feature mother branches that are 2 cm in length.
As shown in Fig. 5(a), the thickness of the CFL becomes
stable at the end of this branch when the flow velocity
exceeds 200 mm s (Re = 10 and Re,, = 0.14), which is lower
than previously reported for rigid beads.>”

Moreover, Zhou et al."' recently explored CFL growth in a
straight rectangular channel with dimensions comparable to
the mother channel used in our study. They conducted
numerical simulations and microfluidic experiments at
negligible inertia (Re < 1). At low RBC concentrations, they
observed that the CFL grew according to a power-law
behavior, with exponents ranging from 0.26 to 0.4. In their
simulations, the CFL increased over a length of 28L/Dy
without reaching saturation, while in their microfluidic
experiments, CFL growth extended over more than 46Dy
without reaching equilibrium at RBC concentrations of 1%.
In our study, conducted at Re > 1, we examined three
different microfluidic chips with daughter branch lengths of
approximately 37Dy, 75Dy, and 115Dy, Similar to the results
of Zhou et al,"* our results indicate that these lengths are
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insufficient for the RBCs to achieve a steady state and
symmetric CFL thickness on both sides of the daughter
branches before reaching the second bifurcation (Fig. 5(c)).
However, in the channel with the longest daughter branches
and at higher flow rates, there is a noticeable trend toward
achieving symmetry in CFL thickness on both sides, as
shown in Fig. 3(c).

Our results also reveal that, although CFL3 reaches a
steady state at velocities greater than 200 mm s (Fig. 5(b)),
CFL5 continues to exhibit an increase in CFL thickness as
velocity increases, indicating that it has not yet reached a
steady state, as shown in Fig. 5(c). This lack of symmetry in
CFL thickness can significantly impact the daughter branches
after the second bifurcation, as the evolution of the lower
CFL remains uneven. Although increasing Re can reduce the
minimum length required to reach a steady state, our results
show that after the first bifurcation, a certain minimum
length is still needed to achieve steady-state conditions due
to the non-uniform distribution of RBCs.

3.3 Effect of cell rigidity on the CFL

As described in the image processing and data analysis
section, pixel-wise standard deviation and median intensity
were computed from the image stack. Regions with high
standard deviation indicate areas with significant intensity
fluctuations caused by the passage of RBCs. These
fluctuations allowed us to calculate the core flow of RBCs
at various positions along the channel. Here, we present a
comparison between rigid and healthy RBCs based on the
RBC core flow distribution at five different positions in
the channel: two positions at the first bifurcation and
three positions at the second bifurcation (P1-P5 in
Fig. 6(a)). Due to the symmetry in the first bifurcation,
only one daughter channel was analyzed, as the other
branch exhibits the same behavior. However, in the
second bifurcation, despite the geometric symmetry, the
asymmetry in the CFL formed after the first bifurcation

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Comparison between healthy and rigid RBC flow at five distinct positions within the channel, as indicated in panel (a). In each ROI, 150
single images were stacked. The first two positions correspond to the first bifurcation, while the remaining three are located at the second
bifurcation, labeled P1 to P5 in the figure. The scale bar represents 50 um. (b) Stacked images' pixel-wise standard deviation and median intensity
were computed to identify the core RBC flow's channel border and boundary. Regions with high standard deviation indicate areas with significant
intensity fluctuations corresponding to the core RBC flow. These areas are represented in blue for healthy cells and red for rigid cells. The gray
dashed lines mark the channel walls. (c) The CFL thickness for both rigid and healthy cells, determined using a 0.3% threshold based on the pixel-

wise standard deviation of stacked images, is shown in panel b.

can lead to differences in the daughter branches after the
second bifurcation. Therefore, both daughter branches
were analyzed after the second bifurcation. In addition to
the dependency of the CFL on flow rate and daughter
channel length, we discovered that at all analyzed
positions, the core flow of the RBCs for rigid cells is
wider than for healthy RBCs. Although the differences at
positions P1 and P2 are not significant, the results in
Fig. 6 show that the differences become more pronounced
at positions P3, P4, and P5. Since the core flow of rigid
RBCs is wider than that of healthy RBCs, the CFL for
rigid RBCs is consistently smaller than for healthy RBCs,
in agreement with previous studies.”'®***"° To address
this, we applied the same threshold used for healthy
RBCs to evaluate the CFL thickness for rigid RBCs. The
results, presented in Fig. 6(c), indicate that the CFL
thickness is consistently smaller for rigid RBCs compared
to healthy RBCs across all regions.

Both populations have a uniform distribution at the inlet
of the mother branch, as demonstrated in previous studies.
At position P1, which is located at the end of the mother
branch, there is no obvious difference between the rigid and
healthy RBCs, and the core flow for both cell types is quite
similar overall, as shown in Fig. 6. After the first bifurcation,
at the inlet of the first daughter channel (position P2), the
differences become more pronounced in the stacked images.
In the CFL region, some rigid cells are seen flowing closer to
the wall, which is shown by the red arrow in Fig. 6(a). This
asymmetry in the CFL after the first bifurcation helps us
understand the effect of the initial distribution and differing
behavior between rigid and healthy RBCs in the flow, which

This journal is © The Royal Society of Chemistry 2025

becomes evident at the end of this branch and just before
the second bifurcation.

At position P3, as shown in Fig. 6, just before the second
bifurcation, there is a significant difference between rigid
and healthy cells. For healthy cells, the CFL develops
symmetrically on both sides of the channel, while for rigid
cells, more cells are observed sliding along the wall. The core
flow for rigid cells at P3 occupies almost the entire channel
width, whereas, for healthy cells, the core flow is more
concentrated toward the center. The difference between rigid
and healthy cells before the second bifurcation can be
attributed to two factors. First, the initial distribution after
the first bifurcation of RBCs is non-uniform and skewed
toward one side of the channel, in agreement with previous
studies on single T-junctions.” Due to differences in
deformability, the lateral migration behavior of healthy and
rigid RBCs varies significantly. Healthy RBCs, being more
deformable, tend to migrate more effectively toward the
center of the channel, while rigid RBCs exhibit less lateral
migration, remaining closer to the channel walls. Second, the
sliding of rigid RBCs into the CFL area at position P2,
highlighted by the red arrow in Fig. 6(a). These differences
between rigid and healthy RBCs can significantly affect
partitioning and CFL formation in the subsequent daughter
branches, as observed at positions P4 and P5.

Shen et al.*® demonstrated that altering cell deformability
can lead to deviations from the Zweifach-Fung effect,
resulting in inverse partitioning of RBCs at bifurcations. As
shown in Fig. 6, we found that the development of the CFL
after the first bifurcation, before reaching the second
bifurcation, can be significantly influenced by cell

Lab Chip, 2025, 25, 5055-5064 | 5061
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deformability. The differences in core flow between rigid and
healthy cells before the second bifurcation can lead to
pronounced discrepancies and asymmetry in the daughter
branches downstream. Masaeli et al.®® demonstrated that the
inertial separation of particles with different shapes is both
possible and tunable by adjusting channel geometry and flow
conditions. They showed that spherical particles tend to
focus closer to the channel wall, while more ellipsoid
particles focus towards the center of the channel. Our results
align with their findings, as we observed that rigid particles,
which cannot deform and are more spherical in shape, result
in a thinner CFL, while healthy cells result in a thicker CFL.
Additionally, their results showed that spherical particles’
lateral migration is less pronounced than ellipsoid particles.
We observed a similar trend in the development of the CFL
after the first bifurcation, where the lateral migration is more
significant for healthy cells compared to rigid RBCs. This is
evident in Fig. 6(b) at position P3, which shows the core flow
of the particles before reaching the second bifurcation. It
demonstrates that healthy RBCs tend to reach a steady state
before the second bifurcation more easily than rigid cells. As
shown in P3 in Fig. 6, the CFL develops on both sides of the
channel for healthy cells, which is not the case for rigid
RBCs.

4 Conclusions

Studying the effect of lateral migration, which is directly
correlated with the thickness of the CFL in microfluidic
flows, enhances our understanding of blood flow in vivo. It is
essential to understand how changes in the CFL influence
hemorheology, particularly in complex geometries such as
bifurcating vessels and networks. In this study, we performed
microfluidic measurements at various positions along the
channel flow direction in three different microfluidic chips,
each with varying lengths of the first daughter branches
before reaching the second bifurcation, with a fixed
hematocrit of 5%. We designed the daughter branches with
lengths of 2.5 mm, 5 mm, and 7.5 mm to investigate the
impact of CFL development on RBC flow behavior and to
determine the minimum length required for RBCs to achieve
a steady state. Additionally, we examined the effect of RBC
rigidity on CFL development, which is crucial for
understanding the impact of pathological changes in RBCs
on their flow properties and the development of the CFL. Our
study focused on a binary comparison between healthy and
rigidified RBCs, investigations could explore a
continuum of rigidity using diamide, which allows for
controlled, gradual stiffening of RBCs.>® Such experiments
would help validate the sensitivity of our method to subtle
biomechanical changes and may support its utility in
pathological contexts where RBC deformability is
progressively altered.

At the first bifurcation, we observed that increasing the
flow rate led to increasing asymmetry in the daughter
branches after the bifurcation. In our experiments, conducted

future
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at a hematocrit of 5%, we noticed that a significant portion
of the rigid RBCs tended to slide along the walls without
moving away from them - a behavior not observed with
healthy RBCs. Upon reaching the second bifurcation, we
found that a minimum branch length is required to achieve
steady-state CFL thickness before the bifurcation. For
microfluidic chips with shorter daughter branches,
increasing the flow rate increased the asymmetry at the inlet
of the first-daughter branches, making it impossible to reach
steady-state CFL thickness before the second bifurcation.
However, in microfluidic chip with longer daughter branches,
increasing the flow rate allowed the CFL to reach a steady
state before the second bifurcation. This study maintained
consistent channel widths in the second bifurcation,
variations in downstream channel width are expected to
affect the absolute thickness of the CFL. Narrower channels
would likely reduce CFL thickness, whereas wider channels
would permit greater lateral migration of RBCs. While we use
a hematocrit of 5% to visualize the CFL in this study, Future
studies may extend this analysis to higher hematocrit
regimes (e.g., 20-45%) using improved imaging techniques to
investigate the robustness of observed phenomena under
more physiologically relevant conditions. Our in vitro
microfluidic experiments on CFL development demonstrate
that achieving a steady state of the CFL thickness before a
bifurcation strongly depends on the length of the mother
branch leading into the bifurcation. These findings
emphasize the importance of considering the mother branch
length in designing complex vascular networks, as it is
crucial for maintaining uniform CFL development and flow
behavior, and should also be taken into account when
studying in vivo complex networks.
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