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Cells Regulated By Vessel Geometry
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Margination of stiffened red blood cells has been implicated in many vascular diseases. Here, we report
. the margination of stiffened RBCs in vivo, and reveal the crucial role of the vessel geometry in the
Accepted: 27 October 2017 © margination by calculations when the blood is seen as viscoelastic fluid. The vessel-geometry-regulated
Published online: 10 November 2017 : margination is then confirmed by in vitro experiments in microfluidic devices, and it establishes new

© insights to cell sorting technology and artificial blood vessel fabrication.
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In blood vessels, red blood cells (RBCs) preferentially travel in the low-shear zone in the channel center, while
white blood cells (WBCs) and platelets flow near the channel walls. This well-known phenomenon results in the
formation of a depletion layer of RBCs near the wall but the margination of WBCs and platelets2. The lower
deformability of WBCs and platelets is widely accepted as the main reason for the margination®. On the other
hand, diseases of malaria, sickle cell anemia, and diabetes also cause RBCs to lose their deformability*-¢, but
whether stiffened RBCs could perform margination in blood vessels has not been reported yet. The current stud-
ies on the margination of RBCs in vitro have found different margination results in the circular capillaries and in
the rectangular channels’~. The margination is also found to be affected by the different hematocrit (Hct) in the
experiments. Therefore, in vivo margination of stiffened RBCs needs to be performed in the real blood vessel with
physiological concentration of Hct to clarify the margination of RBCs.

It's known that cells will flow along their streamlines in the microchannel and will not perform lateral motion
when their size is small enough to be omitted comparing to the channel size. But when the cell’s size cannot be
omitted, it will migrate towards the center of the channel where the low-shear zone locates, and its deformabil-
ity would take effect on the margination speed and the equilibrium position on the channel cross section'®!!.
Furthermore, when the fluid is viscoelastic, such as the blood with 30~45% Hct'?, the lateral motion of the cell
will be influenced by the first normal stress of the viscoelastic fluids, and the distribution of the normal stress
would be affected by the vessel geometry!'1*-1°. Therefore, the geometry of the blood vessel would play an essen-
tial role in the margination of RBCs in vivo that would clarify the margination of cells in many vascular diseases,
while the design of the channel geometry may control the margination of RBCs in vitro that would establish new
insights to the cell sorting technology. The structure of vessel, such as the curvature and the bifurcation have been
proved to be crucial to the cell margination'>'®!”. But the cross section of the channel is usually rectangular or
circular, the effect of the vessel cross section on cell margination has not been reported yet.

In this work, we conduct both in vivo and in vitro experiments to study the margination of the stiffened RBCs.
The effect of vessel geometry on the margination of stiffened RBCs is illustrated while the blood is seen as a vis-
coelastic fluid. Our findings show previously unidentified roles of vessel geometry on RBCs margination in vivo,
and the geometry effect has been quantitatively investigated by numerical calculations and in vitro experiments.

Results

In vivo RBCs margination in blood vessels with irregular geometry. RBCs taken from healthy mice
are stiffened and stained (see Methods), and then are injected into the heart of mice and enter the blood circula-
tion. The mouse is laid on the platform of an inverted microscope (Leica DME6000 B) with its ear clinging to a
glass slide as shown in Fig. 1(a). When the stiffened RBCs reach the ear, their motions inside the venules, with a
diameter of 50-100 um, are observed through a high-speed camera (Phantom M110), as shown in Fig. 1(b1,b2).
The lateral position of 200 stiffened RBCs in the venules in one mouse is counted, and the statistical results from
three mice are presented in Fig. 1(c). It is found that the stiffened RBCs flow near the wall of venule and margina-
tion occurs in the venules. The same experiment is also performed on normal RBCs, but their lateral distribution
is homogeneous in the venule, and margination does not occur.
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Figure 1. Stiffened RBCs perform margination in vivo. (a) The in vivo margination experiment performed
in venules of a mouse under microscope. (b1) and (b2) The flowing of fluorescent stiffened and normal RBCs
in mouse ear venules, respectively. The corresponding videos of the motion of the RBCs are provided in
Supplementary Video-Movie 1 and Movie 2, respectively. (¢) Distributions of stiffened and normal RBCs in
mice venules. (d) The tissue slice to show the geometry of the venule. It is irregular and RBCs are seen inside.

The white part is the cartilage tissue.

It is acknowledged that rigid particles would move toward the center in the circular channel where locates
the minimum shear gradient'®!*!3, while the stiffened RBCs in the venules present a different margination
close to the wall. The most possible reason is considered to lie in the geometry of the venules. According to the
previous studies as discussed in the introduction, the geometry of the vessel can change the direction of the
normal stress to induce the margination of particles when the fluid is viscoelastic'>'>!%. Therefore, the venules
are supposed not to be circular as they are commonly recognized. To validate this, tissue slices of the venules
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are made to show the geometry of the cross section after the experiments (see Methods). The cross section
of the venules shown in Fig. 1(d) confirms that the venule geometry is not circular but irregular. Images of
more slices are provided in Supplementary Materials I. It explains why stiffened RBCs perform margination in
the venules, and reveals the essential role of the vessel geometry in the motion of RBCs in blood vessels. The
quantitative analysis on the relationship between the vessel geometry and the margination of stiffened RBCs
are provided as following.

The mechanism of margination regulated by vessel geometry. The first normal stress (Fy) is
numerically calculated (see Methods) in the venule with the geometry acquired from the slice shown in Fig. 1(d).
The calculated local shear rate is shown by the color in Fig. 2(a), while the gradient of the shear rate is shown by
the arrows. Since the first normal stress!*' could be expressed as:

Fy - pAVy? ey

where A is the relaxation time of the solution, y is viscosity, and  is local shear rate, the direction of the normal
stress is the same as the gradient of the shear rate V. The direction of the gradient of the shear rate in the figure
is seen to be affected by the geometry of the vessel cross section, and the first normal stress has different directions
depending on the position at the channel. For example, when the RBC is near the boundary with obtuse angles,
as shown by the red cell “a” in the figure, the normal stress is pointing to the center and it will push the cell
towards the center of the channel. But when the RBC is near the corner with acute angles, as shown by the red cell
“b” in the figure, it will move towards the corner since the normal stress here is pointing to the wall. The trajecto-
ries of the RBCs at the two places along the flowing distance are calculated and shown in Fig. 2(b).

As a stiffened RBC approaches the corner under the first normal stress, the wall lift force, F,, is induced by the
hydrodynamic interaction between a RBC and the wall?°.

E, = f(1 — v)R*j/(67d?) )

where R is the radius of the cell, d is the distance to the boundary, the deformability of RBC is presented by
f(1 —v), which is a dimensionless function to distinguish the deformability of cells, v is the reduced volume
of the cells, which is defined as the ratio of the volume of the vesicle relative to the volume of the sphere with
the same surface. For example, for stiffen leukocyte v=1.0 and f{1 — v) =0.2, for deformable RBC v=0.7 and
f(1 —v)=1.5122 Therefore, the normal RBCs have a relatively larger wall lift force than the stiffened RBCs, as
illustrated in Fig. 2(c). For a stiffened RBC, when the RBC is near the vessel wall, the direction of F,, and Fy is
opposite, thus, the stiffened RBCs would have an equilibrium in the margination region and the margination
occurs. While, for the normal RBC, because of the higher F,, near the vessel wall, it will be pushed away the wall
and out of the margination region (as described in Fig. 2(d)), where the Fy; acted on the normal RBC will change
its direction to the vessel center, which is the same to the direction of F,, thus, the margination won’t occur for
the normal RBCs.

Therefore, stiffened RBCs would perform margination when they are in the region where the normal stress is
pointing to the wall. For regular geometries, the region of margination in the vessel can be calculated according
to the distribution of the normal stress near the corner, as shown by the insert schematics in Fig. 2(d), where the
length ratio L,/a and area ratio A, /A represent the margination region with the bottom angles changing from 30
to 180°. a and A are the size and area of the cross section, the subscript m represents the margination region. The
calculated margination area decreases with the increase of angles, and the decreasing gradient is AL, /a =~ 2%/10°
according to the fitting line. The margination for circular is zero because all the gradient is pointing to the center
of the channel, and no margination would occur. This calculation indicates that the margination of cells can be
controlled through the geometry design of the microchannel cross section.

In vitro margination of stiffened RBCs. I vitro experiments are performed to validate the calculated
effect of vessel geometry on the margination of RBCs in microchannels with the geometry angles from 30-180°
(see Methods). Stiffened RBCs are injected into the microchannels with 30%Hct blood. The fluorescent stiffened
RBCs is seen to move laterally to the sides of a rectangular channel to perform the margination as they travel
along the flow direction in the channel, as shown in Fig. 3(a). It is noted here that for triangle, rectangular and
hexagonal channels (6 =30, 45, 60, 90, 120°), the focusing plane of the microscope is on the channel bottom to
observe the margination at the corners, while for circular channel (6 =180°), the focusing plane is at the middle
of the channel.

Stiffened RBCs were suspended in 30%Hct RBCs to form the 30%Hct sample (see Methods), and the lateral
positions of 200 stiffened RBCs are counted and the distribution in three kinds of channels with § =45°, 90° and
180° are compared in Fig. 3(b). In the rectangular channel, the number of the stiffened RBCs on both sides of the
channel is obviously higher and the margination happens in the channel. In the triangle channel, the margination
phenomenon is more obvious, and larger percentage of stiffened RBCs perform margination to the bottom cor-
ners. However, stiffened RBCs are not accumulated in the center of the circular channel as predicted. The reason
lies in the fact that the focusing plane is on the middle of the channel, and the fluorescent RBCs may be concealed
by the RBCs below the focusing plane, which are not counted in the distribution since they cannot be determined
to be on the focusing plane or not. The distribution of the cells at the center of the channel will be provided in the
Discussion section, while the distribution presented here at least illustrates that margination does not occur in
the circular channel.

To quantify the margination of stiffened RBCs in different channels, the percentage of the RBCs on both sides
of the channel are counted and compared to the calculated margination area (A,,/A) % as shown in Fig. 3(c). The
linear fitting line in the figure has a slope ~1, which validates the numerical results on the margination of stiffened
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Figure 2. Calculations of RBCs margination in vessel and channel. (a) The distribution of shear rate (color) and
the first normal stress (arrow) on the cross section of the blood vessel. (b) Trajectories of the two RBCs moving
towards the center and towards the wall depending on their initial positions. (¢) Comparison of the wall lift
forces on the normal and stiffened RBCs changed with the distance to the wall as well as the first normal stress
located at position of cell b. (d) Calculated margination region in different geometries represented by the angles
of the corners.

RBC:s in channels with different geometries. It confirms the essential role of the vessel geometry in regulating the
stiffened RBCs’ margination both in vivo and in vitro, and illustrates the controlled margination of cells through
the design of vessel geometry.

Discussion and Conclusion

This in vivo study reveals that RBCs could perform margination in blood vessels which is usually thought to
happen on WBCs and platelets in blood vessels. The finding of the irregular geometry of the venules clarifies
the essential role of the geometry on the margination of stiffened RBCs in viscoelastic blood. It is true that most
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Figure 3. In vitro experiment on the margination of stiffened RBCs. (a) The fluorescent stiffened RBCs flowing
with 30%Hct normal RBCs in a rectangular microchannel. The image of the fluorescent stiffened RBCs is
superimposed with the image of the RBCs in the bright-field. (b) The results of stiffened RBCs margination in
triangle, rectangular and circular channels. (c) The measured margination compared to the calculated results.
The inserted images show the cross section of the channel with different corner angles, and the size of the
channel is 100 pm.

arteries and larger veins are circular because the blood pressure inside is usually high and they have muscle layers
to keep their shape. However, the blood pressure in small venules is not high, and the endothelial layer around the
venules would form an irregular shape as we found in the experiments. The corners on the irregular cross section
provide a necessary condition for the first normal stress to change its direction to allow stiffened RBCs to perform
margination. This finding may also help the simulation of the blood flows in the vessels to find more interesting
physiology behaviors of the blood.

The viscoelasticity of the blood is another necessary condition for the margination, and has been reported
in previous work?, and the suspension of the RBCs is one of the important reason to generate the viscoe-
lasticity of blood. In the experiment, the washed packed RBCs were added into PBS solution to simulate the
whole blood which is a common method in many experiments, and the viscoelasticity is the whole effect of
the RBCs suspension. It would have no effect in the Newtonian fluid which is validated by the experiment
using phosphate-buffered saline (PBS) and polyzvinyl pyrrolidone (PVP) solutions in rectangular channel (see
Methods). The viscoelasticity of the solution is evaluated by the storage modulus (G’) measured by a rotation
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Figure 4. Viscoelastic effect of the fluid on the margination and the distribution of stiffened RBCs in the center
of the channel. (a) The measured viscoelasticity of PBS, PVP solution. (b) The margination of stiffened RBCs

in PBS and PVP solutions in rectangular channels. (c) The distribution of the stiffened RBCs at the middle
focusing plane of the three different channels.

rheometer, as shown in Fig. 4(a). According to the storage modulus of PBS solution, it can be seen as Newtonian
fluid, and the margination does not appear in the PBS solution as shown in Fig. 4(b). The same experiment is
also performed in the PVP solution, which has an obvious viscoelasticity as shown in Fig. 4(a), and the stiffened
RBCs perform obvious margination in the PVP solution as shown in Fig. 4(b). Especially, the channel height
used in Fig. 4(b) is 10 pm, and this lower channel allows to see the margination of the stiffened cells on both the
top and bottom wall of the channel to illustrate a more obvious margination effect compared to that in the PBS
solution. The experiment results of margination in 40 pm height rectangular channel was also provided in the
Supplementary Materials II. This experiment confirms that the cell margination could be realized by the fluid vis-
coelasticity, even without the collisions between cells. In this study, the blood is treated as viscoelasticity fluid?*-2,
and the flow patterns of the margination region depending on the geometry of the cross section can be calculated,
which illustrates the direction change of the normal stress in and out of the margination region. It is true that the
collision of cells may play an important role in the cell motion in the vessel”?’-3!, but here the role of the cross
section in the flow pattern near the corner is difficult to be illustrated by the collision theory. On the other hand, it
has been reported that the collision effect could be ignored when the hematocrit is high, for example, higher than
30%°>%, while the fluid viscoelasticity effect become more important to the cell margination under this condition.
Therefore, compare to the collision theory, viscoelasticity fluid model is preferred to be used here to explain the
geometry effect on the stiffened cells margination, and it may help us to understand the effect of the local flow
pattern near the corner of the channel.

According to the calculations on the distribution of normal stress, there is an equilibrium position in the
center of the vessel besides at the corners. But in the experiment, the center equilibrium is not illustrated either
because the focusing planes are on the bottom of the channels or because the fluorescent cells are concealed
by the normal RBCs in the circular channel. Here we move the focusing plane to the middle of the channels
while transparent PVP solution is used. The margination of stiffened cells towards the center of the channel then
appears as shown in Fig. 4(c), where the percentage of the cells in the center is obviously higher than that on both
sides of the channel. Especially, the channels used here are the same with Fig. 3, and the experimental results in
rectangular channel illustrated that 40 pm is high enough for the microscope to distinguish the center and bottom
of the channel.

In summary, we report the in vivo margination of stiffened RBCs in blood vessels with physiological concen-
tration of RBCs and reveal the regulatory role of vessel geometry, which has been confirmed by both theoretical
calculations and in vitro microfluidic experiments. This investigation on RBCs margination may not only offer
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new insights to the RBCs behaviors in real blood vessels when they are infected by malaria or diabetes, but also
help to design microfluidic devices for the cell sorting and to fabricate artificial vessels for potential medical
applications.

Methods

RBCs preparation and in vivo experiment set up.  The RBCs used in vivo experiment were taken from
the tail of mice (strain: CD1; age: 6week; level: SPF). Mice were anesthetized by avertin (1.2% Tribromoethanol)
with the dosage of 200 ul/kg on enterocoelia. After washing, the RBCs were firstly stained by fluorescein isothio-
cyanate isomer I (Sigma-Aldrich). Fluorescein isothiocyanate (1 mg) was mixed with 1 ml phosphate-buffer saline
(PBS, 1X without Ca*" and Mg?", Hyclone), and the buffer was centrifuged at 3000 r/min for 5 minutes. Then,
the clear stain solution was added into 10 pl prepared RBCs. The solution was incubated in water bath at 37 °C for
3hours. After incubation, the solution was centrifuged and washed using PBS 5 times to remove the stain. Half of
the RBCs were treated by diamide (200 pM, Sigma-Aldrich) for 10 minutes to become stiffened. The elastic mod-
ulus of the stiffened cells was measured using an atomic force microscope (AFM) (see Supplementary Materials
III). The stiffened RBCs were added into PBS with the concentration of 0.3%v/v and 200 pl of the suspension was
injected into the heart of mice.

The study protocol was approved by animal care and use committee of Tsinghua University (AP#16-2Y2).
The mice received humane care according to the laboratory animal management regulations. All the researchers
associated with this research project have received the appropriate training and have the qualification of animal
experiment. All activities associated with this research project were performed in accordance with laboratory
animal management regulations.

Venules slice preparation. To keep the shape of the blood vessels before it was made into slices, the piece
of ear was moved into the formalin (37.0-40.0%, Xilong Scientific) immediately to stabilize the ear vessel tissue
after the flowing observation experiment. After the sequences of water scrubbing, dehydration, transparency,
waxdip, embedding, slice up and slice fixation, the venule slice was stained. The stained slice was dehydrated,
sealed and finally fabricated. The procedures were performed according to the standard method as described in
previous studies.

Calculations of the first normal stress. Comsol Multiphysics software is used to solve the mass
conservation and the Navier-Stokes equations to get the shear rate on the cross section of the channels. The
numerical details including fluid properties, algorithm, boundary conditions, initial conditions are provided in
Supplementary Materials IV. After the distribution of the shear rate is acquired, the first normal stress is calcu-
lated according to equation (1), where the gradient of the shear rate is calculated using Matlab software, and the
Fy shown in the figure is normalized by its maximum value.

Microchannel. Microchannel with rectangular cross section was made of PDMS using standard litho-
graphic method™, and the width for all rectangular microchannel is 100 pm(W), while the height is 40 pm in
Fig. 3 and 4(c) for geometry controlled experiment, 10 pm in Fig. 4(b) for viscoelasticity controlled experiment.
Microchannel with circular and irregular cross sections were fabricated using copper wires, and the width of the
wires is 100 pm (W). The wires were fixed on the middle of petri dish with a distance of Imm to the petri dish
bottom. Then PDMS was poured in until the fluid immerse the wires. After air exhausting and baking, the wires
were pulled out to form the channels with circular and irregular geometries in the PDMS devices. Microchannel
with triangular cross section was made from metal mold fabricated by mechanical processing. The channel length
is 3 cm for all channels.

Viscoelastic solutions for in vitro experiment. Three samples were injected into the microchannel at
a mean flow rate of 1 mm/s (the corresponding flow rate in each channel is: 0.47 pl/min for circular channel,
0.24 pl/min for rectangular channel with height of 40 jum, 0.06 pul/min for rectangular channel with height of 10
pm, 0.36 ul/min for irregular channel, 0.26 pl/min for 60° triangle, 0.15 pl/min for 45° triangle, 0.09 pl/min for 30°
triangle), respectively, which is consisted with the mean velocity 0.61 £0.17 mm/s of RBCs flowing in the venules
in mice ear obtained from in vivo experiment.

30%Hct sample: The washed RBCs suspended in PBS buffer with concentration of 30%Hct, then the stiffened
RBCs (0.02%v/v) were added in to form the 30%Hct sample, and the storage modulus measurement was provided
in Supplementary Materials V.

PBS sample: stiffened RBCs suspended in PBS buffer with concentration of 0.02%v/v.

PVP sample: polyvinyl pyrrolidone (PVP, Mw = 360 000, Sigma Aldrich) suspended in PBS buffer with con-
centration of 7.5%wt, and then the stiffened RBCs (0.02%v/v) were added in to compose the PVP sample.

Data Availability. The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.

References

1. Fiebig, E., Ley, K. & Arfors, K. E. Rapid leukocyte accumulation by “spontaneous” rolling and adhesion in the exteriorized rabbit
mesentery. International Journal of Microcirculation. 10, 127 (1991).

2. Tangelder, G. J. et al. Distribution of blood platelets flowing in arterioles. American Journal of Physiology. 248, 318-23 (1985).

3. Kumar, A. & Graham, M. D. Margination and segregation in confined flows of blood and other multicomponent suspensions. Soft
Matter. 8, 10536-10548 (2012).

4. Cheung, M. C,, Goldberg, J. D. & Kan, Y. W. Prenatal diagnosis of sickle cell anaemia and thalassaemia by analysis of fetal cells in
maternal blood. Nature Genetics. 14, 264-8 (1996).

SCIENTIFICREPORTS |7: 15253 | DOI:10.1038/s41598-017-15524-0 7



www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Rey, J. et al. Reduced erythrocyte deformability associated with hypoargininemia during Plasmodiumfalciparum malaria. Scientific

Reports. 4,3767 (2014).

. Moon, J. S. et al. Impaired RBC deformability is associated with diabetic retinopathy in patients with type 2 diabetes. Diabetes &

Metabolism (2016).

. Hou, H. W. et al. Deformability based cell margination-a simple microfluidic design for malaria-infected erythrocyte separation.

Lab on A Chip. 10, 2605-13 (2010).

. Zhao, H,, Shagfeh, E. S. G. & Narsimhan, V. Shear-induced particle migration and margination in a cellular suspension. Physics of

Fluids. 24,011902-011902-21 (2012).

. Mansour, M. H,, Bressloff, N. W. & Shearman, C. P. Red blood cell migration in microvessels. Biorheology. 47, 73-93 (2010).
10.
. Jain, A. & Munn, L. L. Determinants of leukocyte margination in rectangular microchannels. Plos One. 4, 7104 (2009).
12.

Leal, L. G. Particle Motions in a Viscous Fluid. Fluid Mechanics. 12, 435-476 (1980).

Dean, L. The ABO blood group - Blood Groups and Red Cell Antigens - NCBI Bookshelf. National Center for Biotechnology
Information (2005).

Yang, S. et al. Deformability-selective particle entrainment and separation in a rectangular microchannel using medium
viscoelasticity. Soft Matter. 8, 5011 (2012).

D’Avino, G., Greco, F. & Maffettone, P. L. Particle Migration due to Viscoelasticity of the Suspending Liquid, and Its Relevance in
Microfluidic Devices. Annual Review of Fluid Mechanics. 49, 341-360 (2017).

Lu, X. et al. Particle manipulations in non-Newtonian microfluidics: A review. Journal of Colloid ¢ Interface Science. 500, 182
(2017).

Liu, C. & Hu, G. High-Throughput Particle Manipulation Based on Hydrodynamic Effects in Microchannels. Micromachines. 8,73
(2017).

Biasetti, J. et al. Synergy between shear-induced migration and secondary flows on red blood cells transport in arteries:
considerations on oxygen transport. Journal of the Royal Society Interface. 11(97), 20140403 (2014).

Ho, B. P. & Leal, L. G. Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid. Journal of
Fluid Mechanics. 76, 783-799 (1976).

Tehrani, M. A. An experimental study of particle migration in pipe flow of viscoelastic fluids. Journal of Rheology. 40, 1057-1077
(1996).

Abkarian, M. & Viallat, A. Dynamics of vesicles in a wall-bounded shear flow. Biophysical Journal. 89, 1055-66 (2005).

Abkarian, M. & Viallat, A. Vesicles and red blood cells in shear flow. Soft Matter. 4, 653-657 (2008).

Abkarian, M., Lartigue, C. & Viallat, A. Tank treading and unbinding of deformable vesicles in shear flow: determination of the lift
force. Physical Review Letters. 88, 31-37 (2002).

Brust, M. et al. Rheology of human blood plasma: viscoelastic versus Newtonian behavior. Physical Review Letters. 110, 078305
(2013).

Yuan, D. et al. Continuous plasma extraction under viscoelastic fluid in a straight channel with asymmetrical expansion-contraction
cavity arrays. Lab on A Chip. 16, 3919 (2016).

Hur, S. C. et al. Deformability-based cell classification and enrichment using inertial microfluidics. Lab on A Chip. 11, 912
(2011).

Lim, E. J. et al. Visualization of microscale particle focusing in diluted and whole blood using particle trajectory analysis. Lab on A
Chip. 12,2199 (2012).

Mcwhirter, J. L. et al. Flow-Induced Clustering and Alignment of Vesicles and Red Blood Cells in Microcapillaries. Proceedings of the
National Academy of Sciences of the United States of America. 106, 6039-6043 (2009).

Tan, J., Thomas, A. & Liu, Y. Influence of Red Blood Cells on Nanoparticle Targeted Delivery in Microcirculation. Soft Matter. 8,
1934 (2011).

Sinha, K. & Graham, M. D. Shape-mediated margination and demargination in flowing multicomponent suspensions of deformable
capsules. Soft Matter. 12, 1683-1700 (2015).

Chesnutt, J. K. & Marshall, J. S. Effect of particle collisions and aggregation on red blood cell passage through a bifurcation.
Microvascular Research. 78, 301-313 (2009).

Almomani, T. et al. Micro-scale dynamic simulation of erythrocyte-platelet interaction in blood flow. Annals of Biomedical
Engineering. 36,905 (2008).

Firrell, J. C. & Lipowsky, H. H. Leukocyte margination and deformation in mesenteric venules of rat. American Journal of Physiology.
256, H1667-74 (1989).

Abbitt, K. B. & Nash, G. B. Rheological properties of the blood influencing selectin-mediated adhesion of flowing leukocytes. Ajp
Heart & Circulatory Physiology. 285, H229-40 (2003).

Fallone, C. A. et al. Hematoxylin and Eosin Staining of Gastric Tissue for the Detection of Helicobacter pylori. Helicobacter. 2, 32-35
(1997).

Anderson et al. Fabrication of microfluidic systems in poly (dimethylsiloxane). Electrophoresis. 21, 27-40 (2000).

Acknowledgements

This work is supported by the National Natural Science Foundation of China (Grants No. 51322501 and No.
51420105006). We thank Prof. Howard Stone for the helpful discussion, thank Prof. Yingmao Ruan’s for the
slice observation, and thank Bing Dong for his support on this work. We thank Chi Zhang for his help on the
numerical simulation.

Author Contributions

H.C., J.W. and J.L. conceived the project, and designed the experiments and wrote the paper. Y.C. and D.L.
carried out the experiments. Y.C. and Y.L. carried out the numerical simulations. All authors commented on the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15524-0.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS |7: 15253 | DOI:10.1038/s41598-017-15524-0 8


http://dx.doi.org/10.1038/s41598-017-15524-0

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 15253 | DOI:10.1038/s41598-017-15524-0 9


http://creativecommons.org/licenses/by/4.0/

	Margination of Stiffened Red Blood Cells Regulated By Vessel Geometry

	Results

	In vivo RBCs margination in blood vessels with irregular geometry. 
	The mechanism of margination regulated by vessel geometry. 
	In vitro margination of stiffened RBCs. 

	Discussion and Conclusion

	Methods

	RBCs preparation and in vivo experiment set up. 
	Venules slice preparation. 
	Calculations of the first normal stress. 
	Microchannel. 
	Viscoelastic solutions for in vitro experiment. 
	Data Availability. 

	Acknowledgements

	Figure 1 Stiffened RBCs perform margination in vivo.
	Figure 2 Calculations of RBCs margination in vessel and channel.
	Figure 3 In vitro experiment on the margination of stiffened RBCs.
	Figure 4 Viscoelastic effect of the fluid on the margination and the distribution of stiffened RBCs in the center of the channel.




