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Mechanical response of red blood cells entering
a constriction

Nancy F. Zeng and William D. Ristenpart
Department of Chemical Engineering and Materials Science, University of California Davis,
Davis, California 95616, USA

(Received 5 August 2014; accepted 2 December 2014; published online 11 December 2014)

Most work on the dynamic response of red blood cells (RBCs) to hydrodynamic
stress has focused on linear velocity profiles. Relatively little experimental work
has examined how individual RBCs respond to pressure driven flow in more
complex geometries, such as the flow at the entrance of a capillary. Here, we
establish the mechanical behaviors of healthy RBCs undergoing a sudden increase
in shear stress at the entrance of a narrow constriction. We pumped RBCs through
a constriction in a microfluidic device and used high speed video to visualize and
track the flow behavior of more than 4400 RBCs. We show that approximately
85% of RBCs undergo one of four distinct modes of motion: stretching, twisting,
tumbling, or rolling. Intriguingly, a plurality of cells (~30%) exhibited twisting
(rotation around the major axis parallel to the flow direction), a mechanical
behavior that is not typically observed in linear velocity profiles. We present
detailed statistical analyses on the dynamics of each motion and demonstrate that
the behavior is highly sensitive to the location of the RBC within the channel. We
further demonstrate that the observed tumbling, twisting, and rolling rotations can
be rationalized qualitatively in terms of rigid body mechanics. The detailed
experimental statistics presented here should serve as a useful resource for
modeling of RBC behavior under physiologically important flow conditions.
©2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904058]

. INTRODUCTION

The proper circulation of blood, and its effectiveness in gas exchange and nutrient delivery,
are strongly affected by hemorheological properties within the intricate microvascular network.
At the length scales of capillaries (~2-10 um), the multiphase nature of blood plays a signifi-
cant role in determining its fluidity and behavior.'? Accordingly, many investigators have
examined red blood cells (RBCs) in simple shear flow and have reported a rich spectrum of
RBC motions including stretching,>* tumbling,® tank treading (TT),> and swinging.’ The
observed motions are largely dependent on the cell mechanical properties and the orientation
and magnitude of the applied forces. Early experiments by Goldsmith and co-workers™®
focused on the ratio (1) of the intracellular viscosity to the viscosity of suspending fluid as the
physical parameter dictating RBC behavior.* At low 4, RBCs exhibited end-over-end rotation
and tumbling; at high A, the RBCs behaved more like a fluid drop and exhibited tank treading,
with the membrane rotating around the center of mass of the cell. The analytical model by
Keller and Skalak (KS model)10 was based on these observations, treating the RBC as a viscous
ellipsoid capsule to capture both tumbling and tank treading behaviors. More recent experi-
ments have revealed new modes of RBC motion that are not captured by the KS model. For
example, RBCs have been shown to display shape memory'' and exhibit motions such as
swinging® and rolling.'>™'* These motions have been interpreted in terms of the elasticity and
stored energy in the membrane,u’15 and modifications to the KS model by Abkarian, Faivre,
and Viallat® and Skotheim and Secomb'® (the AFV-SS model) now recognize an elastic compo-
nent that contributes to mode transition. While the model takes into account both the viscous
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and elastic components, recent work by Dupire et al.'* suggests that the shear elasticity is a
key determinant of RBC deformation, motion, and orientation.

Notably, all of the above experimental work focused on simple linear velocity profiles, but
RBCs in vivo frequently undergo many reversible deformations and encounter drastic variations
in hydrodynamic shear stress.'” Of particular importance is flow into a contraction, which
occurs physiologically during passage into capillaries and occurs pathologically in cases such as
stenoses and aneurysms. In this geometry, the RBCs are exposed to a sudden increase in
applied shear, and RBCs are now acknowledged to sense and respond to changes in hydrody-
namic shear stress.'® 2 A large body of work indicates that RBCs release adenosine
5'-triphosphate (ATP) into the extracellular space in response to changes in decreased dissolved
oxygen or increased shear stress. The ATP acts as a signaling molecule to induce vasodilation
of the nearby smooth muscle cells, thereby increasing the capillary diameter and corresponding
blood flow rate.'®?° Wan et al.*' used a microfluidic constriction to examine the dynamics of
ATP mechanotransduction; a high speed camera visualized the RBC motions, while a photolu-
minescent assay yielded ATP concentration as a function of position downstream from the
constriction. Their work strongly suggested that ATP mechanotransduction is triggered by the
subsequent relaxation of the RBC membrane rather than the initial deformation. Since then,
RBC behavior in constricting channels has been investigated by several other groups* >* and
motions such as stretching,?'® relaxing,'** flipping and rolling®* have been observed experi-
mentally in healthy cells upon entering a constriction. Forsyth e al.?* further examined the con-
tributions of intracellular viscosity to RBC dynamic motion entering a constriction by treating
cells with chemical stiffening agents. They reported motions such as stretching, tumbling, and
recoiling. Notably, they found that stiffening the cytosol (i.e., increasing the intracellular viscos-
ity) strongly altered the frequency of occurrence of each motion, while stiffening only the
membrane had little effect. More recent work by Forsyth er al.*® in simple linear shear condi-
tions suggests that ATP release occurs in deformation dependent and deformation independent
regimes. Specifically, their results suggest that tumbling (associated with minimal cellular
deformation) and stretching motions elicited ATP release, while tank treading did not have an
appreciable effect.

A key limitation of these previous studies is that the measured RBC motions were limited
to small sample populations of cells, with analysis restricted to RBCs that happened to pass
exactly down the center of the channel. For example, Wan er al.?' correlated visual observa-
tions of approximately 20 cells at the center of the channel to the photoluminescent ATP signal
obtained from many thousands of cells. It is unclear if the small subset of cells is truly repre-
sentative of the majority of RBCs; nor it is clear what fraction of the cells pass down the center
of the channel.’’** Goldsmith and previous researchers*®™ focused on RBCs in either tube
flow or linear velocity profiles, and the behavior of cells entering constrictions is not well
understood. In addition, the dynamics of these behaviors, which have time scales on the order
of a few milliseconds, must be examined. Likewise, the relative fractions of RBCs exhibiting
distinct behaviors and the corresponding contributions of each behavior type to the cumulative
ATP release have not been established to date.

Here, we present experimental observations of the dynamic mechanical response of RBCs
upon entering a narrow constriction in a microfluidic device. In contrast to previous work, we
used high speed video to visualize and track the motion of RBCs across the entire channel
cross-section, ultimately tracking over 4400 individual RBCs obtained from five healthy indi-
viduals. A custom image analysis program automatically extracted quantitative measurements
for each cell to characterize the velocity, deformation, rotation, and type of motion. We report,
for healthy RBCs, that the four main behaviors are stretching, twisting, tumbling, and rolling.
The most prominent behavior exhibited was twisting, i.e., rotation about the axis parallel to
flow. This motion was observed in approximately 30% of the RBCs, but is not typically seen in
simple linear shear or microfluidic experiments. We present detailed quantitative measurements
for each behavior and analyze how the dynamics are affected by channel region and linear
velocity. Finally, we examine the mechanical origin of the observed rotations using, as a limit-
ing case, the equations of motion for rigid ellipsoids, and we demonstrate that the rotating
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motions are qualitatively consistent with rigid body theory. Our experimental results and
detailed statistics should prove useful for testing simulation efforts in more complex but physio-
logically relevant geometries, and ultimately provide insight on shear-induced ATP mechano-
transduction from RBCs.

Il. MATERIALS AND METHODS
A. RBC and solution preparation

Human RBCs were extracted from individual healthy donors volunteering for research
studies at the Western Health Nutrition Research Center (WHNRC) located on campus at U.C.
Davis. The blood was drawn by collaborators at WHNRC under pre-approved Institutional
Review Board (IRB) plans that allow excess RBCs to be used for secondary use. The RBCs
were separated from plasma by centrifuging S ml of blood at 1200 rpm at 20 °C for 4 min. The
supernatant and buffy coats were removed by aspiration, and the packed RBCs were subse-
quently washed three times in physiological salt solution (PSS) buffer. The PSS solution was
prepared according to the standard protocol by Price et al.:** 47mM KCI, 2.0mM CaCl,,
1.2mM MgSO,, 140.5mM NaCl, 21.0mM tris(hydroxymethyl)amino-methane, and 11.1 mM
dextrose; the pH was adjusted to 7.4 using 1 M HCI. The RBCs were then diluted to obtain a
0.5% Hct solution by adding PSS buffer. The low Hct of RBCs was necessary for observations
of individual cells in the microchannel. The re-suspended RBC solution was kept at room tem-
perature (~25°C) for at least 30 min to ensure constant temperature between samples. All
measurements were taken within 12 h of the blood draw to prevent reduced deformation associ-
ated with storage.’!

B. Microfluidic platform: Fabrication and operation

Our experimental setup utilized a microfluidic device similar to that developed by Wan
et al.*' which imposes a precisely defined change in shear stress on the RBCs via a rapid
reduction in channel width. We utilized standard soft photolithographic techniques developed
by Duffy et al.** to fabricate microchannels in polydimethylsiloxane (PDMS). The microfluidic
channel is sketched in Fig. 1(a). The wide sections of the microchannel, before and after
the constriction, had a uniform width w = 100 um, while the constriction itself had a width w,
= 20 um and a length of /. = 800 um. The channel had a total length of / = 1.1 cm and height
of h = 40 um. We emphasize that in this work, the streamwise direction is denoted as the
X-direction, while the crossflow direction (in the plane of the schematic) is denoted as the
Y-direction (cf. Fig. 1(a)). The other crossflow direction, oriented out of the page, is denoted as
the Z-direction. Note that the origin is centered at the end of the tapered region.

To begin an experiment, a suspension of cells was loaded in a 1ml syringe. Any visible
gas bubbles were then purged and the syringe was connected to a syringe pump to control the
flow rate (model number PHD 2000, Harvard Apparatus). Polyethylene tubes (0.58 mm inner
diameter) were used to connect the syringe needle to the inlet and outlet holes in the device,
and the RBC suspension was pumped through the channel at 5 yl/min. Since the data collection
time was short (<2 min), sedimentation effects were limited. As a safeguard, the syringe was
turned every 30 s and fresh tubing was used for each sample. Since the microchannel cross-
sectional area was 4.0 x 10> mm? (8.0 x 10~* mm? within the constriction), the average flow

velocity was approximately 2cm/s (10cm/s in the constriction). The corresponding average

shear rate in the wide channel is estimated as 7 ~ % ~ % = 5205 Likewise, the average

shear rate in the constriction, using the constriction width (w.) as the shortest characteristic
u

length scale is § ~ X ~ 2

~
W hw

;& 52005 '. Using the entrance length of 70 um as the characteristic

c

X distance, the velocity gradient in the flow direction (%L;), also known as the extension rate,

is estimated as 1143s™' in the tapered region of the channel (cf. Fig. 1(a)) and the
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FIG. 1. Schematic of the microfluidic device. (a) Dilute RBCs are pumped from a region of low shear (a wide channel, at
left) to a region of high shear (the constriction, at right). Note that the origin is located at the center of the entrance of the
constriction. (b)—(e) Representative superimposed series of time-lapse images extracted from high speed video each show-
ing an individual RBC entering a constriction. RBCs are shown undergoing (b) stretching, (c) tumbling, (d) twisting, and
(e) rolling motions. Each superimposed image represents the distance traveled in a 0.33 ms time interval.

corresponding gradient in the shear rate (g—;’() is 30 um~"' s~'. We note that these shear rates

are similar to those physiologically in arterioles of tens of microns in diameter.>

C. High speed video and image analysis

The RBCs were visualized with a 63x large working distance objective on an optical
microscope (Leica). High-speed video of RBC deformations was acquired with a Phantom V7
camera at 12000 frames per second, with 10-20 us of exposure time per frame. Example mov-
ies are shown in the supplementary movies.*® In our microscopy setup, we were able to see all
of the cells concurrently across the entire depth of the channel. There was no population of
cells badly out of focus; cells moving at the entire range of different speeds appeared visually
similar despite being located at appreciably different heights. Changes in focal plane were
observed only as a very slight blurring and change in intensity; close examination of the sup-
plementary movies shows this effect.>* Although the blurring slightly affects the image analysis
(e.g., the absolute size of the RBC), note that all statistics reported here are dimensionless
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(e.g., L/Ly) so any difference in observed absolute size due to location in different focal planes
is effectively cancelled. The resulting movies were analyzed using custom image analysis
routines in Matlab to extract the position, velocity, size, and orientation of individual cells. In
particular, the algorithms calculated the lengths of the major and minor axes of the best fit
ellipsoid to the detected boundaries of the blood cell (denoted as a and b, respectively, cf.
Fig. 1(a)). Cells that came in apparent contact with other cells (i.e., the projected area of the
ellipsoids overlapped) were omitted in order to remove the influence of cell-cell interactions.
Details of the image analysis procedure can be found in the supplementary material
(Table S.I).>*

Representative sequences of time lapse images of individual RBCs passing through the
microchannel constriction are shown in Figs. 1(b)-1(e). (See also supplementary movies 2—5.34)
The original images were recorded in grayscale; here the RBC boundaries (as detected via our
image analysis software) are superimposed in color. The images within each time lapse
sequence are spaced evenly in time (0.33ms), so the distance between any two sequential
images of a blood cell reflects the distance travelled during that interval. This manner of
presenting the video data highlights the acceleration experienced by the cells as they enter the
constriction due to time invariant volumetric flow rate: note that the cells move slowly in the
wide part of the channel (where the cell images are crowded together), but they suddenly accel-
erate and move quickly upon entering the constriction (where the cell images are spaced further
apart).

lll. RESULTS AND DISCUSSION
A. RBC behavior characterization and velocimetry

As demonstrated in Fig. 1, individual RBCs respond differently to the same flow profile.
Our observations suggest that the mechanical response of the RBCs can be classified into 4 spe-
cific categories: stretching, tumbling, twisting, and rolling. In addition, we observed RBCs
undergoing other motions not described by our classification scheme. We therefore defined a
fifth category as “complex” to represent RBCs that went through motions described by more
than one category, or motion not defined by the first four categories. The five behaviors are
defined as follows:

Stretching: elongation in the direction of flow, without rotation

Tumbling: rotation around the major axis perpendicular to the direction of flow

Twisting: rotation around the major axis parallel to the flow direction

Rolling: rotation around the minor axis perpendicular to the direction of flow

Complex: all other motions, e.g., multiple motion types

The first four behaviors are illustrated more closely in Figure S.1 of the supplementary ma-
terial with time lapsed images of individual RBCs traversing the channel, and corresponding
representative plots of the instantaneous aspect ratio (a/b) and orientation (6) with respect to
the direction of flow are shown versus X (downstream) position in the channel constriction.
(See Table S.I for details on the characterization scheme*). The other RBCs exhibited more
complex motions that typically involved combinations of, or transitions between, twisting, roll-
ing, or tumbling. Several representative complex motions are shown in Fig. S.2.

While TT motion has been previously reported in experiments in simple shear, we point
out that we did not observe TT. The time scale for an individual cell to undergo a complete TT
revolution has been reported previously to occur on the time scale of many seconds to
minutes.” We stress that in our experiments, the RBCs were only in the field of view for
approximately 10 ms, and therefore no measureable TT was observed.

A key advantage of our automated approach is that it allowed for characterization of RBCs
in the entire microchannel, instead of focusing specifically on the channel center as done previ-
ously.?"** Based on quantitative measurements of RBC position, major axis length, minor axis
length, and orientation, we were able to characterize the mechanical response of RBCs precisely
as functions of cross-channel position and velocity. We conducted studies on five blood samples
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from five different donors, with detailed examinations of 4433 individual RBCs (n; = 1262, n,
= 876, n; = 1168, ny = 779, ns = 348).

The relative fraction of RBCs exhibiting each distinct mechanical behavior upon entering
the constriction is shown as a box plot in Fig. 2. Each box represents the distribution observed
for each of the five distinct behaviors; note that the sum of the mean percentages for all five
behaviors is 100. Note that we although we acquired blood from five different donors, we per-
formed experiments in triplicate. The channel became irreversibly clogged in one of the experi-
ments, but in all we had 14 unique trial replicates, identified by marker shape for each blood
donor. As seen in Fig. 2, the most prominent behavior was twisting, which was exhibited on
average by 30% the cells. In addition, stretching was displayed by 26% of the cells, while tum-
bling, rolling, and complex made up an average of about 15% each. Previous work has paid
little attention to twisting, but Fig. 2 demonstrates that arguably a plurality of cells actually per-
form twisting upon entering a microfluidic constriction. While stretching, tumbling, and rolling
motions have been reported previously in linear velocity profiles, twisting is rarely (if ever)
observed. This observation suggests that the converging streamlines in the tapered part of the
constriction play a key role in twisting; this idea is discussed in more detail below.

While Fig. 2 presents the overall distribution of RBC behaviors, our analysis indicates that
the behavior of individual RBCs is very sensitive to location within the channel. To provide
context for this position dependence, we plot the linear velocity of the RBCs in the constriction
vs. Y position in Fig. 3(a). The Y position and velocity are based on the average value in the
constriction (X= 20-70 um). We found that Y position and velocity did not vary much in this
range of X, unlike in the tapered region of the channel. The markers are color coded based on
the observed behaviors, utilizing the same color scheme as the previous figures (stretching cells:
blue; tumbling cells: red; twisting cells: green; rolling cells: orange; and complex cells: purple).
RBCs traveled with velocity values ranging 25-90 um/ms in a parabolic profile, which is con-
sistent with the pressure-driven (Poiseuille) flow used here. The fluid near the walls is station-
ary (due to the no slip condition) and RBCs moving in these regions have low velocity, while
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FIG. 2. Box plot showing the fraction of RBCs exhibiting different mechanical responses upon entering a constriction. The
top and bottom of the lightly shaded rectangles indicate the 25th and 75th quartiles, respectively, the thick black bars indi-
cate the median, the dark square markers indicate the mean, and the whiskers represent the maximum and minimum values
observed. The distributions are based on fourteen separate trials using five different blood donors. We ran 3 trials for each
donor and show the individual data points adjacent to the box plot. Each marker shape represents a separate donor. The
total number of cells observed per trial was n; = 1262, n, =876, n; = 1168, ny; =779, and ns =348.
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FIG. 3. (a) The observed downstream RBC velocity in the constriction vs. Y position. The markers are color coded based
on the observed behaviors (stretching-blue, tumbling-red, twisting-green, rolling-orange, and complex-purple). Alongside,
histograms of (b) the linear velocity and (c) Y position. The bars of the histograms are partitioned into color segments utiliz-
ing the same color scheme as (a) to show the relative fraction for each of the different behaviors.

near the channel center, the fluid moves fastest and RBCs in these regions have correspondingly
high linear velocities. Note, however, that there is a large variation in observed RBC velocities
for any particular value of Y. This range in velocities at each Y-position is due to variation in
the Z-position; the video images represent the projected view of a three dimensional space with
finite focal depth that precluded accurate identification of the precise RBC Z-coordinate.
Therefore, for a given Y position, variation in the cell’s location in the Z plane (i.e., near the
top or bottom walls or at the center) also contributes to the observed variation in linear
velocity.

The frequency distribution of cells traveling downstream at specific velocity (Fig. 3(b)) and
Y position (Fig. 3(c)) are shown alongside as histograms. The peak in velocity at approximately
80 um/ms is consistent with the increased number of cells in the center of the channel, which
are associated with higher velocity. Fig. 3(c) illustrates that the majority of stretching took
place at the center of the channel (¥ between +/—2.5 um), while twisting and complex motions
were concentrated closer to the channel edges. Because the fluid in the center of the channel
travels faster than near the edges, one would expect that for a uniformly well mixed suspension,
the number of cells flowing through the center region would be largest. Indeed, simple conser-
vation arguments indicate that the frequency distribution should be parabolic. As can be seen in
Fig. 3, each type of motion was observed across a wide range of velocities at each horizontal
position, i.e., the specific behavior was not significantly correlated with absolute vertical (Z)
position. The only exception is that that more stretching occurred at higher velocities (near
80 um/ms). The actual behavior distribution, we observed in Figure 2 is significant because it
represents the important limiting case where no special measures were taken to alter the incom-
ing cell spatial distribution. As shown in Fig. 3(c), the spatial distribution is not uniform: rela-
tively more cells enter near the channel center than the edges. The large number of cells
observed at the center of the channel (Fig. 3(b)) might be attributed to the Fahraeus Lindqvist
effect.®® In vessels of small diameter, RBCs migrate laterally towards the vessel center in
response to hydrodynamic forces and result in a cell free layer at the vessel wall, which lowers
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the effective viscosity. The large concentration of RBCs that we observed in the channel center,
specifically of RBCs exhibiting stretching motion (indicated by the large blue subdivision), are
consistent with this hypothesis.'’

The results shown in Figs. 2 and 3 highlight the overall behavior of the RBCs, by identify-
ing their specific mechanical response as functions of velocity and position. We emphasize that
for each identified behavior; however, there was tremendous variation in the detailed dynamics
of each behavior. For example, how far did each stretching cell stretch? How fast did tumbling
cells rotate? We now turn our attention to analyzing the detailed dynamics. From the image
analysis procedure, we were able to obtain comprehensive information about each cell to com-
pile statistics on the effect of the sudden increase of shear stress on RBC mechanical dynamics.
We present observations and quantitative measurements on the dynamics of each of the distinct
observed behaviors. In addition, we examine the mechanical basis for the observed rotational
motions by using the equations of motion for rigid ellipsoids, to assess whether our experimen-
tal results are broadly consistent with the imposed hydrodynamic torques.

B. RBC stretching

The dynamics of stretching motion are illustrated in Fig. 4(a), as a plot of the ratio of cell
length (L) to initial length (L,) versus X position, averaged over all 1156 observed stretching
cells. As the RBCs move through the converging region (tapering) of the channel (indicated by
negative X values), they continuously elongate until they reach their maximum length (an
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FIG. 4. Dynamics of stretching RBCs. (a) The normalized length as a function of X position in the channel, where X =0
corresponds to the entrance of the constriction (cf. Fig. 1(a)). Note that the RBCs stretch to their maximum length near
X =0, and then gradually relax. The error bars indicate plus or minus one standard deviation. (b) The maximum normalized
length versus Y position in the channel and (c) corresponding frequency distribution. The color of each data point in (b) is
weighted based on the normalized linear velocity. Lighter color corresponds to a higher velocity while darker color indi-
cates lower velocity.
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average of approximately 10% greater than the initial length) at the entrance of the constriction
(X = 0). After stretching to the maximum length, the cells decreased in length gradually, or
relaxed, with some cells relaxing to their initial length. The stretching and relaxing phenomena
are consistent with the geometry of the tapered region of the channel. In this region, the fluid
streamlines converge and the front of the cell experiences a higher velocity than the back of
the cell, which causes elongation of the RBC. For a given Y position, the extensional forces are
inversely proportional to the cross sectional area due to conservation of mass in an incompressi-
ble flow; this interpretation is consistent with the observed peak in L/L, at X = 0. As the cell
moves out of the tapered region and into the constriction, the velocity at the front becomes
equivalent to that of the back of the cell (i.e., the gradient in extensional force across the cell
length is zero), and the cell slowly retracts. The time for relaxation is based partially on the iso-
tropic elasticity (resistance to change in surface area) of the membrane, which returns the cell
to its initial shape.

The magnitude of stretching and subsequent relaxation that we observed are broadly con-
sistent with those previously reported for microfluidic devices with a constriction.?’*> Wan
et al*' observed cellular elongation on average of about 15%, and the relaxation was about
10% over about 4ms. Although the average relaxation within our field of view was only
2%-3%, the average relaxation rate was approximately equivalent. We did not, however, see
evidence of the “recoiling” behavior reported by Forsyth et al.?* In addition, the magnitude of
stretching that we observed is similar to previous work examining the deformability index

(a+b)
plots of the DI versus position in the supplementary material (Fig. S.4).>* Our results are con-
sistent with those of Lee et arl.,26 Yaginuma et al.,27 and Zhao et al.®® that show that the DI for
RBCs in hyperbolic converging channels ranges between 0.2 and 0.25 for shear rates similar to
ours.

A key feature in Fig. 4(a) is the large variability in L/L,, with standard deviations on the
order of 5%. This large variation of L/L, is probably due to two key factors. First, the exact
magnitude of the extensional forces experienced by an individual RBC depends on its position
in the Z plane, which we did not visualize. Second, recall that the RBCs do not all have the
same viscoelastic properties. The mature erythrocyte is devoid of a nucleus and is therefore
unable to synthesize proteins. During its time of 100-120 days in the circulation, an RBC must
undergo numerous reversible deformations in the microcirculation in order to provide adequate
tissue perfusion, and as a result, it experiences many mechanical and chemical stresses. These
stresses gradually denature the functional proteins in the RBC, which are involved with many
cellular functions such as membrane elasticity, cell volume, metabolic regulation, and solute
transport.*®*” Furthermore, they play a key role in determining RBC internal viscosity, the sur-
face area-to-volume ratio and the viscoelastic properties of the membrane, all known determi-
nants of RBC deformability.”®* The circulating RBCs, therefore, have a range viscoelasticities
based on their age and the amount of protein degradation, which can be used as an indicator of
the health state of the individual;***' older cells are typically more rigid.* Fig. 4 shows the
data collected from 1156 total stretching cells, all of which vary in age. The mechanical proper-
ties of the RBCs presumably impact the dynamics of stretching and relaxation and contribute to
the variation in the absolute magnitude of L/L,.

The ratio of the maximum observed length (L,,,,) to the initial length (L)) versus Y is
shown in Figs. 4(b) and 4(c). The extensional forces in our microchannel were sufficient to
cause RBC deformations as large as 30%, but as made clear in the histogram (Fig. 4(b)) the
distribution of maximum deformations is centered around 10% to 12%. One interesting finding
is that the maximum extent of deformation is not correlated with the absolute linear velocity of
the cell. The color of the markers in Fig. 4(b) is weighted based on the normalized linear veloc-
ity (Vgec Vmar), With RBCs moving the fastest shown as light blue, and RBCs moving
slowly shown as dark blue-black. Light blue markers (RBCs with high velocity) appear more
frequently at the center of the channel and darker markers occur closer to the edges of the
channel for both figures, consistent with Poiseuille flow. The darker markers that are located

(DI = (“’b)) of RBCs in hyperbolic converging flows.”*>® For reference, we have included
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at the center of the channel are presumably due to variation in the cell’s location in the Z direc-

tion. As seen in Fig. 4(b), RBCs exhibited the greatest degree of elongation (highest LLLO") at the
center of the channel (Y = 0), which can be attributed to the surrounding streamlines of fluid
Linax

moving at high velocity. No clear correlations, however, were observed between . and linear

L
velocity (data not shown). This finding is consistent with the notion that the downstream veloc-

()Mx

ity gradient (ax>’ or extension rate, rather than the absolute velocity, controls the extent of

deformation.

C. RBC rotations
1. Rigid body theory

We now turn our attention to the observed rotational motions, which have not previously
been elucidated for RBCs in this flow geometry. A key consistency check is to determine
whether the motions are qualitatively consistent with the applied shear stresses. Although the
motion of RBCs has been the subject of extensive simulation and computational efforts,*?~4
little work has examined the motion of RBCs entering a constriction as tested here. In the
absence of detailed predictions, we instead examine the limiting case of perfectly rigid ellip-
soids. We emphasize that we do not claim that RBCs behave as rigid bodies; we only wish to
assess whether the observed magnitudes of angular velocity are consistent with this important
limiting case.

For an arbitrary Stokesian flow field u, Faxen’s second law*’ describes the net torque on a
rigid sphere, to leading order, as

T = 8muR’ B (@ xﬁ)oa)}, (1)

where R is the sphere radius, u is the viscosity of the suspending fluid, and @ is the angular
velocity of the sphere; the subscript o denotes evaluation at the sphere center. In essence,
Eq. (1) describes the consequence of a non-uniform flow velocity around the particle: if the top
of a particle “feels” a larger velocity than the bottom of the particle, then the particle will
rotate. In the absence of any induced torque, i.e., for a freely suspended particle with T/ =0,
then the particle angular velocity is simply one half of the local flow vorticity.*® Note, however,
that Eq. (1) is only valid for spheres, and a more complicated torque balance applies to other
shapes. Here, we approximate RBCs as ellipsoids with semi-axes a, b, and ¢ and described by

X: yr 72

§+b2+c2:1' ()

We apply the generalized form of Faxen’s second law derived by Brenner for ellipsoidal
coordinates*®

= = = 1 = E-

T, =po - (Dxu)ngE(DZDxu)g — [ - . 3)
Here, Q is the symmetric dyadic and ﬁu is the rotation dyadic. D? is the differential operator,
and [5] is the vector differential operator. Full details are provided in the supplementary
material.**

2. Tumbling RBCs

Turning our attention first to tumbling cells, Fig. 5 shows the average angular velocity ()
and the maximum number of rotations observed in the field of view (including the tapered
region and the constriction), averaged over 723 observed tumbling cells. The average angular
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FIG. 5. Dynamics of tumbling RBCs. (a) The average angular velocity (w) versus Y position in the microchannel. The color
of each data point is weighted based on the normalized linear velocity. Lighter color corresponds to a higher velocity while
darker color indicates lower velocity. Positive values of rotation and angular velocity correspond to clockwise rotations,
while negative values correspond to counterclockwise rotations. The dashed lines indicate the predicted angular velocity
for an oblate and prolate ellipsoid using rigid body theory; the solid line is for a sphere (cf. Egs. (1) and (5)). (b) Histogram
of the total number of rotations observed within the field of view. Each rotation of 180° was counted as 1 full rotation.
Note that the maximum number of rotations occurs most frequently at integer values. (¢) The cumulative rotation and (d)
the corresponding instantaneous angular velocity vs. X position for an individual representative tumbling cell. Solid lines
are guides for the eye. Note that the angular velocity peaks when the cell is oriented transverse to the flow direction (i.e.,
oblate).

velocity is plotted as a function of Y position in Fig. 5(a). The Y positions are based on the av-
erage value of the centroid of the best fit ellipsoid in the constriction (X= 20-70 um). Here,
positive values signify clockwise rotation, while negative values represent counterclockwise
rotations (with respect to the observed field of view, cf. Fig. 1). One key observation from this
plot is that there are two distinct populations, one with low linear velocity (approximately
30-55 um/ms, shown with dark red-black markers) and low angular velocity. The angular
velocities of these cells were roughly independent of Y position, but were consistently small
(w < ]0.2| rad/ms). These cells tumbled slightly, but did not complete a full rotation while in
the field of view. The other subpopulation consists of cells moving at intermediate to high ve-
locity (approximately 55-95 um/ms), with average angular velocities that vary linearly with Y
position. In contrast to the slower moving cohort, most of these cells typically made one or
more complete rotations while in the field of view. The bifurcation in tumbling behavior may
be due to the Z position of the cells. Cells that are at the top or bottom of the channel would
be expected to have low linear velocity, as seen by the darker markers that are distributed
throughout all values of Y. Despite the apparent presence of two separate populations of cells,
the correlation coefficient for tumbling angular velocity vs. ¥ was found to be +0.59; the corre-
sponding p values was infinitesimal (p = 107%%).

In order to conduct rigid body analysis of tumbling motion, i.e., rotation around the Z-axis
orthogonal to the flow direction (cf. Fig. 1(c), we focus on motion in a parallel plate channel.
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As an approximation, we examine the velocity profile for pressure driven flow in a parallel

plate channel using
2 2
Y . 3 Y -
— (W) ] ey = E uavg [1 - (W) ] ex, (4)

where u,,, is the average magnitude of the parabolic (Poiseuille) fluid velocity within the nar-
row part of the constriction. Substitution of this velocity profile into Eq. (3) yields a predicted
angular velocity

. W2 dp
UX(Y) = —ﬂﬁ

- b2 Ugy, —
Wy = {3mvjy] e . 3)
A key point is that the angular velocity is predicted to vary linearly with position Y across the
channel, qualitatively consistent with the trend observed for tumbling RBCs in Fig. 5. The exact
magnitude of the angular velocity depends on whether the ellipsoid is aligned prolate (with the
flow, @ < b) or aligned oblate (against the flow, a > b). Insertion of the characteristic RBC
dimensions (3 um wide, 7 um long)*® and appropriate values for the fluid velocity and channel
width yields quantitative predictions for the RBC angular velocity. These predictions are shown
as dashed lines in Fig. 5; for comparison we also include the predicted angular velocity for a
sphere (¢ = b = 7 um). The experimentally observed angular velocities clearly fall within the
range of the two limiting cases for oblate and prolate ellipsoids. Intriguingly, the predicted
angular velocity for a sphere is in excellent accord with the observed velocities, at least for the
cohort of RBCs which accomplished at least one rotation. This trend might exist because the
spherical case essentially serves as an “average” of the oblate and prolate orientations.

An alternative way of examining the tumbling behavior is shown in Fig. 5(b), which shows
a histogram of the number of fractional rotations that occurred while the RBC was in the field
of view. Each rotation of 180° was counted as 1 rotation and the sign indicates the direction of
rotation, with fractional values indicating partial rotations; for example, a fractional rotation of
0.5 corresponds to a rotation of 90° or 1.57 rad. Notably, the most frequently occurring numbers
of rotations are integer values, indicating that it is energetically unfavorable for RBCs to be in
orientations where their axes are misaligned with flow. In fact, plots of the cumulative rotation
and angular velocity as functions of X position (Figs. 5(c) and 5(d)) show that o is not con-
stant. When the RBC axes are aligned with flow,  increases very slowly, and the cell does
not visibly rotate. As the RBC begins to rotate, the amount of surface area exposed to the shear
gradient increases until it reaches a maximum in the vertical (with respect to X) position, which
also corresponds to a maximum in |o|.

3. Rolling RBCs

Quantitative data for the angular velocity of rolling cells was more difficult to acquire
because the major axis and minor axis are not as easily differentiable when the aspect ratio is
near unity. Therefore, tracking the major axis and orientation to extract the number of rotations
typically underestimated the observed value. We therefore selected the subset of the rolling cell
population with angular velocities that we could visually corroborate via manual observations.
Quantitative data for 88 cells are shown in Fig. 6(a), which show the average rolling angular
velocity (w) plotted as a function of Y position. Similar to the subset of tumbling cells with
moderate to high linear velocity, the maximum number of rotations for rolling cells shows a
strong linear trend with Y position that is symmetric about the origin. This trend is corroborated
by the correlation coefficient of +0.91 and the corresponding p value of 107>*. The average
angular velocity in rolling cells did not exhibit a clear dependence on linear velocity, as indi-
cated by the dark colored markers distributed throughout all of the Y positions.

To test whether this behavior is consistent with the rigid body limited case, we again use
the velocity profile from Eq. (4). Rolling cells, like tumbling cells, also rotate around the Z-axis
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FIG. 6. Dynamics of rolling RBCs. (a) The average angular velocity () versus Y position in the microchannel. The color
of each data point is weighted based on the normalized linear velocity. Lighter color corresponds to a higher velocity while
darker color indicates lower velocity. Positive values of rotation and angular velocity correspond to clockwise rotations,
while negative values correspond to counterclockwise rotations. The solid line indicates the predicted angular velocity
using rigid body equations. (cf. Eq. (1)) (b) Histogram of the total number of rotations observed in the field of view. Each
rotation of 180° was counted as 1 full rotation. Note that the maximum number of rotations occurs more frequently at inte-
ger values.

orthogonal to the flow direction, but are oriented such that ¢ = b > ¢ with no distinction
between oblate and prolate. The predicted angular velocity for rolling follows from (5), and the
results are plotted as a solid line in Fig. 6(a). Again, the rigid body prediction is in excellent
accord with the experimental observations.

Like tumbling cells, the histogram (Fig. 6(b)) for the maximum number of rotations for
rolling cells shows a clear preference for integer numbers of rotations. Rolling has been shown
previously to correspond to a minimum in membrane shear strain energy, allowing the red
blood cell to avoid energetically costly deformations.'> The mechanism driving the preference
for an integral number of rotations, however, is unclear since nothing breaks the symmetry of
the system (as opposed to the difference between oblate and prolate orientation for tumbling
cells).

4. Twisting RBCs

The final rotational motion we observed was twisting, which was the behavior most
frequently exhibited by the RBCs: roughly a third of the cells displayed this behavior. Because
we did not visualize cells from the X-direction, we were unable to obtain quantitative measure-
ments of the twisting angular velocity. In the absence of these measurements, we therefore used
what we did have available: the relative magnitude of rotation as characterized by max Af,
which represents the change in the projected aspect ratio, max A ¢ = (min§ — max{). Here, the
term min § denotes the minimum observed aspect ratio within the constriction, and max §
denotes the maximum observed aspect ratio in the wide part of the channel. Although this met-
ric does not provide a measure of angular velocity, it does serve as a gauge of the absolute
extent of rotation as an individual RBC twists during its passage through the field of view;
RBCs that had higher | maxA{ | had larger extent of rotation. Note that it is impossible to spec-
ify whether the direction of rotation is positive or negative: when looking from above, twisting
in either direction will present simply as changes in the observed aspect ratio. Fig. 7(a) shows
max A § plotted as a function of Y position, while Fig. 7(b) shows the corresponding histogram.
The figures reveal several trends. First, twisting cells exhibited max A§ ranging between —1.75
and —0.75, with an average of approximately —1.10. Only “thickening” twisting (rotation from
high aspect ratio to low aspect ratio) was observed, suggesting that rotation in the opposite
direction (“thinning”) is not preferred. We emphasize, however, that this result partially stems
from our classification scheme: cells with too small a change in aspect ratio were not classified
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FIG. 7. Dynamics of twisting RBCs. (a) The maximum change in aspect ratio max A§ = min § — max § versus Y position in

the channel. (b) Histogram of the maximum change in aspect ratio. Note the negative scale.

as twisting cells. Nonetheless, “thinning” twisting (from a low aspect ratio to high aspect ratio)
was rarely observed.

More importantly, the most pronounced feature of Fig. 7(a) is the striking dependence of
twisting on Y position, with the majority of twisting occurring at intermediate values of Y.
Specifically, the maximum extents of deformation occurred near Y/W = =0.5, where 2W is the
width of the narrow constriction. No twisting was observed near ¥ = 0. The normalized linear
velocity (shown again by the color weight) is highest at the center and lowest at the edges, as
expected for Poiseuille flow. Again, no dependence on the linear velocity was observed (data
not shown).

Our analysis of rigid body twisting focuses on the rotation about the axis parallel to the
direction of flow, i.e., the X direction. A unidirectional flow in the X-direction will not induce
rotation around the X-axis, since non-zero velocity components in the orthogonal directions are
necessary to “push” the particle to rotate around the X-axis. In our system, there was no flow in
the Z direction, i.e., uz = 0 everywhere in our channel. The Y velocity (uy), however, was
non-zero in the tapered region, due to the convergence of the flow. For this tapered region, the
velocity profile is readily estimated using lubrication theory®’

Y Y\’
w(x) \w(Xx)
Full details of the calculation are in the supplementary material;>* the key result is that the
twisting angular velocity is estimated as

Y Y\’
wXx) \W(X)

where q is the volumetric flow rate and W(X) describes the position of the tapering walls. (For
simplicity, in Eq. (7) X = 0 is defined as the beginning of the taper, in contrast to end of the
taper as defined previously.) The crucial aspect of Eq. (7) is that the twisting angular velocity
is predicted to vary cubically across the channel cross-section, with zero magnitude in the cen-
ter (Y = 0). The predicted twisting angular velocity is plotted in Fig. 8(b) versus position,
where the dimensionless angular velocity is normalized as & = wjfm, with ®,,,, defined as the
maximum angular velocity calculated at X/L = 1. Note that the maximal twisting velocities
occur at WLX = *0.5. In our experimental setup, we were unable to visualize RBCs from the X
direction and therefore could not obtain quantitative measurements of @Yy. Furthermore,
although we were able to determine that a cell had twisted by virtue of its large change in
observed aspect ratio, we were unable to differentiate the direction of rotation (i.e., clockwise

. 3 g 4dw
X,Y) =2 a
wy (XY) = Iy ax

éy . (6)

_3 g ave
4W(X)dX H

—
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FIG. 8. (a) Ilustration of the tapered region of the microchannel. (b) Contour plot of the dimensionless angular velocity 0]
about the axis parallel to X for a rigid prolate ellipsoid. (c) Plot of the dimensionless angular velocity vs. Y = Y/W(X) at
constant values of X/L =0, 0.5, and 1.0.

or counterclockwise rotation around the X-axis). We can, however, compare the observed spa-
tial distributions of twisting cells. As clearly shown in Fig. 7(a), effectively no RBCs were
observed to twist down the channel center (Y = 0), with the histogram peaks occurring at near
ﬁ: *0.5. These trends are both qualitatively consistent with the rigid body predictions
(cf. Fig. 8), strongly suggesting that the observed twisting is indeed due to torque exerted by
the converging flow within the tapered part of the constriction.

IV. SUMMARY AND CONCLUSIONS

Our quantitative measurements of 4400 RBCs demonstrate that RBCs undergo one of five
distinct classes of behavior in constriction flow in a microchannel: stretching, tumbling, twist-
ing, rolling, or complex. A key finding of the present work is that the predominant motion for
RBCs entering a constriction is twisting, with about one third of RBCs exhibiting this behavior.
Previous studies have paid little attention to twisting, but with such a large fraction of RBCs
exhibiting twisting, a renewed focus on this class of motion seems prudent. Twisting allows the
red blood cell to realign with the flow in such a way the that the shear strain on the membrane
is minimized; in this process, however, the viscous dissipation increases as the cell rotates
between shear planes. Further work is necessary to elucidate the implications of twisting on
bulk hemorheology.

Another key result presented here involves the extensive measurements of cell stretching,
with cells stretching on average by about 10%. Previous work on stretching RBCs in this geom-
etry examined relatively small sample sizes (of order 20), but our examination of more than
1000 stretching RBCs indicates that there is a tremendous amount of variability in the extent of
deformation. The observed variation is presumably due to differences in the vertical position of
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the RBC, as well as age based variation in cell rigidity. Future studies should take care to mea-
sure sufficiently large sample sizes; a particular danger lies in the possibility of selection bias if
researchers only measure the deformation of cells that “look like” they stretch sufficiently far
to be worth measuring.

The final key result presented here involves the detailed measurements of rotational motion
exhibited by the RBCs. The vast majority of cells exhibited rotation around various axes: to-
gether, twisting, tumbling, rolling, and complex (most of which exhibited some sort of rotation)
accounted for about 75% of the RBCs. Perhaps surprisingly, the angular velocities and spatial
distributions of tumbling, rolling, and twisting cells are well approximated simply using rigid
body theory. This result suggests a useful limiting case for comparison with more advanced
computational simulations of RBCs flowing through constrictions.

While most of the cells could be categorized into the four categories of stretching, tum-
bling, twisting, and rolling, a small percentage of cells (<15%) displayed complex behavior.
Many of the cells characterized as complex transitioned between twisting, tumbling, and/or roll-
ing. More work understanding the physical basis of these transitions is necessary to elucidate
the full dynamics of RBCs entering a constriction. More generally, much work remains in
examining how the balance of viscous dissipation and elastic strain contribute to RBC behavior
upon entering a constriction, in particular, as a function of cross-flow position. Since stretching
and twisting were highly sensitive to position in the channel and together account for over 50%
of the RBCs behaviors, the locations of these motions may be significant factors in determining
whole blood rheology in healthy individuals.

This work focused on RBCs obtained from ostensibly healthy donors, so the observed
distribution of RBC behaviors should serve as a baseline for comparison with disease states
known to affect RBC deformability. The distribution of behaviors for blood from healthy indi-
viduals is therefore an important first step in understanding how changes in RBC mechanical
properties contribute to disease states. Further work examining the influence of the flow rate
(and corresponding strain rate) on the observed behaviors is important to understand RBC
response to applied shear. In addition, many questions remain as to how RBC mechanical dy-
namics affect ATP release and RBC mechanotransduction. Further work should examine the
ATP release that is evoked by each of the different motions to assess how they impact RBC
vasodilatory signaling. The present work will serve as a framework for examining these more
complicated questions.
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