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Dissociation of red blood cell aggregates in extensional flow
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Blood rheology and microcirculation are strongly influenced by red blood cell aggrega-
tion. We investigate the dissociation rates of red cell aggregates in extensional flow using
hyperbolic microfluidic constrictions and image analysis by a convolutional neural network
(CNN). Our findings reveal that aggregate dissociation increases sharply when a critical
extension rate is reached which falls within the range of microcirculatory conditions,
suggesting that large variations of aggregate sizes should be expected in vivo. This work
contributes to a deeper understanding of the behavior of red blood cell aggregates in
response to extensional stress in microcirculatory networks, provides crucial experimental
data to validate theoretical and numerical models, and constitutes the basis for improved
evaluation of blood aggregability in clinical contexts.
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Introduction. Plasma proteins, mainly fibrinogen, are responsible for a reversible aggregation of
red blood cells (RBCs) [1]: near stasis and under low hydrodynamic stresses, the flat equilibrium
shape of RBCs promotes their aggregation into clusters called “rouleaux ” that resemble stacks
of coins, eventually interconnecting to form 3D networks. As hydrodynamic stresses rise and
overcome aggregation forces, the disaggregation of these structures, along with RBC deformability,
results in the well-known shear-thinning behavior of blood [2]. Aggregation directly affects blood
sedimentation, forming the basis of the erythrocyte sedimentation rate (ESR) test, a nonspecific
inflammation marker [3].

Two mechanisms of aggregation have been identified. A bridging mechanism was proposed,
supported by the evidence of macromolecule adsorption on the surface of RBCs and the role of
electrostatic forces [4] to explain the nonmonotonous nature of the interaction force as a function of
the macromolecular concentration. Both specific [5] and nonspecific [6,7] ligand interaction models
have emerged. A second mechanism is based on depletion effects [8,9] due to the finite size of
macromolecular aggregation promoters such as fibrinogen or dextran. While evidence shows that
both mechanisms coexist in experimental situations, there are still open questions regarding their
relative weight, depending on conditions (concentrations, synergies between fibrinogen and other
factors, dextran of model experiments, alterations of the RBC membrane, etc.).

While shear rates in blood circulation are usually above 100 s~! [10,11], a range where no
influence of aggregation is detected in macroscopic rheology measurements [2], several works
have revealed that aggregation interactions determine the structure of RBC suspensions in small
channels [12,13], stabilize clusters in capillaries [14], or influence blood perfusion in networks
[15]. A prominent feature of blood microcirculation is the heterogeneity of hematocrit distribution, a
consequence of the Zweifach-Fung effect leading to an uneven distribution of RBCs at bifurcations,
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generally resulting in an increased hematocrit in the downstream branch with the highest flow
[16-18]. While studies have focused on the influence of aggregation on hematocrit distribution,
albeit in relatively wide channels [19,20], the stability of RBC aggregates in bifurcations has
seldom been explored [21], although it is a strong determinant of aggregate size distribution in
capillary networks. Indeed, aggregates evolve only slowly in straight channels or capillaries [14,22]
and the distance between bifurcations is short in vivo [23]. On the other hand, significant exten-
sional stresses in bifurcations of the microcirculation may control aggregate dissociation and size
distribution.

Several studies, mostly computational, investigated the aggregation and dissociation dynamics
of RBCs in shear flows [5,24] and associated rheological consequences [25]. This configuration
is relevant to blood dynamics in large vessels down to arterioles or venules but not so much to
circulation in capillaries where the confinement of RBCs and clusters is such that shear does not
significantly affect aggregates. In contrast, their behavior in generic extensional flows, relevant
in microcirculation scenarios with significant extensional stresses at bifurcations, has been rarely
studied. Indeed, while bifurcations vary a lot in vivo (bifurcation angle, relative diameters and
flow rates in branches), they share a localized strong extensional component of the stress tensor,
prompting a need for understanding aggregate behavior in such conditions. In addition, extensional
flows offer an alternative to costly and time consuming techniques like atomic force microscopy
(AFM) [26] for quantifying aggregation forces or energy at the cellular level.

In this work, we provide a quantitative experimental study of RBC disaggregation in extensional
flows using microfluidic hyperbolic constrictions. We focus on the impact of aggregation strength
and flow extension stress on dissociation probabilities, proposing a straightforward scaling law.
Our findings enhance comprehension of red blood cell aggregate behavior in microcirculatory
networks, offering crucial experimental data for numerical model comparison and benchmarking.
The proposed experimental principle, which can readily be used to study aggregate dissociation
with RBCs in their own plasma rather than in dextran solutions, provides a high-throughput
detailed measurement of the distribution of aggregate stability in a blood sample and an indirect
measurement of interaction strength thanks to the proposed scaling law. This could form the basis
of a RBC aggregability measurement that would complement existing techniques.

Experiment. The central part of the microfluidics setup is a hyperbolic constriction [Fig. 1(a)]
producing a nearly planar extensional flow thanks to a decreasing channel width w(x) ~ 1/x,
where x is the coordinate in the flow direction, as implemented in other works [27,28]. Results
presented here were obtained using w(0) = 200 um, w(L) = 20 um, and a thickness & = w(L) in
the z direction and L = 250 um. Mass conservation implies that the cross-sectional average of the
axial velocity (u,(x)) increases linearly along x, i.e., the average extension rate d < u,(x) > /dx
is constant. Given that the Reynolds number Re = pv(L)h/2n (where p and 7 are the density and
viscosity of the suspending fluid) is below 1 in all experiments and assuming that the velocity along
the central axis v,(x) = u(x, 0, 0) increases linearly as the average velocity, a fluid particle flowing
along the centerline will experience a nearly constant fluid extension rate defined as £, = dv,/dx.
COMSOL numerical simulations were performed to confirm the quasilinearity of the velocity profile
(see the Supplemental Material [29]).

In practice, the channel features a succession of constrictions with fixed inlet and outlet widths
w(0) = 200 ym, w(L) =20 um, and decreasing lengths L = 1000, 500, 250, 125 um exposing
clusters to increasing extension rates. Each of them is followed by a straight channel [cross section
w(L) x h =20 x 20 um?, length 150 um] in order to facilitate image acquisition at the end of
the extensional flow region, and a large channel section (w = 200 um, L = 150 um) ensuring that
clusters are relaxed before entering the next constriction. Note that due to strong confinement in the
z direction, the average shear rate is actually quite high and of order y ~ 2v,(x)/h, meaning that
y /&y ~ 25 at the end of the constriction. However, as already seen in previous works [14,22], in this
configuration where flowing RBC aggregates are well centered in the channel the symmetric shear
forces do not significantly contribute to disaggregation. Therefore, we expect extensional stresses
to provide the dominant dissociation mechanism, which is confirmed by our observations below.
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FIG. 1. Hyperbolic flow geometry producing extensional flow: (a) Design of the central part of the
microfluidic channel and notations. Blue areas: image processing regions of interest (ROIs). (b) Example
temporal sequence of a three-cell aggregate breaking into 2 + 1 cells in the extensional flow with & = 204 s~!
(time step: 4 ms; dextran concentration 3 g/dL).

Blood samples provided through an agreement for the transfer of non-therapeutic blood products
with the French Blood Establishment (EFS) (Ref. EFS AURA 22-082) were collected from healthy
donors and anticoagulated with citrate, stored at 4 °C and used within 1 week after collection for
consistent results [30]. A total of seven samples from different donors were used in the presented
results. Before experiments, RBCs were washed by successive dilutions with phosphate buffered
saline (PBS, Sigma-Aldrich, P4417) and centrifugations (1000 g x 3 min, three times). Aggregation
was controlled by resuspending RBCs at an initial hematocrit of 2-3% in PBS supplemented
with dextran 70 kDa (Sigma-Aldrich, D8821), as in previous studies [14,31]. Dextran, promotes
aggregation by favoring mainly depletion interactions [14,26,31-33] with a possible contribution of
bridging interactions [21]. By varying the dextran concentration from 1 to 5 g/dL, the interaction
energy varies in the range [—5, —1] wJ/m?, as measured by AFM [14,26]. RBCs were introduced
in the channel through a flow focusing device that allows us to dilute RBCs with the PBS-dextran
solution and focus aggregates around the centerline before they reach the constriction section where
further centering is achieved after the first constriction—see the Supplemental Material [29] for
a quantification. The flow was controlled by an Elveflow OB1 pressure controller, allowing us to
vary extension rates in constrictions between 30 and 650 s~'. The slow velocity of cells in the
inlet section ahead of the constrictions allowed for a visual check to ensure that cells had a healthy
discocyte shape when entering the channel. The channel had also initially been passivated with
a solution of 1 g/L bovine serum albumin (BSA, Sigma-Aldrich, A7906) to prevent undesirable
interactions between cells and walls.

Observations were made in bright field microscopy with an Olympus IX71 microscope
equipped with a 10x objective lens and a Photron Fastcam Mini-UX100 fast camera (resolution
1.4 pixel/um). A typical image sequence showing aggregate dissociation is shown in Fig. 1(b).
In order to evaluate the actual or effective particle extension rate experienced by aggregates
& = dv,/dx where v, is the particle velocity, sequential positions x(¢) of a few particles (aggregates)
along the hyperbolic constriction were measured and fitted with a function x(¢) = a + bexp(ét).
Note that each aggregate passes through and survives a straight channel with a cross section of
20 um x 20 um (where the shear exerted is maximum) before entering the hyperbolic constriction.
Hence, any breaking events to the clusters passing through the hyperbolic section must be triggered
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FIG. 2. Distribution of the RBC population in aggregates of different sizes before and after a constriction,
for an extension rate ¢ = 204 s~! and a dextran concentration of 3 g/dL.

by the extension rather than shear. This is confirmed by our observation that all breaking events take
place significantly before the end of the constriction (x < 150 um), i.e., in a region where shear
is much lower compared to the straight section following the previous constriction. Since the only
significant difference, in terms of hydrodynamic stresses, between the studied constriction and the
straight 20-um-wide channel located upstream is the additional extensional component, one can
safely conclude that aggregate dissociation is controlled by extensional stress in our device and that
¢ is the relevant parameter.

The evolution of RBC cluster size distribution was evaluated using successively classical image
processing and a custom convolutional neural network (CNN) algorithm (see the Supplemental
Material [29]). Image processing involves selecting two regions of interest (ROIs) in straight
20-um-wide sections of the channel located before and after a given constriction in order to compare
aggregate size distributions. We verified that no re-aggregation occurs in the abruptly expanding
zones after constrictions thanks to the very short residence time of cells. Data sets consisting of
images of the two ROIs are then processed by the CNN for classification.

Overall, the image processing allows us to detect and analyze between 1000 and 10000
objects for a given experiment sequence (fixed flow rate and dextran concentration), which are
then classified into single cells, doublets, triplets, quadruplets, and larger objects with respective
relative populations S;, D;, T;, Q;, and N; [with i = 0 before and i = 1; see Fig. 1(a)]. These
numbers are normalized by the total number of detected RBCs (aggregated or not), such that
Si +2D; + 3T; + 40; = 1 (aggregates of five cells or more are very rare and not included in this
normalization). An example of the evolution of the distribution of RBCs in aggregates of different
sizes (i.e., relative values of S;, 2D;, 3T;, and 4Q;) when going through the constriction is shown in
Fig. 2, reflecting the disaggregation of large aggregates into smaller ones and single cells.

We then define dissociation the probabilities p,; (for doublets), p; (triplet breaking into a doublet
and a single cell), p,; and p, (quadruplet breaking into respectively two doublets or a single cell
and a triplet), with p, = p,1 + p,. Note that based on observation the probability of an aggregate
breaking into more than two parts was considered negligible, likely due to stress relaxation when a
first bond breaks.

Assuming mass conservation yields the following relations:

S1 = 8o+ 2paDo + p:To + py1Qo, (1a)
Dy = Do+ pTo + 2ppQo — paDo, (1b)
Ty =To + psQo — piTo, (Ic)
Q1 = Qo1 — pg1 — pg2)- (1d)

This set of linear equations, which is redundant due to mass conservation, can be solved to derive
disaggregation probabilities py, p;, and p, = p,1 + ps» by making the additional assumption that
the ratio A = pg»/p,1 is constant. A sensitivity analysis reveals that the solution of the system
of equations only weakly depends on the exact value of A. Therefore, we made the reasonable
assumption that the three different cell-cell bonds in a linear quadruplet had an equal probability of
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FIG. 3. Aggregate dissociation probabilities as a function of extension rate and dextran 70 kDa concentra-
tion. (a)—(c) disaggregation probabilities of doublets (py,), triplets (p,), and quadruplets (p,) vs extension rate &
for different dextran concentrations, showing a sharp transition between 80 and 200 s~!; (d)—(f) disaggregation
diagrams in the extension stress ¢ vs dextran concentration parameter space, respectively, for doublets, triplets,
and quadruplets. The color scale represents dissociation probabilities.

breaking, that is, A = 1/2. The results are summarized in Fig. 3 where these probabilities are plotted
as a function of extension rate and dextran concentration. (See Fig. S5 of the Supplemental Material
[29] for comments on sample variability.)

Remarkably, dissociation probabilities show a sigmoid behavior when increasing the extension
rate with a strong jump in the range 80-200 s~! that hints at a critical extension rate é. and a slower
increase at higher extension rates. Ideally, if all aggregates were identical, the same reproducible
scenario would apply and they would break at the same extension rate, when flow stresses overcome
interaction forces. The dissociation probabilities of Figs. 3(a)-3(c) would then be step functions with
zero breaking probability below &, and 1 above.

The smoother progression of dissociation probabilities is likely due to several factors. First, the
dispersion in orientations and morphologies of aggregates entering the constriction causes variations
in aggregate strength and stress. This phenomenon, noted in early studies of aggregate dissociation
in shear flow [34], affects dissociation probability. Second, the heterogeneity of cell properties is
significant: RBC aging increases stiffness [35-37], impacting aggregation properties [38].

After the transition in the range 80 < & < 200 s~', the dissociation probability increases slowly
and neither reaches 1 nor shows asymptotic behavior at the highest rates tested. Doublets, with an
aspect ratio close to 1 and less prone to alignment in the flow direction, are particularly robust, with
less than 50% dissociating at the highest rate for dextran concentrations of 2-3 g/dl. Although
aggregates would eventually break under sufficiently high extension rates and prolonged time,
this experimental system cannot vary these factors independently. In the microcirculation, RBC
aggregates mainly encounter extensional stresses in bifurcating vessels, making brief periods of
extension physiologically significant.

Qualitatively, larger aggregates [Figs. 3(b) and 3(c)] tend to break at slightly lower extension rates
than smaller ones, with significantly higher dissociation rates. This is consistent with the higher total
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drag force exerted on the surface of longer aggregates, which has to be balanced by attraction force
at the weakest cell-cell contact zone in the aggregate.

Figures 3(d)-3(f) display disaggregation diagrams: To account for the non-negligible variation
of suspending medium viscosity  with dextran concentration ¢, we represent disaggregation prob-
abilities in the (o, ¢) parameter space where o = n¢ is the extensional stress. Following previous
measurements [32], we take n(c) = —1.78 4 2.84 exp(0.0097¢) mPas with ¢ in mg/ml. Interest-
ingly, the dissociation probabilities defined above follow a marked nonmonotonous bell-shaped
behavior as in several other RBC aggregation studies with dextran as an aggregation promoter
[9,14,31,32]. The comparison of data for doublets, triplets, and quadruplets reveals a consistent
pattern wherein the maximum aggregate strength is achieved at dextran concentrations ranging
2-3 g/dl with, again, a global shift towards lower stresses that indicates a higher fragility of larger
aggregates.

Assuming a balance between the work of hydrodynamic forces and the interaction energy at
the contact zone of two cells, the critical dissociation stress can be estimated through dimensional
arguments. For two rounded cells of radius R aligned with the flow, the contact area is a disk with
radius R (area ~m R?). In the moving frame at the doublet”s center, it is in a planar elongational flow
with extension rate ¢ and x velocity éx. The average relative fluid velocity with respect to the right
cellis U ~ éR (and —U on the left side), so each cell experiences a drag force similar to the Stokes
force on a sphere of radius R,

F ~ 4+6mnRU ~ +6mnéR?, )

with a positive sign for the right cell and a negative sign for the left cell. These two opposing forces
tend to separate the two cells in the moving frame. Assuming cells are pulled apart a distance 8/
from the origin of the moving frame, these forces produce a total work

W =2 x 6xnéR?S1. (3)

This work compensates the loss of interaction energy between cells. Denoting €, the interaction
energy per unit area as defined earlier [9,14,26,31], the total adhesion energy is

Eat = TR €aa. )
By equating W = E,; one gets the critical extension rate required to overcome adhesion:
éc = €qa/(12081). (&)

Note that in this simple energy balance, we neglected viscous dissipation due to the peeling of
RBC membranes from each other. This assumption is based on the large contact angle between
membranes resulting from their deformability [see the first snapshots in Fig. 1(b)] and is supported
by features of the experimental results: If viscous dissipation between separating membranes
were the major force opposing dissociation, the results would be nearly independent of viscosity,
extension rate, and interaction energy (see also the Supplemental Material [29] for an estimation of
the lubrication-mediated separation timescale).

Taking €,y = 5 WJ/m? (maximum value of the interaction energy in dextran 70 kDa solution as
measured in Steffen et al. [26]), n = 2 mPas (approximate viscosity of 3 g/dL dextran solution)
and 8/ ~ 1 um (order of magnitude of the displacement required to separate cells), Eq. (5) yields a
critical extension rate of order 200 s~! which is the order of magnitude we measured in experiments
[Fig. 3(a)].

For larger aggregates (triplets, quadruplets), as the centers of mass of the leftmost and rightmost
cells are at a larger distance from the origin of the moving frame, a smaller extension rate is needed
to produce the same relative fluid velocity and drag force. Using the same scaling argument, the
extension rate required to dissociate an aggregate of N cells becomes

£c(N) = &./(N/2) = €4a/(ONS). (6)
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FIG. 4. Aggregate dissociation probability vs éN/2 (a) and vs néN/2 (b) as suggested by Eq. (6) showing
a collapse of data for all aggregate sizes (¢: doublets; H: triplets; ®: quadruplets) and an ordering from left to
right consistent with increasing interaction energy €,,.

This scaling is tested plotting the dissociation probabilities as a function of &(N/2) [Fig. 4(a)]
and né.N/2 [Fig. 4(b)], the only independent parameter left being the interaction energy €,,. A nice
collapse of experimental data corresponding to different aggregate sizes is obtained in Fig. 4(a),
especially considering the initial scattering of individual data series in Figs. 3(a)-3(c), as well as an
ordering according to interaction energy in Fig. 4(b) with weak aggregation cases on the left side
(1, 4, and 5 g/dL) and a nearly perfect overlap of data for 2 and 3 g/dL consistent with similar
values of the adhesion energy near the maximum of the bell-shaped adhesion energy curve [14,26].

Interestingly, the dextran 70-kDa concentration at which the maximum influence of aggregation
forces is observed appears highly dependent on experimental setup and stress type: while here we
report a maximum resistance to extension at 2—-3 g/dL as in AFM measurements [26] or for clusters
in straight microchannels [14], other studies reported a peak of aggregation-related phenomena in
the range 4—6 g/dL [31,32]. This variation may stem from differences in cell-cell interactions across
various flow conditions, potentially leading to shifts in dextran concentration influence.

Conclusion. The response of RBC aggregates to extensional flow stresses was quantitatively
investigated by studying dissociation statistics under various levels of stress and interaction forces.
This provides an original data set that should be useful for the validation of RBC aggregation
models and the benchmarking of numerical simulations. Remarkably, strong changes in behavior are
found in a range of parameters corresponding to physiological situations: (i) the range of extension
rates, around 100 s~!, where transitions are seen, corresponds to typical extension rates found at
bifurcations of the microcirculation in vivo (velocities around 1 mm/s in capillaries with diameters
around 10 um) and (ii) considering previously measured values of the interaction energy [14,26], the
normal range of physiological fibrinogen concentrations (1.8—4 g/L) corresponds to approximately
1 g/dL of dextran 70 kDa while the concentrations at which we see the most robust aggregates (2—3
g/dL of dextran) correspond to elevated fibrinogen levels seen in pregnancy, inflammatory, and other
hyperaggregability cases. This suggests that in vivo variations of fibrinogen levels between normal
and pathological cases could lead to significant differences in dissociation rates of RBC aggregates
in microcirculatory networks and with a likely strong impact on the distribution of aggregate sizes.
This is expected to significantly influence the local rheology of blood and hematocrit distribution
in capillary networks and calls for further investigations on the behavior of aggregates in complex
networks and their impact on blood perfusion.

Finally, the experimental and data analysis principle developed here offer an alternate and
relevant way to characterize RBC aggregation that could be used for fundamental studies on the
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influence of RBC mechanical properties, aggregation mechanisms (using different aggregation
promoters such as fibrinogen or pure depletant agents [39]), or for an improved evaluation of the
aggregability of healthy and pathological blood samples in clinical contexts.
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