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Biomarker development is a key clinical research need in sickle cell disease (SCD).
Hemorheological parameters are excellent candidates as abnormal red blood cell (RBC)
rheology plays a critical role in SCD pathophysiology. Here we describe a microfluidic
device capable of evaluating RBC deformability and adhesiveness concurrently, by
measuring their effect on perfusion of an artificial microvascular network (AMVN) that
combines microchannels small enough to require RBC deformation, and laminin (LN)
coating on channel walls to model intravascular adhesion. Each AMVN device consists
of three identical capillary networks, which can be coated with LN (adhesive) or left
uncoated (non-adhesive) independently. The perfusion rate for sickle RBCs in the LNcoated networks (0.18 ± 0.02 nL/s) was significantly slower than in non-adhesive
networks (0.20 ± 0.02 nL/s), and both were significantly slower than the perfusion
rate for normal RBCs in the LN-coated networks (0.22 ± 0.01 nL/s). Importantly,
there was no overlap between the ranges of perfusion rates obtained for sickle and
normal RBC samples in the LN-coated networks. Interestingly, treatment with poloxamer
188 decreased the perfusion rate for sickle RBCs in LN-coated networks in a dosedependent manner, contrary to previous studies with conventional assays, but in
agreement with the latest clinical trial which showed no clinical benefit. Overall, these
findings suggest the potential utility of the adhesive AMVN device for evaluating the
effect of novel curative and palliative therapies on the hemorheological status of SCD
patients during clinical trials and in post-market clinical practice.
Keywords: deformability, adhesiveness, microvascular perfusion, capillary network, microfluidics, sickle cell
disease, hemorheology, rheological biomarkers

INTRODUCTION
Normal human red blood cells (RBCs) can squeeze through capillaries as small as 3 µm in
diameter, and generally do not adhere to the endothelial cells that line blood vessels (Mohandas and
Gallagher, 2008). Continual, unimpeded passage of RBCs through the microvasculature is crucial
for maintaining appropriate levels of perfusion and tissue oxygenation (Lipowsky, 2005). In sickle
cell disease (SCD), sickle RBCs exhibit both decreased deformability and increased adhesiveness
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on the surface of sickle RBCs and the sub-endothelium matrix.
LN becomes exposed when the endothelium is damaged, and
is therefore particularly relevant to a vasculopathy like SCD
(Bartolucci et al., 2010; Laurance et al., 2011). We validated
our new system by comparing the AMVN perfusion rate for
samples of sickle (HbSS) and healthy (HbAA) RBCs, with and
without LN coating. We then tested the utility of the system to
detect drug response by measuring the effect of poloxamer 188
(P188), a tri-block copolymer known for its ability to repair cell
membrane damage (Maskarinec et al., 2002; Moloughney and
Weisleder, 2012). P188 was found to have a beneficial effect on
rheological behavior of sickle RBCs in other in vitro assays (Gibbs
and Hagemann, 2004; Sandor et al., 2016), and was investigated
extensively as a potential therapy option for SCD (Orringer et al.,
2001; Ballas et al., 2004), ultimately failing to reduce the frequency
and duration of vaso-occlusive crises (VOC) in a Phase III clinical
trial (EPIC, 2016).

due to a genetic defect that ultimately distorts the shape of
the RBC and renders it more rigid. The change in shape has
detrimental effects on microvascular perfusion (Mohandas and
Evans, 1989; Relevy et al., 2008; Barabino et al., 2010; Hess,
2010; Da Costa et al., 2016), and results in a wide range of
serious clinical complications, including pain crisis, end organ
damage, and stroke (Matsui et al., 2001; Goel and Diamond, 2002;
Byrnes and Wolberg, 2017). Additionally, while more deformable
sickle RBCs are generally considered clinically favorable, as they
are expected to flow more easily through the microvasculature,
they are associated with greater levels of RBC adhesion and
aggregation (Connes et al., 2013; Deng et al., 2019). Thus, the
interplay between RBC deformability and adhesiveness with
respect to their combined effect on microvascular blood flow
is complex, and can make clinical interpretation of individual
laboratory measurements challenging. Given the profoundly
synergistic effect of both deformability and adhesion on blood
flow, it is essential that we evaluate these two properties
concurrently within a single device.
Currently, most devices for measuring RBC deformability
and adhesion do so independently. While change in shape
(elongation) of adherent RBCs under shear in adhesion assays
provides some measure of deformability, such a measurement
omits the contribution of all non-adherent RBCs and does not
account for the wide range of deformations RBCs experience in
the microcirculation (Relevy et al., 2008; Alapan et al., 2016b).
The channels of microfluidic networks lined with endothelial
cells invariably must have diameters larger than 15–20 µm to
enable confluent culture; this trade-off omits the deformations
RBCs experience in the smallest capillaries (Carden et al., 2017).
Conversely, unlined microfluidic devices with narrow, capillarysize channels (some as small as 3–5 µm in diameter) designed
to evaluate various aspects of RBC deformability do not assess
adhesion (Glodek et al., 2010; Du et al., 2015; Picot et al., 2015;
Burns et al., 2016; Islamzada et al., 2020; Man et al., 2020;
Robidoux et al., 2020).
Here we present the development and initial validation of an
artificial microvascular network (AMVN) that allows concurrent
assessment of deformability and adhesiveness of RBCs isolated
from whole blood and re-suspended at a physiologic hematocrit.
The device measures the ability of RBCs to traverse a network
of channels ranging from 5 µm “capillaries” to a 70 µmwide “venule” to mimic the wide range of deformations RBCs
experience in vivo. Additionally, the walls of the AMVN
microchannels are coated with a relevant adhesion molecule to
measure the effect of RBC adhesiveness on the network perfusion.
We have previously developed a non-adhesive version of the
AMVN (Shevkoplyas et al., 2006; Burns et al., 2012), which we
used extensively to evaluate the effect of various parameters on
microvascular network perfusion, including RBC deformability
(Shevkoplyas et al., 2006; Burns et al., 2012; Sosa et al., 2014;
Piety et al., 2021), hematocrit (Piety et al., 2017; Reinhart et al.,
2017a), RBC aggregation (Reinhart et al., 2017b), RBC shape
(Piety et al., 2016), and osmolality of the suspending medium
(Reinhart et al., 2015b). In this study, we coated the adhesive
AMVN with laminin (LN), a ligand that mediates the interaction
between the basal cell adhesion molecule (BCAM)/Lutheran (Lu)
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MATERIALS AND METHODS
Fabrication of the Microfluidic Device
The design and fabrication of the non-adhesive, uncoated AMVN
has been previously described in detail (Burns et al., 2012,
2016). Briefly, a master wafer patterned with the layout of
the AMVN device was fabricated using photolithography, and
polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning Corp,
Midland, MI) mixed at a 1:10 (curing agent to liquid PDMS)
was poured onto the master wafer and allowed to cure (3 h at
65◦ C). Once cured, the AMVN replicas were peeled off the master
wafers, plasma-oxidized (100 s, air plasma, PDC-3xG, Harrick
Plasma, Ithaca, NY), and then bonded to a glass slide coated with
PDMS. Each individual AMVN device consisted of three identical
networks with three separate inlets, leading to a single, common
outlet (Figure 1; Burns et al., 2012). Within 1 h of oxidation
and bonding of the AMVN device, the “non-adhesive” networks
of the device were filled with a 1% mPEG-silane (Laysan Bio,
Inc., Arab, AL) solution in GASP buffer (1.3 mmol/L NaH2 PO4 ,
9 mmol/L Na2 HPO4 , 140 mmol/L NaCl, 5.5 mmol/L glucose,
1% bovine serum albumin; osmolality 290 mmol/kg, pH 7.4).
The “adhesive” networks of the device were treated similarly to
a previously published method (Alapan et al., 2016a; Kim et al.,
2017), by filling and incubating for 1 h at room temperature
(RT) with a solution of heterobifunctional cross-linker Sulfo N-gMaleimidobutyryloxy succinimide ester (Sulfo-GMBS, 1mM in
saline; Thermo Fisher Scientific, Waltham, MA), and then rinsing
with saline to remove unbound cross-linker. Next, the networks
were filled with a solution of LN (sourced from Engel-HolmSwarm murine sarcoma basement membrane; Sigma-Aldrich, St.
Louis, MO) that was diluted with normal saline at 1:10 (LN to
saline by volume) (Alapan et al., 2016a). Following 1 h incubation
at RT, the “adhesive” networks were flushed with saline to remove
unbound LN. Finally, all networks of the device were flushed
with 1% mPEG-saline solution in GASP buffer and incubated
overnight at 4◦ C, to minimize non-specific adhesion. Prior to
running each experiment, the devices were flushed with normal
saline for 1 min.
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FIGURE 1 | Illustration of the AMVN device setup. (A) Each device consists of three identical capillary networks, connecting three separate inlets to a common
outlet. (B) Photograph of the AMVN device. Ten cent U.S. coin is shown for size reference. (C) A bright-field microscopy image showing the flow of blood in the
capillary networks of an AMVN device. The device is illuminated through a blue filter to increase contrast (RBCs appear dark in blue light).

AMVN experiment, each network of the device was first filled
with the RBC sample by applying a small pressure difference
between the inlets and the outlet to drive the flow. The pressure
difference was then brought to zero (confirmed by observing
cessation of movement of RBCs in the channels), and the
recording of the images for measuring the network perfusion
was initiated. Finally, the pressure difference was set to −20 cm
H2 O, and remained constant for the duration of the experiment
(3 min). The flow of RBCs in the AMVN was observed using
an inverted microscope (iX83, Olympus America, Inc., Center
Valley, PA) equipped with a high-speed camera (Flea3, Point Gray
Research, Inc., Richmond, Canada) to acquire images of the postAMVN (venular) channels (10-image bursts at 100 fps every 10 s).
Images were analyzed using a custom image analysis algorithm
implemented in MATLAB (The Math Works Inc., Natick, MA)
to determine the average RBC velocity in each venular channel;
the network perfusion rate was then calculated by multiplying
the average RBC velocity by the area of the venular channel
cross section. During an experiment, the perfusion rate increased
rapidly soon after the driving pressure was applied to the device,
reaching a plateau once the flow was fully established (<1 min,
for an example see Figure 2). The overall perfusion rate was
calculated by averaging over the plateau region (e.g., Figures 3, 4).
For additional details on the AMVN device design, fabrication
and perfusion rate measurements please see Burns et al. (2012).

Blood Samples
Whole blood was collected from SCD patients with the HbSS
genotype (n = 7 female, n = 6 male; 1–20 years of age; HbS = 21.6–
85.9%; HbF = 0.7–32.9%, HbA = 0–66.3%) during their regular
clinic visits to the Texas Children’s Hospital (Houston, TX) into
3 mL vacutainer tubes (K2 EDTA, BD), under a Baylor College
of Medicine Institutional Review Board approved protocol. The
%HbS, %HbF, %HbA, genotype, treatment type, gender, and
age were obtained by review of patient’s medical records (see
Supplementary Information for detailed patient information).
Whole blood from normal individuals was collected from
consenting volunteers into 4 mL vacutainer tubes (K2 EDTA,
BD), under a University of Houston Institutional Review Board
approved protocol. Blood samples from both healthy volunteers
and SCD patients were leukocyte- and platelet-reduced by
removing the buffy coat and platelet-rich plasma after gravity
sedimentation at RT, and the RBCs were then re-suspended
in normal saline at either 25% or 40% hematocrit (HCT). For
Poloxamer 188 (P188) experiments, RBCs were incubated with
5 or 10 mg/mL P188 (Kolliphor P188; CAS: 9003-11-6; SigmaAldrich, St. Louis, MO) at 25% HCT for 30 min at 37◦ C, following
a previously published protocol (Sandor et al., 2016).

Measurements of the AMVN Perfusion
Rate

Viscosity Measurements

The experimental setup used to measure the AMVN perfusion
rates has been previously described in detail (Shevkoplyas et al.,
2006; Burns et al., 2012, 2016; Sosa et al., 2014). In a typical
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FIGURE 2 | An example of the AMVN perfusion rate traces for samples of sickle (HbSS) and normal (HbAA) RBCs at 25 and 40% HCT, in either adhesive (LN) or
non-adhesive (mPEG) networks. A constant HCT of approximately 25% was chosen for all subsequent experiments.

FIGURE 3 | A box-plot comparison between the perfusion rates in adhesive (LN) and non-adhesive (mPEG) networks of the AMVN device for samples of normal
(HbAA, n = 8) and sickle (HbSS, n = 8) RBCs suspended at 25% HCT. HbAA samples are indicated by squares. For samples from SCD patients (HbSS), triangles
denote treatment with hydroxyurea, upside down triangles denote treatment with transfusion therapy, and rhombi denote treatment with both hydroxyurea and
transfusion. All differences between the groups are statistically significant (p < 0.05).
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FIGURE 4 | The effect of incubation of sickle RBCs with P188 at a concentration of 0 (control), 0.5, and 1% (w/v) on perfusion of the adhesive AMVN (n = 8 for each
condition). Triangles denote treatment with hydroxyurea, upside down triangles denote treatment with transfusion therapy, and rhombi denote treatment with both
hydroxyurea and transfusion. Differences between all groups were statistically significant (p < 0.5, paired t-test).

the number of adhesive and non-adhesive network units within
the same AMVN device to match the needs of a particular
experiment. To make a network “non-adhesive,” we treated the
channels with mPEG-silane following the same protocol we
implemented in our earlier studies for minimizing non-specific
adhesion (Burns et al., 2012; Forouzan et al., 2012). To make
a network “adhesive,” we coated the walls of its microchannels
with LN by adapting a method previously published in the
literature (Alapan et al., 2016a). Figure 2 shows examples of
the perfusion rate traces measured for a sample of sickle RBCs
(at native HCT of ∼25%) and normal RBCs from a healthy
volunteer (with HCT adjusted to either 25 or 40%), in both
adhesive and non-adhesive networks. The AMVN perfusion rate
for normal RBCs showed a strong dependence on sample HCT,
as expected. For each sample (either sickle or normal), the
perfusion rate in the adhesive network was consistently lower
than in the non-adhesive network, although this difference was
substantially larger for sickle RBCs compared to normal RBCs.
Interestingly, the perfusion rate for sickle RBC sample (25%
HCT) in the adhesive network was about the same as for normal
RBC sample (40% HCT) in either adhesive or non-adhesive
network, notwithstanding the rather significant difference in
HCT in favor of the sickle RBC sample. Finally, the perfusion
rate for sickle RBCs in non-adhesive network was substantially
faster than that in adhesive network, but still much slower than
that of normal RBCs with the same 25% HCT, regardless of
adhesion (Figure 2).

dissolving P188 at 0, 0.5, and 1% w/v in DI water,
and measuring the viscosity of each solution on a
cone/plate viscometer (DV3T, Brookfield Engineering
Laboratories, Inc., Middleboro, MA). All measurements
were performed in triplicate at 25◦ C and a constant shear
rate of 225 (1/s).

Statistical Analysis
The statistical significance of the differences between the
perfusion rates of adhesive and non-adhesive AMVN for the
same subject was evaluated using paired t-test. The differences
in AMVN perfusion rates between groups of subjects were
compared using two-sample t-test. Differences with p-value of
less than 0.05 were considered significant. All data analysis
was performed using functions of the Statistics and Machine
Learning Toolbox in MATLAB. All values are shown as
mean ± standard deviation.

RESULTS
Design of the Adhesive Artificial
Microvascular Network Device
Figure 1 illustrates the design and operation of the adhesive
AMVN device. Because the device consisted of three identical,
individually addressable microchannel networks, we were able
to treat each of the three networks independently, changing
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1.01 ± 0.01 cP (5% increase) for 0.5% P188, and further to
1.16 ± 0.05 cP (20% increase) for 1.0% P188 (p < 0.05 for
all differences).

Additive Effect of Deformability and
Adhesiveness on Microvascular Network
Perfusion for Sickle RBCs
In order to validate our system’s ability to detect the differences
in deformability and adhesiveness of normal and sickle RBCs,
we fabricated AMVN devices with one non-adhesive and two
adhesive networks to compare side-by-side the flow behavior
of normal RBCs and sickle RBCs in the presence and absence
of LN-mediated adhesion, under the same flow conditions.
Figure 3 compares the perfusion rate of normal RBCs (n = 8,
HCT = 25.4 ± 0.5%) in one of the adhesive networks of the device,
with that of sickle RBCs (n = 8, HCT = 25.4 ± 0.7%) in the nonadhesive and in the other adhesive network of the same device
(the values shown in Figure 3 were obtained by averaging over
the plateau region of the perfusion rate traces measured in each
experiment, see for example Figure 2, as described previously;
Burns et al., 2012). On average, the perfusion rate for sickle RBCs
in the adhesive network (0.18 ± 0.02 nL/s) was significantly
(paired t-test; p < 0.05) lower than that in the non-adhesive
network (0.20 ± 0.02 nL/s), and both were significantly (twosample t-test; p < 0.05) lower than the perfusion rate for normal
RBCs (0.22 ± 0.01 nL/s). For each sickle RBC sample, regardless
of the subject’s therapy, the perfusion rate in the adhesive
network was lower than in non-adhesive network by 11.8 ± 4.9%,
on average (range: 5.1–19.7%). The range of perfusion rates
measured for samples from different SCD patients in either
adhesive (range: 0.14–0.21 nL/s, 13% coefficient of variation/CV)
or non-adhesive (range: 0.18–0.23 nL/s, 9% CV) network was
substantially wider than for samples from healthy subjects (range:
0.21–0.23 nL/s, 4% CV). Importantly, there was no overlap of the
perfusion rate in the adhesive AMVN between normal and sickle
RBCs. Each sample was run on three different devices, and had an
average CV of less than 5%, indicating excellent reproducibility of
perfusion rate values from the same sample across three different
devices (data not shown).

DISCUSSION
Endpoints in current clinical trials evaluating new therapies
for SCD typically include a combination of conventional
hematologic parameters (e.g., total Hb, HbF level) and observed
clinical complications (e.g., frequency of VOC). However, not
every novel SCD therapy produces a change in conventional
laboratory values (e.g., crizanlizumab, L-glutamine) (Kucukal
et al., 2020; Lu et al., 2020). Additionally, monitoring for clinical
complications (e.g., counting VOC over a period of time) is a slow
and subjective process. Finally, none of these common endpoints
assess RBC functional properties, and hence cannot determine if
the therapy has reduced the rheological abnormalities associated
with SCD. Incorporating hemorheological biomarkers (RBC
deformability and adhesiveness) into the clinical trial protocols
alongside traditional clinical endpoints has the potential to
provide a much more informative, mechanistic, and less
subjective assessment of the effectiveness of novel SCD therapies
(Kucukal et al., 2020; Lu et al., 2020).
At present, these two RBC properties are typically assessed
in vitro using separate devices, which entirely overlooks the
complex interplay between the effect of deformability and
adhesiveness on microvascular blood flow observed in vivo.
Deformability is typically measured using classic ektacytometry
(Connes et al., 2014, 2018; Parrow et al., 2017) and filtration
assays (Smith et al., 1987), as well as various microfluidic devices
(Burns et al., 2012; Picot et al., 2015; Guzniczak et al., 2018;
Islamzada et al., 2020; Robidoux et al., 2020). Adhesiveness is
evaluated by quantifying RBC adhesion to cultured endothelium
or specific adhesion molecules under static (Smith et al., 1987)
and flow conditions (Montes et al., 2002; Relevy et al., 2008;
Alapan et al., 2016b). These classical adhesion assays can provide
a measure of deformability, but only for the adherent RBCs
and under a very limited set of flow conditions (Relevy et al.,
2008; Alapan et al., 2016b). Even the cutting-edge microfluidic
systems lined with cultured endothelium (to better mimic the
complexity of RBC adhesion to the vessel wall) are limited to
channels larger than 15-20 µm, omitting the deformations RBCs
experience in the smallest capillaries (Mannino et al., 2015;
Carden et al., 2017). To our knowledge, the adhesive AMVN is
the first device that can measure in vitro how the basic functional
properties of sickle RBCs may affect perfusion of capillary
networks at native HCT and under physiological flow conditions.
By measuring the perfusion rate of the same sickle RBC sample
in both an LN-coated and a non-adhesive network under the
normoxic conditions, we were able to comprehensively assess
the synergistic effect of both deformability and adhesiveness on
perfusion rate. We observed that the perfusion rate of all sickle
RBC samples in our study significantly decreased in the presence
of LN, independent of deformability (as literally the same sample
was ran in a LN-coated and a non-adhesive network of the same
device under the same conditions simultaneously). Our results

Effect of P188 on the Ability of Sickle
RBCs to Perfuse an Adhesive
Microvascular Network
Figure 4 shows the effect of increasing concentrations of
P188 on the ability of sickle RBCs to perfuse an adhesive
AMVN. In these experiments the AMVN devices were fabricated
with all three networks coated with LN, which allowed for
a side-by-side comparison of HbSS RBC samples (25% HCT)
treated with two different concentrations of P188 and an
untreated control. We found an 11.7 ± 3.5% (range: 7.4–15.6%)
decrease in the perfusion rate for sickle RBCs treated with
0.5% P188 compared to the untreated control (paired t-test,
p = 0.00011). There was a further decrease of 10.4 ± 4.1%
(range: 4.8–15.7%) in perfusion rate for sickle RBCs treated
with 1% P188 (paired t-test, p = 0.00037), leading to an overall
decrease of approximately 21.0 ± 4.5% (range: 13.7–27.3%)
relative to the untreated control (paired t-test, p = 0.00003).
The viscosity of the suspending medium, measured with a
cone/plate viscometer, increased from 0.97 ± 0.01 cP to
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compared samples because of the strong dependence of AMVN
perfusion rate on HCT of the sample (Piety et al., 2017; Reinhart
et al., 2017a). We found no significant correlation between
sample leukocyte and platelet concentrations and perfusion rate
(data not shown), which suggests that sample preparation was not
a significant factor in this study.
We chose to evaluate P188 using our new adhesive AMVN
device because the effect of this molecule on RBC properties
has been investigated over the years using a wide range of
in vitro assays designed to measure either RBC deformability
or adhesiveness separately. Early studies showed that incubation
with P188 can improve deformability of sickle RBCs in
the classical Nuclepore filtration and micropipette aspiration
assays (Smith et al., 1987). However, more recent studies
using ektacytometry (Connes et al., 2014) and a microfluidic
filtration assay (Picot et al., 2015) showed no improvement in
deformability of sickle RBCs after the P188 treatment (Sandor
et al., 2016). In contrast, while early studies showed that
P188 has no effect on deformability of normal RBCs in the
filtration/micropipette aspiration assays (Smith et al., 1987),
more recent studies showed that P188 had a positive effect on
deformability (measured via ektacytometry) of normal RBCs
stored in DEHP-free/ethylene vinyl acetate bags (Cancelas et al.,
2017), but produced significant stiffening of normal RBCs
(measured using a microfluidic device) after a short term
incubation (Guzniczak et al., 2018). Reports on the effect of
P188 on adhesiveness of sickle RBCs have been more consistent,
showing a significantly reduced adhesion of sickle (but not
of normal) RBCs to cultured endothelial cells (Smith et al.,
1987; Sandor et al., 2016). P188 was also found to significantly
reduce blood viscosity and aggregation of sickle RBCs in some
assays, supporting the notion of an overall positive effect on
the rheological behavior of sickle RBCs (Gibbs and Hagemann,
2004; Sandor et al., 2016). None of the previous studies of P188’s
effects on RBC rheology investigated its effects on microvascular
perfusion in either non-adhesive or adhesive networks, nor did
they evaluated the changes in deformability and adhesiveness
concurrently. Regardless, because of these positive findings
in vitro, P188 has been tested extensively as a potential therapy
option for SCD (Adams-Graves et al., 1997; Orringer et al., 2001;
Ballas et al., 2004).
In this study, we found a significant concentration-dependent
decline of the perfusion rate in the adhesive AMVN for sickle
RBCs treated with P188. The perfusion rate in our system
depends on RBC properties (e.g., deformability and adhesiveness)
as well as on a number of other relevant hemorheological
parameters, including viscosity of the suspending medium.
Therefore, if there was any improvement in RBC deformability
or adhesiveness due to P188, it was insufficient to overcome
the increased viscosity of the suspending medium caused by
P188, resulting in an overall reduction of the perfusion rate.
Our results agree well with early studies that reported elevated
plasma and whole blood viscosity for samples treated with similar
concentrations of P188 (Lechmann and Reinhart, 1998). The lack
of a favorable effect of P188 on microvascular perfusion in our
simulated capillary network is also in agreement with the latest
Phase III clinical trial for P188 in SCD (EPIC, NCT01737814),

indicate the importance of examining deformability within the
context of adhesion rather than as an independent metric.
We observed a much wider range of the AMVN perfusion
rate values for RBC samples from SCD patients than for samples
from HbAA individuals, which agrees well with previous studies
(Smith et al., 1987; Udani et al., 1998; Maciaszek et al., 2014;
Alapan et al., 2016a,b). Sickle RBC samples in our study were
taken from patients on a variety of therapeutic interventions
(hydroxyurea, transfusion, or both) and it is well-known that
patient responses to treatment vary greatly (Lu et al., 2020).
For example, patients on transfusion therapy would have a
highly heterogeneous mixture of their own (sickle) RBCs and
of normal RBCs donated by multiple donors and preserved in
hypothermic storage for up to 6 weeks prior to transfusion.
Clearly, the exact composition of the blood sample would vary
greatly from one patient to another, as well as for the same
patient between treatments. Additionally, the degree to which
the AMVN perfusion rate is reduced by the storage-induced
deterioration of rheological properties of normal RBCs differs
significantly among donors (Burns et al., 2012; Reinhart et al.,
2015a; Piety et al., 2021). It is likely therefore that both the
differences in individual patient’s response to a therapy and
transfusion frequency, as well as the heterogeneity of the RBC
population (i.e., presence of both host sickle RBCs and normal
stored RBCs) in the sample contributed to greater variability
of perfusion rates for SCD patients we observed in this study.
Future studies with a larger cohort of patients on various
treatment options are needed to further elucidate how current
therapies effect microvascular perfusion rate as a function of both
deformability and adhesiveness.
Notwithstanding the relatively high variability observed for
samples from SCD patients, there was no significant overlap
between perfusion rates for sickle and normal RBCs in the
adhesive AMVN. That is, our device could distinguish between
samples from HbAA individuals with presumably normal
blood rheology, and samples from SCD patients all of whom
were receiving treatment aimed at correcting hemorheological
abnormalities caused by SCD. Interestingly, the adhesive AMVN
was able to make this distinction even under normoxic
conditions, and even for samples of sickle RBCs with HbS content
as low as 22%. These findings suggest that the rheological status
of SCD patients may be still compromised even if their therapy
is highly effective at significantly reducing the level of HbS.
Additional research will be needed to determine if the ability
of the adhesive AMVN (and its future improved designs) to
distinguish between normal and sickle RBCs will hold for a larger
number of patients and normal controls.
Another potential explanation for the perfusion rate variability
is that it may be difficult to completely deplete the RBC
suspensions of leukocytes and platelets, particularly in the case of
SCD patient samples that often come in relatively small volumes.
The presence of leukocytes and platelets may affect the measured
perfusion rate (Forouzan et al., 2012), and therefore care should
be taken to remove them as much as possible and count the
residual leukocytes and platelets in the samples to make sure the
results are not dependent on the concentration of contaminating
cells. Similarly, HCT must be carefully equalized across all

Frontiers in Physiology | www.frontiersin.org

7

April 2021 | Volume 12 | Article 633080

Lu et al.

Sickle RBC Deformability and Adhesiveness

which failed to show any significant benefit with the treatment
group reporting a slightly (although not statistically significantly)
higher mean duration of VOC (82 h) than placebo group (78 h)
(EPIC, 2016). These results highlight the importance of further
developing and validating comprehensive functional assays for
assessing the rheological properties of RBCs in vitro, particularly
in the context of novel potentially curative therapies for SCD
(Lu et al., 2020). Reliance on assays designed to probe only
a single aspect of RBC rheological behavior may lead to an
over-interpretation of narrow in vitro data, missing the bigger
picture that might indicate a potential lack of efficacy and/or
adverse outcomes. The use of comprehensive assays—such as the
adhesive AMVN device—may help improve the initial screening
of promising drug candidates to hopefully avoid Phase III
clinical trial failures, like those seen for P188 (Ataga et al., 2011;
EPIC, 2016).
AMVN is an artificial microvascular network comprising
a relatively small number of rectangular microchannels made
of PDMS, and therefore it has several well-known limitations
which make it difficult to completely mimic the complex
microvascular environment in vivo (Shevkoplyas et al., 2003,
2006; Sosa et al., 2014). The simplicity of network architecture,
rectangular shape of channel cross-section and the mismatch
of material properties may limit the ability of the AMVN to
simulate some aspects of microvascular blood flow dynamics
(Shevkoplyas et al., 2005; Forouzan et al., 2011; Yang et al.,
2011; Fenech et al., 2019). In vivo, sickle RBCs adhere to LN
(chosen in this study to simulate adhesion to subendothelial
matrix exposed due to endothelial damage) as well as to
several other adhesion molecules expressed on the surface
of endothelial cells (Kaul et al., 2009; Alapan et al., 2016a),
which are missing in our current proof-of-concept system.
Finally, our sample preparation procedure requires depletion
of leukocytes and platelets, and a careful adjustment of sample
HCT, which resulted in a substantial reduction of plasma
proteins in the suspending medium. However, both leukocyte
and platelets, as well as plasma proteins, are known to affect
the microvascular blood flow and to mediate the interactions of
circulating blood cells with endothelium. The sensitivity of our
assay to sample preparation quality is an important limitation.
Ultimately, integrating the required sample preparation into
the device, or accounting for the effect of sample composition
on perfusion rate in the design of the experiments could help
mitigate this drawback.
In conclusion, our adhesive AMVN device allows evaluating
both RBC deformability and adhesiveness concurrently,
through their effect on perfusion of a network of capillarysize microchannels coated with relevant adhesion molecules.
The AMVN is fabricated from PDMS, a well-studied
biocompatible polymer, which can be either rendered
non-adhesive or functionalized to mimic the adhesive

properties of inflamed endothelium or exposed sub-endothelial
matrix. This flexibility allows exploring a much wider
range of interactions of sickle RBCs with the vessel wall,
far beyond the BCAM/Lu-mediated adhesion to LN we
investigated in this proof-of-concept study. Future research
employing the adhesive AMVN device for screening new
drug candidates for their effect on RBC adhesiveness
and deformability, as well as in longitudinal studies for
evaluating the effectiveness of novel therapies, could have a
significant positive impact on health and wellbeing of SCD
patients worldwide.
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