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cell disease†
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Deformability and non-adherence are two fundamental functional properties of red blood cells (RBCs),

which allow them to move unimpeded through the microvasculature. In sickle cell disease (SCD),

polymerization of abnormal sickle hemoglobin leads to decreased deformability and increased membrane

adhesiveness in RBCs. This contributes to abnormal blood vessel occlusion, which is central to the

underlying pathophysiology. RBC deformability and adhesiveness are, therefore key hemorheological

biomarkers in characterizing disease states as well as in evaluating novel therapeutics. To date, these

important interrelated biomarkers have been assessed in distinct laboratory assays, without integration or

concurrent assessment in vitro. To this end, we present a novel microfluidic assay in which laminin (LN, a

sub-endothelial matrix protein that mimics microvascular damage and extracellular matrix exposure)-

functionalized microcapillaries ranging from 20 μm to 4 μm are embedded in microchannels, for

simultaneous assessment of microcapillary occlusion mediated by RBC deformability and vascular cellular

adhesion mediated by pathologic RBC membrane changes. We show that RBC adhesion to LN or

microcapillary occlusion can be associated with markers for intravascular hemolysis or iron overload in

SCD. Following allogeneic hematopoietic stem cell transplant (HSCT), which is a curative therapy, in a

single subject with SCD, RBC-mediated microcapillary occlusion fell into the healthy range, but RBC

adhesion to LN, albeit significantly decreased, remained outside the healthy range. Our findings

demonstrate the potential of this bifunctional assay, in both monitoring the clinical course and

supplementing clinical observations with comprehensive evaluation of two functional hemorheological

properties.

Introduction

Red blood cells (RBCs) are one of the major cellular
components of blood and are the primary means of oxygen
delivery throughout the circulatory system.1 Mature RBCs lack
a nucleus and organelles, primarily relying on the cell
membrane for their functional properties.2 It was first shown
in 1675 that RBCs flexibly pass through narrow capillaries by
deforming into ovals and thereafter resuming a round shape
when transiting larger vessels.3 This exceptional flexibility is
accomplished by optimal membrane structural organization,
a large surface area-to-volume ratio, high membrane
viscoelasticity, low cytoplasmic viscosity, and low expression
of adhesive molecules on the membrane.4–6 RBCs are
generally considered deformable and non-adherent; however,
in the inherited blood disorder, sickle cell disease (SCD), RBC
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deformability notably decreases and adhesiveness increases
due to polymerization of abnormal sickle hemoglobin (HbS)
and enhanced expression of molecules.7,8 These adhesive
molecules include very late antigen-4 (VLA-4) and CD36 on
‘stress’ reticulocytes,9,10 and intercellular adhesion molecule-
4 (ICAM-4) and basal cell adhesion molecule-1/Lutheran
(BCAM/Lu) on mature sickle RBCs.11,12 Adhesion and
microcapillary occlusion, caused by increased RBC
adhesiveness and decreased RBC deformability, are two major
contributors to pathophysiology in SCD. Reliable
measurement of these two functional hemorheological
properties will significantly improve our understanding of
disease pathogenesis and of the impact of novel therapies.

Conventionally, cellular deformability or adhesion is
measured at a single-cell level by micropipette aspiration,13–15

atomic force microscopy,16–19 or optical trapping.20–22

However, these techniques are labor intensive and require
skilled operators, which significantly limit their throughput
for assessing large quantities of cells in clinical studies. Bulk
techniques, such as microfiltration and passive wash assays,
have been developed.23–25 However, the microfiltration
technique is prone to clogging, and the passive wash assay
lacks flow shear, which may bias the results. In current
clinical laboratory settings, RBCs are typically analyzed by
ektacytometry,26–29 or in microfluidic channels lined with
endothelial cells or functionalized with endothelial-
associated proteins.30–36 Ektacytometry provides a bulk
average, and therefore it is limited by its ability to measure
deformability of individual cells.28 Microchannels designed
for adhesion measurement are typically at least one order of
magnitude larger than the red cell dimension (>50 μm) and
therefore present limitations in providing measurement of
RBCs perfusing through microcapillaries. Both RBC adhesion
and RBC-mediated microcapillary occlusion are the root
causes of microvascular complications in SCD, which makes
individual laboratory measurements challenging and less
informative. Therefore, there is a strong impetus to develop a
technique for assessing these two important hemorheological
biomarkers in a concurrent manner in vitro.

Microfluidic vascular networks molded in
polydimethylsiloxane (PDMS) elastomers have been used for
investigation of RBC-mediated microcapillary occlusion.37–39

While these microfluidic technologies greatly simplify analysis,
they were not used to assess RBC adhesion due to a lack of
endothelial-associated adhesion molecules. The concept of
coating PDMS microfluidic microcapillary networks with
proteins was previously introduced.40 However, the previous
work adopted microfluidic dimensions greater than 10 μm
(larger than typical capillary dimensions) which is not feasible
for RBC deformation measurement. Further, the protein coating
was achieved by physical adsorption, which carries a ‘protein
rubbing-off’ risk, and thereby low experimental reproducibility.
More recently, Lu et al. carried out surface chemistry for
covalent protein functionalization in microchannels,41 but
reported a perfusion rate, which is not a direct indicator of
adhesion or microcapillary occlusion. To address the technical

limitation, here we describe a functionalized OcclusionChip
assay that enables concurrent assessment of RBC adhesion and
RBC-mediated microcapillary occlusion. The OcclusionChip
consists of a gradient of microcapillary arrays, from 20 to 4 μm,
with two 60 μm side channels mimicking vascular networks
and arteriovenous anastomoses in the capillary bed.42 We chose
to functionalize the microchannel with human laminin (LN), a
sub-endothelial extracellular matrix protein exposed on
activated endothelium and damaged microvascular
endothelium, which adheres to sickle RBCs, a key mechanism
contributing to vaso-occlusion in SCD.43 We show that
implementation of the functionalized OcclusionChip assay,
which assays two functional hemorheological biomarkers in
SCD, could allow integrated characterization of the clinical
course, even in the absence of clinical laboratory tests, and a
more comprehensive evaluation of novel therapies.

Materials and methods
Microfluidic device

Fig. 1 shows the design, mechanism, and operation of the
functionalized OcclusionChip assay. As described
previously,44 the OcclusionChip consists of nine micropillar
arrays forming uniform microcapillaries within each array
but overall finer microcapillaries along the flow direction
from 20 μm down to 4 μm, coupled with two 60 μm side
passageways (Fig. 1A). The microfluidic microcapillary
networks recreate the non-uniform, continuously changing
capillary bed, and the microfluidic anastomoses help regulate
the blood flow for prevention of upstream clogging.45,46 The
microchannel surface was also functionalized with LN.
Therefore, flowing abnormal RBCs may obstruct the
microcapillaries or adhere to the microchannel surface
(Fig. 1B and inset). LN was covalently immobilized on the top
and side polydimethylsiloxane (PDMS) wall and the bottom
glass wall through different surface chemistry mechanisms
for RBC adhesion measurement (Fig. 1C and D).47–51 A
photograph of the OcclusionChip blood test is shown in
Fig. 1E. Disposable single-use microfluidic devices prevented
cross-contamination between blood samples.

The OcclusionChip devices were fabricated using standard
soft photolithography protocols (Fig. S1†). Briefly, a master
silicon wafer was fabricated by UV-micropatterning a uniform
SU8-2010 (Microchem, Newton, MA) photoresist layer with the
layout of the microfluidic device. The surface of the master
wafer was then passivated with triethoxy(1H,1H,2H,2H-
perfluoro-1-octyl)silane (Sigma Aldrich, St. Louis, MO). Degassed
PDMS (Sylgard 184, Dow Corning Corp, Midland, MI) (at 1 : 10
curing agent to liquid PDMS) was cast on top of the silicon
wafer and cured at 80 °C overnight. The PDMS replicas were
punched with 0.5 mm-diameter ports for inlets and outlets, and
bonded to microscope glass slides (Gold Seal adhesion slides,
adhesion coating: 3-aminopropyl triethoxysilane (APTES),
Electron Microscopy Sciences, Hatfield, PA) through oxygen
plasma treatment.
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Laminin functionalization

For LN-functionalized microchannels, (3-mercaptopropyl)
trimethoxysilane (3-MPS, Sigma Aldrich) working solution was
prepared by diluting the stock solution in pure ethanol at 2%.
N-γ-Maleimidobutyryl-oxysuccinimide ester (GMBS, ThermoFisher
Scientific, Waltham, MA) was prepared by dissolving 25 mg of
GMBS in 0.25 mL dimethyl sulfoxide (DMSO) and diluting with
pure ethanol at 0.28% volume ratio. Human placental LN
(laminin-511, Sigma Aldrich) was diluted in phosphate-buffered
saline (PBS, 1×, pH = 7.4) at the final concentration of 25 μg
mL−1. Bovine serum albumin (BSA, ProSpec-Tany TechnoGene
Ltd., East Brunswick, NJ) solution was prepared by dissolving 20
mg of lyophilized BSA in 1 mL PBS. After tubing assembly, the
microchannels were initially rinsed with pure ethanol, incubated
with 3-MPS working solution for 15 min at room temperature
(RT), and rinsed again with pure ethanol. Next, the
microchannels were incubated with GMBS working solution for
15 min at RT, followed by rinsing with pure ethanol and PBS.
Thereafter, LN solution was injected into the microchannels and
incubated for 90 min at RT, and then blocked with BSA. Non-
functionalized microchannels were prepared similarly, but were
incubated with PBS only for 90 min at RT. All microchannels
were stored at 4 °C overnight before use. Prior to microfluidic
experiments, the microchannels were rinsed with PBS.

Surface characterization

For surface characterization, we treated virgin PDMS substrates
same as the microfluidic channel (before introducing LN) and
performed contact angle measurement and attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy.
Non-treated PDMS was used as a control. The contact angle was

measured with a contact angle goniometer (Ramé-Hart
Instrument Co., Succasunna, NJ) using the sessile drop method,
where the value was obtained using the tangent fit method.
Each value reported here is one measurement of one drop of
water on the substrate. Three drops of water were measured on
individual substrates and three substrates were measured in
each condition. The ATR-FTIR experiment was carried out by
using an FT/IR-4600 spectrometer (Jasco Inc., Easton, MD) with
a ZnSe/diamond prism and an angle of incidence of 45°. The
spectra were recorded from 4000 to 500 cm−1 with a resolution
of 2 cm−1 and a data interval of 0.482 cm−1 (7261 data points in
total for each experiment). One PDMS substrate was measured
for each condition.

Fluorescence labeling of laminin and confocal imaging

To verify the surface functionalization approach, following BSA
blocking, an Alexa Fluor 488 conjugated anti-human LN
antibody (Novus Biologicals, Littleton, CO) at 1 : 100 v/v dilution
in PBS was introduced into a non-functionalized and a LN-
functionalized microchannel, and was incubated for 30 min at
RT in the dark. Thereafter, the microchannels were rinsed with
PBS and were imaged using a Leica TCS SP8 STED 3× system. A
stack of images in the same field of view but varying focal
distances were obtained and were projected onto a 2D plane by
maximum intensity projection for both microchannels.

Blood sample acquisition

De-identified venous blood samples were drawn from non-
anemic healthy controls (HbAA) and subjects with homozygous
SCD (HbSS) or SCT (HbAS) into ethylenediaminetetraacetic acid
(EDTA)-containing vacutainers at University Hospitals Cleveland

Fig. 1 Microfluidic device design, surface chemistry, and operation. (A) Schematics of the OcclusionChip device featuring the gradient of
microcapillary networks from 20 μm down to 4 μm along the flow direction. (B) Laminin (LN) functionalization and the microcapillary networks
enable concurrent assessment of red blood cell (RBC) adhesion on LN and RBC-mediated microcapillary occlusion. (C and D) Surface chemistry
mechanisms of LN functionalization. (E) The new functionalized OcclusionChip assay tests clinical blood samples.
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Medical Center (UHCMC) in Cleveland, Ohio under
Institutional Review Board (IRB)-approved protocols (05-14-
07C). Informed consent was obtained from all study
participants. The blood samples were stored at 4 °C till tested.
All experiments in this study were performed within 24 h of
venipuncture. The clinical variables of the subjects with SCD,
including the ARC, LDH, hemoglobin level, RBC count,
hematocrit, ferritin level, white blood cell (WBC) count, absolute
neutrophil count (ANC) and platelet count, were extracted from
the medical records. Hb compositions, including HbS, HbA and
HbF, as well as their fractions, were obtained through high-
performance liquid chromatography (HPLC) at UHCMC.

Microfluidic experiments

Whole blood samples were centrifuged at 500g for 5 min at
RT, after which the plasma and buffy coat were carefully
removed. The pellet RBCs were washed twice in PBS and re-
suspended in PBS at 20% hematocrit. A Flow-EZ™
microfluidic flow control system (Fluigent, Lowell, MA) was
used to regulate the flow in the experiments (Fig. S2†).
Briefly, the RBC suspension was loaded into the sample
reservoir and was allowed to perfuse at 35 mbar for 20 min,
which was followed by post-perfusion PBS washing for 20
min. An Olympus IX83 inverted motorized microscope with
Olympus Cell Sense live-cell imaging and analysis software
was used to obtain microscopy phase-contrast images upon
the conclusion of the post-perfusion washing step. The
images were further processed using Adobe Photoshop
software (San Jose, CA).

Quantification of adherent RBCs and the occlusion index

To effectively compare the results of different blood samples,
the number of adherent RBCs within the area of interest
(AOI), which was defined as the entire region of the 4 μm to
10 μm microcapillary arrays (since the typical capillary
dimension is less than 10 μm), was quantified and reported.
The number of microcapillary occlusions was also quantified
within the AOI, after which the occlusion index (OI), an
intuitive generalizable parameter representing the overall
microcapillary network occlusion percentage as previously
described (Fig. S3†), was quantified and reported.

Statistical analysis

Data were reported as mean ± standard deviation (SD) in this
study. Data were initially analyzed for normality, followed by
appropriate two-group analyses: the unpaired t-test if data in
both groups are normally distributed, and the Mann–Whitney
U test if data in one of the two groups are non-normal.52–54

Simple linear regression was used to assess the correlation
between measurements and clinical variables, and the
coefficient of determination R2 was reported. Statistical
significance was defined with P-values less than 0.05 (P <

0.05). All statistical analyses were carried out using GraphPad
Prism software (GraphPad Software, Inc., San Diego, CA).

Results
Characterization of PDMS surfaces

To validate the surface chemistry for LN functionalization on
the PDMS surface, control PDMS substrates and chemically
modified PDMS substrates were initially investigated by using
contact angle measurement. We found that following surface
treatment, the wettability of the PDMS substrates
significantly increased (Fig. S4A,† 68 ± 3° vs. 102 ± 1° for
modified vs. control, P < 0.001, Mann–Whitney). The
chemical structure of the PDMS surfaces was then
characterized with ATR-FTIR, as shown in Fig. S4B.† A
previous study suggested that the decrease of the bands
around 2.8 to 3 × 103 cm−1 was caused by oxidation of methyl
and methylene groups, and the increase of the bands around
1 × 103 cm−1 was caused by generation of some polar oxygen-
containing functional groups, including alcohols and
carboxylic acids.55 These polar functional groups at the PDMS
surface potentially interact with LN proteins for surface
functionalization.

Validation of laminin functionalization

The projected image obtained from the LN-functionalized
microchannel using confocal imaging had significantly greater
fluorescence intensity than that from the non-functionalized
microchannel (Fig. S5†). We further tested RBC samples from 6
HbSS subjects in both LN-functionalized and non-
functionalized microchannels. Fig. 2A shows the representative
microscopy images of RBC adhesion and microcapillary
occlusion obtained from a single HbSS subject. When
comparing results from LN-functionalized microchannels and
those from non-functionalized microchannels, no difference
was observed in the OI (Fig. 2B, P = 0.6645 (no significance),
Mann–Whitney), but a significantly greater number of adherent
RBCs was observed in LN-functionalized microchannels than in
non-functionalized microchannels (Fig. 2C, 8.3 ± 5.6 × 102 vs.
0.3 ± 0.3 ×102, P = 0.0058, unpaired t test). Taken together, these
data show that LN was effectively functionalized on the
microchannel surface.

Process reproducibility

To validate the process reproducibility, we tested one RBC
sample obtained from a single HbSS subject using 4 LN-
functionalized devices manufactured from different batches.
The OI was quantified to be 4.2 ± 0.8%, and the number of
adherent RBCs was 4.2 ± 1.0 × 102 (Fig. S6†). These data show
that the experimental process yields consistent results.

Microfluidic concurrent assessment of RBC adhesion and
microcapillary occlusion in SCT and SCD

To demonstrate the clinical utility of the present assay, we
tested RBC samples from 4 healthy controls (HbAA), 5 subjects
with SCT (HbAS), and 18 subjects with SCD (HbSS). Fig. 2D
shows the representative microscopy images of RBC adhesion
and microcapillary occlusion obtained from three subjects, one
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from each of the three cases. We observed negligible
microcapillary occlusion in samples from subjects with HbAA
or HbAS; however, we found considerable occlusion in samples
from subjects with HbSS, which yielded a significantly greater
OI than from those with HbAA and HbAS (Fig. 2E, 1.1 ± 1.0%
vs. 0.2 ± 0.1% for HbSS vs. HbAA, and vs. 0.2 ± 0.1% for vs.
HbAS, P = 0.0033 and P = 0.0007, Mann–Whitney). Moreover, we
found that the number of adherent RBCs is significantly greater
in samples from subjects with HbSS than from those with HbAA
or HbAS (Fig. 2F, 1.6 ± 1.2 × 103 vs. 0.3 ± 0.1 × 102 for HbSS vs.
HbAA, and vs. 3.2 ± 0.5 × 102 for vs. HbAS, P = 0.0196 and P =
0.0313, unpaired t test). Interestingly, we also found that the

number of adherent RBCs is significantly greater in samples
from subjects with HbAS than from those with HbAA (Fig. 2F, P
< 0.0001, unpaired t test). Altogether, these data suggest that
RBC deformability in SCT is comparable to the healthy but is
significantly decreased in SCD. Further, RBC adhesion is
significantly enhanced in SCD, and is slightly enhanced in SCT.

Association of RBC adhesion to LN and OI with clinical
markers for vascular hemolysis and iron overload in SCD

We next analyzed the associations between our
measurements and clinical variables in 18 subjects with

Fig. 2 Microfluidic concurrent assessment of RBC adhesion on laminin (LN) and microcapillary occlusion in sickle cell trait (SCT) and homozygous sickle
cell disease (SCD). (A) Representative microscopy images showing RBC adhesion and microcapillary occlusion from a single HbSS subject tested in a LN-
functionalized microchannel and a non-functionalized microchannel. Adherent RBCs are indicated with red arrows. (B) No difference in the occlusion
index (OI) was observed when comparing microchannels with and without LN in the 6 tested HbSS subjects (P = 0.6645, Mann–Whitney). (C) The number
of adherent RBCs was significantly greater in the LN-functionalized microchannels than in the non-functionalized microchannels for the 6 tested HbSS
subjects (P = 0.0058, unpaired t test). (D) Representative microscopy images showing RBC adhesion and microcapillary occlusion in a healthy subject
(HbAA), a subject with SCT (HbAS), and a subject with SCD (HbSS) in LN-functionalized microchannels. (E) Subjects with HbSS had significantly greater OI
values than subjects with HbAA or HbAS (P = 0.0033 or P = 0.0007, Mann–Whitney). (F) Subjects with HbSS had a significantly greater number of adherent
RBCs than subjects with HbAA or HbAS (P = 0.0196 or P = 0.0313, unpaired t test). Further, subjects with HbAS had a significantly greater number of
adherent RBCs than subjects with HbAA (P < 0.0001, unpaired t test).
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homozygous SCD. We initially assessed hemolytic
biomarkers, including the ARC, LDH, Hb level, RBC count
and hematocrit, and a biomarker for iron overload, ferritin.
We found that the OI is significantly associated with the ARC
(Fig. 3A, R2 = 0.5546, P = 0.0004) and LDH level (Fig. 3B, R2 =
0.3022, P = 0.0181), but not with the Hb level (Fig. 3C, R2 =

0.1655, P = 0.0939), RBC count (Fig. 3D, R2 = 0.2133, P =
0.0537), hematocrit (Fig. 3E, R2 = 0.1641, P = 0.0954) or
ferritin level (Fig. 3F, R2 = 0.2010, P = 0.0620). Meanwhile, we
found that RBC adhesion to LN is significantly associated
with the ARC (Fig. 3G, R2 = 0.5760, P = 0.0003) and LDH level
(Fig. 3H, R2 = 0.2419, P = 0.0382), but not with the Hb level

Fig. 3 Association of RBC adhesion to laminin (LN) and occlusion index (OI) with clinical biomarkers for vascular hemolysis and iron overload in
SCD. In the 18 study subjects with HbSS, the OI is significantly associated with the (A) absolute reticulocyte count (ARC) (R2 = 0.5546, P = 0.0004)
and (B) lactate dehydrogenase (LDH) level (R2 = 0.3022, P = 0.0181), but not with the (C) hemoglobin level (R2 = 0.1655, P = 0.0939), (D) RBC
count (R2 = 0.2133, P = 0.0537), (E) hematocrit level (R2 = 0.1641, P = 0.0954) or (F) ferritin level (R2 = 0.2010, P = 0.0620). Moreover, the number
of adherent RBCs is significantly associated with the (G) ARC (R2 = 0.5760, P = 0.0003) and (H) LDH level (R2 = 0.2419, P = 0.0382), but not with
the (I) hemoglobin level (R2 = 0.1239, P = 0.1520), (J) RBC count (R2 = 0.1051, P = 0.1893) or (K) hematocrit (R2 = 0.1360, P = 0.1320). (L) The
number of adherent RBCs is significantly associated with the ferritin level (R2 = 0.2886, P = 0.0215).
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(Fig. 3I, R2 = 0.1239, P = 0.1520), RBC count (Fig. 3J, R2 =
0.1051, P = 0.1893), or hematocrit (Fig. 3K, R2 = 0.1360, P =
0.1320). Notably, we found that RBC adhesion to LN is
significantly associated with the ferritin level (Fig. 3L, R2 =
0.2886, P = 0.0215). These data suggest that samples from
subjects with SCD showing more RBC adhesion or
microcapillary occlusion are more likely to have signs of
hemolysis or iron overload in SCD.

We found no associations between our measurements and
Hb compositions including HbS, HbA, and HbF (Fig. S7†), or
inflammatory biomarkers including WBC count, ANC, and
platelet count (Fig. S8†). In the 18 study HbSS subjects, 8 were
on transfusion therapy, 4 were on hydroxyurea, 1 was on Endari,
1 received allogeneic hematopoietic stem cell transplant (HSCT),
and 4 were on supportive care (absence of disease-modifying
therapies). In this modest number of subjects, we did not
observe any differences amongst treatment groups (Fig. S9†).
Table S1† summarizes the clinical data of the study population
with SCD and our findings.

Microfluidic concurrent assessment of RBC adhesion and
microcapillary occlusion in a subject with SCD before and
after allogeneic hematopoietic stem cell transplant

We tested blood samples acquired from a subject with HbSS
57 days prior to and 81 days post receiving allogeneic HSCT.
The donor genotype is HbAS and chimerism analysis 102
days post treatment shows that the recipient DNA accounted
for less than 1% of total DNA. Our results show that the OI
decreased by 68% and fell into the healthy range, following
the treatment (Fig. 4A, 0.2% vs. 0.6%, healthy range: 0–0.2%).
Although the number of adherent RBCs on LN decreased by
56% following the treatment, it is still above the healthy
range (Fig. 4B, 1.2 vs. 2.6 × 102, healthy range: 0.0–0.2 × 102),
suggesting that the subject may still develop abnormal
vascular complications post treatment. Medical records also
show that the subject had pain-related acute care clinic visits
post treatment.

Discussion

Data reported in this study suggest that the new
OcclusionChip assay integrated with surface chemistry
provides a functional, reproducible in vitro approach for
concurrent assessment of RBC adhesion and microcapillary
occlusion. The unique features of the OcclusionChip device
include the microfluidic anastomotic design preventing early
upstream clogging, gradient microcapillary arrays (>40 000
microcapillaries, 10 to 4 μm in the AOI), and the capacity to
process clinical samples at near-physiological hematocrit
(20% vs. <1% in other recent studies).37,39 The LN
functionalization allows assessment of RBC adhesion in a
microcapillary flow-mimicking environment and in a
relatively large area for adhesion quantification (∼32 mm2 vs.
<3 mm2 in another recent study).56 Therefore, analysis of
blood samples with greater or lower adhesive potential is
enabled. Notably, RBC adhesion in non-functionalized
microchannels, which is non-specific, is negligible compared
to that in LN-functionalized microchannels (Fig. 2C, <4% in
average), proving the efficacy of our surface functionalization
approach.

In SCD, exaggerated endothelial activation leads to loss of
endothelium integrity, cell apoptosis and necrosis, and
consequently exposure of ECM components such as LN.43,57 As
a result, abnormally adhesive sickle RBCs adhere on the
vasculature through a LN-dependent mechanism, which
contributes to disease pathophysiology in SCD.58,59 Even though
in this work, microchannel surface functionalization was
carried out with LN, of note other endothelial-associated
adhesive molecules can be used for other specific applications,
such as the evaluation of novel targeted therapies in SCD. For
example, it has been shown that P-selectin mediates sickle RBC
adhesion to endothelium,60 and a humanized antibody
targeting at P-selectin developed by Novartis was recently
approved by the FDA for SCD treatment. Therefore, a P-selectin-
functionalized OcclusionChip assay could simultaneously
measure both RBC-mediated microcapillary occlusion and RBC
adhesion to P-selectin, for potential patient screening and
monitoring.

Our data confirm the significantly elevated RBC adhesion
and microcapillary occlusion, due to increased RBC membrane
adhesiveness and decreased RBC deformability in people with
SCD (Fig. 2E and F), which are in line with previous findings.
SCT (HbAS) is the condition in which a subject inherits one
HbS and one HbA gene from the parents, and therefore people
with SCT have both HbS and HbA in their RBCs (normally the
HbA level is greater than the HbS level).61 It is estimated that in
SCT, the US population is up to 2 million and worldwide
approaches 300 million.62 Although several studies have
described sudden death in SCT,63–65 it is still under debate
whether SCT should be treated as a benign condition.66–68

Moreover, it is still controversial whether SCT is directly
responsible for morbidities (such as renal disease and atrial
fibrillation),69,70 as the underlying mechanisms are unclear.
Recent efforts have clearly shown that the blood properties of

Fig. 4 Concurrent assessment of RBC adhesion to laminin (LN) and
microcapillary occlusion of a subject with HbSS prior to and post
allogeneic hematopoietic stem cell transplant (HSCT), which is a
curative therapy for SCD. (A) The OI and (B) the number of adherent
RBCs to LN significantly decreased following the treatment. The green
dashed rectangular zones denote the healthy range of the
measurements.
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people with SCT differ from the healthy, e.g., deoxygenation and
dehydration can cause HbAS RBC sickling.71,72 Further, Lu et al.
showed that HbAS blood becomes more viscous with increased
oxygen tension,73 Zheng et al. showed that HbAS RBCs have
greater shear modulus and viscosity than control RBCs,74 and
Tripette et al. showed that HbAS RBCs have a slightly but
significantly smaller elongation index than control RBCs
measured by ektacytometry under high shear stress (9.49, 16.87
and 30 Pa).75 While previous studies have suggested that HbAS
RBCs are less deformable than healthy RBCs, particularly at low
oxygen levels, studies on vascular adhesion are relatively
limited.76 Here, our data show that, under normoxic conditions,
HbAS RBCs caused negligible microcapillary occlusion (Fig. 2E),
but slightly enhanced adhesion to LN compared to HbA-
containing RBCs (Fig. 2F). These data suggest that HbAS RBCs
are deformable enough to pass through narrow microcapillaries
in the body under normoxic conditions and that HbAS-
containing RBCs are more adhesive than healthy RBCs. The LN
counterpart, BCAM/Lu, on sickle RBC membranes in SCD is
well-known; however, this mechanism for HbAS RBC adhesion
on LN is not confirmed.

The ARC and LDH are important hemolytic biomarkers
that have been linked to disease severity,77,78 and here they
are associated with both the OI and RBC adhesion to LN (-
Fig. 3A, B, G and H). In SCD, sickle RBCs are vulnerable to
shear flow stress and hemolysis, which triggers release of
microvesicles and cell-free hemoglobin.79–81 We postulate
that hemolysis leads to a decreased surface-to-volume ratio
and disrupted cytoskeletal network in RBCs in SCD, which
translates to observed enhanced microcapillary occlusion. In
addition, in sickle RBCs, BCAM/Lu binds to the LN alpha 5
chain.82,83 It is known that young low-density reticulocytes,
released from the bone marrow due to hemolytic stress,
adhere to LN in SCD primarily through a Lu/BCAM

phosphorylation mediated mechanism,84 not seen in high-
density mature sickle RBCs.85 Likely, adherent RBCs in our
assay are primarily reticulocytes, although sickle mature
RBCs can also adhere on LN (previously reported to be 80%
to 90% less than reticulocytes).11 Altogether, these data
suggest clinical relevance for the present assay in SCD, in
which the OI measures the impact of stiff sickle RBCs on
microvascular occlusion, and RBC adhesion measures the
potential of sickle reticulocytes and mature RBCs to attach to
exposed sub-endothelial-like matrices, as seen in
microvascular damage (Fig. 5). If portable and convenient
(integrated with electrical measurement features for
widespread use as previously described86), this assay has the
potential to subtly monitor the clinical course in SCD.

In a single recipient of allogeneic HSCT, RBC samples
before and after showed decreased adhesion and
microcapillary occlusion (Fig. 4). Recently, the limitations of
allogeneic HSCT such as infections, graft versus host disease
(GVHD), graft rejection (GR), and limited myeloablative
matched source have become evident.87–89 Gene therapy can
address, directly or indirectly, the underlying cause of SCD,
where ex vivo gene transfer into or gene manipulation of
autologous hematopoietic stem cells results in the addition
of an anti-sickling hemoglobin (HbAT87Q) or augmented
induction of HbF.90–92 In a recent study, RBC deformability
was assessed by ektacytometry following gene therapy in a
patient with SCD.93 However, abnormal RBC adhesion to
endothelial-associated markers was a missing piece. Our data
show that following HSCT, the subject still exhibited RBC
adhesion to LN beyond the healthy range (Fig. 4B),
emphasizing the importance of simultaneous measurement
of both RBC deformability and adhesiveness. The present
assay could therefore supplement other clinical observations
i.e. by measuring two functional hemorheological properties

Fig. 5 Clinical significance of the present laminin (LN)-functionalized OcclusionChip assay. Enhanced red cell hemolysis in SCD, characterized by
an elevated absolute reticulocyte count (ARC) and lactate dehydrogenase (LDH) level, results in decreased RBC deformability, increased circulating
reticulocytes, and increased microvascular endothelial activation/damage, which translate into enhanced RBC adhesion and RBC-mediated
microcapillary occlusion as measured in the present assay. Patients with enhanced vascular hemolysis are more transfused, ultimately leading to
iron overload and an increased ferritin level in SCD (illustration credit: Grace Gongaware).
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for a more comprehensive evaluation of the outcome of novel
therapies, such as gene therapy.

There are limitations in this work. First, patient numbers
are modest. Second, sickle reticulocyte and sickle mature RBC
adhesion and sickling/occlusion profiles under normoxic or
physiological hypoxic conditions were not measured here. For
instance, our recent published study shows that sickle
reticulocytes and sickle mature RBCs bear different adhesion
characteristics under hypoxia, which is membrane-sulfatide
dependent and varies from patient to patient.94 Third,
manual counting of RBC adhesive and occlusive events in the
microchannel greatly hinders the OcclusionChip potential for
clinical translation. Future work will prospectively focus on
demonstrating the clinical utility of the functionalized
OcclusionChip assay as an in vitro therapeutic benchmark in
a larger patient population with homozygous SCD, under
normoxic and hypoxic conditions, and monitoring diverse
treatments including conventional, targeted, or curative
therapies. Moreover, an artificial neural network (ANN) based
machine learning algorithm for automated image analysis
and cell counting also warrants future studies.
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