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Editor's Summary

Going with the Flow ... or Not

In healthy people, blood flows freely throughout the body, delivering oxygen to tissues via the molecule
hemoglobin. For those with sickle cell disease, red blood cells carry a mutated form of hemoglobin, called hemoglobin
S, that changes cells into a rigid sickle, or crescent, shape and causes blood flow to slow markedly. Although sickle
cell disease can be detected through genetic and molecular tests, there is no objective biomarker of clinical outcome.
Wood et al. therefore devised a microfluidic device that can mimic this vaso-occlusive event, allowing them to detect
biophysical changes in blood ——a new type of marker that could stratify sickle cell patients on the basis of disease
severity.

Wood et al. collected blood from 29 patients: 23 of which were classified as having "severe" disease, and 6 of
which were "benign." The blood was flowed through a microfluidic device consisting of a channel coupled to an
oxygen reservoir. As sickle cells become deoxygenated, they adopt their stiff, sickle shape. In their device, such
deoxygenation would result in a drop in flow velocity, which could be measured as a change in conductance. This
biophysical marker helped the authors to successfully identify benign versus severe samples, without using less
reliable markers like white blood cell count and hemoglobin S fraction. Wood and colleagues could also predict a
patient's response to therapy, such as a blood transfusion or small-molecule drugs.

It may never be possible to predict the exact timing of vaso-occlusion, but the ex vivo biophysical test proposed
by Wood et al. can objectively identify patients who are not responding well to treatment or transfusion. Conversely,
the test could pinpoint those who may benefit from such therapies, putting more patients on treatment regimens that
make their red blood cells just go with the flow.
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RESEARCH ARTICLE

SICKLE CELL DIAGNOSTICS

A Biophysical Indicator of Vaso-occlusive Risk in Sickle
Cell Disease

David K. Wood," Alicia Soriano,” L. Mahadevan,>** John M. Higgins,*>* Sangeeta N. Bhatia"®’

The search for predictive indicators of disease has largely focused on molecular markers. However, biophysical
markers, which can integrate multiple pathways, may provide a more global picture of pathophysiology. Sickle
cell disease affects millions of people worldwide and has been studied intensely at the molecular, cellular,
tissue, and organismal level for a century, but there are still few, if any, markers quantifying the severity of
this disease. Because the complications of sickle cell disease are largely due to vaso-occlusive events, we hy-
pothesized that a physical metric characterizing the vaso-occlusive process could serve as an indicator of dis-
ease severity. Here, we use a microfluidic device to characterize the dynamics of “jamming,” or vaso-occlusion,
in physiologically relevant conditions, by measuring a biophysical parameter that quantifies the rate of change
of the resistance to flow after a sudden deoxygenation event. Our studies show that this single biophysical
parameter could be used to distinguish patients with poor outcomes from those with good outcomes, unlike
existing laboratory tests. This biophysical indicator could therefore be used to guide the timing of clinical in-
terventions, to monitor the progression of the disease, and to measure the efficacy of drugs, transfusion, and

novel small molecules in an ex vivo setting.

INTRODUCTION

Biomarkers for disease are critical to guide clinical intervention and
to speed up the development of new therapies. The search for such
markers has yielded many new genetic, epigenetic, and proteomic in-
dicators (1-5); yet, the need for new markers continues to outpace
their clinical validation and use (6). This problem is particularly acute
for some diseases, such as sickle cell disease, where no molecular mark-
ers have been found to correlate reliably with the clinical outcomes (7-10).
Markers that provide integrative systemic assessments are complemen-
tary to molecular indicators; for example, biophysical markers are al-
ready used clinically and range from long-standing measurements, such
as blood pressure, to newer imaging modalities, such as Doppler
ultrasound and cerebral flow magnetic resonance imaging (11-13). Be-
cause these biophysical metrics integrate multiple-length scales, mole-
cules, and pathways, they have the potential to reflect disease state
more accurately than their molecular counterparts. Even at the cellular
scale, recent studies suggest new possibilities for biophysical markers,
such as cell motility or cell deformability, as an important indicator
of metastatic potential in cancer (14, 15) and other diseases (16, 17).
Sickle cell disease, which affects more than 13 million people world-
wide (18) and costs more than $1.1 billion per year in the United States
alone (19), is an ideal candidate for a biophysical indicator. The molecular
origin of the disease is a mutation in the gene encoding the B-globin
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protein that results in a variant hemoglobin molecule [hemoglobin S
(HbS)]. HbS polymerizes into long chains and extended gels upon de-
oxygenation (20, 21), leading to the formation of stiff and often sickle-
shaped red blood cells (RBCs). Sickle cells cause changes in blood flow,
which can lead to clinical vaso-occlusive “crisis” events (22). Although
the molecular origin of sickle cell disease has been known for more than
60 years (23), the factors and processes that link these molecular and
cellular events to clinical outcomes in patients remain elusive (24-26). The
search for mechanism is particularly challenging because pathogenesis of
vaso-occlusion involves several processes across multiple length and
time scales, including polymerization and melting of hemoglobin, stiffen-
ing and morphological change of RBCs, and increasing apparent viscosity
of blood. Each of these processes has been examined separately in var-
ious in vitro systems (20, 21, 27-30). However, studies that integrate
all of these processes in physiologic regimes are rare, even though their
combined effects likely determine clinical outcomes (28, 31-32).

In the absence of objective biomarkers of disease severity (7-10), it
is difficult to predict the frequency of painful and damaging vaso-
occlusive crises and overall severity of disease for individual patients.
Common laboratory tests measure HbS fraction and fetal hemoglobin
(HDF) fraction, neither of which is predictive of clinical outcome for
individual patients (9, 33). Thus, we have no method to predict which
patients will require urgent or frequent treatment (8, 10), and it is dif-
ficult to assess efficacy of different treatments. This lack of clear pre-
dictors also confounds the development of new therapeutics because
we have no reliable in vitro methods to test which molecules are most
likely to work in vivo (22). Because the morbidity and mortality are
caused by vaso-occlusions (34), a biophysical marker might provide a
link to clinical phenotype. For example, in vivo cerebral blood flow
velocity measurements have shown value in guiding transfusion ther-
apy for pediatric sickle cell patients (35-37), suggesting that it may be
possible to translate the extensive research on biophysical aspects of
sickle cell disease (38) into an in vitro biophysical marker.

Recent studies have shown that it is possible to halt the flow of
sickle cell blood in a capillary-sized microchannel under constant
pressure by lowering the oxygen concentration, thereby simulating
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the most basic features of a vaso-occlusive event (39, 40). Here, we
show that a measurement of the dynamics of the integrated phys-
ical vaso-occlusive process using patient blood ex vivo serves as a
biophysical indicator of pathophysiology in a physiologically rele-
vant range of HbS concentration, HbS fraction, RBC volume fraction,
and local oxygen concentration (28). This measurement charac-
terizes the dynamics of blood rheological properties during ex vivo
vaso-occlusion. Our experiments evaluated this measurement as a
biophysical indicator of disease severity in patients, by benchmark-
ing it against currently available clinical laboratory tests for sickle
cell disease, and as an ex vivo assessment of the efficacy of existing
and experimental treatments.

RESULTS

A microfluidic system quantifies blood conductance dynamics
We developed a microfluidic system to measure changes in sickle
cell blood flow after deoxygenation. The system included a micro-
fluidic device with a capillary-sized channel that was diffusively coupled
to a gas reservoir (Fig. 1A). This system allowed control over many pa-
rameters that mimic physiological conditions during vaso-occlusion,
including channel size, blood pressure, and oxygen concentration.
Whole, anticoagulated human blood was driven through the channel
under constant pressure, and gas with prescribed oxygen concentra-
tion was driven through the gas reservoir. RBCs were imaged in the
Soret band (41), allowing determination of hemoglobin oxygenation
state on the basis of change in optical absorption (Fig. 1B). As sickle
cells become deoxygenated, hemoglobin polymerizes, leading to cell
stiffening and sickling. In the microfluidic device, there was thus an ac-
companying increase in the blood’s resistance to flow, with a resulting
drop in flow velocity despite a constant driving pressure head; that is,
there was a drop in the blood conductance (defined as velocity per unit
pressure drop, and inversely proportional to the effective viscosity of the
suspension).

By measuring the changes in flow velocity for a given constant ap-
plied pressure head, we could quantify the kinetics of the change in
conductance for a blood sample after deoxygenation (Fig. 2). Movie S1
shows a full deoxygenation-reoxygenation cycle with vaso-occlusion
and recovery. When the oxygen concentration in the gas reservoir
was reduced rapidly from 21 to 0% in ~20 s (Fig. 2, A to F, top panels),
it caused hemoglobin desaturation (fig. S1), cell deoxygenation, cell
stiffening, and an overall decrease in blood flow velocity in blood
samples from patients with sickle cell disease, although the pressure
drop across the device remained unchanged (Fig. 2, C to F, middle
panels, right y axis). In contrast, blood samples from individuals with
either normal hemoglobin A (HbA) (Fig. 2A) or sickle cell trait (heter-
ozygous for the mutated B-globin gene) (Fig. 2B) showed no response.
For all blood samples, steady-state velocity at 21% oxygen also depended
linearly on the pressure drop, consistent with Poiseuille’s law (42), with
maximum shear rates in the middle of the channel in the range of 100
to 400 s, which are similar to shear rates found in the microcirculation
in vivo (43). For sickle cell patient blood, deoxygenation was followed by
a declining velocity with the magnitude of deceleration varying roughly
linearly with applied pressure. That is, the rate of decrease in conduct-
ance was independent of pressure (Fig. 2, C to F, bottom panels). We
therefore used the rates of conductance decrease in blood samples from
different sickle cell patients as measures of disease severity.

Conductance dynamics correlate with clinical outcome

If the rate of conductance decrease captures critical aspects of in vivo
sickle cell pathophysiology, then we hypothesized that blood samples
from the most severely affected patients would show a more rapid re-
duction in conductance (AC/Af) than samples from the least severely
affected (benign) patients. To test this hypothesis, we defined criteria
to distinguish “benign” and “severe” blood samples. A benign sample
was one collected from a sickle cell patient who had not been treated
with hydroxyurea, had not received any transfusions, and had no im-
promptu medical visits for a sickle cell disease-related indication in
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Fig. 1. Microfluidic device for studying sickle cell blood flow conductance.
(A) The device comprised three layers (inset): artificial capillaries for blood
flow, a hydration layer with PBS, and a gas reservoir. Blood was driven under
constant pressure bias, controlled by a digital pressure regulator. Two sole-
noid valves controlled the gas (N, and air) in the top chamber. A fiber optic
probe was used to measure the oxygen concentration in the gas reservoir.
The device was illuminated through an optical filter whose transmission
band (434 + 17 nm) was centered on an absorption peak for deoxyhemo-
globin. (B) The absorption peak of hemoglobin shifts in deoxygenated
conditions, making deoxygenated RBCs appear dark and oxygenated RBCs
appear transparent. Qualitative measurements of hemoglobin oxygen satu-
ration were made using the intensity of transmitted light.
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the 12 months before or 2 months after the date of sample collection. = Conductance dynamics efficiently stratify sickle

Benign blood samples showed little or no drop in conductance after cell patients

deoxygenation (Fig. 3A). Severe samples were those from sickle cell ~ Tests were carried out with blood samples from 23 patients with severe
patients who had either received a transfusion or made an impromptu  disease and 6 patients with benign disease. Deoxygenation tests indi-
hospital visit for a sickle cell disease—related indication in the 12 months  cated that the rate of conductance decrease correlated with benign
before or 2 months after the date of sample collection. Samples from  and severe classification for this set of blood samples, averaged over at
patients with severe disease showed a steep and rapid conductance least three independent deoxygenation experiments (Fig. 4). Table S1
change after deoxygenation (Fig. 2, C to F, and 3B). contains raw data for all samples. Blood samples from patients with more
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Fig. 2. Measuring rates of conductance decrease after deoxygenation. (A) A normal blood sample. (B)
A sickle trait blood sample. (C to F) Severe sickle cell samples from four individual patients. For each
sample, measurements show time courses of oxygen concentration (top panels) in the gas reservoir
and corresponding RBC median velocity (middle panels, open circles) obtained by video tracking, as
well as applied pressure bias (middle panels, dashed line). Corresponding channel conductance
(bottom panels) was measured by dividing instantaneous velocity (um/s) by the pressure (mmHg).
All conductance values were scaled by the mean HbA blood conductance [C*ypa = 1.7 um s
mmHg™' (0.013 um s~' Pa™")]. Time was scaled by the time course for hemoglobin deoxygenation
(tgeox = 10 ).

benign disease showed a significantly slower
decrease in the conductance after de-
oxygenation (Fig. 4A): the conductance of
the median severe sample fell more than twice
as fast as that of the median benign sample.

We also calculated the receiver operating
characteristic (ROC), which characterizes
the sensitivity and specificity for a binary test
as a function of the discrimination thresh-
old, and the area under the curve (AUC),
which quantifies the ability of the test to dis-
criminate between states (6, 44). In contrast
to a random prediction (Fig. 4B, dashed line),
which has no information content, our mea-
surement (Fig. 4B, solid line) demonstrated
strong diagnostic potential with an AUC of
0.85 (95% confidence level = 0.65 to 0.95).

We explored the possibility that these
different rates of conductance change could
be explained by other blood parameters. No
systematic difference was noted between
the benign and the severe groups for HbS
fraction (Fig. 4C), unadjusted hematocrit
(Fig. 4E), mean hemoglobin concentra-
tion (fig. S2A), sample storage time (fig.
S2B), or steady-state oxygenated conduct-
ance (Fig. 4F). We also considered the role
of white blood cells (WBCs) and found no
correlation between sample severity and
WBC count (Fig. 4D). We expect that most
WBCs are not viable at the time of testing,
and thus, WBCs are not responsible for the
differences in rheodynamics. We further
explored this hypothesis by depleting
WBCs from a severe sample and showed
that the rheodynamics were not consistently
altered (fig. S2C); thus, none of these other
blood parameters can serve as a predictive
biomarker for disease severity.

Another potential explanation for these
different rates of conductance change is
that the benign group has a higher fraction
of HbF, which inhibits HbS polymerization
(45). To compare HbF fractions between
the benign and the severe samples, we first
subdivided the severe samples into those
from patients who had been or had not
been treated with hydroxyurea (“treated
severe” or “untreated severe”), a drug that
works in part by increasing HbF expression
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Fig. 3. Rheodynamics for severe and benign samples. (A and B) Oxygen
concentration in the gas reservoir and corresponding conductance data
for one benign sample (A) and one severe sample (B). This figure shows
one deoxygenation cycle from a series of such cycles as shown in Fig. 2.
All conductance values are scaled by the mean HbA blood conductance
[~1.7 um s~ mmHg™" (0.013 um s™' Pa™")], and time is scaled by the time
scale for hemoglobin deoxygenation (~10 s).

(45, 46). Benign blood samples had higher HbF fractions than untreated
severe samples (Fig. 4G). However, the HbF fractions for treated severe
samples were comparable to those for the benign samples. Despite elevated
HbF fraction, the hydroxyurea-treated patients had a more severe clinical
course, and their blood samples showed rates of conductance decrease
comparable to those of untreated severe samples (Fig. 4H). Although in-
creased HbF fraction may account for some of the difference in AC/At be-
tween benign samples and untreated severe samples, HbF fraction cannot
account for the difference between the benign and the treated severe
samples. Further, if HbF fraction alone determined the rheodynamics, then
one would not expect the untreated and treated severe samples to show such
similar rates of conductance decrease.

Finally, we also assessed the role of cell volume by comparing the mean
cell volumes (MCVs) in the groups. Hydroxyurea is known to raise MCVs,
and we found a slight elevation in MCV:s in the hydroxyurea-treated group,
as expected (fig. S2D). We found no significant difference between the
benign and the untreated severe groups, making it unlikely that differ-
ences in RBC volume are responsible for the differences in rheodynamics.

Simulated transfusion reduces rates of conductance change
We investigated whether a simulated transfusion of normal blood (HbA)
to lower HbS fraction would lead to slower declines in conductance, anal-
ogous to the way that it improves sickle cell patient clinical status (46).
We mixed ABO- and RhD-compatible HbA blood with blood samples
from four sickle cell patients. After a simulated transfusion, the HbS frac-
tion of four severe samples was reduced by 29, 31, 33, or 35% (Fig. 4I). As
expected, lower HbS fraction is associated with slower conductance de-
creases for each sample. Despite the similarity in relative reduction of
HbS fraction, the magnitude of the effect on conductance was variable
between patients; as such, neither the initial HbS fraction nor the frac-
tional decrease seems to predict how the rheological properties of a given
blood sample will respond.

Small-molecule treatment modulates rate of

conductance change

If the rate of conductance decrease correlates with clinical outcome, small
molecules with clinical potential should reduce the rate of conductance
decrease. Recent work has described a small molecule, 5-hydroxymethyl
furfural (5SHMF), that increases hemoglobin oxygen affinity and can sig-

nificantly improve phenotypes in a mouse model of sickle cell dis-
ease (47). We used our system to assess the effect of this experimental
therapy on the rheological properties of a patient blood sample ex vivo.
One patient sample was treated with either 0 mM 5HMF (untreated)
or 10 mM 5HMF. The results showed a large and rapid conductance
decrease in response to deoxygenation for the untreated sample (Fig. 5A),
but little conductance change for the treated sample (Fig. 5B). Treat-
ment with 5SHMF caused a fivefold slower reduction in conductance
compared to the untreated sample (Fig. 5C). This marked rheodynamic
response was associated with a slower change in the optical absorption
measurement (Fig. 5A, top panel) compared to that for the untreated
sample (Fig. 5B, top panel), consistent with a slower unloading of oxygen
for the treated sample.

DISCUSSION

Our microfluidic system enabled us to measure the speed of the rhe-
ological response of patient blood samples to deoxygenation by inte-
grating the molecular, cellular, and rheological processes that likely
occur during in vivo vaso-occlusion. This method contrasts with pre-
vious approaches that have focused on just one aspect of the vaso-
occlusive process, such as HbS polymerization, RBC sickling, or
blood rheology. We have shown that the rate of change in the rheo-
logical properties of blood samples—characterized by the rate of change
in conductance during an in vitro vaso-occlusive event—is correlated
with overall patient disease severity for the set of 29 patients in our study.
The ability of this biophysical indicator to distinguish patient disease
severity in this patient cohort was statistically robust (P < 0.01) with
>90% statistical power (for P = 0.05). From a diagnostic perspective,
our biophysical indicator, with an AUC of 0.85, compares well against
other putative biomarkers deemed sufficiently promising for follow-
up study, such as a micro-nuclear magnetic resonance (NMR)-based
cancer diagnostic (AUC = 0.44 to 0.88) (48) and urinary biomarkers
for kidney injury (AUC = 0.73 to 0.91) (49). This diagnostic efficiency
contrasts sharply with existing laboratory tests such as HbS and HbF
fractions, which do not correlate with patient outcomes (10, 50). Be-
cause we find less heterogeneity in rheodynamics for benign samples
than for severe samples (Fig. 4A), this measurement may be most use-
ful for identifying sickle cell patients at increased risk of vaso-occlusive
complications as those with elevated rheodynamics. Although the sud-
den and seemingly unpredictable onset of vaso-occlusive crises sug-
gests that it may never be possible to predict the exact timing of such
events, our ex vivo biophysical test may provide the basis for an objective
and accurate tool to identify those patients who are not responding well
to hydroxyurea treatment or transfusion or who may benefit most from
initiation of such treatment regimens.

Our study highlights the potential diagnostic power of a biophys-
ical marker to integrate multiple interdependent pathophysiological
processes, in contrast to previous studies at the molecular or cellular
level (20, 21, 27-30). Furthermore, we see that a previously unappre-
ciated difference between patients is found in the dynamics of blood
rheological properties, reflecting the pathophysiological transition of a
soft suspension that flows steadily to a “jammed” one when the cells
stiffen in response to deoxygenation. Thus, it is not surprising that
steady-state values, such as hematocrit, mean corpuscular volume, mean
hemoglobin concentration, WBC count, and oxygenated conductance,
do not correlate with clinical outcome, whereas the dynamics of flow
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do correlate with the occlusive events ultimately responsible for dis-
ease severity. Indeed, more generally, stasis and hyperviscosity lead to
thrombosis in vivo and thus imply a lower limit on physiologic steady-
state velocity in the microcirculation (51). It is therefore not surprising
that a key determinant of vaso-occlusion is the rate at which flow ap-
proaches this lower limit. In our measurements, the patients most at
risk are those whose blood showed a rapid conductance change, indi-
cating a high probability that it would slow sufficiently quickly in the
microcirculation to reach pathologically low levels and produce a vaso-
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occlusion. Understanding the occurrence of these extreme events re-
quires a dynamic assay, such as that characterized here.

Animal models of sickle cell disease are limited by significant pheno-
typic differences from human patients and the complexity of experi-
mental protocols (7). Our microfluidic approach may provide a better
way to assess the efficacy of experimental pharmaceuticals in humans.
The ex vivo system described in this study can be used to identify po-
tential drugs and quantify their efficacy more easily by using only patient
blood and obtaining a readout in fewer than 30 min. As an example, a

reduced rate of conductance change after
treatment of a blood sample with SHMF
(Fig. 5) was consistent with the known ef-
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9060
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blood conductance change (45). We found
no consistent effect of total HbF fraction
in a blood sample on the rate of conduct-
ance decrease after deoxygenation, consist-
ent with previous studies showing that the
fraction of HbF in treated patients is not
a useful predictor of clinical outcomes in
individual patients (33). One existing hy-
pothesis to explain this result is that the
degree of uniformity of the HbF distribu-
tion across all RBCs may be more important
than the total fraction of HbF (8, 45, 54).

In summary, the strong correlation be-
tween blood rheodynamics and the clin-
ical outcomes in our study population
provides a valuable tool for scientific dis-
covery, drug development, and possibly for
patient monitoring and clinical decision-
making in sickle cell disease. Our study
is limited to a small cohort of patients
and uses simplified criteria for the “severity”
of the disease. Future studies are required
to predict clinical course prospectively in

|

8655 6545 6345

HbS fraction (%)

um s~ Pa™")] divided by the

www.ScienceTranslationalMedicine.org 29 February 2012 Vol 4 Issue 123 123ra26 5

Downloaded from stm.sciencemag.org on March 3, 2012


http://stm.sciencemag.org/

RESEARCH ARTICLE

w

A 73% HbS

73% HbS + 10 mM 5HMF

(9]

N
o
o

Intensity (AU)

100

Conductance
(CIC" on)
Conductance

Time (Tdeox)

Fig. 5. Rate of conductance decrease is modulated by a small molecule.
(A and B) Oxygen data from gas reservoir (top graph) and conductance
data (bottom graph) are shown for an untreated severe sample (A) and
the same sample treated with 10 mM 5HMF (B). Oxygen data are shown
as measured in the gas reservoir (dashed line) and in the blood channel
(open circles), the latter measured by RBC intensity. (C) Rates of conduct-
ance decrease [open circles in (A) and (B)] are quantified. *P < 0.05, Mann-

larger populations and in individual patients longitudinally. This system
could also be used to quantitatively probe the role of other cell types,
such as vascular endothelium, that are implicated in the vaso-occlusive
process (32). Moreover, this work provides an impetus for the devel-
opment of integrated chemical and biophysical indicators of disease that
link multiple molecular and cellular pathways across diverse length and
time scales. These tools could complement the growing biomolecular
armamentarium for predicting clinical outcomes and revealing the
mechanisms underlying human disease.

MATERIALS AND METHODS

Blood sample collection

Blood specimens were collected during the normal course of patient
care at Massachusetts General Hospital and Brigham and Women’s
Hospital and used in experiments in accordance with a research
protocol approved by the Partners Healthcare Institutional Review
Board. Blood samples were collected in 5-ml EDTA vacutainers and
stored at 4°C for up to 14 days. Hematocrit was determined with a
Siemens ADVIA 2120 automated analyzer. Hemoglobin fractions were
determined with cellulose agar electrophoresis and confirmed by high-
performance liquid chromatography with a Tosoh G7 column. Blood
samples used in simulated transfusion experiments were tested to ex-
clude the presence of any RBC alloantibodies.

For all measurements, hematocrit was adjusted to 25% by fraction-
ating RBCs and plasma in a centrifuge at 3500 rpm for 10 min. Sep-
arated plasma was then removed or added to adjust total hematocrit.
For transfusion studies, hematocrit-adjusted sickle blood was mixed
with type-matched HbA blood to achieve the desired sickle cell frac-
tion. To treat with SHMF (Sigma), we first dissolved 1 M of drug in
dimethyl sulfoxide. Blood samples were treated with appropriate dose
and incubated at 37°C for 1 hour. After incubation, samples were trans-
ferred to 4°C until ready for use.

Ti me (Tdeox)

200 5 *
< o 0.15 —
2
g 0~ ]

o 3 3
o} °
1005 T o190
C )
[T
=
s 3
8 G 005
w <
O
[0]
S
a
0
73 73+ 5HMF

HbS fraction (%)

Whitney nonparametric analysis. Data are means + SD of at least five
independent deoxygenation cycles for both samples. All conductance
values are scaled by the mean HbA blood conductance [~1.7 um s~
mmHg™' (0.013 um s™' Pa™")], and time is scaled by the time scale for he-
moglobin deoxygenation (~10 s). Rates of conductance decrease are scaled
by mean HbA blood conductance divided by the time scale for hemoglo-
bin deoxygenation (C*ypa/Tdeox)-

Patient blood samples were classified as benign if all of the follow-
ing criteria were met during the 12 months before sample collection
and the 2 months after: no patient hospital admissions or emergency
room visits for sickle cell disease-related complications, no blood trans-
tusions for sickle cell disease-related indications, and no hydroxyurea
use. Patient blood samples were classified as severe if the patient had
had at least one hospital admission or emergency room visit for a sick-
le cell disease-related complication or a blood transfusion for a sickle
cell disease-related indication in the 12 months before sample collec-
tion or the 2 months after.

Device fabrication

The device comprised three layers: the blood capillary, the gas reservoir,
and a reservoir for hydration (Fig. 1A). Each of these layers was sepa-
rated from the adjacent layers by a 100-um-thick poly(dimethylsiloxane)
(PDMS) membrane, which allowed for gas transport between the layers.
The rectangular blood “capillary” was 7 cm long with a cross section
that was 15 um x 10 pm. The hydration layer, which was required
to prevent dehydration of the blood through the membrane (55), was
30 cm long with a cross section that was 1.5 mm x 100 um. The gas res-
ervoir completely overlapped the hydration layer, but was 150 pm tall.
The layers were fabricated in PDMS with soft lithography. The blood
layer master was made by spinning SU-8 2015 (MicroChem Corp.)
onto a silicon wafer at 3500 rpm for 30 s and then photocrosslinking
the SU-8 through a 50,000-dpi (dots per inch) transparency mask.
The hydration and gas layer molds were made by spinning SU-8
2050 at 1500 and 1000 rpm, respectively, for 30 s. The PDMS layers
were assembled with thermal bonding. For the hydration layer and
membrane, we mixed PDMS with a 20:1 elastomer/curing agent and
spun this onto the mold at 500 rpm for 30 s. The gas layer was cast
at 1-cm thickness with a 5:1 elastomer/curing agent and bonded to the
hydration layer at 80°C for 2 hours. The blood layer and corresponding
membrane was made by mixing PDMS with a 5:1 elastomer/curing
agent and spin casting with the same conditions as for the hydration
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layer. The gas and hydration reservoirs were then removed from the
hydration layer mold and bonded to the blood layer at 80°C over-
night. The final structure was then plasma-bonded to a glass micro-
scope slide.

Device operation

The experimental setup is shown in Fig. 1. Gas was flowed through
the top chamber of the device under constant pressure (1 psi) from pre-
cision pressure regulators (PRG200-25, Omega). We switched between
0% oxygen (N,) and 21% oxygen (21% O,, 5% CO,, balance N,) with
solenoid valves downstream of the regulators. Phosphate-buffered sa-
line (PBS) was flowed through the hydration layer at 1 ml/hour with a
syringe pump. This aqueous layer prevented dehydration of the blood.
Whole blood (EDTA-anticoagulated) from human patients was flowed
through the capillary under constant pressure, provided by compressed
N,, with a digital pressure regulator (PCD, Alicat Scientific).

Oxygen measurement

Oxygen concentration of the gas phase was measured with a fiber op-
tic sensor (FOXY, Ocean Optics) connected to the outlet of the gas res-
ervoir. We also measured the oxygen saturation of the RBCs directly
with an optical technique. An optical filter (Brightline 434 + 17 nm,
Semrock) was placed between the light source and the device (Fig. 1A).
The transmission band of this filter was centered on 425 nm, in an ab-
sorption peak for deoxyhemoglobin (Fig. 1B). To confirm the validity
of this gas-phase measurement as an estimate of the blood channel ox-
ygen concentration, we measured oxygen concentration in the blood
channel directly using an oxygen-sensitive luminescence probe (fig. S1).
Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) dichloride complex
(56) was dissolved in PBS at 1 mg/ml and flowed through the blood
channel under the same conditions as the blood measurement. Lumines-
cence was measured under illumination at 488 nm.

Blood conductance and dynamics

Blood rheology was measured by capturing high-speed videos in real
time and performing video tracking of individual RBCs offline. Using
this method, we were able to compute instantaneous blood velocities
over very short time intervals and track changes in blood velocity as a
function of RBC oxygenation state. Video processing methods were
described in detail previously (40). Briefly, cells in each video frame
were identified computationally on the basis of morphologic criteria.
Cell locations in subsequent frames were linked to form trajectories
with heuristics and machine learning techniques. We defined the ve-
locity at each point in time as the median cell velocity calculated over
a 32-frame video captured at higher than 200 fps. We excluded any
noisy videos where the interquartile range (IQR) of calculated veloci-
ties was greater than the larger of the median velocity or 40 pm/s. All
rheology data are reported as device conductance, which was calcu-
lated by dividing the median blood velocity by the applied pressure
bias. Stretches of constant oxygen and pressure were identified auto-
matically, and the beginning and ending of conductance transients
were identified by examining a five-point moving average of the conduc-
tance. Once the time range was defined for a conductance transient, rates
of conductance change were computed and fit to a linear function with
the robust least-squares method available in the MATLAB curve fitting
toolbox (MathWorks). Average rates of conductance change for each
sample were defined by taking the mean of calculated transients from
at least three independent deoxygenation cycles. Nonparametric analy-

sis to compare groups of samples was performed with the Mann-Whitney
nonparametric test in the MATLAB statistics toolbox (57). Power analy-
sis was performed with bootstrapping methods (resampling with re-
placement from our data set) along with numerically simulated trials
(n = 100,000) (58).

Experiments flowing whole blood in microfluidic channels are prone
to fouling, delamination, and other artifacts. We assessed the integrity of
each deoxygenation/reoxygenation cycle by measuring the conductance
before and after. Any significant change (>20%) likely reflected device
compromise, and the results of such transients were excluded.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/123/123ra26/DC1

Fig. S1. Direct oxygen measurement in the blood channel.

Fig. S2. Metrics of sickle cell blood.

Table S1. Rates of conductance decrease from individual deoxygenation cycles for all patient
samples (n = 29).

Movie S1. Vaso-occlusion and rescue in a microfluidic sickle cell disease model.
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