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Sickle cell disease (SCD) is characterized by sickle hemoglobin (HbS) which polymerizes under deoxygenated conditions 
to form a stiff, sickled erythrocyte. The dehydration of sickle erythrocytes increases intracellular HbS concentration and 
the propensity of erythrocyte sickling. Prevention of this mechanism may provide a target for potential SCD therapy 
investigation. Ionophores such as monensin can increase erythrocyte sodium permeability by facilitating its 
transmembrane transport, leading to osmotic swelling of the erythrocyte and decreased hemoglobin concentration. In 
this study, we treated 13 blood samples from patients with SCD with 10 nM of monensin ex vivo. We measured changes 
in cell volume and hemoglobin concentration in response to monensin treatment, and we perfused treated blood 
samples through a microfluidic device that permits quantification of blood flow under controlled hypoxia. Monensin 
treatment led to increases in cell volume and reductions in hemoglobin concentration in most blood samples, though the 
degree of response varied across samples. Monensin-treated samples also demonstrated reduced blood flow impairment 
under hypoxic conditions relative to untreated controls. Moreover, there was a significant correlation between the 
improvement in blood flow and the decrease in hemoglobin concentration. Thus, our results demonstrate that a 
reduction in intracellular HbS concentration by osmotic swelling improves blood flow under hypoxic conditions. Although 
the toxicity of monensin will likely prevent it from being a viable clinical treatment, these results suggest that osmotic 
swelling should be investigated further as a potential mechanism for SCD therapy. 
 

Abstract 

Introduction 
Sickle cell disease (SCD) is an inherited blood disorder that 
affects approximately 100,000 Americans in the United 
States and decreases a patient’s life expectancy by 30 
years.1 The disease is caused by a genetic mutation in the 
b-globin gene which produces sickle hemoglobin (HbS). HbS 
can polymerize under deoxygenated conditions forming 
stiff, sickled red blood cells (sRBC).2 The presence of sRBC 
contributes to the key elements of SCD pathology: hemo-
globin polymerization, endothelial dysfunction, sterile in-
flammation, leading to overall disruption of blood flow 
particularly in the microvasculature.3 These processes ulti-
mately give rise to the vast clinical manifestations seen in 
SCD including vaso-occlusive episodes (VOE), acute chest 
syndrome, and stroke. The complex pathophysiology of SCD 
requires the development of treatments that target one or 
more of the molecular disease pathology mechanisms.4-5   

Given that HbS polymerization is essential in the patho-
physiology of SCD, treatments to prevent HbS polymeriza-
tion continue to be an area of investigation for therapeutic 
development.6-8 Hydroxyurea, the first drug approved by 
the Food and Drug Administration (FDA) for the treatment 
of SCD, induces production of fetal hemoglobin (HbF), an 
anti-sickling hemoglobin. Though available for decades, 
patients treated with hydroxyurea experience variable 
clinical benefit and are subject to ongoing monitoring 
given its hematologic side effects.9 Recently, another anti-
sickling agent, voxelotor, was approved by the FDA for the 
treatment of SCD.  Voxelotor stabilizes the oxygenated 
form of HbS by increasing hemoglobin’s oxygen affinity, 
preventing polymerization when exposed to deoxygenated 
conditions.10,11 Research is still ongoing to determine voxe-
lotor’s potential side effects and clinical benefit. In its 
phase III clinical trial, patients randomized to receiving 
voxelotor did experience an increase in hemoglobin after 
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6 months of use, but they did not have a reduction in VOE.11 
While treatments that inhibit polymerization such as voxe-
lotor or hydroxyurea have been successful, therapeutics 
that target polymerization without affecting hemoglobin 
oxygen affinity or targeting the hematopoietic niche may 
provide similar clinical benefit without the side effects 
seen with these drugs.      
An alternative mechanism to inhibit HbS polymerization is 
the reduction of intracellular HbS concentration within a 
sRBC. Small decreases in HbS concentration can lead to 
slower polymerization rates that are longer than sRBC 
capillary transit time.8,12 Previous studies to reduce HbS 
concentration include using antidiuretic hormone and a 
low sodium (Na) diet to reduce plasma osmolality and Na 
concentration. This caused hypotonic swelling of sRBC and 
a reduction in mean cell hemoglobin concentration 
(MCHC), ultimately leading to decreased erythrocyte sick-
ling observed in three patients.13 However, maintaining the 
necessary level of hyponatremia was impractical and re-
sults could not be reproduced in later studies.14,15 Rather 
than decreasing plasma Na and osmolality as a method to 
reduce MCHC and HbS polymerization, increasing intracel-
lular Na and osmolality may be more feasible. This pro-
duces similar osmotic swelling effects and decreases 
MCHC without the difficulties of sustaining low plasma Na 
concentrations. In order to study this mechanism and its 
potential benefit in SCD, ionophores that increase the ery-
throcyte permeability to Na, such as monensin, can be 
used to facilitate intracellular Na transport. Monensin se-
lectively binds to Na+ ions and facilitates its electrogenic 
transport across the erythrocyte membrane, creating an 
osmotic gradient and causing an influx of fluid intracellu-
larly.16-18 Previous work in sRBC treated with monensin have 
demonstrated that monensin is effective at increasing 
mean corpuscular volume (MCV), decreasing MCHC, and 
increasing deformability of sRBC.19-21 These studies pro-
vided a basis for understanding the molecular effects of 
monensin on RBC, however, they did not examine how 
these molecular changes impact the mechanics of RBC 
flow under physiologic conditions.  
In this study, we use monensin as a model compound to 
investigate osmotic swelling to reduce MCHC as a poten-
tial mechanism for SCD therapy development. We aim to 
characterize the effects of sRBC osmotic swelling and re-
duced MCHC on sRBC rheologic oxygen dependence using 
a microfluidic device designed to recapitulate the physio-
logical environment of the microvasculature. We compare 
the rheological response to hypoxia in our microfluidic de-
vice between blood samples treated with monensin and 
untreated controls. In order to further quantify its effect, 
we correlate MCV, MCHC, and the rheological response to 
hypoxia. By studying the effect monensin may have on 
rheology, we build upon previous monensin studies and 
are now able to better capture the complex pathophysio-

logic changes in blood flow that occur with deoxygenated 
conditions in a physiologically relevant system, gaining a 
more comprehensive understanding of the potential thera-
peutic mechanism and its in vivo effects.   

Methods 
Monensin treatment 
All study protocols were approved by the Institutional Re-
view Board (IRB). In preparation for monensin treatment 
(Figure 1A), RBC were washed three times by centrifuga-
tion in Buffer A solution (104 mM NaCl, 32 mM Na2HPO4, 
8 mM KH2PO4, 5.5 mM dextrose, 1g/L bovine serum albu-
min [BSA]; pH 7.4, 305 mOsm) with techniques previously 
published.18 Dextrose and BSA components of the Buffer 
A solution were added on the day of experiments. 
Samples were resuspended in Buffer A with 0.01% EtOH 
and 10 nM monensin (420701, BioLegend) to achieve 25% 
hematocrit (hct) and incubated at 37°C for 12 hours (hrs). 
A concentration of 10 nM monensin was chosen based on 
previous studies demonstrating optimal cellular effect 
without increased hemolysis.19 Preliminary research 
shows that incubation in Buffer A between 6 and 24 hrs 
limits RBC swelling in controls to less than 5% MCV. While 
the effect of 0.01% EtOH on RBC has been previously 
studied to be insignificant,22-24 a control resuspended in 
Buffer A and 0.01% EtOH was used for each sample in this 
study. After incubation, the sample was washed with 
phosphate-buffered saline (PBS) to remove extracellular 
monensin and resuspended in PBS to achieve 25% hct 
prior to rheology measurements. Details of blood sample 
collection, storage, and methods of obtaining laboratory 
values are provided in the Online Supplementary Appen-
dix.  

Data collection and analysis  
Device design, fabrication, and experimental set up have 
been previously published24-26 and is detailed in the Online 
Supplementary Appendix. Continuous rheological data were 
captured using a high-speed camera (GS3-U3-23S6M-C, 
FLIR) at a frame rate of 500-600 FPS (frames per second) 
at 40x magnification. Blood flow velocity measurements 
were collected using a contrast detection algorithm devel-
oped in MATLAB based on the Kanade-Lucas-Tomasi algo-
rithm.27-29 The velocity of thousands of contrasting points 
per frame were identified and averaged to obtain an aver-
age velocity per frame. Representative data in Figure 1B 
demonstrates blood flow velocity under normoxic and hy-
poxic conditions for a control and monensin treated 
sample. Each sample was exposed to 1 minute of normoxia 
(160 mmHg) and then 1 minute of hypoxia (0 mmHg). This 
oxygenation-deoxygenation cycle was then repeated for a 
total of 3 cycles. Average steady state (SS) velocity at nor-
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moxia or hypoxia was determined by averaging the veloc-
ities of the three cycles at each oxygen tension for each 
sample. The average SS velocity value was used to deter-
mine two velocity metrics used for analysis: velocity re-
sponse and recovery. Velocity response is defined by the 
difference between the average SS velocity at 160 mmHg 
and 0 mmHg oxygen. The response is normalized by the 
sample’s average velocity at 160 mmHg oxygen tension 
(Figure 1C) and indicates the magnitude of velocity reduc-

tion during deoxygenation. Velocity recovery is defined by 
the difference in velocity response between treatment and 
the untreated control and indicates the change in velocity 
reduction during deoxygenation due to treatment.   

Statistical analysis 
A Wilcoxon signed-rank test is used to establish significant 
difference between control and treatment groups (n=13). 
A Pearson’s product moment correlation coefficient is 

Figure 1. Data collection and analysis. An overview of methods of sample preparation, data collection, and defining rheological 
variables used throughout the study. (A) Schematic of the monensin treatment workflow. (B) Representative image of raw 
velocity data (below) as it relates to oxygen tension (above) from a single sickle cell disease (SCD) patient sample. In the bottom 
panel of (B), blood flow velocity is compared between monensin treatment (red) and the untreated control (blue). The average 
oxygenated shear rate during experiments was 355 s-1, within physiologic range for channel dimensions.46 In this sample, it 
appears that the velocity at normoxia of the monensin-treated condition is lower than that of the untreated condition. In order 
to address the differences in normoxic velocities between treatment conditions, conductance of all 13 samples was calculated 
to determine if additional variables were present contributing to normoxic velocities (Online Supplementary Figure S3). There 
were no significant differences in conductance at normoxia between treatment conditions in all samples, indicating velocity 
differences at normoxia were related to driving pressure. (C) The oxygenated (160 mmHg) and deoxygenated (0 mmHg) sections 
of the collected velocity data in (B), normalized by the average oxygenated steady state velocity for the representative sample. 
The representative single patient data in (C) demonstrates a 13% velocity response for a monensin-treated sample and a 33% 
response for the untreated control. This corresponds to a velocity recovery of 20% after monensin treatment. Velocity response 
is calculated using the difference between oxygenated (160 mmHg) and deoxygenated (0 mmHg) velocities and velocity recovery 
is calculated by the difference in the control and monensin treated response. SN: supernatant; PBS: phosphate-buffered saline, 
SS: steady-state.
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used to describe the linear correlation (n=13). Significance 
was defined by a P≤0.05. 

Results 
Mean cell hemoglobin concentration strongly correlates 
with rheologic response to hypoxia 
A total of 13 samples from patients with SCD were ob-
tained and used in experimentation. A summary of cor-
responding patient demographic, clinical, and baseline 
laboratory data are shown in Table 1. Several different 
sickle cell genotypes were included in the cohort. When 
oxygenation was decreased from 160 mmHg to 0 mmHg, 
all untreated sickle samples responded with velocity re-
duction to a specific steady state velocity. When oxygen 
tension was restored back to 160 mmHg, blood flow vel-
ocity then increased and returned to its SS velocity prior 
to deoxygenation. Similar velocity response was replicated 
with repeated cycles of deoxygenation. The conductance 
of each sample at normoxia and hypoxia were calculated 
in each treatment condition to ensure non-significant dif-
ferences in sample preparation and device variability be-
tween experiments (Online Supplementary Figure S2). In 

contrast, oxygen-dependent velocity was not observed in 
healthy, AA, blood controls (Online Supplementary Figure 
S3A). In order to identify a parameter which may dictate a 
sample’s velocity response to hypoxia, we first determined 
if MCHC and MCV were independent variables within the 
13 untreated sickle samples. There was no correlation be-
tween MCV and MCHC (Figure 2A, r=-0.008, P=0.982), as 
MCHC is maintained between 30-36 g/dL within RBC of 
varying sizes. These MCHC values are consistent with low 
to normal adult MCHC values typically seen in SCD30 and 
support previous work demonstrating that native MCV 
values have no correlation with native MCHC values in 
SCD.31 This supports that MCV and MCHC are likely inde-
pendent variables and may individually influence the rheo-
logical response. In order to determine the influence of 
these variables on samples’ velocity response, we com-
pared MCV or MCHC with each sample’s velocity response. 
There is a slight negative relationship between velocity re-
sponse and MCV amongst the 13 untreated samples, 
though this correlation was not significant (Figure 2B, r=-
0.13, P=0.660). There was, however, a significant positive 
relationship when correlating velocity response and MCHC 
(Figure 2C, r=0.83, P=0.001), as untreated samples with 
lower MCHC had smaller velocity responses when exposed 
to hypoxia. Collectively, this data corroborates previous 
work by others demonstrating that cell volume does not 
strongly correlate with the rheological response and rather 
it is hemoglobin concentration that is strongly correlated 
with sample blood flow response.32  

Monensin increases sickled red blood cells mean 
corpuscular volume, decreases mean cell hemoglobin 
concentration, and reduces hypoxia-induced 
polymerization 
In order to determine the effect of monensin on sRBC, MCV 
and MCHC values pre- and post-treatment were collected 
of all 13 SCD samples and shown in Figure 3A and B. Over-
all, the monensin-treated samples had significantly in-
creased MCV (Figure 3A) and decreased MCHC (Figure 3B) 
when compared to the controls (P<0.01). The significant 
effects in MCV and MCHC were also observed when treat-
ing three healthy, AA blood controls with monensin as well 
(Online Supplementary Figure S3B). Throughout the sample 
cohort, the effect of monensin on MCV and MCHC widely 
varied between samples. Some samples had large differ-
ences in MCV and MCHC after monensin treatment 
(sample ID: 11 and 12). Sample 11 experienced the largest 
change in both MCV and MCHC after treatment and was 
from a patient with HbSB+ thalassemia. Sample 12 also ex-
perienced large changes in MCV and MCHC and came from 
a patient who had been recently transfused with a severe 
clinical phenotype. Others demonstrated only minor 
changes (sample ID: 3 and 7). Sample 3 came from a pa-
tient with SC disease and sample 7 was from a patient 

Variable N (13)
Genotype

SS 7

SC 2

SB0 3

SB+ 1

Age (years)

Median (range, 23-42) 27

Sex

Male 6

Female 7

Hydroxyurea

Yes 12

No 1

Median Range
Clinical History

Transfusion* 2 0-4 

Hospitalizations* 1 0-2 

Laboratory Values

Hematocrit (%) 21.9 13.1-24.1

MCV (fL) 101.4 73.0-119.3

MCHC (%) 33.3 29.7-36.2

HbA (%) 15.8 7.2-46 

HbS (%) 67.8 38.2-86.5

HbF (%) 7.5 0.5-21.6

Table 1. Patient demographics and laboratory values.

* # of transfusions or hospitalizations within the last year. N: number; 
MCV: mean corpuscular volume; MCHC: mean cell hemoglobin 
concentration; Hb: hemoglobin.
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with HbSB0. Given that monensin drives cell swelling, 
measured by MCV, and decreases hemoglobin concentra-
tion, measured by MCHC, these results reflect the degree 
in which the sample was affected by monensin.  
Given the observed changes in MCV and MCHC with mon-
ensin treatment, to further demonstrate the mechanism 
of cell swelling to reduce sickle pathophysiology, we ana-
lyzed the morphology of cells from three additional sickle 
blood samples under shear flow and controlled oxygen 
tension using a previously published microfluidic chip.33 A 
full description of the device and the methodology as well 
as the samples’ baseline hematological laboratory data 
can be found in the Online Supplementary Appendix (Online 
Supplementary Table S1). Monensin reduced the fraction 
of cells containing polymer when exposed to hypoxic 
oxygen tensions in all samples (Online Supplementary Fig-
ure S4). However, similar to the effect observed on MCV 
and MCHC, the amount monensin reduced polymerized 
cells in hypoxia varied between samples. 

Monensin treatment improves rheological response to 
hypoxia 
In order to quantify the effect of monensin on sRBC blood 
flow velocity in a hypoxic environment, we examined the 
velocity response to 0 mmHg oxygen tension between 
treated and untreated samples for the 13 SCD blood 

samples. In monensin-treated samples, there was a sig-
nificant decrease in velocity response with deoxygenation 
compared to that of untreated controls (P<0.01, Figure 3C), 
indicating the efficacy of monensin in decreasing sRBC 
sensitivity to hypoxia. However, there was variability in the 
degree of response to monensin treatment across all 
samples. For example, in sample ID 11, monensin treat-
ment eliminated almost all blood flow velocity oxygen de-
pendence demonstrated by no velocity response to 
hypoxia compared to a 40% response in the control. This 
contrasts with sample ID 3 and 5, where there was no 
monensin effect on blood flow velocity response when 
compared to the untreated control. In AA samples, there 
was no change in velocity response between monensin-
treated and untreated controls, despite the significant 
changes in MCV and MCHC after monensin treatment (On-
line Supplementary Figure S3).  

Reduction in mean cell hemoglobin correlates with 
improved rheologic response to hypoxia 
In order o objectively determine whether the magnitude of 
the monensin-induced changes to MCHC or MCV affects 
the magnitude of change in velocity response to hypoxia, 
we compared the linear correlation between MCV or MCHC 
change induced by monensin and the velocity recovery of 
each sample. By using the absolute change in MCV and 

Figure 2. Dependent parameter analysis. Correlative data from 13 untreated sickle cell disease (SCD) samples to determine the 
relationship, if any, between mean corpuscular volume (MCV) and mean cell hemoglobin concentration (MCHC) and each 
variable’s relation to sample velocity response. A Pearson correlation coefficient analysis was used to determine the strength of 
the linear relationship and a two-tailed analysis of the Pearson coefficient was used to determine significance of the correlation. 
(A) No correlation was identified between MCV and MCHC (r=-0.008, P=0.982), establishing MCV and MCHC as independent 
variables. (B) MCV as it relates to velocity response. No correlation was identified between MCV values and velocity response 
(r=-0.13, P=0.660). A slope of -0.001 and -0.1 are found in (A) and (B) respectively. The slope for these figures is provided for 
clarification of the scale for (A and B). (C) MCHC and velocity response had a significant correlation (r= 0.83, P<0.001).
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MCHC, the analysis removes the variability of each 
sample’s initial MCV and MCHC and controls for patients’ 
baseline heterogenous clinical severity. First, we ensured 
correlation between MCV increases and MCHC decreases 
in the monensin-treated samples. In Figure 4A, there was 
a significant positive correlation between MCV change and 
MCHC change (r=0.91, P<0.001), in that large MCV increases 
due to monensin corresponded with large MCHC reduc-
tions. This demonstrates cell swelling is an effective 
method to decrease MCHC. When comparing the degree 
in which MCV was increased by monensin and velocity re-
covery we found a significant positive correlation (Figure 
4B, r=0.87, P<0.001). A more significant positive relation-
ship is seen when comparing the degree to which mon-
ensin decreased MCHC and sample recovery (Figure 4C, 
r=0.96, P<0.001), in that the largest improvements in 

sample velocity response to hypoxia correlated with larger 
reductions in MCHC. These relationships reveal that the 
degree to which monensin affects sample sensitivity to 
hypoxia is strongly dependent on the degree to which the 
MCHC is reduced.   

Discussion 
In this study, we examined osmotic cell swelling to de-
crease intracellular HbS concentration as a potential 
mechanism to be targeted for future therapeutic devel-
opment in SCD. We used a model Na ionophore compound, 
monensin, to treat SCD blood samples ex vivo. The 
samples were exposed to hypoxic conditions in a micro-
fluidic device while blood flow was quantified. Though 

Figure 3. Monensin treatment efficacy and variability.  Summary data of monensin treatment. (A and B) The effect of monensin 
on mean cell hemoglobin concentration (MCHC) and mean corpuscular volume (MCV). The monensin-treated group had 
significantly higher MCV and lower MCHC compared to the control group. (C) There was a significantly lower velocity response in 
the monensin-treated group compared to that in the control group. Significance between control and monensin-treated groups 
was determined using a Wilcoxon signed-rank test and indicated by the asterisks (*) denoting P<0.01. Sample ID represents the 
de-identified patient ID corresponding to the sample. Error bars indicate the standard deviation in velocity response over 3 
oxygenation/deoxygenations cycles. SS: steady state.
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previous studies conducted in the early 1980’s demon-
strated monensin’s ability to decrease sRBC MCHC,19 mon-
ensin’s impact on dynamic blood flow, particularly in 
hypoxic environments, was not explored. Furthermore, 
deformability measurements were made through ektacyto-
metry19 which may allude to improved rheology, however, 
monensin’s global effect on blood flow was not directly 
measured. Additionally, more recent research reports ek-
tacytometry deformability measur ements are unreliable in 
predicting the ability of RBC perfusion of a microvascular 
network.34 Given that MCHC reduction was initially hy-
pothesized to reduce polymerization and decrease vaso-
occlusion, investigating monensin’s effect on dynamic flow 
rheology is critical to understanding whether the mechan-
ism has a role in future therapeutic development. Using our 
microfluidic platform, we were able to observe and quan-
tify monensin’s effect of reduced MCHC on blood flow by 
measuring rheologic variables in a dynamic, physiologically 
relevant system. In our study, we not only found that mon-
ensin decreased MCHC, but we also report that it signifi-
cantly decreased the sensitivity of SCD blood flow to 
hypoxia compared to controls. The velocity recovery with 
monensin treatment varied between samples which cor-
related to the variation in monensin-induced changes in 
MCHC. Through the rheological measurements obtained in 
this study, we provide both novel insight into the capability 
of this mechanism in the prevention of vaso-occlusion but 
also provide findings to suggest patient response variability.  

While osmotic swelling and increases in MCV are the pri-
mary effects of the ionophore treatment, we found that 
the magnitude of MCHC reduction is the primary par-
ameter modifying blood flow response to hypoxia. This is 
demonstrated by the significant correlation found be-
tween reduction in MCHC and reduction in velocity re-
sponse (Figure 4C). When comparing response with MCV, 
the relationship is not as strongly correlated (Figure 4B). 
This corroborates existing studies which demonstrate that 
polymerization rates are extremely dependent on HbS 
concentration.6-7 Additionally, we found that in the four 
samples that demonstrated insignificant change in veloc-
ity response when treated with monensin compared to 
controls (sample ID: 3, 5, 7, and 10), there was less than a 
5% MCHC decrease. It is unclear what caused the ob-
served patient variability in MCV/MCHC response to mon-
ensin, however our data suggests that decreasing the 
MCHC by 5% has a significant impact on the sample’s 
blood flow in hypoxia. Future studies that examine reduc-
tion of MCHC as a mechanism for SCD treatment should 
use a minimal threshold in MCHC reduction to guide drug 
efficacy.  
This study investigated the mechanism of osmotic swelling 
to decrease intracellular MCHC thereby decreasing HbS 
polymerization. Similarly, previous SCD drug trials have fo-
cused on decreasing intracellular MCHC by inhibiting ion 
channels that are involved in the pathologic dehydration 
of sRBC. Clotrimazole, an inhibitor of the Gardos channel 

Figure 4. Linear correlation analysis. In order to determine which effect of monensin was driving sample velocity recovery, a 
correlation analysis to define the relationship between velocity recovery and monensin-induced mean corpuscular volume 
(MCV) or mean cell hemoglobin concentration (MCHC) change was completed. A Pearson correlation coefficient analysis was 
conducted to determine the strength of the linear relationship. (A) Change in MCV and change in MCHC was significantly 
positively correlated (r=0.91, P<0.001). (B) Velocity recovery and MCV change also were positively significantly correlated (r=0.87, 
P<0.001). (C) The strongest correlation was found between velocity recovery and MCHC change (r=0.96, P<0.01).
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which contributes to sRBC water loss, demonstrated re-
duced sRBC dehydration, decreased MCHC, and mild im-
provements in hemoglobin when taken by five SCD 
patients.35,36 Patients on Senicapoc, a similar Gardos chan-
nel inhibitor, also experienced significant increases in he-
moglobin and hematocrit in a phase II clinical trial. Despite 
these promising results, studies involving Senicapoc were 
terminated early due to limited efficacy when no signifi-
cant improvement in the rate of VOE were seen in those 
taking Senicapoc compared to those on placebo.37 While 
reductions in MCHC may correlate with reductions in poly-
merization-induced hemolysis and increased hemoglobin, 
it does not appear to be as correlated to frequency of VOE 
and implies that hemolysis and vaso-occlusion are distinct, 
yet intertwined, pathologic mechanisms. Further, although 
reductions in MCHC have been shown to decrease rigidity 
and stiffness of sRBC,38 over-swelling of sRBC by exposure 
to hypotonic solutions has also led to increased vaso-oc-
clusions in in vitro models.39 Therefore, while the mechan-
ism of osmotic swelling has been beneficial to distinct 
aspects of SCD pathology, it may not be effective or poten-
tially problematic. Given that previous compounds have at-
tempted to exploit a similar mechanism tested in this study 
but have ultimately proven unsuccessful due to a lack of 
reduction in VOE, the ability to determine how a compound 
affects blood flow, particularly in deoxygenated conditions 
like that of a VOE, is important in predicting its potential 
clinical success. Therapeutics that demonstrate improve-
ment in overall blood rheology rather than on a single SCD 
pathophysiologic mechanism are likely to provide more 
benefit in reducing VOE frequency. By using microfluidic 
technology in this study, we can characterize the effect of 
monensin on velocity response and demonstrate that the 
mechanism improves rheological behavior. Due to its rec-
ognized narrow therapeutic window, use of monensin in 
veterinary medicine has led to several toxicities and acci-
dental death, and therefore would not be an ideal agent for 
human study.40 However, this study motivates development 
of other compounds that may have similar osmotic swelling 
effects on erythrocytes for SCD treatment.41 
A potential concerning side effect of this treatment mech-
anism includes increased blood viscosity due to increased 
cell volume and hct. With increased viscosity, the poten-
tial for VOE is amplified.41 Viscosity, however, is dependent 
on several factors such as hct, RBC deformability and ag-
gregation.41,42 Previous studies demonstrate with de-
creased MCHC, sRBC deformability increases.43 
Additionally, it has been reported that cell stiffness has a 
greater influence on blood viscosity than hct41 and as pre-
viously mentioned, monensin treatment has demon-
strated increased sRBC deformability when compared to 
untreated controls.8 Patients treated with hydroxyurea 
also experience an increase in MCV without association 
of worsening outcomes.44 Additionally, although our study 

does not control for post-monensin increase in hct, we 
still demonstrate improved rheological behavior. There-
fore, while osmotic sRBC swelling may increase viscosity, 
RBC deformability appears to be stronger determining 
factor in overall blood viscosity.  
Our study is limited by primarily demonstrating correlative 
relationships with little experimentation on causation. 
However, previous work demonstrating increases in RBC 
deformability and decreases in sRBC fraction with mon-
ensin treatment, support the reduced rheological re-
sponse to hypoxia observed in this study. While we 
demonstrate that decreasing MCHC by erythrocyte os-
motic swelling successfully reduces sRBC oxygen depend-
ent flow, this study does not capture the complex 
biological interactions between the many other cellular 
components involved in the pathophysiology of SCD. For 
example, in our experiments, we used washed red cells 
rather than whole blood. Previous studies found that 
monensin had a reduced effect on sRBC in the presence 
of plasma and required significantly increased concentra-
tions to replicate improved deformability, indicating that 
the drug likely binds across plasma constituents.19 While 
using patient plasma may be helpful in determining con-
centration of monensin to observe rheological improve-
ment, this study was to demonstrate the efficacy of the 
mechanism of MCHC reduction to improve sRBC rheologi-
cal behavior. Should further studies exploring this mech-
anism be conducted, or for future therapeutic 
development, agents that specifically target RBC Na per-
meability by RBC-specific cation channels or transport 
would be of priority to reduce effect on other potential 
cellular components. Additionally, the endothelium is par-
ticularly of interest given that increased RBC deformability 
has been shown to increase endothelial adhesion and may 
contribute to the occurrence of VOE and clinical sever-
ity.45,46 Further studies examining the effect of MCHC re-
duction on adhesion and inflammation are needed to 
assess the potential benefit of this therapeutic mechan-
ism. As discovery of SCD pathophysiology reveals more in-
tricate biological pathways and multifaceted systems 
simultaneously at play, the approach to treatment may 
require an equally multifaceted, multi-drug approach. By 
combining a therapy that reduces MCHC and polymeriza-
tion with an anti-adhesion therapy, perhaps further bene-
fit may be achieved. Studies are needed to determine the 
advantages of a multi-agent approach, however similar 
strategies have already been successful in HIV therapy, 
cardiology, and oncology. 

Conclusion 
The reduction of MCHC through osmotic swelling of a 
sickle erythrocyte can effectively decrease the rheological 
dependence on oxygenation. Blood flow velocity measure-
ments within microfluidic channels, of physiologic dimen-
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