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Microfluidic analysis of red blood cell
deformability as a means to assess hemin-induced
oxidative stress resulting from Plasmodium
falciparum intraerythrocytic parasitism

Kerryn Matthews, a Simon P. Duffy,a Marie-Eve Myrand-Lapierre,a

Richard R. Ang,a Li Li,bd Mark D. Scottbcd and Hongshen Ma *abcef

Hemolytic anemia is one of the hallmarks of malaria and leads to an increase in oxidized heme (hemin)

within the plasma of infected individuals. While scavenger proteins sequester much of the circulating

heme, it has been hypothesized that extracellular heme may play a central role in malaria pathogenesis.

We have previously developed the multiplex fluidic plunger (MFP) device for the measurement of red

blood cell (RBC) deformability. Here, we demonstrate that the measurement of changes in RBC

deformability is a sensitive method for inferring heme-induced oxidative stress. We further show that

extracellular hemin concentration correlates closely with changes in RBC deformability and we confirm

that this biophysical change correlates with other indicators of cell stress. Finally, we show that reduced

erythrocyte deformability corresponds with both erythrophagocytosis and RBC osmotic fragility. The

MFP microfluidic device presents a simple and potentially inexpensive alternative to existing methods for

measuring hemolytic cell stress that could ultimately be used to perform clinical assessment of disease

progression in severe malaria.

Insight, innovation, integration
During malaria infection, red blood cells experience heme-induced oxidative stress, resulting in cell lysis and the development of hemolytic anemia in patients.
This study applies a recently developed microfluidic technology to assess the deformability of individual red blood cells. The results show that red blood cell
deformability provides a sensitive measure of hemolytic cell stress closely correlating to both erythrophagocytosis and osmotic fragility. Consequently, this
approach provides a simple and sensitive method for measuring hemolytic cell stress that could ultimately be used to perform clinical assessment of disease
progression in severe malaria.

Introduction

Malaria is an infectious disease transmitted by mosquito-borne
parasites (Plasmodium spp.) and is the leading cause of death
and disease in developing nations. Specifically, malaria has
been attributed to an estimated 198 million infections and

584 000 deaths, annually.1 Central to the pathogenesis of malaria
is the proteolysis of hemoglobin to heme, which is stored in the
parasite digestive vacuole as inert hemozoin.2 However, intraery-
throcytic parasitism ultimately contributes to hemolysis and the
subsequent release of cytotoxic hemoglobin and heme. While
circulating heme is normally sequestered by scavenger proteins
and delivered to cells for detoxification by heme-oxygenase, this
heme trapping mechanism can be easily overwhelmed. Such an
excess of heme contributes to severe damage to the vascular tissue
as well as the liver, kidney and spleen due to the oxidative effects of
heme metabolites,3 as well as a hyperactive immune response.4

Extracellular heme also has a potent effect on bystander red blood
cells (RBCs), where it induces cytoskeletal cross-linking5 and lipid
peroxidation.6,7 These damaged RBCs lose their ability to
deform and are subsequently sequestered from circulation8 via
erythrophagocytosis,9 resulting in hemolytic anemia.
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Given the central role of heme in the pathology of malaria,
monitoring hemolytic stress of both parasitized and bystander
RBCs could provide indication of disease progression. Since
direct analysis of extracellular heme is challenging, due to its
intercalation within lipid membranes, oxidative stress is typically
inferred instead by measurement of reactive oxygen species (ROS)
or phosphatidylserine (PS) externalization.8,9 However, the non-
specific nature and short half-life of ROS confounds their direct
analysis10 and assessment of both ROS and PS externalization
requires sophisticated instrumentation that is not always available
in resource-poor regions, where malaria is endemic. In contrast to
short lived ROS, the associated cytoskeletal cross-linking and lipid
peroxidation contribute to a long-lasting decrease in RBC deform-
ability, and measurement of RBC deformability could therefore
provide an alternative means to evaluate hemolytic oxidative stress
in RBCs.

RBC deformability has been investigated as an indicator for
severe hemolytic malaria,11–13 and for assessment of malaria
drug efficacy14–16 but cell deformability has proven difficult to
measure. For example, ektacytometry has been applied to
clinical assessment of RBC deformability but this method only
measures the mean cell deformability of the RBC population
and cannot be used to discriminate single cells under oxidative
stress, when they are diluted among the unaffected population
of normal RBCs in circulation.17–23 Single cell analytical methods
also exist, such as optical tweezers24 or microfluidic systems that
employ wedging in tapered constrictions,25,26 quantification of
blood flow,27,28 elongation via fluid shear stress,29,30 transit
pressure through microscale constrictions,31 and transit time
through microscale constrictions.32,33 However, despite this
diverse array of analytical approaches, no single method has
yet delivered both the sensitivity and sample throughput needed
for the clinical assessment of malaria.

To address the need for a rapid and sensitive clinical RBC
deformability assay, we previously developed the multiplexed
fluidic plunger (MFP).14 This mechanism involves the deformation
of RBCs through microscale funnels within a microchannel. The
pressure required for RBCs to transit through the microstructures
correlates directly with the deformability of the cell. To allow for
the measurement of multiple cells simultaneously, we have
arranged the microchannels in parallel. Here, we specifically apply
this technology to the assessment of biophysical changes in RBCs
following hemin-induced oxidative stress. In contrast with short-
lived ROS, changes in RBC deformability represent a sustained
and robust indicator of oxidative stress, and this rapid single cell
analysis provides a practical approach for the clinical assessment
of hemolytic oxidative stress.

Experimental
Blood samples and preparation

Whole blood was obtained from nine healthy donors between the
ages of 22 and 40, after informed consent. The study was approved
by and carried out in strict accordance with the guidelines and
regulations of the University of British Columbia’s Clinical

Research Ethics Board. A total of 5 ml of blood was diluted in
1 ml of Hanks Balanced Salt Solution (HBSS, Gibco, Grand
Island, NY) supplemented with 5 mM glucose (Sigma-Aldrich,
St. Louis, MO). Hemin (Protoporphyrin IX, Sigma-Aldrich,
St. Louis, MO) dissolved to 2 mM in 20 mM NaOH (Sigma-
Aldrich, St. Louis, MO) and RBCs were incubated in 0, 25, 50
and 100 mM at 37 1C, 5% CO2 for 24 hours. After incubation,
samples were washed 3 times in Phosphate Buffered Saline
(PBS, Gibco, Grand Island, NY) by centrifugation at 250g for
5 minutes, after which an aliquot was used for flow cytometry and
the remainder was resuspended in assay buffer, which consisted
of PBS with 0.2% Pluronic F-127 (Sigma-Aldrich, St. Louis, MO),
for deformability measurements.

Device fabrication and procedure for erythrocyte deformability
measurements

The multiplex fluidic plunger device was fabricated and operated
as described by Myrand-Lapierre, et al.14 The device consists of 34
micro-constrictions (Fig. 1), each with a pore size of B2.4 mm and a
height of B3.7 mm (Fig. 1B). Briefly, a low pressure (0.3–1.0 mbar)
was used to load RBCs into the device through the cell inlet (Fig. 1C
and D). The applied pressure was sufficient to cause RBCs to occupy
but not to transit the micro-constrictions. We have previously
observed that all cells experience equal deformation pressure and
that unoccupied microconstrictions do not affect deformability
measurement,14 but for ease of analysis the infusion process was
continued until the majority of constrictions were occupied. The
pressure was increased in increments of 1.0 mbar per second until
the RBCs passed through the constrictions. In cases where the RBCs
remained in the constrictions, the cells were either flushed through
the constriction by an applied pressure up to 1000 mbar or detached
by reverse flow. After the microconstrictions were clear, the device
was washed with buffer and more RBCs were infused until at least
100 cell deformability measurements could be obtained. In this way,
a single device was used for each donor and both cell infusion and
measurement of threshold deformation pressure for 4100 cells
could be accomplished within 10 minutes. This deformation
pressure was recorded by video microscopy, using automated
video software (Fig. 2A), and this measurement was used to
extrapolate the precise constriction transit pressure for each
RBC (Fig. 2B). The same device was used to assess all 4 hemin
concentrations (0, 25, 50 and 100 mM) for each donor and was
washed out with assay buffer between samples. Using the same
device minimizes any variability in RBC deformability that may exist
within samples from the same donor. To diminish the variability in
RBC deformability that exists between donors,34 all results were
normalized to control data for each donor and the acquired videos
were further analyzed for RBCs classified as abnormal, due to
evidence of vesiculation, echinocytosis, Heinz body formation
or other membrane changes from normal RBCs (Fig. 2C).

Flow cytometry

DCF-DA staining was performed as previously described.35 A
1 ml aliquot of whole blood was diluted in 1 ml PBS and stained
with 20 mM 20,70-dichlorofluorescein diacetate (DCF-DA, Sigma-
Aldrich, St. Louis, MO) for 30 minutes at 37 1C, 5% CO2 in the dark.
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After incubation, RBCs were washed 3 times with PBS and
incubated in 0, 25, 50 and 100 mM hemin, in HBSS with 5 mM
glucose, for 24 hours at 37 1C, 5% CO2. The RBCs were further
washed 3 times in PBS and mean fluorescence intensity was
measured using a FACSCalibur (BD Biosciences).

Annexin-V staining was performed on hemin-stimulated
RBCs, suspended to 106 cells per ml. A 1 ml aliquot of hemin-
stimulated RBCs was diluted in 200 ml of 1� Binding Buffer and
Annexin-V-FITC antibody (Clontech Laboratories Inc, Mountain
View, CA) for 15 minutes in the dark at room temperature and

acquired on a FACSCalibur (BD Biosciences). Acquisition settings
were set to a logarithmic scale for RBCs and analyzed with FlowJo
(Treestar).

Effect of hemin challenge of human RBC on monocyte
recognition and osmotic fragility

RBCs were treated with 0, 25, 50 or 100 mM hemin for 60 minutes
at 37 1C. Subsequent to hemin challenge, the cells were washed
3 times in PBS prior to analysis via the monocyte monolayer assay
(MMA) and osmotic fragility assay. Hemin treated RBCs were

Fig. 1 The multiplexed fluidic plunger. The MFP device was used to measure the deformability of RBCs treated with hemin. (A) Photograph of the MFP
microfluidic device on a 25 � 75 mm glass slide. (B) Magnified 3D model of one of the deformation channels, showing its dimensions and a RBC in planar
configuration. (C) 2D model of the device showing a (D) magnified view of the rectangular shaped microchannel array with 2 loading channels and
2 bypass channels. The 34-channel device is represented here with only 6 channels for the purpose of illustration.

Fig. 2 RBC deformability measurements and analysis using video recorded from each experiment performed using the MFP device. (A) Software
designed specifically for MFP analysis was used to record the exact pressure that the RBC of interest (yellow arrow, and right inset) transited the
constriction. (B) The pressure was then used to calculate the cortical tension (Tc) for each RBC at the critical point of transit through the constriction
using the Laplace Law calculation as shown. (C) RBCs showing vesiculation, echinocytosis or other abnormal morphology were counted in each
experiment. Proportions of abnormal RBCs increased with increasing hemin concentration.
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overlaid on the monocyte monolayer at 37 1C for 60 minutes.
Concurrent with the hemin treated cells, negative and positive
control samples were also examined. The negative control
consisted of RhD+ RBC incubated with buffer alone while the
positive control consisted of RhD+ RBC opsonized with a commercial
anti-RhD antibody (PRho(D) Immune Globulin (Human) RhoGAM
Ultra-Filtered PLUS; Ortho Clinical Diagnostics). Both negative and
positive controls were similarly washed (3 times in PBS) and overlaid
on a monocyte monolayer at 37 1C for 60 minutes and then counted
as previously described.36–40

The structural stability of the control and hemin-treated
RBC was examined via osmotic fragility studies as previously
described.41,42 Samples were resuspended to 10% hematocrit
and 100 ml of control or hemin treated RBC were added to
microcentrifuge tubes containing 1 ml of the saline concentrations.
Samples were mixed by inversion and processed immediately.
Total and supernatant hemoglobin concentrations were deter-
mined at the indicated time points by Drabkin’s reagent to
determine percent lysis.

P. falciparum cell culture supernatant stimulation and hemin
measurement

P. falciparum-infected RBCs were cultured between 2–3% para-
sitemia, as previously described43 and mixed stage infected
RBCs were centrifuged at 600g for 10 min. Supernatant was
stored at �20 1C before it was assayed for free hemin using the
Hemin Assay Kit (Sigma-Aldrich, St. Louis, MO). Whole blood
from 3 donors was incubated with 100 ml of supernatant (final
hematocrit of 10%) for 24 hours at 37 1C, 5% CO2. Whole blood
in complete malaria media was used as the control, to which
the supernatant treated samples were normalized. RBCs were
washed 3 times in PBS by centrifugation at 250g for 5 minutes
and resuspended in assay buffer for deformability measurements.

Statistical analysis

Deformability results were analyzed using Graphpad Prism v6.
Mean with Standard Deviation (SD) were plotted for individual
donor and combined deformability results unless otherwise
stated. Student t-test and ANOVA was used to determine
statistical differences between results that were normally distributed,
while Mann–Whitney and Kruskal–Wallis test were used for results
that were not parametric. Gaussian curves of the distributions were
plotted using Histograms with a Bin separation of 1.

Results
Analysis of RBC deformability by multiplex fluidic plunger
(MFP)

Clinical assessment of hemolytic stress through the analysis of
ROS has been hindered by the short-lived nature of these
cellular metabolites.44 While RBC deformability has long been
proposed as an alternative biomarker for hemolytic stress, the
use of this biophysical marker has been severely hindered by a
lack of rapid and sensitive deformability measurement methods.
We previously developed the MFP device to specifically enable

rapid evaluation of RBC deformability.14,34 Briefly, whole blood is
flowed through the inlet of the device, wherein individual RBCs
align within parallel tapered deformation channels (Fig. 1).
Precisely controlled pressure is applied to the microchannels
and the minimum pressure required for each RBC to transit
through the constriction is recorded in order to determine the
deformability of the cell.

Hemin induces a concentration dependent loss in RBC
deformability

To assess whether RBC deformability could be employed as a
robust marker for hemin-induced oxidative stress, we measured
the cell deformability of hemin-induced RBCs. These cells were
incubated over a range of hemin concentrations and the thresh-
old pressure for transit of RBCs through the MFP microchannel
was measured. This process involves gradually increasing the
applied pressure and the use of digital microscopy to record cell
transit and the corresponding deformation pressure for each cell
(Fig. 2A). The microchannel taper structure allows for the
calculation of RBC cortical tension, using Laplace’s Law45,46

(Fig. 2B) to provide a measure of the deformability of each RBC.
Thirty-four microchannels are arranged in parallel, within the
field of view, to allow for the simultaneous characterization of
these cells.

Using parallel characterization of RBCs, at least 100 individual
cells were analyzed for each hemin concentration. Prior to the
deformation of RBCs through the funnel microstructure, we
enumerated the number of cells displaying abnormal morphology,
such as those that are indicative of cell vesiculation, echinocytosis,
Heinz body formation or other membrane aberrations (Fig. 2C).
This analysis revealed a dose dependent correlation between
hemin concentration and the appearance of abnormal RBC
morphology (ANOVA, p = 0.0007). Irrespective of hemin concen-
tration, the overall fraction of morphologically abnormal RBCs
did not exceed a mean of 0.2% (n = 5 RBCs at 100 mM hemin).
To eliminate potential bias, these cells were excluded from
subsequent deformability measurements.

We evaluated three criteria for assessing the effects of
hemin-induced oxidative stress on RBCs. First, we examined the
oxidative effects of hemin using flow cytometry and showed that
the RBCs displayed a significant dose-dependent increase in ROS,
as indicated from membrane-permeable 20,70-dichlorofluorescein
diacetate (DCF-DA) staining (Fig. 3A, Kruskal–Wallis, ANOVA
p o 0.0001). Next, we correlated RBC cortical tension with hemin
concentration using the MFP device. We observed a significant
dose dependent increase in cortical tension of hemin treated
RBCs, relative to untreated controls (Fig. 3B, Kruskal–Wallis
ANOVA p = 0.0011). Finally, based on the observation that a
subpopulation of RBCs frequently failed to transit the microfluidic
microstructures, we then assessed whether the frequency of RBC
retention in the microstructures was related to hemin concen-
tration. The frequency of RBC retention was consistent with
cortical tension in that there was a significant correlation with
hemin concentration (Fig. 3C, Kruskal–Wallis ANOVA p = 0.0009).

We also leveraged the capacity for single cell analysis to
enable specific assessment of RBC subpopulations. To assess
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only those cells most sensitive to hemin oxidative stress, we
restricted analysis to the least deformable 10% of RBCs from
each experiment14 (Fig. 4A). While overlap in RBC deformability
is still observed in this distribution, the cells show less variation
in relative cortical tension and there is a more significant
correlation between the deformability of these cells and hemin
concentration (Fig. 4B, Kruskal–Wallis ANOVA p o 0.0001).

Hemin-mediated reduction in deformability corresponds with
the externalization of phosphatidylserine (PS) on the cell surface

Given that PS externalization is emerging as a valuable biomarker
for oxidative cell stress, during malaria infection, we evaluated
the correspondence between changes in RBC deformability and
the externalization of PS. PS externalization may occur by gradual
translocation of PS to the outer leaflet of the cell membrane, as a
consequence of cell senescence or eryptosis, which is the suicidal
death of RBCs that involves cell shrinking and cell surface
blebbing.47 Oxidative stress drives the externalization of PS in
bystander RBCs48 and the accumulation of PS on the outer surface
of the cell has been observed to increase over the course of both
lethal and non-lethal P. yoelii infection in mice.49 While it

represents a potentially valuable marker for monitoring the
progression of malaria, assessment of PS externalization requires
sophisticated flow cytometry instrumentation. Conversely, the
MFP deformability measurement device can be integrated with a
standard microscope that is fitted with a digital camera. Further-
more, the complementary software is designed to enable rapid
measurement of cell deformability with minimal technical expertise.

Consistent with previous reports that PS externalization
arises during oxidative stress, we observed that incubation of
the cells with 100 mM hemin resulted in a measurable increase
in PS externalization, as determined by staining with FITC-
conjugated Annexin-V (Fig. 5A). There was a significant increase
in Annexin-V staining when RBCs were treated with 100 mM
hemin (p = 0.0075). Since both biophysical changes in RBC and
PS externalization are thought to be driven by oxidative stress it is
not surprising that there was a positive correlation between mean
cortical tension of each sample and the proportion of Annexin-V
stained cells (Fig. 5C). However, the correlation between these
parameters was only moderate (r = 0.6289, p o 0.0001), and this
likely reflects the fact that cortical tension changes in a linear
fashion (Fig. 4A), in response to oxidative stress, while PS

Fig. 3 Hemin induces oxidative stress which causes an increase in the rigidity of RBCs. (A) Flow cytometry of cells stained with 20,70-dichlorofluorescein
diacetate (DCF-DA) was used to assess mean fluorescent intensity (MFI) as a measure of oxidative stress. A significant dose-dependent correlation was
observed between hemin concentration and MFI (mean� SD, ANOVA, p o 0.0001). (B) The percent change in deformability (increase in cortical tension),
relative to the untreated control (Kruskal–Wallis ANOVA p = 0.0011), and (C) the proportion of RBCs that fail to transit the device microstructures both
significantly correlate with hemin concentration, based on Kruskal–Wallis ANOVA (p = 0.0009).

Fig. 4 Subpopulation analysis of RBC deformability shows pronounced loss in deformability. (A) The percent change in the deformability (increase in
cortical tension) of the least deformable 10% of each RBC population relative to untreated control (Kruskal–Wallis ANOVA p o 0.0001). (B) Distribution of
the cortical tension for the 10% least deformable RBCs for each hemin concentration.
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externalization is punctuated in the range of 50 mM and 100 mM
hemin (Fig. 5B). These results underscore the potential value
for measurement of RBC deformability as a robust indicator of
hemin-induced oxidative stress.

Measurable changes in deformability and erythrophagocytosis
of bystander RBCs may be induced by hemolysis of parasitized
cells

Hemolytic anemia caused by malaria is a serious health concern
for children and pregnant women. This anemia typically arises
from the sequestration and phagocytosis of both parasitized
and bystander RBCs in the inter-endothelial cleft of the spleen.
Erythrophagocytosis stems from the direct detection of externalized
PS,50 using Tim1, Tim4 and Stabilin-251,52 receptors or detection of
immunoglobulin opsonization by Fcg macrophage receptors.53

Over the past three decades, the monocyte monolayer assay
(MMA) has proven to be a reliable indicator of hemolytic blood

transfusion.54,55 We extended this established method to examine
whether hemin-mediated oxidative stress influences erythro-
phagocytosis, we incubated washed RhD+ RBCs with PBS buffer
only (negative control), a range of hemin concentrations in PBS
or with anti-RhD (positive control). These cells were overlaid on
a monocyte monolayer assay (MMA) was used to measure the
effect of hemin challenge of human RBC on immunologic
recognition.56 The monocyte index (MI) represents the number
of erythrocytes phagocytosed per 100 monocytes. Compared to
anti-RhD opsonized cells, with an MI of 67, hemin treatment
induced a dose-dependent increase in erythrophagocytosis
(Fig. 6A). In blood transfusion, MI values of r5–6 indicate that
donor cells carry a low risk of acute hemolytic reaction.57

Consistent with the induction of oxidative stress, these cells
were also more prone to hemolysis, when challenged by osmotic
fragility assay (Fig. 6B). Together, these data suggest that hemolytic
stress may precipitate erythrophagocytosis and promote malarial

Fig. 5 Hemin causes increased expression of Annexin-V on RBCs. (A) Representative flow cytometry scatter plots of the Annexin-V population for RBCs
treated with 0 and 100 mM of hemin. (B) There is a trend towards increasing Annexin-V staining with increasing hemin concentrations (ANOVA,
p = 0.0004), with the most obvious increase from 0 mM was when RBCs were treated with 100 mM hemin was statistically significant (p = 0.0075). (C) We
show a positive correlation of the mean cortical tension of hemin treated RBCs to the proportions of externalized PS as measured by Annexin-V
expression (Pearson r = 0.6289, p o 0.0001).
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anemia. However, an important consideration is that RBC hemo-
lysis may occur only infrequently and extracellular hemin may only
circulate in vivo at very low concentration. To address this, we
incubated RBCs in malaria culture supernatant prepared from 3
different P. falciparum 3D7 cultures (ranging 2–4% parasitemia)
and measured both the free hemin concentration and change in
RBC deformability within these cultures. These experiments
revealed that changes in RBC deformability could be observed
even at picomolar concentrations of hemin (Fig. 6C), making RBC
deformability measurement potentially a highly sensitive measure
of hemolytic stress.

Discussion and conclusion

It has been previously established that the presence of one
parasitized RBC in circulation indicates the loss of eight bystander
RBC in falciparum malaria,58,59 and 34 in vivax malaria.60 This
phenomenon could be partly explained by the increase in cell-free
plasma heme and hemoglobin in severe malaria,61,62 which
contributes to rigidification of these cells due to cytoskeletal
cross-linking5 and lipid peroxidation6,7,63 and their subsequent
erythrophagocytosis by macrophages.9 Such oxidative stressors
have long been known to impact cell deformability64 and our
recent development of the multiplex fluidic plunger has provided
the opportunity to sensitively measure changes in the deformability
of multiple single RBCs.14 Leveraging this new capability, we
demonstrate that this device enables robust assessment of
hemin-induced oxidative stress in RBCs.

During severe malarial anemia, RBC undergo eryptosis,47

which is analogous to apoptosis for nucleated cells.65 This
process contributes to the emergence of reactive oxygen species

(ROS) and the membrane externalization of phosphatidylserine.
While these two cytological changes represent compelling
potential markers for disease severity, ROS metabolites are very
short-lived and difficult to monitor in vivo10 while analysis of PS
externalization requires expert training, as well as sophisticated
flow cytometry equipment along with reagents that require
refrigerated storage. In contrast, we demonstrated that the
MFP device detects long-lasting biophysical changes in RBCs
resulting from hemolytic stress using an entirely mechanical
process. Consequently, this technology could potentially be
used at the point-of-care in low-resource environments to assist
patient evaluation in severe malaria.66

The response of both malaria parasitized RBCs and bystander
RBCs to hemolytic stress is garnering increasing attention as a
method to assess disease severity,11–13 as well as to monitor anti-
malarial drug efficacy.14–16 Changes in RBC deformability not
only serves as a robust marker of hemolytic stress but is directly
associated to malaria pathogenesis, owing to the enhanced
splenic elimination of these cells67,68 and its contribution to severe
malaria. Furthermore, RBC rigidification may also contribute to
death as both rigid parasitized and bystander cells may sequester
within and obstruct the vasculature.69 The MFP device provides an
important opportunity to monitor the biophysical changes of
RBCs at a single-cell resolution, providing valuable insight into
both patient status and the underlying mechanisms for RBC
sequestration and elimination in severe malaria.
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Fig. 6 Effect of hemin treatment on immune recognition and RBC stability. (A) The number of adherent and phagocytosed control and opsonized RBCs
were enumerated per 100 monocytes (monocyte index). There is significant increased recognition and phagocytosis of RBCs treated with increased
concentrations of hemin, which (B) further correlates to the increased hemolysis observed in the osmotic fragility assay. (C) Deformability-based analysis
represents a highly sensitive means to monitor the hemolytic bystander effect of RBCs that were exposed to malaria cell culture supernatant with known
concentrations of hemin (median � interquartile range, Kruskal–Wallis, p o 0.0001).
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