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Abstract

Maturation of Plasmodium falciparum decreases the deformability of infected red blood cells 

(RBCs), increasing their clearance as they attempt to pass through endothelial slits of the splenic 

sinus. Previous studies of Plasmodium vivax–infected RBCs led to opposite conclusions with 

respect to cellular deformability. To resolve this controversy, P. vivax–infected RBCs were passed 

through a 2-μm microfluidic channel. In contrast to P. falciparum–infected RBCs, mature P. 

vivax–infected RBCs readily became deformed through 2-μm constrictions. After this extreme 

deformation, 67% of P.vivax–infected RBCs, recovered a normal appearance; however, 15% of 

uninfected RBCs were destroyed. Results suggest mechanisms for both avoidance of splenic 

clearance and anemia in vivax malaria.
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The spleen plays a crucial role in removing old, abnormal, and rigid red blood cells (RBCs) 

that are unable to pass through the ~2-μm slits between the endothelial cells of the splenic 

sinusoids. Likewise, parasitized erythrocytes containing bulky viscous Plasmodium parasites 

either are retained by the splenic red pulp or lose their parasites by pitting [1]. Human RBCs 

infected with Plasmodium falciparum have been shown to become increasingly more rigid 

as the parasite matures, in association with modifications of the infected RBC surface by a 

range of parasite-derived proteins [2]. It has been postulated that the capacity of maturing P. 

falciparum–infected RBCs to cytoadhere to the endothelium of the vasculature of internal 

organs has evolved as a means to avoid splenic clearance of these rigid cells [2]. 

Cytoadherence of parasitized cells and impaired RBC deformability are thought to be the 2 

central processes underlying microvascular obstruction and pathology in severe cases of 

falciparum malaria. Increased rigidity of infected RBCs has been observed for other 

Plasmodium species, such as P. knowlesi [3, 4], which can also sequester in the deep 

vasculature.

The other major but neglected Plasmodium species that causes infection in humans is P. 

vivax. Contrary to previous dogma, it is now recognized that P. vivax is a major cause of 

morbidity and mortality [5]. The mechanisms of severe disease and parasite survival in 

humans with vivax malaria are not known. P. vivax displays only a slight tendency to 

sequester [6], and studies examining the potential role of rheologic changes in parasite 

survival and clinical disease have shown conflicting results. In an ex vivo flow-based study, 

Suwanarusk et al. [7] concluded that the deformability increased dramatically, because P. 

vivax trophozoites develop into schizonts. However, ex vivo aggregation and deformability 

studies suggested a reduction in the deformability of P. vivax–infected RBCs [8]. In an 

effort to resolve this controversy, we report the real-time behavior of single P. vivax–

infected RBCs in a microfluidic model [9] that presents the infected RBC with a constriction 

that mimics the splenic filter and the fine capillary beds. Unlike a rheoscope, which deforms 

erythrocytes purely by shear stress, our constriction-based model subjects erythrocytes to a 

true extrusion that incorporates multiple mechanical responses, including those resulting 

from (1) the transient pressure differential experienced by a cell as it travels between the 

entrance and exit of the constriction, (2) elastic conformation of the cell membrane to rigid 

external boundaries, and (3) an increase in capillary pressure as a result of membrane 

curvature change.

Materials and methods

Eight P. vivax and 3 P. falciparum isolates were collected from patients attending Rumah 

Sakit Mitra Masyarakat Hospital in southern Papua Province, Indonesia. Patients with 

symptomatic malaria were recruited into the study if they were singly parasitized with P. 

vivax or P. falciparum, with parasitemia of at least 0.5%. Patients treated with antimalarial 

agents in the 3 weeks before isolate collection and processing were excluded. The P. 

falciparum isolates were used only if mature trophozoites and schizonts were present in the 

peripheral blood; consequently, all isolates used were obtained from patients with 

hyperparasitemia of >10%. The median parasitemia of the P. vivax isolates used was 0.7% 

(range, 0.3%–0.8%), with at least 60% of the parasites in the late trophozoite stage; P. vivax 
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schizonts were present in all of isolates. Venous blood was collected into lithium heparin 

tubes. After removal of >90% of the white blood cells of the host by use of a CF11 column, 

packed, infected RBCs were washed in PBS and prepared to a hematocrit of 2% in McCoy 

media (Gibco) supplemented with 20% human serum (buffered pH, 7.2–7.4). Giemsa-

stained thick and thin isolates were examined by light microscopy to assess the species and 

stage of parasites. Two polymerase chain reaction methods were subsequently used to 

confirm the Plasmodium species diagnosis [10].

Poly(dimethylsiloxane) (PDMS) microchannels were constructed using a rapid prototyping 

method, as described elsewhere [9, 11]. The test samples were mounted onto a Nikon 

Eclipse TS100 inverted microscope with Nikon 100× and 60× objectives for bright-field and 

phase contrast imaging, respectively. A one-half–inch monochrome analog CCD camera 

(Adirondack Astronomy) was used to capture high-speed phase-contrast images for velocity 

and recovery measurements. Bright-field images were captured using a digital color CCD 

camera (QImaging). The images then were analyzed frame by frame with the use of 

QCapture Pro software (version 5.0; QImaging).

Details on the flow control system for samples injected into the microchamber have been 

presented elsewhere by Shelby et al. [9]. The temperature of the sample above the objective 

was 32°C (which is the ambient temperature in Papua Province, Indonesia). For each 

experiment, the velocity of uninfected RBCs in the 25-μm main channel located upstream of 

the constriction was in the range of 30–50 μm/s, whereas velocities in the 2-μm constriction 

were as high as 625 μm/s, resulting in a decrease in pressure across this gap of ~0.4 mmHg 

(1 mmHg = 133 Pa) [9] (figure 1A).

The duration of each experiment was no longer than 1 h. Testing of infected RBCs was 

completed within 2 h after their removal from the patient. The transit time was the time 

(expressed in seconds) that it took for a RBC to pass through the 2-μm constriction. The 

recovery time was the time (expressed in seconds) for a deformed RBC exiting the 

constriction to recover its original shape (figure 2A). Because the median transit and 

recovery times of uninfected RBCs differed between patients, the median transit and 

recovery times of infected RBCs from each patient were normalized to the paired uninfected 

RBC data for each patient.

Data were analyzed using SPSS for Windows (version 15; SPSS). The Mann-Whitney U test 

or the Kruskal-Wallis test was used for nonparametric comparisons, and Student’s t test 

(paired and unpaired) or 1-way analysis of variance was used for parametric comparisons of 

log10-transformed data. For categorical variables, percentages and corresponding 95% 

confidence intervals (95% CIs) were calculated using Wilson’s method. Proportions were 

examined using the χ2 test with Yates’ correction or Fisher’s exact test.

Ethics approval for the present study was obtained from the ethics committees of the 

National Institute of Health Research and Development, Ministry of Health (Jakarta, 

Indonesia), and the Menzies School of Health Research, Charles Darwin University 

(Darwin, Australia).
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Results and discussion

In previous studies, a reduction in the ability of mature stages of P. falciparum–infected 

RBCs to pass through increasingly smaller microfluidic constrictions (8, 6, 4, and 2 μm) was 

observed [9, 12]. This reduced movement of P. falciparum trophozoites and schizonts 

through these chambers most likely was the result of increases in both the internal viscosity 

of infected RBCs and membrane rigidity. These studies were conducted using cloned lines 

of P. falciparum that had been maintained in culture for extended periods. In the present 

study, we sought to subject parasite material freshly obtained from infected patients to 

microchambers similar to those used previously.

When fresh, ex vivo clinical isolates of P. falciparum (n = 3) were subjected to analysis, the 

infected RBCs were observed to adhere rapidly to the PDMS channel upstream of the 

constriction. Thus, within 1 min of the addition of the fresh P. falciparum–infected RBCs 

into the chamber, rosettes, uninfected RBC plaques, and agglutinating infected RBCs were 

formed, and the main channel became occluded, with near total reduction in the flow of both 

infected RBCs and uninfected RBCs (figure 1B). Consequently, the behavior of individual 

P. falciparum–infected RBCs collected directly from patients could not be assessed in the 2-

μm constriction of the microfluidic channels. These observations suggested that fresh 

clinical isolates of P. falciparum– infected RBCs could be far more “sticky” than those 

derived from laboratory clones. At present, the reasons for this possibility remain a matter 

for speculation.

In contrast to P. falciparum–infected RBCs, P. vivax–infected RBCs of all developmental 

stages were observed to transverse the 2-μm constriction readily. The median transit 

velocities through this gap decreased with parasite maturity (figure 1C–E), although this was 

not significant after normalization for variations in the deformability of the uninfected RBCs 

of the patients (figure 2B). It could be concluded that the increase in the internal viscosity of 

the infected RBC resulting from the presence of P. vivax was offset by the increased 

deformability of that infected RBC [7]. Interestingly, the size of P. vivax–infected RBCs in 

solution was similar to that of uninfected RBCs (~8 μm), which contrasts with the 

characteristic enlargement of P. vivax–infected RBCs observed in thin blood smear 

specimens (figure 1C–E). Relative to RBCs infected with the less deformable P. falciparum, 

RBCs infected with P. vivax tend to spread out, because they are compressed and smeared 

on the surface of the glass, resulting in the artificially larger surface area observed in P. 

vivax thin films.

Past studies clearly demonstrated that the increased membrane rigidity and internal viscosity 

of mature parasites further reduce the ability of P. falciparum–infected RBCs to recover 

their shape after constriction [13]. Indeed, P. falciparum trophozoites forced through a 4-μm 

gap took ~30 s to recover, whereas schizonts could not do so even after 2 min of observation 

[9]. The situation was shown to be very different for the highly deformable P. vivax–

infected RBCs, with 36 (67%) of 54 of the trophozoites and schizonts recovering in a 

median time of 2.3 s (interquartile range [IQR], 1.2–5.0 s) after traversing a 2-μm gap. The 

normalized recovery time of infected RBCs was not significantly associated with the 

developmental stage of the parasite (figure 2C). Despite the high deformability of P. vivax–
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infected RBCs, the destruction of 18 (33%) of 54 infected cells that passed through the 

constriction (figure 2C and 2D) denoted increased fragility. This fragility was most 

pronounced for infected RBCs that contained mature parasites, with only 10 (48%) of 21 

and 9 (64%) of 14 of RBCs containing trophozoites and schizonts, respectively, surviving 

the constriction (figure 2D). The percentage of ring-stage parasites (90% [17 of 19 ring-

stage parasites]) surviving passage through the 2-μm channel was not significantly different 

from that observed for the uninfected RBCs (85% [28 of 33 ring-stage parasites]; P = .638) 

(figure 2D). Of note, only 2 (3%) of 67 uninfected RBCs collected from a healthy control 

individual residing in a country of nonendemicity failed to recover when subjected to the 

same conditions. Because of ethical constraints, we were unable to collect uninfected RBCs 

from healthy Papuan control subjects.

Our observations offer a number of insights into the pathogenesis of malaria. They 

demonstrate that P. vivax–infected RBCs are highly deformable, confirming previous 

conclusions derived from flow-based studies [7]. The direct observation of individual cells 

clearly indicates that microfluidic chambers provide a more realistic measurement than does 

indirect measurement of infected RBCs [8]. Indeed, microfluidic analysis provides an 

opportunity to reassess previous conclusions regarding the rigidity of RBCs infected by 

other parasite species. The sharp contrast between the behavior of RBCs infected with P. 

vivax and that of rigid RBCs infected with P. falciparum, the other major parasite species 

that infects humans, provides a plausible explanation as to how P. vivax avoids splenic 

clearance despite the inability of its mature stages to sequester significantly. An additional 

consequence of the lack of rigidity of P. vivax–infected RBCs is a decreased likelihood that 

these cells block capillary beds in internal organs, thus reducing the frequency of severe 

organ-specific clinical manifestations, compared with the frequency noted in association 

with P. falciparum infections.

Alternative explanations are needed for the severe manifestations that are seen in association 

with P. vivax malaria, particularly severe anemia [5]. A substantial proportion (15%) of 

uninfected RBCs from patients infected with P. vivax failed to recover passage through the 

splenic sinusoid–like 2-μm channel. This substantial ex vivo destruction of uninfected RBCs 

in vivax malaria supports in vivo findings of a level of anemia that is considerably greater 

than that attributable to destruction of infected RBCs found in human volunteers 

experimentally infected with P. vivax [14], compared with those infected with P. falciparum 

[14, 15]. The mechanism by which P. vivax infections might damage uninfected RBCs is 

unknown, although either oxidative stress resulting from rupturing parasites or host immune 

mechanisms have been suggested [16]. Finally, the unexpected contrast between the 

observations previously made with regard to in vitro–cultured P. falciparum–infected RBCs 

and the observations made in the present study regarding the freshly isolated parasites 

further reinforces the usefulness of deploying microfluidic devices in a clinical setting, 

because the data collected may better reflect the phenotypes of infected RBCs relevant to the 

pathogenesis of malaria infection.
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Figure 1. 
Transit of uninfected red blood cells (RBCs) or Plasmodium falciparum– and Plasmodium 

vivax–infected RBCs through the 2-μm constriction of the microfluidic chamber. On the left 

side of each panel, the representative cell stage is shown either stained with Giemsa (fixed) 

or unstained (fresh) under bright-field illumination. On the right side of each panel is a 

phase-contrast image of cells as they transit through the 2-μm constriction. A, Uninfected 

RBCs from vivax malaria isolates moved through the channel with a median velocity of 28.0 

μm/s (range, 9.9–625 μm/s). B, The microfluidic channel was blocked within 60 s of the 

addition of clinical isolates of P. falciparum trophozoites and schizonts. C–E, The median 

velocity of P. vivax rings, trophozoites, and schizonts was 30.5 μm/s (range, 1.9–354 μm/s), 

7.2 μm/s (range, 0.7–34.9 μm/s), and 2.6 μm/s (range, 0.8–11.7 μm/s), respectively. Note the 

increased size of P. vivax–infected RBCs relative to uninfected RBCs and P. falciparum–

infected RBCs in the Giemsa-stained smears, despite the infected RBCs of both species 

having a similar diameter in the fresh preparation. The horizontal black scale bars denote 10 

μm. The large arrows denote the direction of flow and velocity of the RBC moving through 

the constriction. Pf, P. falciparum; Pv, P. vivax.
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Figure 2. 
The effect of asexual development of Plasmodium vivax on recovery or destruction of 

infected red blood cells (IRBCs) after passage through the 2-μm constriction. A, Side and 

plan scale view diagrams of the poly(dimethylsiloxane) (PDMS) microfluidic channel used 

to model splenic clearance of IRBCs. See Materials and Methods for definitions of transit 

and recovery times. The blue arrow denotes the direction of flow. The light green–shaded 

area represents the borosilicate glass coverslip attached to the PDMS (light blue–shaded 

area) chamber. B, The normalized transit ratio of the P. vivax ring, trophozoite, and schizont 

stages moving through the 2-μm constriction. The transit ratio was calculated by 

normalizing the velocity of each of the IRBCs against the median transit velocity of 

uninfected RBCs (URBCs) from the same isolate. The 8 different symbols each denote an 

isolate. The horizontal lines denote the median of the median isolate transit ratio for each 

developmental stage. The arrow on the y-axis indicates that the transit ratio is proportional to 

the cell velocity The transit ratio did not significantly decrease as the parasite developed 

from ring to schizont stage (P = .223; 8 isolates and 87 cells). C, The recovery ratio for 

IRBCs was calculated by normalizing the time to recovery of each of the IRBCs against the 
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median time to recovery of URBCs from the same isolate. The 8 different symbols each 

denote an isolate. The horizontal lines denote the median of the median isolate recovery 

ratio for each developmental stage. The arrow on the axis indicates that the recovery ratio is 

proportional to the rate of recovery of cell shape. The recovery ratio was not significantly 

effected by the stage of parasite development (P = .625; 8 isolates and 54 cells). Data from 

IRBCs and URBCs destroyed by constriction were not included in the median recovery 

times (18 cells are shown under the red dashed lines). D, Although there was no significant 

difference between the percentage of URBCs and ring-stage IRBCs destroyed (P = .638), a 

significantly higher percentage of trophozoite- and schizont-infected red blood cells (RBCs) 

were destroyed by the constriction (P = .006). Shaded bars denote the percentage of RBCs 

not destroyed by the constriction. Unshaded bars denote the percentage of RBCs destroyed 

by the constriction.
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