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Marinkovic M, Diez-Silva M, Pantic I, Fredberg JJ, Suresh S,
Butler JP. Febrile temperature leads to significant stiffening of Plasmodium falciparum parasitized erythrocytes. Am J Physiol Cell
Physiol 296: C59 –C64, 2009. First published July 2, 2008;
doi:10.1152/ajpcell.00105.2008.—Parasitic infection with Plasmodium falciparum is responsible for the most severe form of human
malaria in which patients suffer from periodic fever. It is well
established that during intra-erythrocytic maturation of the parasite in
the red blood cell (RBC), the RBC becomes significantly more
cytoadhesive and less deformable; these and other biochemical factors
together with human host factors such as compromised immune status
are important contributors to the disease pathology. There is currently
substantial interest in understanding the loss of RBC deformability
due to P. falciparum infection, but few results are available concerning effects of febrile conditions or parasitization on RBC membrane
rheology. Here, for the first time, we report rheology of the single,
isolated RBC with and without P. falciparum merozoite invasion,
spanning a range from room temperature to febrile conditions (41°C),
over all the stages of parasite maturation. As expected, stiffness
increased with parasite maturation. Surprisingly, however, stiffness
increased acutely with temperature on a scale of minutes, particularly
in late trophozoite and schizont stages. This acute stiffening in late
falciparum stages may contribute to fever-dependent pathological
consequences in the microcirculation.
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MALARIA affects ⬃400 million people and causes 1–3 million
deaths annually. The asexual stage of Plasmodium falciparum
is responsible for the most severe form of human malaria. A
cardinal symptom of human malaria is the occurrence of febrile
episodes resulting in body temperatures as high as 41°C. The
malarial fever is associated with rupture of intra-erythrocytic
schizonts and the release of the merozoites in the circulation;
the released merozoites then invade other red blood cells
(RBCs) and start a new intra-erythrocytic cycle. This causes
fevers that repeatedly occur with the same frequency as the
parasite maturation cycle inside the RBC (14).
During intra-erythrocytic development of the parasite, the
cell undergoes striking morphological and rheological alterations (19). The parasite synthesizes, exports, and inserts
different proteins to the RBC phospholipid bilayer membrane,
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where they interact with the spectrin network of the RBC (3,
18). As a result, the membrane of the infected cell is extensively remodeled, creating new permeation channels and pathways (34) and forming nano-scale “knobs” on the RBC surface
that are electron-dense protrusions. These changes reduce RBC
deformability (4, 24) and increase RBC cytoadhesion (29),
both of which impair the ability of the RBC to circulate. RBC
cytoadhesion in mature stages has received much attention in
recent years, and these studies have led to identification of
several parasite-derived molecules involved in adhesion, knob
formation, and their interaction with the RBC cytoskeleton (3,
31). RBC deformability has received much attention as well (4,
11, 20, 21, 24, 26, 27, 32, 33), but effects of parasite maturational stage on membrane deformability at febrile temperature
have not been examined.
Here we used magnetic twisting cytometry with optical
detection (OMTC) (28) to provide the most comprehensive
characterization to date of the membrane deformability of the
isolated human RBC. We examined the influence of two variables: parasite maturation (P. falciparum, strain 3D7) and temperature.
MATERIALS AND METHODS

Materials. Concanavalin A (ConA), poly-L-lysine, RPMI 1640,
hypoxanthine, gentamycin, NaHCO3, glutaraldehyde, sodium cacodylate buffer, and hexamethyldisilazane (HMDS) were purchased
from Sigma (St. Louis, MO). Phosphate-buffered saline (PBS),
HEPES buffer, and albumax II were purchased from GIBCO (Gaithersburg, MD). Human serum and human erythrocytes of blood group
O⫹ were purchased from Interstate Blood Bank (Memphis, TN).
Parasitized red blood cells. Experiments involving cultures of P.
falciparum (strain 3D7) in vitro used methods described previously
(35). Cultures were grown at 5% hematocrit in 25-ml tissue culture
flasks in a complete medium that consisted of RPMI 1640 supplemented with 25 mM HEPES buffer, 23.8 mM NaHCO3, 200 mM
hypoxanthine, 0.25% wt/vol albumax II, and 5% vol/vol human
serum. Cultures were gassed with 3% O2-5% CO2-92% N2 and
incubated at 37°C in complete medium. Rings, trophozoites, and
schizonts were identified accordingly to conventional criteria.
Ferrimagnetic microbeads and binding. Ferrimagnetic beads (solid
Fe3O4, 2.27 m ⫾ 11.3% diameter) were prepared as described
previously (8). Beads (1 mg) were coated with ConA by incubating
overnight at 4°C in ConA solution (1 mg/ml). ConA is not blood
group specific but has an affinity for terminal ␣-D-mannosyl and
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␣-D-glucosyl residues. A wide variety of serum and membrane glycoproteins have a “core oligosaccharide” structure, which includes
␣-linked mannose residues.
Electron microscopy. As described in our previous work (28), each
sample of RBCs with beads attached was fixed by treating with a
solution containing 2.5% glutaraldehyde in 0.085 M of sodium cacodylate buffer for 1 h at room temperature. The cells were washed
twice in sodium cacodylate buffer for 5 min each. Fixed cells were
then dehydrated through a graded series of ethanol (EtOH) baths for
10 min each: 25%, 50%, 70%, 95%, and 100% (three times). Cells
were treated with 50:50 HMDS in 100% EtOH for 2 h, followed by
treatment with 100% HMDS twice for 30 min. The sample was
allowed to air dry overnight and then sputter-coated with a layer of Au
in a Hummer V (Anatech, Alexandria, VA). The cells were examined
with a 1450VP scanning electron microscope (Carl Zeiss SMT,
Thornwood, NY).
Magnetic twisting cytometry with optical detection (OMTC). The
experimental setup is described elsewhere (8, 9). Briefly, cells adherent on the bottom of a glass well with beads attached were placed on
an inverted microscope (Leica DM IRBE, Leica Microsystems, Weitzler, Germany) and viewed under brightfield with an oil immersion
⫻63 objective and optically magnified 1.5⫻. Beads were magnetized
horizontally and then subjected to a vertical magnetic oscillatory field.
This oscillatory field causes a specific torque on the bead. The lateral
displacements of the bead in response to the oscillatory torque was
tracked through images captured by a CCD camera (JAI CV-M10,
Gloatrup, Denmark) with an exposure time of 0.1 ms and acquisition
frequency of 24 Hz. From recorded images, bead position was
computed using an intensity-weighted center-of-mass algorithm (9).
Mechanical tests at 20°C, 37°C and 41°C. Clean, 35-mm glass
bottom wells (MatTek, Ashland, MA) were treated with 0.1 mg/ml
poly-L-lysine for 5 min at room temperature (temperature ⫽ 20°C). At
this concentration, the RBCs adhere firmly to the wells, but retain
their biconcave shape (12). RBCs were allowed to adhere for 10 min
to the wells before the beads were added. Measurements were performed at oscillatory frequencies between 10⫺1 and 102 Hz and
amplitudes of 2 or 4 Gauss depending on the parasite maturation
stage. As described previously (9), heterodyning was used to sample
the displacement response in tests where the sinusoidal forcing frequency was greater than 4 Hz. The temperature in the microscope
stage (⫾0.2°C) and inside the sample was well controlled (⫾0.5°C).
Each individual cell was sequentially measured at room temperature,
at 37°C and then at 41°C, with 20 min allowed between each
subsequent temperature level to ensure thermal equilibrium between
sample and microscope stage. We measured five groups: unparasitized
unexposed cells, unparasitized cells exposed to parasitized cells, ring
stage, trophozoite stage, and schizont stage. The unparasitized unexposed cells are cultured similar to the parasitized cells and are referred
to here as healthy RBCs.
Measurement of the complex viscoelastic modulus. Storage, g⬘, and
loss, g⬙, moduli were extracted from the torque and corresponding lateral
bead displacement following Fourier analysis (8 –10, 28).
Technical issues. Similar to the noninvaded but exposed cells, the
P. falciparum RBCs showed increasing irreversible damage at 41°C,
and this was especially true in the schizont stage. This prevented a
cell-by-cell paired analysis.
RBC membrane morphology and composition vary extensively as
the parasite matures within the cell (2, 30). De novo malarial proteins
have been identified in the surface of the cell at late stages. Hence, the
bead-to-cell attachment might be different at late stages. Using scanning electron microscope, we saw little variation in the bead-cell
contact area (Fig. 1). Although a change in membrane composition
could also contribute to the stiffening seen at late stages, this is
unlikely the main factor responsible for the stiffening seen at febrile
conditions.
AJP-Cell Physiol • VOL

Fig. 1. Red blood cells (RBCs) with beads bound to their surface viewed under
brightfield with an oil immersion ⫻63 objective and optically magnified by
1.5⫻ ring stage (a) and late stage (b). Scanning electron micrograph (EM) of
a RBC with a bead bound to the surface, uninfected RBC, and ring stage are
indistinguishable in EM (c), and late stages are recognized based on shape and
roughness on the surface in EM (d).

RESULTS

Stiffness spectra at baseline conditions. At room temperature (20°C), RBC stiffness g⬘ increased slowly with increasing frequency of deformation (Fig. 2, blue symbols). The
loss modulus g⬙ was substantially smaller than g⬘ indicating
that within the RBC elastic stresses are larger than frictional
stresses by about an order of magnitude. However, g⬙
exhibited a much stronger dependence upon frequency than
did g⬘ and was well approximated by the power law (g⬙ ⬃
f a). These trends are comparable to those we have reported
previously (28).
Mechanical changes with temperature in control RBCs. As
temperature was increased from room temperature (20°C) to
normal physiological temperature (37°C) and then to a high
febrile temperature (41°C), both g⬘ and g⬙ systematically increased (Fig. 3). Over this range, increases in g⬘ were typically
50 to 100%, depending upon the frequency, whereas increases
in g⬙ were somewhat greater, ranging from 100 to 200%.
Comparison between healthy RBC and unparasitized but
exposed RBC. Viscoelastic moduli from the healthy RBC were
no different from those of the unparasitized RBC in contact
with parasitized cells (data not shown). However, RBCs in
healthy preparations retained their characteristic biconcave
shape regardless of temperature, whereas the unparasitized but
exposed cells in asynchronous cultures showed an overall
degradation at 41°C, with increasing numbers of irreversibly
damaged cells as seen by morphology assessed by their appearance under the microscope.
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temperature and infection stage studied here, the change in
RBC stiffness spanned a fivefold range (Fig. 4).
DISCUSSION

Fig. 2. Apparent storage (g⬘; closed symbols) and loss (g⬙; open symbols)
moduli (in units of Pa/nm) measured at frequencies from 0.1 to 100 Hz,
room temperature (blue, N ⫽ 28), 37°C (orange, N ⫽ 18), and 41°C (red,
N ⫽ 18). Data plotted are means and error bars represent SD.

Temperature dependence of viscoelasticity in parasitized
RBCs. Regardless of the parasitization stage, frequency dependencies of g⬘ and g⬘ were similar to those seen in healthy cells
(data not shown). Therefore, to quantify changes with parasitization and temperature, we focused on responses of g⬘ measured at 0.75 Hz (Fig. 3). At room temperature there was little
change in g⬘ from healthy to ring stage, but a marked increase,
approximating twofold, with maturation from the ring to trophozoite stages (P ⬍ 0.001), and no change between the
trophozoite and schizont stages. Healthy cells showed gradual
stiffening with increasing temperature, with the change in
stiffness being roughly linear with temperature. By contrast,
the parasitized cells, regardless of parasite stage, showed little
change in stiffness from room temperature to body temperature
but an abrupt increase in stiffness at febrile temperature. This
abrupt increase was completed as quickly as the experimental
system could be thermally equilibrated, which was on the order
of minutes.
Figure 4 summarizes the results of storage and loss moduli
as a function of temperature for the different stages of infection
of RBC; we include the data on healthy cells for comparison.
For the purpose of specific comparison of cell behavior between parasite stages (including control) at each given temperature, means are plotted with standard error. Over the range of

As the P. falciparum merozoite undergoes intra-erythrocytic
maturation, the parasitized RBC exhibits striking morphological and rheological alterations. Here we have quantified the
effects of temperature and P. falciparum maturation on RBC
rheology. Changes in deformability as characterized by storage
modulus g⬘ over a wide frequency range approached fivefold
and as such are large enough to alter dynamic behavior of the
RBC in the microcirculation.
Changes in rheological properties with temperature— control RBCs. The healthy RBC showed gradual stiffening with
temperature (Figs. 2 and 3). A significant entropic component
would not be surprising given that the spectrin network that
forms the main component of the RBC membrane can be
conceptualized as polymeric chains with a high degree of
flexibility and mobility (5). Failure to find strict proportionality
with temperature, as in rubber, does not imply an insignificant
role for entropy; indeed, the sign of the change of stiffness with
temperature argues that entropic contribution might dominate
the contribution of internal energy to the Helmholtz free energy
of the system (17, 36).
The stiffening with temperature that we found here in the
healthy RBC has been seen as a trend in previous studies using
ektacytometry (39) and using optical tweezers (20) but failed to
reach statistical significance. By contrast, Waugh and Evans
(38) found with micropipette aspiration that the elastic shear
modulus of the RBC membrane decreases with temperature,
although the decrease was small. A likely explanation for this
discrepancy is that RBC aspiration engenders very large deformations that may magnify the contribution of internal energy to stiffness, leading to a net softening with temperature.
This discrepancy requires further investigation, and, more
important, reveals the need for a more accurate physical picture
of the RBC.
It has been suggested that the unparasitized RBC cultured in
the presence of the malaria parasite is less deformable due to
release of exoantigens that bind to normal RBCs (22). With the
use of ektacytometry, some studies confirmed that deformability is reduced in exposed but unparasitized RBCs, mainly in
cases of severe falciparum malaria (6, 7, 32), whereas others
using micropipette aspiration did not (11, 24). We found no

Fig. 3. Stiffness g⬘ (in units of Pa/nm) as a function of temperature. All panels have a common ordinate scale shown on the left. Blue, 20°C; orange, 37°C; red,
41°C. Data are shown separately for healthy RBCs (N ⫽ 28), ring stage (N ⫽ 32), trophozoite (N ⫽ 30), and schizont (N ⫽ 18) stages. Square symbols are means
and error bars represent SD.
AJP-Cell Physiol • VOL
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Fig. 4. Apparent storage (g⬘, 0.75 Hz; closed symbols) and loss moduli (g⬙;
0.75 Hz, open symbols) for healthy RBC (black), ring stage (green), trophozoite (orange), and schizont (red). Data plotted are means and error bars
represent SE.

significant difference in viscoelastic moduli between healthy
RBCs and those that were exposed but unparasitized.
Changes in rheological properties with temperature parasitized RBCs. The behavior of P. falciparum parasitized RBCs
in the circulation depends strongly on the stage of maturation.
For example, during the ring stage, a parasitized RBC retains
its biconcave shape and circulates freely through the body.
However, during the later trophozoite and subsequent schizont
stages, the rigid and very viscous parasite enlarges (21). This
causes the parasitized RBC to lose its biconcavity and becomes
more irregular in shape and more adhesive to the vascular
endothelium and to other cells. Consequently, there is a marked
increase in RBC sequestration; RBCs at these late stages of
maturation are rarely seen in free circulation (16). Consistent
with this overall picture, we found little change in stiffness in
the ring stage compared with control RBCs but a twofold
increase in stiffness from ring to trophozoite stage, remaining
elevated through the schizont stage (Fig. 3, blue points). These
general features of increased stiffness with P. falciparum
maturation are consistent with previous studies employing a

variety of techniques, including fluid shear and cone-plate
rheometry (4, 33), micropipette aspiration (11, 21, 24), and
recent work using optical tweezers (20, 32), all at room
temperature. On the basis of observed morphological alterations of parasitized cells, as well as the presence of stagespecific parasite-encoded proteins that associate with the RBC
membrane (30), including parasite exported proteins such as P.
falciparum erythrocyte membrane protein 3 (Pf-EMP3) (27) or
mature parasite-infected erythrocyte surface antigen (MESA),
a membrane contribution to stiffening at later maturation stages
is not surprising.
The relative lack of membrane stiffening that we found in
ring stage compared with healthy RBCs (Fig. 3, blue data
points in healthy and ring panels) is in apparent contradiction
to some previous studies using micropipette aspiration (21) and
shear flow rheometry (4), which show that ring stages have
impaired deformability. Those reports utilized techniques that
deform the entire cell globally and therefore probe changes that
may occur both in membrane viscoelasticity and in the internal
cytoplasm due to the presence of the parasite. Hence, techniques that involve large deformations of the entire cell reflect
the lumped contribution from all sources throughout the cell
into a global response and independent contributions from
the cell membrane cannot be distinguished. By contrast, the
OMTC technique used here involves deformations that are
relatively small and, in the case of the healthy RBC, are
localized mainly to the vicinity of the bead, and therefore
measure primarily the contribution of membrane viscoelasticity (Fig. 5) (for more details see Ref. 28). In the case of
the parasitized RBC it remains unclear how OMTC might be
influenced by the presence of the parasite, but in the ring
stage these influences are expected to be small. Taken
together, these factors suggest caution in interpretation of
globally deformed cell rheology purely in terms of membrane characteristics, with no contribution from the cell’s
internal structure. In particular, it is not known to what
extent the sources of the stiffening response are additive,
and therefore it is premature to assign quantitatively differ-

Fig. 5. Schematic of RBC optical magnetic testing cytometry (OMTC) tests. A: RBC with a bead attached to
its surface. B: undeformed and deformed shape. Displacements have been magnified by a factor of four.
C: plot of the elastic strain energy density across the
entire cell (the bead has been removed for clarity).
Figure was reprinted from Puig-de-Morales-Marinkovic
et al. (28).
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ential roles to the membrane and the intracellular milieu.
Nevertheless, we stress that our technique uniquely probes
the primary contribution of the RBC membrane in its response both to infection and to stiffness changes associated
with temperature.
Changes in stiffness of parasitized RBCs over the 48-h P.
falciparum life cycle evolve gradually but are dramatic. Consistent with this, Mills et al. (20) found an increased shear
elastic modulus at the late ring stage, using closely synchronized cultures, but not at the early ring stage. In addition to the
fact that Mills et al. (20) used a different strain of P. falciparum
and they applied large deformations, we note that the ring stage
RBCs used in our study were early ring stage cells.
The repeated occurrence of fever at regular intervals is a key
feature of malaria (25), and the behavior of parasitized RBCs
in the febrile state is correspondingly important. The malarial
fever is associated with the propensity of the parasites to grow
synchronously with one another after several cycles. The
outcome is recurrent paroxysmal fever that has the same
periodicity as the maturation cycle of the parasite within the
RBC (14). There are several reports in the literature addressing
the influence of elevated temperature encountered during malarial fever on the infected individual (1) as well as on protein
expression and survival of the parasite (13, 14) in vitro. The
consequences of fever are well known to include increased
cytoadherence of Pf-RBCs to CD36 and ICAM-1 host receptors over the time course of hours (37), inhibition of parasite
growth (14, 15) and parasite death (23) over the time course of
days. However, the effect of fever on the mechanical properties
of parasitized RBC has been less well studied. We exposed the
same cell to an increased temperature and found that there is
little change in stiffness of the Pf-RBC from room temperature
to body temperature but a large and prompt increase under
febrile conditions especially during the second half of the
growth cycle (Figs. 3 and 4). This temperature-related stiffening occurred within minutes and is therefore unlikely to be due
to temperature-related changes in protein expression. This
surprising observation highlights the importance of host temperature not just as an environmental stressor for the parasite
but also in disease treatment.
Finally, we offer the following speculation regarding the
specific effect of fever on RBC occlusion in the microvasculature. First, for those RBCs already occluding a small
vessel, increased stiffness associated with temperature will
have little effect. But for those cells cytoadhered elsewhere
throughout the vasculature, the cell’s stiffness may increase
its probability of detachment through increased shear stress
associated with the cell’s inability to deform in response.
The effect of stiffening on detachment kinetics is an open
question, but if the above suggestion is true, this mechanism
may in turn lead to increased visits to and occlusion of the
microvasculature. Second, we note that strict synchrony in
the cycle of maturation and rupture would not lead to any
direct influence of temperature, insofar as it would lead to a
uniform population of ring stage RBCs, which have little
potential for cytoadherence or mechanical occlusion. But
synchrony is unusual in acute falciparum malaria, and
indeed the distribution of parasite ages may not even exhibit
unimodal characteristics (37). To the extent that there is a
substantial population of late stage RBCs present at and
AJP-Cell Physiol • VOL
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following the febrile episode, the mechanisms outlined
above may lead to pathophysiological consequences.
In conclusion, here we have identified membrane viscoelasticity as a key factor in loss of RBC deformability during the
48 h intra-erythrocytic life cycle of P. falciparum, and shown
for the first time that fever magnifies the stiffening over and
above that associated with parasitic maturation. These temperature-related changes are prompt and may have important
consequences in the microcirculation.
NOTE ADDED IN PROOF

In the Articles in Press Version of this manuscript, several
sentences, which represented descriptive general information
not integral to the reporting of the research results, appeared
without appropriate attribution. In this final published version,
these sentences have been corrected.
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