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ABSTRACT Plasmodium falciparum malaria-infected red blood cells (IRBCs), or erythrocytes, avoid splenic clearance by
adhering to host endothelium. Upregulation of endothelial receptors intercellular adhesion molecule-1 (ICAM-1) and cluster
of differentiation 36 (CD36) are associated with severe disease pathology. Most in vitro studies of IRBCs interacting with these
molecules were conducted at room temperature. However, as IRBCs are exposed to temperature variations between 37 C
(body temperature) and 41 C (febrile temperature) in the host, it is important to understand IRBC-receptor interactions at these
physiologically relevant temperatures. Here, we probe IRBC interactions against ICAM-1 and CD36 at 37 and 41 C. Single bond
force-clamp spectroscopy is used to determine the bond dissociation rates and hence, unravel the nature of the IRBC-receptor
interaction. The association rates are also extracted from a multiple bond flow assay using a cellular stochastic model. Surprisingly, IRBC-ICAM-1 bond transits from a catch-slip bond at 37 C toward a slip bond at 41 C. Moreover, binding affinities of both
IRBC-ICAM-1 and IRBC-CD36 decrease as the temperature rises from 37 to 41 C. This study highlights the significance of
examining receptor-ligand interactions at physiologically relevant temperatures and reveals biophysical insight into the temperature dependence of P. falciparum malaria cytoadherent bonds.

SIGNIFICANCE Malaria is a mosquito-borne disease. The deadliest species of malaria is believed to cause death by
obstructing blood flow in the vessels of vital organs. This process occurs as sticky infected red blood cells (IRBCs)
accumulate in host vasculature. Studies that investigated IRBC-vascular protein interactions were performed mostly at
room temperature. Considering that malaria patients often experience cyclic fever, we probed these bonds at body and
febrile temperatures. We discovered that temperature can change the way IRBCs bind to vasculature. We also found that
the propensity for IRBCs to form bonds with vessel wall proteins decreases as the temperature rises. Our work provides
insights into the temperature sensitivity of these bonds and highlights the significance of conducting adhesion studies at
physiologically relevant temperatures.

INTRODUCTION
There were 216 million malaria infections and 445,000
related deaths in 2016 (1). Plasmodium falciparum
(P.falciparum) alone contributed to 99.7% of the infections
in Africa, where 90% of global cases occurred (1). During
the 48-h asexual life cycle of the parasite, its host develops
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clinical symptoms ranging from chills and fever (2) to severe symptoms such as severe anemia, multiple organ failure, impaired consciousness, and even death (3,4). High
parasitemia and sequestration—the accumulation of infected red blood cells (IRBCs) cytoadhered in microvasculature throughout the body—are likely causes of these
severe symptoms (2).
Cytoadhesion is believed to be a strategy used by the
parasite to evade the host’s splenic clearance system,
which removes impaired or old red blood cells (RBCs)
(5,6). It involves the adhesion of parasite-exported ligands
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on the IRBC membrane to receptors on the endothelial
cells of its human host (7). The parasite-exported proteins
on P. falciparum IRBCs have been shown to bind to endothelial receptors intercellular adhesion molecule-1 (ICAM1) in cerebral malaria (8,9) and cluster of differentiation
36 (CD36) in uncomplicated and severe malaria (10). Thus,
these two molecules are most studied against P. falciparum
IRBCs (7). Interestingly, experiments performed in flow
chamber systems showed that ICAM-1 initiates the rolling
of IRBCs on the endothelium, whereas CD36 arrests the
motion of IRBCs (11,12). These findings suggest that
IRBC-ICAM-1 interacts via transient adhesion, whereas
IRBC-CD36 bonds form firm adhesion. This contrast in
adhesion phenotype could potentially originate from the
different biophysical nature of IRBC-receptor interactions
(13). Specifically, IRBCs and ICAM-1 form catch-slip
bonds, displaying catch bond behavior (i.e., bonds that
break slower with increasing force (315 pN)) before transiting to slip bonds (13). On the other hand, IRBCs
and CD36 bind via slip bonds, which break faster with
increasing force (13). Although these in vitro adhesion
studies deepened our understanding of sequestration in
P. falciparum, the experiments were all conducted at room
temperature (11–13).
The P. falciparum host often experiences malaria
paroxysm, during which, temperatures can rise to 41 C for
2–6 h (14). This periodic febrile response occurs as a result
of the bursting of mature parasites, otherwise known as schizonts (14). Although the life cycle of P. falciparum is 48 h,
febrile response is usually irregular (14). Febrile
temperatures have been demonstrated to not only stiffen late
stage IRBCs (15) but also enhance and accelerate the expression of adhesion ligands on the host membrane (16,17). Moreover, studies have revealed that temperature can modify
antibody-antigen binding kinetics (18,19) and protein structure (20,21). It is hence likely that temperature variations during malaria infection can alter the binding kinetics of IRBCreceptor interactions and their protein structures.
This work employed biophysical tools to probe how
temperature could affect IRBC-receptor binding kinetics.
Measurements were performed at both single and multiple
bond levels at body and febrile temperatures (i.e., 37 and
41 C, respectively). In doing so, we answer the following
questions: How does IRBC binding to each endothelial receptor vary with temperature? How can these variations
affect the roles that ICAM-1 and CD36 play in stabilizing
IRBC adhesion? Single bond lifetimes were measured at
various tensile forces to determine bond lifetime versus
force relationships. We then used a flow chamber assay to
extract association rates at these temperatures through a
cellular stochastic model. Surprisingly, the nature of
IRBC-ICAM-1 interactions transited from a catch-slip
bond at 37 C to a slip bond at 41 C. Binding affinities of
both IRBC-ICAM-1 and IRBC-CD36 were also found to
decrease as the temperature rose from 37 to 41 C. Our
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findings emphasize the importance of studying IRBC
adhesion at physiologically relevant temperatures.
MATERIALS AND METHODS
Parasite culture
All experiments were conducted using the P. falciparum 3D7 knob-positive
strain that was adapted for laboratory culture (22). The malaria culture medium (MCM) was prepared using the following: MilliQ water, RPMI 1640
(Invitrogen, Carlsbad, CA), 0.5% AlbuMAX II (Invitrogen), 50 mg/mL
hypoxanthine (Sigma-Aldrich, St. Louis, MO), 2 mM L-glutamine
(Sigma-Aldrich), and 25 mg/mL gentamycin (Gibco, Thermo Fisher Scientific, Waltham, MA) (23). MCM was sterilized via filtration in a biosafety
cabinet and kept at 4 C. Cultures were maintained at 2.5% hematocrit with
1–5% parasitemia and incubated at 37 C with 5% CO2 and 3% O2 gas
composition. When the IRBCs were predominantly in the ring stage,
parasites were synchronized using 5% D-sorbitol (Sigma-Aldrich) (23).
Parasitemia was assessed by examining Giemsa-stained blood smears under
a microscope at 100 magnification.

Purification of schizonts
Schizonts, or late stage IRBCs, possess paramagnetic iron in the hemozoin,
which enables them to be purified from the culture via magnetic-activated
cell sorting (24). The LD column (Miltenyi Biotec, Bergisch Gladbach,
Germany) and SuperMACS II separator (Miltenyi Biotec) were used to
isolate schizonts. After mounting the LD column onto the SuperMACS II
separator, MCM was added for priming. The culture suspension was then
introduced while the column was under the influence of the magnetic field
from the separator. Next, the column was rinsed with MCM, at least twice,
to rinse away uninfected RBCs and ring stage IRBCs. The column was then
infused with MCM and removed from the separator. Thereafter, a plunger
was used to elute the late IRBCs into a clean collection tube. Schizonts
were retrieved from the cell pellet after centrifuging the cell suspension
at 600  g for 5 min at maximum acceleration and low deceleration. The
last step was to resuspend the pellet in MCM to the desired concentration
for experiments. The purity of late IRBCs attained was usually above 80%.

Selection of ICAM-1 adhesion phenotype
To ensure that IRBCs could adhere to both ICAM-1 and CD36 at the same
time, P. falciparum 3D7 parasites were selected for the ICAM-1 adhesion
phenotype. A 22-mm diameter glass coverslip was first rinsed with 70%
ethanol followed by MilliQ water. Next, the coverslip was air dried and
placed in a six-well plate. After being plasma treated for 10 min, the sixwell plate was then exposed to ultraviolet radiation for 30 min in the
biosafety cabinet. The coverslip was then coated with 100 mL of 100 mg/
mL recombinant human ICAM-1 protein (Sino Biological, Beijing, China).
Subsequently, the six-well plate was sealed with parafilm and incubated at
4 C overnight. The ICAM-1 coated coverslip was washed with 1 phosphate-buffered saline (PBS) on the next day. To reduce nonspecific adhesion, 1% bovine serum albumin (BSA) (Miltenyi Biotec) was then added
to the coverslip at room temperature for 30 min. After rinsing with 1
PBS, magnetically purified IRBCs were added to the coverslip, and the
six-well plate was placed in the malaria culture incubator for 1 h. RPMI
was then used to rinse away the unbound IRBCs for more than five times.
Next, 250 mL of RBC pellet and 5 mL of MCM were added into the well and
placed into the incubator. The culture was transferred to a T25 culture flask
with 10 mL fresh MCM the next day. A second round of selection was
conducted when the parasitemia of the selected culture is above 5%. The
twice-selected culture was expanded, aliquoted, and frozen for future
experiments.
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Force-clamp spectroscopy sample holder
fabrication
Customized sample holders were fabricated to contain small volumes of
fluid. Each sample holder is made up of a polydimethylsiloxane (PDMS)
ring bound to a 30-mm diameter coverslip. The PDMS prepolymer base
and cross-linking agent (Dow Corning, Midland, MI) were first mixed
10:1 by weight and poured into a 140-mm diameter petri dish to a height
of 5 mm. Next, the petri dish was placed into a desiccator connected to a
vacuum pump to remove all bubbles. The PDMS was then left to cure in
the oven at 80 C for 2 h. Thereafter, the PDMS slab was peeled out of
the petri dish. Rings of 25-mm internal diameter and 32-mm outer diameter
were then drawn on the PDMS slab with a marker. After covering the entire
PDMS slab with traces of rings, a knife was used to cut the rings out. The
underside of each ring and an equal number of coverslips were plasma
treated for 10 min before alignment. Finally, the bonded sample holders
were placed in the oven for 2 h at 80 C.

Force-clamp spectroscopy sample preparation
The sample used for our single bond force-clamp spectroscopy experiments
was prepared by immobilizing purified late IRBCs on the sample holder. The
sample holder was first rinsed with 70% ethanol followed by MilliQ water.
After air drying, it was plasma treated for 10 min. Thereafter, 300 mL of
50 mg/mL Phaseolus vulgaris-erythroagglutinin (Vector Laboratories,
Burlingame, CA) was added and left at room temperature for 1 h.
P. vulgaris-erythroagglutinin is known to adhere well to glycophorin on human RBCs (25). Next, the sample holder was washed thrice with 1 PBS.
Magnetically isolated schizonts were then added and incubated at room temperature for 30 min. MCM was subsequently used to rinse away any unbound
or loosely bound IRBCs. Finally, the sample holder was filled with 1% BSA
in 1 mL MCM before placing into the substrate holder of the heating system.

Functionalization of AFM tip
Single bond force-clamp spectroscopy experiments were conducted using
the B-lever of gold-coated Bio-Lever AFM tips (Olympus, Tokyo, Japan).
AFM tips were functionalized as described in an earlier publication (13).
It was noted that the adhesion frequency of receptors to IRBCs rose significantly with temperature, probably as a result of increased trafficking of
PfEMP1 (16). Consequently, the concentrations of reagents used had to
be optimized to maintain an adhesion frequency of less than 20% to ensure
that most adhesion events observed were mediated by single bonds (26,27).
Briefly, the tip was treated with plasma for 10 min before placing in a 10mL drop of 0.5 mg/mL BSA-biotin (Sigma-Aldrich) overnight in a humidified chamber at 4 C. The tip was next immersed in 10 mL of 10 mM
streptavidin (Thermo Fisher Scientific) for 30 min before another 30 min
in 200 mL of 10 mg/mL N-hydroxysuccinimide-polyethylene glycol
4-biotin (Thermo Fisher Scientific). Thereafter, the tip was incubated for
1 h with either 10 mL of human recombinant ICAM-1 protein—5 mg/mL
for force-clamp spectroscopy at 37 C and 2.5 mg/mL for 41 C—or CD36
(Sino Biological)—2 mg/mL for both temperatures. The final step was to
block excess amine groups that had been activated using 1 mg/mL glycine
(Sigma-Aldrich) for 30 min. Each step was followed by washing with 1
PBS to remove any unbound reagent. Validation of the functionalization
protocol can be found in Supporting Materials and Methods, Section 1.

Force-clamp spectroscopy protocol
The heating system described in Supporting Materials and Methods,
Section 2 was switched on for 30 min before each experiment. Subsequently, the filled sample holder was placed into the substrate holder. The
thermocouple connected to the thermometer (EasyView 11A Type K

Thermometer, Extech Instruments, Waltham, MA) was then placed in direct
contact with the cover glass of the sample holder and fixed in position with
masking tape. Thereafter, the functionalized AFM tip was mounted onto the
JPK NanoWizard II (Bruker, Billerica, MA), and the system was left to
equilibrate to the desired temperature.
The B-lever was calibrated after the temperature had stabilized
for 20 min using the in-built thermal fluctuation analysis of the JPK
SPMControl Software v.4 (Bruker). Calibrated spring constants ranged
from 2 to 12 pN/nm, which were within the manufacturing range. The cantilever was recalibrated at 1-h intervals to account for any effect of thermal
drift. Temperature was monitored regularly throughout the experiment to
ensure that the substrate is 51 C of the desired temperature.
Force-clamp spectroscopy was conducted using the methods documented
in an earlier publication (13). It was observed that the effects of fluid drag
on the AFM tip was very significant when experiments were conducted at
37 and 41 C. Consequently, the approach and retract speeds were reduced.
As adhesion frequency was also much higher at these temperatures, the set
point and contact time were also reduced to maintain an adhesion frequency
of less than 20% (26,27). Each cycle began by approaching the IRBC at a
set point of 15–30 pN and constant speed of 0.5 mm/s. The tip was then held
at the constant set point for 20–50 ms for the receptors to interact with the
IRBC ligands. Next, it was retracted to 0–30 pN at 200 nm/s and held at a
constant force for 10 s for any formed bonds to break. The final step was to
retract the tip by 3 mm at 2 mm/s to break any other remaining bonds before
probing the next location on the IRBC membrane in a grid-like manner.
Throughout this cycle, the broken bonds remained separate, and rebinding
did not happen. In addition, we noted that the immobilized schizont IRBCs
degraded with time at 41 C, an observation similar to another study that
measured IRBC membrane stiffness at febrile temperature (15). AFM
tips were also more prone to being fouled by cellular debris at 41 C. These
situations limited the time window for obtaining data to 3 h.
All the raw data files were analyzed using the JPK SPM data processing
software (Bruker) as detailed in our previous publication (13). The single
bond lifetime and breaking force measurements were all pooled and binned.
There were at least 50 single bond lifetimes per bin for both IRBC-ICAM-1
and IRBC-CD36 interactions measured at 37 C and at least 30 lifetimes per
bin at 41 C.

Determining the order of kinetics
Our experiments only involve the dissociation of single bonds and do not
involve the reassociation of bonds. If the IRBC-receptor adhesion is of first
order kinetics, the analytical solution to the probabilistic model for small
system kinetics (28) will be as follows:

P¼

ekoff t
:
Z

(1)

In this expression, P is the probability of detecting a bond between the
IRBC and the receptor on the AFM tip at time t. The probability P stems
from the random nature of bond dissociation (29). The parameter koff is
the dissociation rate, and Z is a normalization factor. The natural log of
the number of dissociation events with a single bond lifetime greater than
t was plotted against t to determine the survival probabilities of the bonds
in each force bin. For a first order kinetics IRBC-receptor interaction, the
graph should show a straight line with a negative gradient for each force
bin. The lifetime of the single bond can hence be expressed as the inverse
of the dissociation constant koff.

Theoretical models for fitting single bond forceclamp spectroscopy data
The theoretical models used for fitting the single bond force-clamp spectroscopy data are the same as that described in our earlier publication
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(13). For slip bonds, we use the following model proposed by Bell (30) and
later supported theoretically by Evans and Ritchie (31):

ksoff ¼ ks ebFx0 :

(2)

The parameter ks is the spontaneous dissociation rate (i.e., k soff ¼ ks )
when the constant force F applied on the single bond is zero. The inverse
temperatureb ¼ ð1 =kB TÞ, where kB is the Boltzmann constant, and T
denotes the temperature. Last, x0 is the stress-free bond length of the receptor-ligand interaction.
For catch-slip bonds, the dissociation rate was expressed by Dembo et al.
(32) and rewritten in the following form based on the underlying assumption that the receptor-ligand bond is a Hookean spring:
2

kcoff ¼ kc ebðFF0 Þ x :

(3)

The force at which the bond transits from catch to slip bond
behavior F0 ¼ (k  kts)(l  lts), and the inverse effective spring constant
x ¼ ð1 =2ðk  kts ÞÞ, with k being the stiffness of the Hookean spring, l its
stress-free length, and the subscripts ts denoting the parameters for the transition state. The parameter kc is the dissociation rate when F ¼ F0. Catchslip bond behavior can also be described by other existing models (33,34),
of which the two-pathway model can be backed by Kramers’ rate theory
(35). Recent studies have shown that the force-dependent entropic extension fluctuation of molecules can affect whether a receptor-ligand interaction behaves as a catch or slip bond while also requiring the existence of
only one bond state (36,37). In this work, there is no structural basis to
account for the conformational changes at submolecular levels. It is thus
not possible for us to determine which one of these several models apply
to the IRBC-ICAM-1 bond pair (33). Hence, our aim is not to identify
the mechanism of the catch-slip bond but, instead, to demonstrate the
presence of catch-slip bond behavior. Resultantly, we chose the model by
Dembo et al. described above as it involves the least number of independent
parameters to describe a Gaussian, which we observed from our 25 C
experimental data (13).
If the bonds formed between IRBCs and each receptor follow first order
kinetics, Eqs. 2 and 3 can be written in terms of the single bond lifetime t as
follows:

1 bFx0
e
;
ks

(4)

1 bðFF0 Þ2 x
e
:
kc

(5)

t¼
and

t¼

Functionalization of microfluidic channel
The microfluidic channels used were 1.5-cm long with a rectangular cross section—500 mm wide  27.6 mm high—and were fabricated using standard soft
lithography methods (13). These channels were coated with either ICAM-1 or
CD36 recombinant protein as documented by Xu et al. (38). First, 70%
ethanol was used to prime the channel to prevent the formation of bubbles.
The channel was then rinsed with 1 PBS before introducing either
ICAM-1 or CD36. For consistency with the flow assays conducted at 25 C
(13), the same concentrations of ICAM-1 (50 mg/mL) and CD36 (2 mg/mL)
were used. Thereafter, the channel was kept overnight at 4 C in a humidified
chamber. The protein solution was rinsed with 1 PBS the following day. To
minimize nonspecific adhesion, the channel was filled with 5% BSA in PBS
for 1 h at room temperature. The channel was then rinsed with 1 PBS before
filling it with MCM for experiments. Validation of the functionalization
protocol can be found in Supporting Materials and Methods, Section 3.
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Flow assay protocol
The heating system (Supporting Materials and Methods, Section 4) was
warmed up 10 min before the experiment. Next, the serological pipette
was aligned vertically to the table using a spirit level. Thereafter, the channel was stuck onto the heating stage and connected to the serological
pipette. The volume of water in the serological pipette was then fine-tuned
using the syringe such that there was no flow in the channel. The thermocouple connected to the thermometer was subsequently inserted into the
inlet reservoir and fixed in position (Supporting Materials and Methods,
Section 4). The temperature of the heating stage was then adjusted to attain
the desired substrate temperature. Enriched IRBCs were added into the inlet
reservoir before noting the height of the water column in the serological
pipette corresponding to the equilibrium pressure. This is the pressure at
the outlet that matches the inlet pressure such that there is no flow within
the channel. The observation field was then adjusted to the midpoint along
the length of the microfluidic channel. The setup was left on the heating
stage for 20 min after the set temperature was reached to provide the cells
sufficient time to react to the temperature (15).
Subsequently, the experiment was performed as described in our previous work (13). The same experimenter ran all the flow assays for regularity in identifying adhesion events. The temperature was monitored
regularly during the experiment to ensure that the substrate was 37 5 1
or 41 5 1 C. There were at least 20 cellular lifetimes per shear rate for
both IRBC-ICAM-1 and IRBC-CD36 interactions measured at 37 and
41 C. Like the single bond force-clamp spectroscopy experiments, late
stage IRBCs degraded with time at 41 C. The time window for conducting experiments for each protein-coated channel was resultantly
limited to 2 h because of the accumulation of cellular debris on the substrate. Details of the flow calculations are presented in Supporting Materials and Methods, Section 5.

Theoretical models for the fitting of multiple bond
flow assay data
The theoretical models used to connect the single bond force-clamp spectroscopy findings to the multiple bond flow assay were the same as that
in another publication (13). In summary, the contact area of the cell to
the channel was simplified to be a rectangle of length a and width b (39).
It was assumed that all the adhesion kinetics happen within a small region
known as the rupture area—a rectangular part of the contact area of length c
and width b. Assuming that the IRBC is either attached or detached—rolling velocity v z 0—mechanical equilibrium equations were solved to
attain the tension Q experienced by each bond (40):

Qz

28:4pr 3
tw :
sabc

(6)

The parameter s is the effective density of binding molecules, which depends on the dominant ligand or receptor, r is the radius of the IRBC, and tw
is the wall shear stress.
Considering that the expression of tension Q in Eq. 6 is not restricted by
the type of bond, it can thus be used to describe both IRBC-ICAM-1 catchslip bonds and IRBC-CD36 slip bonds. The binding of a cluster can be
visualized as a chain reaction (41,42), as follows:

N%N  1% , , , 2%1/0:
The average lifetime of a single bond can be obtained by computing the
average turnover time (43,44) for the chain using the following:

t xN

 N1
1 ðN  1Þ! k xon
¼ x
f xN ;
k
N
kx

(7)

Temperature-Dependent Bond Behavior
which is a simplified expression because shear stress tw is low (0Q is low).
This expression is consistent with the findings attained by Erdmann and
Schwarz (42).
The function f xN depends on the number of PfEMP1 proteins per single
knob N in the rupture area and the type of bond—x ¼ s represents slip
bond, whereas x ¼ c denotes catch-slip bond. For simplicity, we assumed
that bond association rate k xon for both catch-slip and slip bonds are independent of force F, similar to Bell (30). For slip bonds,

"
f sN

¼ exp  Qbx0

N
X
1
i¼1

i

#
;

(8)

and for catch-slip bonds,

"
f cN

¼ exp  b

N
X
Q
i¼1

i

!2 #
 F0

x :

(9)

Eqs. 8 and 9 are both coarse-grained measures of the association rates
averaged over the range of forces experienced during the flow experiments.
The inherent stochasticity of bond association and dissociation are not reflected in these equations as a result of the averaging process. Using Eqs.
6, 7, 8, and 9, the lifetime of the IRBC was determined. It is apparent
that the lifetime of the cell is dependent on the single bond parameters
(kx, bx0, bε, and F0), demonstrating the relation between the single bond
force-clamp spectroscopy to the multiple bond flow assay.

Ethics
Human erythrocytes were obtained from donors under the approval of the
National University of Singapore Institutional Review Board. Informed
written consent was obtained from donors.

RESULTS
Single bond force-clamp spectroscopy at 37 and
41 C
Single bond force-clamp spectroscopy studies the dissociation, or breaking, of a bond between a single receptor-ligand
pair (13). The ligand in this study refers to P. falciparum
erythrocyte membrane protein-1 (PfEMP1) expressed on
the IRBC membrane (Supporting Materials and Methods,
Section 6). The receptor that binds to PfEMP1 in our experiments is either ICAM-1 or CD36. Atomic force microscopy
(AFM) is used for the single bond force-clamp spectroscopy
measurement (45,46). To perform experiments at physiologically relevant temperatures, a heating system was integrated with the AFM setup (Supporting Materials and
Methods, Section 2). The temperature of the substrate was
kept within 51 C of the set temperature—37 or 41 C.
A graphical presentation of each probing cycle is illustrated in Fig. 1 a, whereas a typical force curve is presented
in Fig. 1 b. The functionalized AFM tip moved toward and
away from the target cell according to the height profile
(blue) while the corresponding forces were recorded (red).
Only force curves in which there was only one breaking
event during the force clamp were processed (Fig. 1; only

FIGURE 1 Single bond force-clamp spectroscopy at physiological temperatures. (a) Shown is an illustration of experimental procedure corresponding to different stages in (b). The black line between the AFM tip
and the cell represents a single IRBC-receptor bond. (b) Shown is the processed force curve (red) portraying the dissociation of a single bond (at t z
3.8 s) as the functionalized AFM tip moves according to the height profile
(blue). The AFM tip deflected as the tip moved up and down between t z
14 s and t z 17 s because of viscous forces from moving in the surrounding
medium. The single bond breaking force F and single bond lifetime t can be
measured from the force curve as indicated by the arrows. To see this figure
in color, go online.

breaking event occurred at t z 3.8 s). Even after the bond
broke, the AFM tip still deflected as it moved up (to break
any other unbroken bonds in the event that multiple bonds
were formed) and down (for the next probing cycle)
between t z 14 s and t z 17 s because of the viscous forces
arising from moving in the surrounding medium. The force
F and single bond lifetime t were measured as illustrated
by the arrows. All data were pooled and binned before
theoretical analyses.
Both IRBC-ICAM-1 and IRBC-CD36 bonds followed
first order kinetics as bond survival probability decreased
exponentially with time at both 37 and 41 C (Fig. 2, c–f).
The single bond lifetime t versus force data of IRBCICAM-1 bond force-clamp spectroscopy demonstrated that
the overall nature of the bond at 37 C was similar to that
at room temperature (13) (Fig. 2, a and b) (i.e., IRBCICAM-1 are catch-slip bonds (Fig. 2 c) and IRBC-CD36
are slip bonds (Fig. 2 d)). Although IRBC-CD36 remained
as a slip bond at 41 C (Fig. 2 f), it was intriguing to observe
that IRBC-ICAM-1 transited from catch-slip behavior
(Fig. 2 c) toward a slip bond (Fig. 2 e).
We validated this transition by performing the ANOVA
test as well as a goodness of fit test at 37 and 41 C for
catch-slip bond, ideal bond (lifetime is independent of
the force acting on the bond (47)), and slip bond models
(Table 1). For the ANOVA test, a high F ratio coupled
with a low p value indicates that the model is a better fit.
As seen in Table 1, the IRBC-ICAM-1 data fit the best
into the catch-slip bond model at 37 C (F ratio ¼ 627.12,
p value ¼ 7.02  108 versus slip bond: F ratio ¼ 379.62,
p value ¼ 4.82  107) and the slip bond model at 41 C
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FIGURE 2 Results from single bond forceclamp spectroscopy experiments conducted at 25,
37, and 41 C. Single bond lifetime t against force
of IRBC-ICAM-1 and IRBC-CD36 bonds at 25 C
(a and b) (13), 37 C (c and d), and 41 C (e and f)
fitted to their corresponding catch-slip and slip
bond models (solid lines). Single bond lifetimes
are plotted as mean 5 SEM. Insets are plots of
the survival probability P of IRBC-ICAM-1 and
IRBC-CD36 interactions at 37 C (c and d) and
41 C (e and f) fitted to straight lines (solid lines)
via least-square method (bi-square weights) to
indicate first order kinetics. To see this figure in
color, go online.

(F ratio ¼ 1213.28, p value ¼ 1.50  108 versus catch-slip
bond: F ratio ¼ 244.58, p value ¼ 7.66  106). The subsequent test was based on the Akaike information criterion
(AIC) and Bayesian information criterion (BIC), which
are criteria for model selection based on the likelihood function such that lower AIC and BIC values indicate fewer variables, better fit, or both (48). Additionally, the closer R2 and
adjusted R2 are to 1, the better the fit. Similarly, the tests
indicated that at 37 C, the IRBC-ICAM-1 interaction is
governed by a catch-slip bond (AIC ¼ 7.21, BIC ¼
6.42, R2 ¼ 0.9968, adjusted R2 ¼ 0.9952) instead of a
slip bond (AIC ¼ 0.23, BIC ¼ 0.47, R2 ¼ 0.9922, adjusted
R2 ¼ 0.9895). At 41 C, the IRBC-ICAM-1 data fit better in
the slip bond model (AIC ¼ 16.40, BIC ¼ 16.16, R2 ¼
0.9975, adjusted R2 ¼ 0.9967) than in a catch bond model
(AIC ¼ 6.32, BIC ¼ 6.00, R2 ¼ 0.9932, adjusted

TABLE 1

R2 ¼ 0.9892). Although it has been shown that interaction
between complementary DNAs can be affected by temperature (49), it is interesting that temperature can also affect the
way a receptor-ligand bond responds to tensile forces.
Fig. 2 and Table 2 revealed that single bond lifetimes of
both IRBC-receptor interactions were reduced at febrile
temperature. IRBC-ICAM-1 bonds tend to break faster
within the force range measured as the temperature rose
from 37 to 41 C (Fig. 2, c and e). At 37 C, kc of IRBCICAM-1 catch-slip bond interactions refers to the dissociation rate at the force in which the catch-slip bond transits
from catch to slip bond behavior. At 41 C, the spontaneous
dissociation rate ks of IRBC-ICAM-1 slip bond represents
the dissociation rate at zero stretching force. For IRBCCD36, whereas the spontaneous dissociation rate ks
decreased with increased temperature, the stress-free bond

Fitting Parameters for Validating the Nature of IRBC-ICAM-1 Bonds at 37 and 41 C
37 C

41 C

Parameters

Catch-Slip

Ideal

Slip

Catch-Slip

Ideal

Slip

F ratio
p value
AIC
BIC
R2
Adjusted R2

627.12
7.02  108
7.21
6.42
0.9968
0.9952

335.20
3.59  107
5.90
6.06
0.9795
0.9766

379.62
4.82  107
0.23
0.47
0.9922
0.9895

244.58
7.66  106
6.32
6.00
0.9932
0.9892

84.64
3.75  105
9.10
9.26
0.9233
0.9123

1213.28
1.50  108
16.40
16.16
0.9975
0.9967
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TABLE 2 Fitting Parameters for Single Bond Force-Clamp
Spectroscopy and Flow Assay Obtained at Body and Febrile
Temperatures
Parameter

ICAM-1


Temperature, T ( C)

37

CD36
41

37

41

0.378
0.0866

0.298
0.400

Single Bond Force-Clamp Spectroscopy
Dissociation rate, kx (s1)
Stress-free bond length,
x0 (nm)
Inverse effective spring
constant, x (nm$pN1)
Characteristic force, F0 (pN)

0.477
—

0.491
0.174

0.00444

—

9.70

—

Multiple Bond Flow Assay
Cell radius, r (mm)
Viscosity, h (Pa$s)
Average number of PfEMP1
proteins per single knob
(s1)
Association rate, kxon
k xon
Binding constant, kx
Effective number of bonds
times the width of the
rupture area, s, a, b,
c (mm)

3
0.707
1.48
7.27

3.5
0.001
3
0.768
1.56
5.78

2

2

1.07
2.83
2.58

0.376
1.26
12.8

length x0 at 41 C was approximately four times that at 37 C.
Because x0 is an exponential term in Eq. 4, this change
reflected the more pronounced exponential decay in lifetime
with increasing force (Fig. 2, d and f), indicating greater
sensitivity of the bond to force. Hence, febrile temperature
weakens the ability of each bond in sustaining adhesion
within the mid to high force range.
The comparisons of IRBC-ICAM-1 and IRBC-CD36
single bond lifetimes at each temperature displayed less
distinct differences between the interactions at physiological
temperatures. At 25 C (Fig. 2, a and b), there is a clear
distinction in the lifetimes of IRBC-ICAM-1 and IRBCCD36 bonds. IRBC-CD36 single bonds survive longer at
forces <5 pN and >25 pN, whereas IRBC-ICAM-1 bonds
possessed longer lifetimes at forces between 12 and 17 pN.
In contrast, at 37 C (Fig. 2, c and d), IRBC-CD36 single
bond lifetimes are only slightly higher than IRBC-ICAM-1
at forces <5 pN, whereas the two curves largely overlap
each other at forces >10 pN. The two interactions become
moderately more distinguishable at 41 C (Fig. 2, e and f).
The difference between IRBC-CD36 and IRBC-ICAM-1 single bond lifetimes at forces <5 pN at 41 C is larger compared
to at 37 C. IRBC-ICAM-1 single bond lifetimes are also
comparatively elevated between 15 and 30 pN. It is evident
that temperature affects the dissociation of IRBC-receptor
bonds differently at different forces. These differences may
affect the synergy between ICAM-1 and CD36 in mediating
cytoadhesion in vivo during the febrile cycle (50,51). Thus,
for a more accurate understanding of IRBC adhesion to
endothelial receptors, it is essential to perform adhesion
studies at physiologically relevant temperatures.

Multiple bond flow assay at 37 and 41 C
After studying how temperature affects the dissociation of
IRBC-receptor bonds, we next examined the effects on
binding affinity—the ratio of its association rate to dissociation rate (52). Although the dissociation of a bond depends
on properties of the limited contact region between both
proteins (53), the bond association process is governed by
many factors, such as the flexibility of binding proteins,
chemical and geometrical environment, etc (53,54). We
utilized a flow chamber assay, which provides a good platform for studying bond association by replicating the
geometrical environment surroundings of the receptorligand pair. IRBCs were flowed over ICAM-1- or CD36coated substrates, and the time taken for an IRBC to detach
upon attachment was measured. This duration will be
referred to as the cellular lifetime of the IRBC. As multiple
bonds were likely to form between the IRBC and the substrate, the detachment of the cell was visualized as a chain
reaction involving both the breaking of bonds (bond dissociation) as well as the rebinding of bonds (bond association).
This flow assay is unlike the single bond force-clamp spectroscopy experiment whereby broken bonds did not rebind.
Using dissociation rates obtained earlier as input parameters
to the cellular stochastic model, we extracted the association
rates for IRBC-receptor interactions at 37 and 41 C.
The multiple bond flow assay setup with temperature control is depicted in Fig. 3 a. Like the single bond force-clamp
spectroscopy experiments, temperature of the microfluidic
channel substrate was kept within 51 C of 37 or 41 C.
As demonstrated in the time lapse images in Fig. 3 b, the
measurement of the cellular lifetime began when IRBC
stopped moving and ended when the IRBC started to
move along with the flow. The shear stresses used in the
multiple bond flow assay were 0.014–0.042 Pa. These
values are markedly lower than that in the microvasculature,

FIGURE 3 Multiple bond flow assay at physiological temperatures. (a)
Shown is the illustration of flow assay experimental setup with the heating
system. (b) Time lapse images of an IRBC adhering and detaching in a microfluidic channel are shown. Images were captured at time intervals of
100 ms. To see this figure in color, go online.
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which ranges from 0.3 to 9.5 Pa with an average of 1.5 Pa
(55). Flow assays were performed at such low shear stresses
to enable the observation of IRBC attachment and detachment as well as to avoid cell rolling and adhesion bistability
(39)—a phenomenon whereby IRBCs can roll at two
different velocities at a given shear rate. Additionally, low
densities of ICAM-1 and CD36 were functionalized on the
channel substrate to keep the cellular lifetimes within
reasonable limits. Higher densities of proteins would cause
IRBCs to adhere for very long durations, and the experiment
would be impractical to execute. Measurements were
excluded when a flowing cell or cell debris contacted the
attached IRBC or if the IRBC remained adhered for longer
than 30 s.
The cellular lifetime versus shear stress data for both
IRBC-ICAM-1 and IRBC-CD36 interactions showed a
similar trend at 37 C to that obtained at 25 C (13) (Fig. 4,
a and b). IRBC-ICAM-1 cellular lifetime versus shear stress
curve exhibited a characteristic peak at 20 mPa, whereas
IRBC-CD36 cellular lifetimes decayed with increasing
shear stress. At 41 C, we observed that IRBC-CD36 cellular
lifetime displayed a similar trend as at 37 C, whereas
for IRBC-ICAM-1 interaction, there is a drastic change

(i.e., the characteristic peak in the lifetime versus shear
stress curve observed at 37 C disappeared, and the trend
became similar to the IRBC-CD36 interaction) (Fig. 4, c
and d). This change in trend of IRBC-ICAM-1 cellular lifetime could plausibly be due to the temperature-induced transition in the nature of single bond behavior as noted from
force-clamp spectroscopy results. Moreover, for IRBCCD36 interaction, the cellular lifetime versus shear stress
curve displayed a less pronounced exponential decay as
the temperature changed from 37 to 41 C (Fig. 4 f). This
trend contradicts the observation by force-clamp spectroscopy experiments, in which the IRBC-CD36 bond lifetime
has a more pronounced exponential decay as the temperature rose from 37 to 41 C (Fig. 2 b). A potential factor
contributing to this difference is the change in association
rate of IRBC-CD36 interactions with the temperature
(Table 2).
Comparing both IRBC-receptor interactions at all three
temperatures, our results revealed that cellular lifetimes dropped as the temperature increased from 37 to 41 C (Fig. 4, e
and f)—similar to single bond lifetimes. By fitting to the
model, association rates were acquired and listed in Table 1.
IRBC-ICAM-1 association rate was slightly elevated at 41 C

FIGURE 4 Results from multiple bond flow
assay obtained at 37 and 41 C. Shown is the
cellular lifetime against shear stress for IRBCICAM-1 and IRBC-CD36 bonds at 37 C (a and
b) and 41 C (c and d). Shown is an overlay of
cellular lifetime against force graphs of IRBCICAM-1 and IRBC-CD36 interactions at all three
temperatures (e and f). Blue, green, and red are
used to distinguish the experimental data and
fitting obtained at 25 C (13), 37 C, and 41 C,
respectively. Cellular lifetimes are plotted as
mean 5 SEM. To see this figure in color, go online.
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(Table 2). As the dissociation rate was also elevated by a
small amount, the reduced cellular lifetimes at febrile temperature could possibly be due to the greater influence of
bond dissociation in affecting cellular lifetimes. In contrast,
IRBC-CD36 association rate was 2.5 times lower at 41 C
than at 37 C, whereas dissociation rates decreased (Table 2).
The reduction in cellular lifetime at febrile temperature is
hence likely to be attributed to the large reduction in the
association rate. These findings support our earlier conclusion that febrile temperatures can reduce the ability of IRBCs
to sustain adhesion—by increasing the tendency of bond
dissociation (both ICAM-1 and CD36) as well as reducing
the rate of bond formation (CD36).
The effective number of bonds formed with CD36
increased by 4 times, whereas that with ICAM-1 remained
similar as the temperature increased from 37 to 41 C
(Table 2). This parameter depends on both the number of
ligands on the IRBC and that on the receptors on the glass
surface. IRBCs are likely to have upregulated PfEMP1 trafficking at 41 C (16), enhancing cytoadhesion by forming
more bonds with endothelial receptors as seen from the
CD36 data obtained. A possible reason why the same is not
observed for ICAM-1 is because ICAM-1 does not adsorb
as well as CD36 on glass. In our multiple bond flow assay,
the concentration of ICAM-1 used to functionalize the glass
substrate was 25 times that of CD36. Similarly, other flow
studies also used concentrations of ICAM-1 that were 10–
400 times that of CD36 (11,12). The concentration of
ICAM-1 immobilized on the glass is hence likely to be lower
than that of CD36. In other words, the low density of ICAM-1
immobilized on the channel restricted the number of bonds
formed such that even if PfEMP1 expression had increased
with the temperature, the maximum number of bonds that
IRBCs can form with the substrate would not change.
Interestingly, binding affinity remained similar for IRBCICAM-1 but was reduced by 2.5 times for IRBC-CD36
when the temperature rose from 37 to 41 C (Table 2).
Although binding affinity of IRBC-CD36 bonds was double
that of IRBC-ICAM-1 bonds at normal body temperature, it
was slightly lower at febrile temperature. In our earlier
publication, using data collected at room temperature, we
proposed that CD36 has a greater potential in mediating
sequestration in brain microvasculature than commonly
perceived (13). Even though endothelial CD36 is present
in very low amounts in cerebral malaria patients (8),
IRBC-CD36 binding affinity was 10 times that of IRBCICAM-1 bonds at room temperature (13). With our current
results that show nonsubstantial differences in binding affinities at physiologically relevant temperatures, it seems much
less likely that CD36 plays any significant role in cerebral
sequestration, be it expressed on endothelium or platelets
(56,57). The contrasting conclusions derived from data
collected at different temperatures further emphasizes the
importance of examining IRBC-receptor interactions at
physiologically relevant temperatures.

DISCUSSION
Febrile cycles experienced during P. falciparum infection
implicates that IRBC-endothelial interactions occur while
the temperature in the host fluctuates between 37 and
41 C. Consequently, this work probed the effects of temperature on IRBC-receptor kinetics. Both bond dissociation
models by Bell (30) and Dembo et al. (32)—which were
used for fitting single bond force-clamp spectroscopy
data—predicted that temperature is simply a prefactor,
and other parameters are independent of it. The underlying
presumption for this prediction is that the receptor-ligand
bond stays the same as temperature changes (i.e., there are
no structural modifications in the binding sites of either
the receptor or ligand). However, our findings showed that
the fitting parameters and even the nature of the bond
were temperature dependent (Tables 1 and 2). This behavior
suggests the occurrence of significant structural alterations
with a temperature change—either in the protein or membrane structure (15)—which consequently affected single
bond lifetime measurements. Thus, the importance of investigating IRBC-receptor interactions at 37 and 41 C should
not be overlooked.
The significance of experimenting at physiologically relevant temperatures led us to question our current understanding of IRBC sequestration. Flow experiments conducted at
room temperature have shown that CD36 facilitates static
attachment, whereas ICAM-1 mediates rolling at high shear
rates (11,12). These observations were supported by IRBCreceptor kinetics studied at room temperature (13).
However, our results revealed that the single bond lifetimes
of IRBC-ICAM-1 and IRBC-CD36 bonds were much less
distinguishable at physiologically relevant temperatures.
Binding affinities also changed as the temperature
increased. More importantly, IRBC-ICAM-1 formed slip
bonds instead of catch-slip bonds, which was believed to
be the mechanism by which ICAM-1 mediates rolling (13)
at 41 C. Consequently, more flow studies need to be performed at 37 and 41 C for a deeper understanding of
IRBC sequestration in vivo.
Examining IRBC-receptor kinetics at physiologically
relevant temperatures provided insights into adjunctive therapeutics for malaria. Febrile temperature increases and hastens the expression of PfEMP1 (16) and phosphatidylserine
(17), which binds to chondroitin sulfate A, on P. falciparum
IRBCs after exposure to febrile temperature. However,
studies have suggested that febrile temperatures could also
facilitate recovery from malaria by recruiting lymphocytes
(58,59), inducing cytokines release (60,61), and impeding
P. falciparum parasite growth (62). Interestingly, although
phosphatidylserine upregulation increases IRBC adhesiveness, it also causes cells to be identified and phagocytosed
by macrophages in the spleen (63–66). Although the World
Health Organization stopped advocating the use of antipyretics in 2015 because of the risk of side effects (67), it is

Biophysical Journal 118, 105–116, January 7, 2020 113

Lim et al.

still unknown if relieving fever via physical methods like
sponging will be beneficial. Our biophysical study of bond
kinetics at body and febrile temperatures suggests against
so. Experimental data demonstrated that febrile temperature
reduced the single bond lifetimes of both IRBC-receptor
interactions. This result is consistent with the weakened
chondroitin sulfate A-PfEMP1 bonds after exposure to
febrile temperature (68). Theoretical predictions also
showed that the association rate of IRBC-CD36 bonds
decreased as the temperature increased. These findings suggest the potential role of fever as an approach for the body to
clear sequestered IRBCs. Relief of fever could strengthen
IRBC-endothelium adhesion, potentially explaining the prolonged parasite clearance time noted in some clinical trials
(69,70) in which antipyretic drugs were administered.
Antiadhesion treatment is another potential way to reduce
mortality caused by malaria (71). It aims to block or reverse
cytoadhesion to reduce microvascular blockage (7). Soluble
forms of ICAM-1 and CD36 were developed to block
parasitic domains on the IRBC membrane. Although CD36
peptides were able to block the adhesion of IRBCs (72),
ICAM-1 was not always successful (73). It was suggested
that the catch-slip bond behavior of IRBC-ICAM-1 interactions led to the ineffectiveness of ICAM-1 peptides (13).
However, we show that at 41 C, IRBC-ICAM-1 form slip
bonds instead. Furthermore, the binding affinity between
IRBC and CD36 is largely reduced at 41 C. We hence recommend that antiadhesion peptides should be administered during fever. This practice can potentially increase the efficiency
of blocking the relevant binding sites, preventing the formation of more IRBC-receptor bonds and the rebinding of
broken bonds. Furthermore, it is crucial for antiadhesion
binding assays to be conducted at physiologically relevant
temperatures for a better gauge of their efficacies in vivo.
Despite the valuable insights gained, it is important to
acknowledge the inherent limitations of this study. IRBCs
were probed while being exposed to the temperature of interest. As each experiment progresses, the duration that
IRBCs were exposed to the temperature would correspondingly increase. The extent by which IRBCs remodel in
response to temperature will hence change during the experiment, plausibly explaining the large scatter of data
collected. Alternatively, IRBCs may first be subjected to a
fix duration of heat shock before proceeding with the experiment at body temperature (17). However, it is also unknown
if any remodelling of the IRBC will occur as the temperature falls back to body temperature during the experiment.
We performed our experiments at the temperature of interest
to better mimic the adhesion environment in vivo. Similar to
Marinkovic et al. (15), we observed that late IRBCs
degraded with time at 41 C, restricting the time window
for conducting experiments to 3 h. Nonetheless, our work
highlighted that the influence of a few degree change in temperature on binding kinetics should not be neglected in malaria as well as any biological setting.
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The rationale for studying IRBC-ICAM-1 and IRBCCD36 binding kinetics individually was to first establish a
fundamental understanding of these interactions. Moving
forward, future studies are necessary to determine the exact
in vivo flow conditions or locations in the body when and
where the catch-slip transition is important. Our results
show that the catch-slip transition occurs at low stress flows
(0.01 Pa), whereby the force acting per bond is low.
Although physiological shear stress values in the microvasculature are typically above 0.1 Pa, the shear stress in vivo
can be heterogeneous, and the smallest shear stress in the
human body could be on the order of 0.01 Pa (55,74). It is
noteworthy that, from the perspective of single bond characteristics, it is more relevant to account for the actual force
acting on each bond instead of the shear stress acting on
the entire IRBC. However, it is not yet known how many
bonds are formed exactly between the IRBCs and ICAM1 on the endothelial cells in vivo. Further investigations
on exact flow conditions in vivo would enhance our understanding of the physiological relevance of the catch-slip
transition observed in our work.
Additionally, future efforts should concentrate on studying the synergy of ICAM-1 and CD36 in mediating cytoadhesion. Existing literature on this synergy were of adhesion
assays performed either under static conditions at 37 C or
under flow at room temperature (12,50). Investigating the
synergy of these receptors under flow conditions—because
of the IRBC-ICAM-1 catch-slip bond behavior (13)—at
physiologically relevant temperatures will thus provide a
more accurate depiction of what occurs in vivo and
contribute greatly to the development of therapeutics.
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