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Abstract. Malaria parasites induce morphological, biochemical, and mechanical changes in red blood cells
(RBCs). Mechanical variations are closely related to the deformability of individual RBCs. The deformation
of various RBCs, including healthy and malaria-infected RBCs (iRBCs), can be directly observed through quan-
titative phase imaging (QPI). The effects of chloroquine treatment on the mechanical property variation of iRBCs
were investigated using time-resolved holographic QP! of single live cells on a millisecond time scale. The
deformabilities of healthy RBCs, iRBCs, and drug-treated iRBCs were compared, and the effect of chloroquine
on iRBC restoration was experimentally examined. The present results are beneficial to elucidate the dynamic
characteristics of iRBCs and the effect of the antimalarial drug on iRBCs. © 2015 Society of Photo-Optical Instrumentation

Engineers (SPIE) [DOI: 10.1117/1.JBO.20.11.115003]
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1 Introduction

Plasmodium falciparum is a malaria parasite that causes morpho-
logical, biochemical, and mechanical changes in red blood cells
(RBCs). The major morphological changes in infected RBCs
(iRBCs) include loss of cell volume and appearance of protru-
sions called “knobs.”! Biochemical changes include hemoglobin
digestion by malaria parasites and consequent production of
insoluble hemozoin.> Hemozoin is a brown crystal located in
the vacuoles of parasites and appears in the developmental stages
of P. falciparum. The major mechanical change is the loss of
RBC deformability.** The deformability of single RBCs has
been estimated by using various methods. Micropipette aspiration
was extensively utilized to measure the mechanical properties
of RBC membranes.>® Atomic force microscopy was also
employed to evaluate Young’s modulus of RBCs.*!* Optical
tweezers with a highly focused laser beam were used to optically
manipulate spherical particles attached to an RBC. They were
used to measure the deformability of single RBCs. Optical trap-
ping was also utilized to measure RBC deformability.! "' In addi-
tion, membrane fluctuations was used.”*'> The fluctuating
characteristics of the phospholipid bilayer and the corresponding
spectrin network are affected by internal and external conditions,
such as cytoskeletal defects and stress caused by malaria
parasites.'®!® These alterations are used to obtain mechanical
insights about the pathology of malaria.

Malaria has been investigated using various imaging tech-
niques. Optical microscopy is applied with staining, particularly
Giemsa staining, to observe the abnormal shape and existence of
malaria parasites. A variety of fluorescence imaging techniques,
including near-field fluorescence and fluorescent fusion protein,
are also utilized to discern the submicron-scale phenomenon. !*°
In addition, electron microscopy techniques are used to study the
structural variation of malaria-infected RBCs.*'** Soft x-rays are
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introduced to investigate the internal structure of iRBCs by using
the transmissivity of the x-ray beams.”*** Furthermore, digital
holographic microscopy has been recently used to identify and
monitor morphological changes in iRBCs.?> This method has
been adopted in smartphones, and its usefulness has greatly
increased.”®

The quantitative phase imaging (QPI) technique has received
considerable attention due to its usefulness in imaging biologi-
cal cells.'*'>?7-3% QPI utilizes interferometry to quantitatively
reconstruct the optical field information of cells, particularly
the optical phase delay caused by biological cells. This tech-
nique allows the noninvasive and label-free investigation of bio-
logical cells because external sources, such as fluorescence, are
not needed. Therefore, live cells can be observed directly. The
dynamic behavior of live cells can be further monitored on the
millisecond time scale through high-speed imaging techniques.

Various antimalarial drugs, including quinine, chloroquine,
and artemisinin, have been used to treat malaria. Among
those drugs, chloroquine is still frequently prescribed.®’~* It is
relatively effective, safe, and water soluble compared to the arte-
misinin combination therapies, which impose financial, logisti-
cal, and safety burdens on patients. In addition, the prescription
of chloroquine is getting attention in these days because chloro-
quine-sensitive malaria has appeared again.>~*> Chloroquine
has been known to be accumulated in acidic food vacuoles,
thereby preventing the degradation of hemoglobin. Although
there are many previous studies about the inhibition effects
of antimalarial drugs on malaria growth, the deformability of
drug-treated iRBCs was rarely studied. Zhang et al.*® reported
that chloroquine and artesunate did not directly affect the shear
modulus of iRBC, although detailed analysis was not provided.
In addition, there are several researchers who studied the effect
of antimalarial drugs on the deformability and membrane of
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iRBCs. However, those studies did not focus on the deformability
of the RBC membrane. Although the effect of artesunate on cell
deformability was studied, the deformability of the cell rather
than the membrane itself was the focus.>” The effect of pentox-
ifylline used as an ancillary drug to improve cell deformability
was also studied. However, its effectiveness on malaria treatment
is still controversial.>*® Although these previous studies mainly
investigated the effect of antimalarial drugs on iRBCs, the
study on mechanical properties of the membrane of drug-treated
iRBCs is another important topic that has to be investigated for
reliable diagnosis of therapeutic effect of antimalarial drugs on
the iRBC membrane. In addition, more than 50% of RBCs in
the blood stream are infected in the case of severe malaria
infection.®**' Once an RBC is infected, its basic abilities, such
as oxygen transportation, are diminished.>** Therefore, in the
recovery process of the infectious disease, the biophysical proper-
ties of drug-treated infected cells are important factors. Among
various biophysical properties, cell deformability is a critical
issue in the microcirculation of iRBCs. Therefore, the study on
membrane deformability of drug-treated iRBCs is essentially
important. It would be helpful to understand the drug-disease
relation at the cell level.

In this study, the deformabilities of RBCs at various states
were estimated by measuring their membrane fluctuations
through holographic QPI. The deformabilities of healthy RBCs
(hRBCs), iRBCs, and drug-treated iRBCs were compared, and
the effect of an antimalarial drug (chloroquine) on iRBC resto-
ration was experimentally investigated. This study would be
useful for elucidating the pathology of malaria and the drug-
related interaction with iRBCs.

2 Materials and Methods

The overall experimental setup is a modified version of common-
path diffraction phase microscopy,'>?’ as depicted in Fig. 1. An
He—Ne laser (A = 633 nm) was used as the light source. The laser
beam passes through a test sample and is then divided into two
beams by a beam splitter. One beam is used as the objective beam,
and the other beam, which passes through a pinhole, is used as the
reference beam. By tilting the angle of a mirror in the reference
beam path, the location of a real image in the frequency domain
can be adjusted. The location of the real image is important in the
determination of the spatial resolution of an off-axis type of holo-
graphic microscopy.*® By locating the real image far away from
the DC term in the frequency domain, spatial resolution can be
obtained at a specific diffraction limit. A microscope objective
with 40X magnification (0.75 NA) was mounted on an upright
microscope (Eclipse 150, Nikon). Additional relay optics were
used to provide an overall magnification of approximately
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Fig.1 Schematic of the modified common-path type diffraction phase
microscopy.
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120%x. A charge-coupled device (CCD) camera (PCO 2000,
2k x 2k pixel, 7.4 ym/pixel) was utilized to capture digital holo-
gram images. Holograms were consecutively captured by a CCD
camera at a frame rate of 10 fps in this study.

A hologram image was numerically reconstructed by
employing an angular spectrum algorithm. Angular spectrum
A(ky, k,;0) can be obtained by derivation from the wave
field at the hologram plane E(xq, y;0) as follows:

Ak, ky:0) = / / Eo(ky. k3 0) expl—i(k.xo
+ kyyo)ldxo dyo, (1)

where k, and k, denote the spatial frequencies of x and y,
respectively. x and y represent the in-plane coordinates.

Zero-order, virtual, and real images in the frequency domain
were separately observed. Spatial filtering was applied in the
Fourier domain to eliminate zero-order and virtual images by
cropping real images. The cropped image was relocated at
the center of the Fourier domain. The complex wavefield at a
certain plane can be reconstructed as follows:

E(x,y.z) = 37{3{Ey} explik.z]}.

k.= /K> =2 -2, ©)

where S{E,} represents the angular spectrum. 3 and 3! denote
the Fourier transform and the inverse Fourier transform, respec-
tively. An amplitude image was obtained from the intensity
distribution of the complex wavefield. In addition, the corre-
sponding phase-contrast image can be acquired through the fol-
lowing equation:
Im[E(x, y; Z)]}
X,Vy;7) = arctany ————— ¢. 3
#(x.y:2) {Re[E(x, y:2)]
From instantaneous phase information, the instantaneous
thickness of the test cell was obtained by the following equation:

h(x,y,t) = {2p(x,y, 1)} /{27(n - n,)}, 4)

where 4 is the wavelength, n, n, are the refractive indices of the
cell and surrounding medium, and ¢(x, y, f) is the reconstructed
phase information.** The refractive indices of RBCs were
already determined by a previous study.!* The standard
deviation of the optical path length measured for a background
area is ~2 nm. This value demonstrates the path length stability
of the microscopic system employed in this study.

Human blood was centrifuged at 1500 rpm for 5 min at 10°C
to separate RBCs from plasma. RBCs were resuspended in
plasma to make a hematocrit of ~2%. Malaria-infected RBCs
were prepared as follows: P. falciparum (isolate 3D7) was main-
tained in an RPMI 1640 medium [buffered with 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
25 mM NaHCO;] containing human erythrocytes and supple-
mented with 10 pug/mL gentamicin and 370 uM hypoxanthine
under a gas mixture containing 5% CO,, 5% O,, and 90% N, at
37°C in an incubator. All experimental procedures were
approved by the Institutional Biosafety Committee of Pohang
University of Science and Technology.

For drug treatments, the cultured iRBCs were individually
distributed to 96 wells to monitor the effect of the drug on
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individual cells when iRBCs were in the ring stage. The wells
were divided into two groups. The first group was injected with
the RPMI solution without the chloroquine solution as the con-
trol group. The second group was injected with the 200 nM
chloroquine solution. The two groups were incubated for
72 h to inhibit the growth of malaria more than 99%.44¢
The infection rate of P. falciparum was ~1.8% to 2.0%.
After the infected RBCs were introduced to the drug treatment,
they were resuspended in the RPMI 1640 solution before the
experimental measurement. Droplets of RBC suspension
were sandwiched between a slide glass and a cover slip, and
the environmental temperature was maintained at 36.7°C.
Hologram images of hRBCs, iRBCs at the ring and trophozoite
stages, drug-treated iRBCs, and drug-treated hRBCs were cap-
tured. All samples were stained with Giemsa solution after their
measurements to confirm the infection by malaria parasites and
to check the antimalarial drug effect. For each experimental con-
dition of RBCs, 15 cells were collected and their phase infor-
mation was measured. Statistical analysis was carried out using
one-way analysis of variance (ANOVA).

3 Results

3.1 Modified Common-Path Diffraction Phase
Microscopy

The thickness of the biological cells was calculated from their
reconstructed phase image. Figure 2(a) shows the typical phase
image of an hRBC. The image presents the topographic shape of
an RBC with the surrounding rim and dimple inside. The shape
of each cell was determined by averaging the consecutive thick-
ness maps of the cells. The topographic shape of RBCs can be
utilized as the first criterion to discriminate iRBCs from blood
samples in the diagnosis of malaria infection.

The phase fluctuations of RBCs are caused by the vibration
of the cell membrane and the instability of the experimental con-
dition. The phase fluctuations caused by the instability of the
experimental condition may result in inconsistent analysis of
the phenomenon. The common-path type diffraction phase
microscopy demonstrates strong points in the phase stability.
The stability in phase images was estimated by measuring the
fluctuations of an empty space without any sample. Figure 2(b)
shows an instantaneous fluctuation map of an hRBC.
Instantaneous fluctuations at an empty space (A) and an
inner cell (B) appear quite different.

(b)

um

The detailed temporal variations of cell thickness at certain
points of the empty space and inner cell are depicted in Fig. 2(c).
The fluctuation signal extracted at the inner cell shows large
variation with a standard deviation of 94.04 nm. On the other
hand, the fluctuation at the empty background space exhibits
a small variation. The thickness variation at the empty space
(A) presents a small standard deviation value of 1.98 nm.
This finding indicates that fluctuations caused by the instability
of the experimental condition are lower than a few nanometers.
By contrast, point (B) in the rim region exhibits a large deviation
of 94.04 nm with a mean thickness of 1.99 ym. This deviation is
consistent with the result of a previous study and the rim thick-
ness of the RBC rim (2 to 3 um).>’ Therefore, the fluctuations at
the empty space and inner cells are clearly distinguished. This
indicates that the modified common-path diffraction phase
microscopy employed in this study is suitable for analysis of
cell membrane fluctuations.

3.2 Topographic Images of Infected Red Blood
Cells

Figures 3(a)-3(c) show the representative topographic images of
RBCs at various stages. hRBCs and iRBCs at the early ring
stage exhibit a similar topographic configuration with a clear
biconcave rim and dimple. Conversely, iRBCs at the trophozoite
stage exhibit an unexpected peculiar topographic shape com-
pared to the shape of the optical image. This feature is caused
by the presence of hemozoin and parasites inside the cell. Since
it has different refractive indices, the thickness measurements
may contain errors. Figures 3(d)-3(f) show the corresponding
images of Giemsa-stained RBCs in the same RBC group. No
stained region is detected in the hRBCs. On the other hand,
iRBCs at the early ring stage demonstrate stained points inside
the cell, and those at the trophozoite stage exhibit an enlarged
stained region inside the cell. All these images are consistent
with the standard Giemsa staining image of malaria-
infected RBCs.

3.3 Fluctuation and Deformability Analysis

The membrane fluctuations of various cells are shown in
Fig. 4(a). iRBCs and drug-treated iRBCs have a narrower
range in the probability density profiles of membrane fluctua-
tions compared to that of hRBCs. This implies that the standard
deviation of membrane fluctuations in hRBC is larger than that
of the others. In addition, with the progression of malaria, the
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Fig. 2 (a) A typical instantaneous topographic image. (b) Instantaneous fluctuation map of healthy red
blood cells (hRBC). (c) Temporal variations of cell thickness at two points located at empty space (A) and

inner cell (B) marked as red spots in (a) and (b).
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Fig. 3 Topographic images of (a) hRBC, (b) infected RBC (iRBC) at the ring stage, and (c) iRBC at the
trophozoite stage. Giemsa-stained images of (d) hRBC, (e) |RBC at the ring stage, and (f) iRBC at the

trophozoite stage.

profiles become narrower. This decreased range of membrane
fluctuations is clearly depicted in the variation of full-width
at half-maximum (FWHM), as shown in Fig. 4(b). The
FWHM value of the ring-stage iRBC is decreased by more
than 30% compared to that of hRBC. For the case of the tropho-
zoite-stage iRBC, it is decreased by 50% from that of hRBC.
However, there is no noticeable difference between FWHM val-
ues of ring-stage iRBC and drug-treated iRBC.

The deformability of RBCs is related to the stiffness of the
cell membrane. The in-plane shear modulus of the RBC mem-
brane can be estimated from the temporal variations of instanta-
neous thickness and topographic cell shape of each RBC. The
in-plane shear modulus was calculated using the Fourier-trans-
formed Hamiltonina and equipartition theorem*’ as follows:

_kgT In(A/a)

T 3z(ah?) ©)

where kj is the Boltzmann constant, 7T is the absolute temper-
ature, A is the diameter of the RBCs, and a is the spatial

(a) 0.18 4
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0.14 - — hRBC

012 —— iRBC (Ring)
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0.08

Probability density

0.06 -

0.00 - L
-200 150  -100  -50 0 50 100 150

Membrane fluctuation (nm)

—— IRBC (Trophozoite)
Drug-treated iRBC

wavelength of the microscopy system. The axial variation Ah
can be obtained by subtracting the time-averaged cell thickness
value from each instantaneous thickness value. The tangential
component of the variation Ah, was obtained by separating
the axial variation A/ with the angle between the surface normal
vector of the cell and the axial direction. The average value of
Ah, was statistically evaluated in the cell region, and the in-
plane shear modulus was quantitatively estimated.

Because the refractive indices of malaria parasite and hemo-
zoin are different from that of the hemoglobin solution, their
existence can cause artifacts in the analysis of membrane fluc-
tuation. Although the location of a malaria parasite is detectable
from its continuous movement in a bright microscopy image,
hemozoin is difficult to observe. However, hemozoin is usually
observed near the location of parasites. Excluding the cell region
whose radius is two times larger than that of the parasite mini-
mized the effect of parasite and hemozoin in the analysis of
membrane fluctuations.

Figure 5 presents the shear moduli of RBCs at various stages.
hRBCs exhibit a shear modulus of about 5.01 + 1.06 uN/m. The

(b)
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Fig. 4 (a) Probability density profiles of cell membrane fluctuations. (b) Comparison of full-width at half-
maximum values of probability density profiles of RBCs at different infection states.
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Fig. 5 Shear moduli of RBCs at various stages.

modulus of iRBCs at the early ring stage (12.45 £+ 4.74 uN/m)
and trophozoite stage (23.31 £ 6.55 uN/m) is consistent with
previous results measured with optical tweezers and diffraction
phase microscopy.*'> The modulus of drug-treated iRBCs is
12.98 4+ 4.37 uN/m, which is similar to that of iRBCs at the
early ring stage. However, this value clearly differs from that
of iRBCs (trophozoite stage) without drug treatment. In addition,
the modulus of drug-treated hRBCs is 4.64 4+ 0.91 yN/m, which
is not statistically different from that of the hRBCs.

4 Discussion

The topographic shapes of single RBCs significantly change
from a normal discocyte to an abnormal shape after the tropho-
zoite stage. The modifications in the internal and membrane
structures caused by invasion of malaria parasites are repre-
sented by their morphological changes. The measured thickness
image of iRBCs may provide inconsistent information because
the refractive indices of the parasite and hemozoin in the inner
cell differ from those of the surrounding hemoglobin solution.
Therefore, the present topographic image of iRBCs presents an
eccentric shape compared with that observed through optical
microscopy. This finding indicates that morphological altera-
tions caused by parasite infection and development of malaria
are clearly detected. Therefore, the morphological changes in
the topographic phase image of RBCs can be used as the
first criterion to detect abnormal cells, including malaria-
infected cells.

As depicted in Fig. 4(b), FWHM values are continuously
decreased after the malaria infection. This indicates that the
overall level of membrane thickness fluctuations of iRBCs is
decreased with the progression of malaria. These results are con-
sistent with the previous studies.'? Fluctuations of the cell mem-
brane are related to the stiffness of the biological cell. In
addition, the stiffness of the cell membrane is also directly
related to the shear modulus of the cell and its deformability.
Hence, the decreased fluctuation in the membrane thickness
of an iRBC indicates its increased shear modulus and decreased
deformability under the same temperature conditions.

RBCs at different malaria stages exhibit different shear
moduli, and the values gradually increase as the disease pro-
gresses [Fig. 5, hRBCs, iRBCs (ring), iRBCs (trophozoite)].
This finding indicates that RBCs become stiffer and gradually
lose their deformability. The shear modulus of iRBCs presents a
larger deviation than that of hRBCs. This result is attributed to
the varied invasion time of parasites in different cells. In
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addition, the development of malaria disease is dependent on
the condition of individual cells.

The effect of an antimalarial drug on the deformation and
restoration of iRBCs was also examined. After treatment with
an antimalarial drug, inhibition of malaria growth was con-
firmed through topographic and optical images. The drug effect
on iRBCs was detected by comparing the shear moduli of
iRBCs and drug-treated iRBCs. The shear modulus of iRBCs
does not significantly change after drug treatment. This finding
indicates that an antimalarial drug can effectively maintain cell
deformability. It also implies that malaria parasites become inef-
fective because the stiff membrane is mainly caused by protein
exported by the parasites. In addition, malarial parasites are con-
sidered to be dead after 72 h of drug treatment because the drug
concentration used in this study is sufficient to inhibit their
growth. ¢ Even though a few parasites survive after treating
with an antimalarial drug, the surviving iRBCs disappear
after 72 h because the intraerythrocytic cycle is already over
and the cells have burst. Therefore, the drug-treated iRBCs
would contain dead parasites. The antimalarial drug was also
used to treat hRBCs for a control group. As a result, it is
found to be ineffective for hRBCs. The shear modulus of
drug-treated hRBCs is not significantly different from that of
hRBCs. A previous study reported that chloroquine was not
absorbed by hRBCs,** therefore, it does not significantly in-
fluence the modulus of hRBCs but affects that of iRBCs.

The comparison of the shear moduli of iRBCs and drug-
treated iRBCs shows that the membrane deformability of
RBCs is not restored even after drug treatment. This finding
implies that the cell membrane of iRBCs undergoes irreversible
changes. These irreversible changes of iRBCs were reported for
various conditions, such as high temperature or activation of
related proteins.'® Because other conditions are fixed in this
study, only parasite-related factors affect the modification of
the cell membrane. By killing malaria parasites, those para-
site-related factors can be neutralized. In detail, parasite-
exported proteins cause changes to the deformability of
iRBC.'""'® In the (early) ring stage of the intraerythrocytic
cycle, various proteins, such as the P. falciparum erythrocyte
membrane protein 1 and 3, as well as the ring-infected erythro-
cyte surface antigen (RESA), are detected. These proteins bind
to the cytoskeleton of the RBCs and then decrease the deform-
ability of the RBC membrane when the parasite is alive. In addi-
tion, the fast release of RESA after the invasion explains the
decreased shear modulus of the early ring-stage malaria.
However, after the parasite is dead, these proteins are no longer
exported. Therefore, the membrane damage caused by these
proteins is stopped. Although the secretion of membrane pro-
teins is stopped, the shear modulus of the drug-treated iRBCs
is not recovered but is maintained. This implies that some
of these proteins may cause irreversible changes in the cell
membrane. This irreversible change can also be explained
because the tetrameric state of the membrane spectrin is stabi-
lized by RESA, which prevents the dissociation of spectrin
tetramers.!> This irreversible variation may also appear in
other antimalarial drugs because the effects of parasite-exported
proteins are common for similar types of malaria. However, the
unchanged shear modulus of drug-treated iRBCs may vary
depending on the type of drug, because the pharmacological
mechanisms differ for each drug. For example, artemisinin,
another well-known antimalarial drug, is known to be toxic
because it causes membrane damage.’® On the contrary,
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chloroquine is regarded as harmless to the cell membrane
because it is accumulated only at acidic food vacuoles of the
parasite.*® This explanation is in accordance with the measured
shear moduli of hRBCs and drug-treated hRBCs.

5 Conclusion

In this study, the effect of an antimalarial drug on malaria-
infected RBCs was examined using modified common-path
type diffraction phase microscopy. With the help of a nanome-
ter-scale path length stability, the topographic images of various
RBCs were obtained and their membrane fluctuation was quan-
titatively analyzed. The shear moduli of RBCs were estimated
using the fluctuations of the cell membrane. The topographic
phase images provide information regarding the abnormal thick-
ness of iRBCs compared with the normal cells. This abnormal
configuration of iRBCs can be used as the first criterion for
screening iRBCs from blood samples. The shear modulus of
iRBCs increases as malaria grows. It exhibits a higher value
than that of hRBCs. The effect of chloroquine as a representative
antimalarial drug on the RBC membrane was also experimen-
tally investigated. The drug effectively suppressed malarial
growth and inhibited the aggravation of RBC deformability.
However, the deformability of RBCs was not restored even
after the malaria parasites died. This finding indicates that
the membrane alteration caused by parasite-exported proteins
is irreversible. Further detailed investigation on the protein-
related membrane alteration in RBCs is required. The obtained
results are useful to elucidate the pathology of the malaria dis-
ease and the effectiveness of antimalarial drugs.
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