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Here, we assessed the sulfated derivative of the microbial polysaccharide gellan gum and derivatives of l and
k-carrageenans for their ability to inhibit Plasmodium falciparum 3D7 and Dd2 growth and invasion of red
blood cells in vitro. Growth inhibition was assessed by means of flow cytometry after a 96-h exposure to the
inhibitors and invasion inhibition was assessed by counting ring parasites after a 20-h exposure to them.
Gellan sulfate strongly inhibited invasion and modestly inhibited growth for both P. falciparum 3D7 and
Dd2; both inhibitory effects exceeded those achieved with native gellan gum. The hydrolyzed l-carrageenan
and oversulfated k-carrageenan were less inhibitory than their native forms. In vitro cytotoxicity and
anticoagulation assays performed to determine the suitability of the modified polysaccharides for in vivo
studies showed that our synthesized gellan sulfate had low cytotoxicity and anticoagulant activity.

T
he estimated 660,000 deaths from 220 million cases of malaria reported by the WHO in 20101 represents a
decline in the mortality caused by malaria especially in the sub-Saharan endemic areas where most cases
occur2. This success can be attributed to programs that include distribution of insecticide-treated nets, use of

indoor residual spraying, and expansion of malarial rapid diagnostic tests. Nevertheless, because of the constant
threat of the Plasmodium parasites and the Anopheles vectors developing resistance to established antimalarials
and insecticides, the drive to develop alternative antimalarial drugs, insecticides, and improved rapid diagnostic
tests continues2.

Plasmodium parasites, the causative agent of malaria, are obligate intracellular protozoa transmitted from the
blood meal of the female Anopheles mosquito to humans. In the erythrocytic stage of the disease, the Plasmodium
merozoites invade red blood cells, which results in their destruction and the release of the parasite and erythro-
cytic material into the circulation. The host response to these events manifests into the clinical symptoms of the
disease, which include intermittent fever, abdominal pain, anemia, and general weakness3.

Successful invasion of the erythrocyte is crucial for the survival of the malaria parasite. Upon egress, there is a
small window of time when the free malaria merozoites are exposed to the host’s immune system, which provides
an opportunity to target the parasites with vaccines or drugs4.

Erythrocyte invasion by the Plasmodium merozoite is a complex, multi-step process that involves interactions
between the parasite and host cell proteins. The initial reversible attachment of the merozoite to the red blood cell
may involve proteins on the merozoite surface, although evidence to support this concept is lacking. During red
cell binding, the merozoite reorients so that the apical complex makes contact with the erythrocyte surface. Here,
the micronemes secrete invasion proteins, such as apical membrane antigen 1 (AMA1) and erythrocyte binding-
like proteins (EBLs), and the rhoptries secrete reticulocyte binding-like proteins (RBLs) and rhoptry neck
proteins (RONs). AMA1, a major candidate for a multicomponent vaccine against malaria5, interacts with the
rhoptry neck proteins RON2, RON4, and RON5 to form a complex that is a critical component of the moving
junction. The EBLs and RBLs bind with receptors on the red blood cell and are implicated in host cell selection and
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alternative invasion pathways for the Plasmodium merozoite.
Merozoite entry into the red blood cell proceeds as the merozoite
is propelled by an actin-myosin motor complex, with simultaneous
shedding of the surface proteins to enable the parasite to adapt to its
new intracellular environment6–8.

Sulfated glycosaminoglycans (GAGs), such as heparin9, dextran
sulfate, fucoidan10,11, and fucosylated chondroitin sulfate12 have been
shown to inhibit merozoite entry into erythrocytes in vitro. In addi-
tion, sulfated GAGs have been shown to prevent the cytoadherence
of Plasmodium-infected red blood cells in vitro10–15.

Heparin, in particular, appears to target several merozoite pro-
teins16,17, including invasion proteins such as merozoite surface pro-
tein 1 (MSP1)18 and erythrocyte binding antigen 140 (EBA-140)19.
Thus, unlike other antimalarials, heparin can inhibit the invasion of
red blood cells by the Plasmodium merozoites20. MSP1 is a major
candidate for a multi-component malaria vaccine5, and EBA-140,
also known as BAEBL, is an erythrocyte binding ligand that interacts
with the glycophorin C receptor on the erythrocyte surface21. These
findings provide clues as to how these invasion proteins interact with
cell surface proteoglycans, such as heparan sulfate, and could help
explain the mechanism by which sulfated polysaccharides inhibit
parasite entry into red blood cells. However, because heparin is a
potent anticoagulant, it cannot be used to treat clinical malaria22.

Sulfated polysaccharides from marine sources are currently being
exploited for their potential therapeutic applications. These include
carrageenans from seaweeds, of which there are three major types:
kappa (k), lambda (l), and iota (i). These carrageenans differ in their
levels of sulfation, which may also account for their different gelling
properties. The carrageenans inhibit P. falciparum 3D7 and Dd2
growth and invasion of red blood cells in vitro23. In vivo, A/J mice
pre-treated with calcium carrageenan prior to infection with P. ber-
ghei NK65A showed lower parasitemia compared with the untreated
group but this pre-treatment did not promote recovery or survival of
the animals24. In addition, Huber et al.25 showed that there was an
increase in the permeability of the blood brain barrier in rats 72 h
after subcutaneous administration of l-carrageenan. This side effect
could enhance the development of cerebral malaria and is thus a
major disadvantage of carrageenans for therapeutic use in malaria.

Modification of k-carrageenan improved its potential for use
against various pathogens. The basic structure of k-Carrageenan
consists of (1 R 3)-b-D-galactose (G unit) - (1 R 4)-a- 3,6-anhydro
D-galactose (A unit). Acetylated, sulfated, and phosphorylated k-
carrageenan derivatives show enhanced antioxidant and antitumor
properties26. Other k-carrageenan derivatives have shown activity
against tumor cells27,28, bacteria29 and viruses, including influenza
virus30,31, and human immunodeficiency virus32. We, therefore,
sought to determine whether modification of k-carrageenan and
l-carrageenan could affect their action against malaria parasites
and their safety as potential adjunct therapy for malaria.

Gellan gum (GG) is a linear, anionic, high molecular weight,
microbial polysaccharide produced by the bacterium Sphingomo-
nas (Pseudomonas) elodea (ATCC 31461). It is a thermoreversible
gel, noted for its high gel strength and stability, which make it useful
as a drug vehicle, food additive, component of personal care pro-
ducts, and microbiological media. Its basic repeating unit is a tetra-
saccharide, consisting of two glucose (Glc) residues, one glucuronic
acid (GlcA), and one rhamnose (Rha) residue: [R3)-b-D-Glcp-(1 R
4)-b-D-GlcpA-(1 R 4)-b-D-Glcp-(1 R 4)-a-L-Rhap-(1R]33–36.
Animals studies involving gellan gum addition to the diet or being
given by gavage have shown it to be inert and safe for internal use35.
In vivo, GG has been found to have low induction of inflammation,
so GG-based materials have been evaluated for potential therapeutic
applications that include films to reduce post-surgical adhesions37–39

and discs for nucleus pulposus regeneration40. GG-based hydrogels
were also found to support viability of encapsulated chondrocytes
intended for cartilage transplants41.

Gellan gum has been modified to obtain sulfated derivatives (gel-
lan sulfate)42 that have anticoagulant activities similar to those of
heparin, with the exception of one derivative (GS1), which had the
lowest sulfonation ratio (5.0%), and the least anticoagulant activity43.
The in vivo effects of gellan sulfate, however, appear not to have been
fully explored yet. To our knowledge, there are no published reports
on the in vitro effects of gellan gum and gellan sulfate on malaria
parasites.

The goal of this study was to assess synthetic compounds that
inhibit merozoite entry into red blood cells, similarly to heparin,
but with a better safety profile. We evaluated the microbial polysac-
charide gellan gum and prepared its sulfated derivative, gellan sul-
fate, and the carrageenan derivatives, hydrolyzed l-carrageenan and
oversulfated k-carrageenan, for their inhibitory effects on Plasmo-
dium falciparum 3D7 and Dd2 growth and invasion of erythrocytes.
We also tested these compounds for their cytotoxicity to 293T cells.
In addition, we assessed the in vitro anticoagulant activity of our
synthesized gellan sulfate for its suitability for in vivo studies.

Results
Synthesis of gellan gum, l- and k-carrageenan derivatives. k-
Carrageenan and gellan gum were sulfated by the SO3-pyridine
complex. The k-carrageenan and gellan sulfates, and the hydro-
lyzed l-carrageenan were more readily soluble in distilled water at
room temperature compared with their native counterparts. The
modified polysaccharides also did not form gels in solution.

The degree of substitution (DS) of the sulfonyl group and sulfation
rate (%) were determined by elemental analyses and are listed in
Table 1. The DSs for k-carrageenan and gellan were defined as the
molar number of sulfonyl group per di-saccharide and tetra-sacchar-
ide unit, respectively.

NMR analyses were used to confirm the sulfation of k-carragee-
nan and gellan. 13C-NMR spectra before and after sulfation are avail-
able in the Supplemental data (Supplementary Figs. S1 and S2). The
peaks of native k-carrageenan and gellan were assigned according to
the assignments reported previously44–46. The major peaks of sulfated
k-carrageenan with a DS of 3.0 were also assigned according to the
assignments for sulfated k-carrageenan with a DS of 3.1 reported
elsewhere47,48. The overlapped peaks of ring-carbons of gellan sulfate
with a DS of 3.7 were rarely assigned due to their complex appearance
caused by sulfonyl substituents and remaining hydroxyl groups. In
the case of k-carrageenan, shifts of the peaks of C6 (G) from 61.4 to
66.5 ppm, C2 (G) from 69.7 to 75.4 ppm and C2 (A) from 70.0 to
72.7 ppm indicated successful sulfation at these positions. The com-
plete disappearance of the peak assigned C6 (G) indicated that the C6
(G) position was completely substituted. Other peaks were likely
assigned to ring carbons of un-substituted sugar units. In the case
of gellan, the peaks assigned to C6 (13 G) at 61.7 ppm, C6 (14 G) at
62.2 ppm, C2 (R) at 71.6 ppm, and C3 (R) at 71.7 ppm, completely
disappeared, indicating preferential sulfation at these positions.

Table 1 | Characteristics of sulfated k-carrageenan and gellan
gum

Sulfated derivatives

Elemental analysis (%)

DSa

Sulfation rate
(%)aC H S

k-carrageenan 20.3 4.09 13.6 3.0 75
Gellan 23.3 4.38 9.57 3.7 37
aRelative to maximun DS: 4.0 (k-carrageenan), 10.0 (gellan).
DS – degree of substitution.
Percent carbon (C), hydrogen (H), and sulfur (S) as determined by elemental analyses. DS was
calculated according to the equation of Rochas, et al.45, that is, DS 5 (S%/atomic mass of S)/(C%/
atomic mass of C3 number of carbons for one unit). Sulfation rate (%) was calculated by taking the
ratio of the DS of the sulfonyl group to the maximum DS of 4.0 for k-carrageenan and 10.0 for
gellan.
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Growth inhibition assay. The native l- and k2carrageenans
inhibited the growth of P. falciparum 3D7 (Figure 1A) and Dd2
(Figure 1B) in vitro in a concentration-dependent manner consis-
tent with the observations of Adams et al.23. Both the hydrolyzed l-
carrageenan and the oversulfated k-carrageenan derivatives poorly
inhibited P. falciparum 3D7 and Dd2 growth in vitro. Gellan sulfate
(9 mg/ml) inhibited growth of P. falciparum 3D7 (55.33%) and Dd2
(85.83%) in vitro (Figure 1A and 1B). In contrast, native gellan gum
exhibited low inhibition (5.58%, 3D7; and, 39.22%, Dd2) at the same
concentration. We, therefore, chose to assess gellan sulfate and the
native gellan gum for their ability to inhibit invasion.

Invasion inhibition assay. At 10 mg/ml, gellan sulfate showed strong
inhibition of invasion by P. falciparum 3D7 (93.92%) and Dd2
(88.39%) in vitro (Figure 2). Heparin also showed inhibition of
invasion by P. falciparum 3D7 (69%) and Dd2 (89.03%). Native
gellan gum showed moderate inhibition of invasion for both P.
falciparum 3D7 and Dd2 (46.13% and 47.51%).

Cytotoxicity assays. Unlike native gellan gum, gellan sulfate does not
gel in solution. With this change in property, we wanted to determine
the safety of gellan sulfate for future in vivo studies. Hence, we
performed MTT cytotoxicity assays on 293T cells using the origi-
nal selection of inhibitors for comparison (Figure 3A). Heparin and
native gellan gum treatment caused a marked decrease in cell
viability at concentrations of 250 and 500 mg/ml (54.68% and
70.18% for heparin; 79.86% and 57.74% for gellan gum). By
contrast, gellan sulfate, as well as the native l- and k- carrageenans
and their respective derivatives, showed relatively low cytotoxicity at
500 mg/ml (86.44%, 81.52%, 89.33%, 101.88%, and 94.30%,
respectively).

In vitro anticoagulant activity of gellan sulfate. The in vitro
anticoagulant activity of the gellan sulfate was assessed by using
activated partial thromboplastin time (APTT) anticoagulant assays
with healthy mouse plasma49. In separate experiments, the APTT
values for normal plasma from a healthy animal ranged from
16.0 s to 27.1 s, with a mean value of 23.4 s. The APTT for plasma
with heparin at 10 and 100 mg/ml increased dramatically (mean 5

181.0 s), whereas mean APTTs for plasma with 10 and 100 mg/ml

Figure 1 | In vitro growth inhibition of P. falciparum 3D7 (A) and Dd2 (B). Late stage P. falciparum 3D7 and Dd2 trophozoites (parasitemia 0.3%,

hematocrit 1%) were cultured in the presence of the following inhibitors: heparin (HEP), gellan gum (GG), gellan sulfate (SGG), l-carrageenan (LA),

hydrolyzed l-carrageenan (HLA), k-carrageenan (KP), and oversulfated k-carrageenan (OSK) in 96-well round-bottom plates for 96 h. Final

parasitemia was determined by use of flow cytometry. Percent inhibition is shown (y-axis) against increasing concentrations (x-axis) of each inhibitor. At

9 mg/ml, SGG inhibited the growth of P. falciparum 3D7 by 55.33% and that of Dd2 by 85.83%. At the same concentration, GG, HLA, and OSK inhibited

both P. falciparum lines by 20% or less. Error bars represent standard deviations from the means of triplicate assays from three independent experiments.

Figure 2 | In vitro invasion inhibition of P. falciparum 3D7 and Dd2.
MACS-purified P. falciparum 3D7 and Dd2 schizonts were cultured in 96-

well plates (ring stage parasitemia 5 0%, hematocrit 5 1%) for 20 h in the

presence of 10 mg/ml heparin, gellan gum (GG), and gellan sulfate (SGG).

Ring stage parasitemia were counted using Giemsa stained smears. Percent

inhibition of invasion of P. falciparum 3D7 and Dd2 are shown. Error bars

represent standard deviations from the means of duplicate assays from two

independent experiments.
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gellan sulfate were 28.7 s and 35.7 s, respectively (Figure 3B). For
plasma with native gellan gum, mean APTT times were 22.5 s at
10 mg/ml, and 19.7 s at 100 mg/ml. These data demonstrate that
our synthesized gellan sulfate does not have strong anticoagulant
activity.

Discussion
Polysaccharides from marine sources are currently gaining popular-
ity for their potential medical and therapeutic applications. Seaweed-
derived polysaccharides such as carrageenans23 and fucoidan50 have
been shown to inhibit the growth and invasion of P. falciparum in
vitro. However, in in vivo studies, although a decrease in parasitemia
may have been observed, there was no significant improvement in
the recovery of mice from the illness24,50. In addition, l-carrageenan
was found to increase the permeability of the blood-brain barrier of
rats when injected subcutaneously25, which could aggravate the dis-
ease by adding to the development of cerebral malaria.

Although the exact mechanism of inhibition by these sulfated
polysaccharides has yet to be defined, it appears to involve the inter-
actions of the malarial invasion proteins with the sulfated proteogly-
cans, like heparan sulfate and chondroitin sulfate, that are present on
the surface of most cell types including erythrocytes. These interac-
tions have been demonstrated by Boyle et al.18 and our group17,19,
which showed that heparin interacts with the invasion proteins
MSP1 and EBA-140.

Naturally occurring polysaccharides have been modified by sulfa-
tion and assessed for their anticoagulant, antibacterial, and antiviral
activities. Galactomannans from seed extracts were modified by sul-
fation and shown to have activities against yellow fever virus and

dengue 1 virus in vitro and in vivo51, and against HIV in vitro52.
Sulfated konjac glucomannans have also been shown to act against
HIV53.

Modification of k-carrageenan improves its action against a vari-
ety of pathogens. Low molecular weight k-carrageenan (3 kDa) and
k-carrageenan oligosaccharides (KOS), as well as their sulfated deri-
vatives have anti-influenza virus effects both in vitro and in vivo30,31.
KOS had also enhanced immunostimulatory and antitumor activ-
ities26,27. In addition, k-carrageenan that was covalently bound to 39-
azido-39-deoxythymidine AZT, was found to be active against HIV
in vitro32.

Gellan sulfate has been prepared for use in various medical appli-
cations, for example, as an artificial ligand to remove the extra
domain A containing fibronectin (EDA(1)FN) from the plasma of
rheumatoid arthritis patients42, and as a novel anticoagulant43.

For these reasons, we synthesized oversulfated k-carrageenan and
gellan sulfate to assess their activities against malaria parasites in
vitro. Elemental analysis showed that our synthesized oversulfated
k-carrageenan and gellan sulfate had sulfate contents of 13.6% and
9.57%, respectively (Table 1). The degree of substitution values (DS)
were calculated as 3.0 for k-carrageenan and 3.7 for gellan54,55. Note
that the maximum DSs for carrageenan and gellan are 4.0 and 10.0,
respectively. Thus, sulfation rates (%) of k-carrageenan and gellan
sulfate relative to their maximum DSs were calculated as 75% and
37%.

The synthesized oversulfated k-carrageenan and hydrolyzed l-
carrageenan showed no activity against Plasmodium parasites, which
differs from the findings of previously reported studies with modified
carrageenans. These differences could be attributed to the different

Figure 3 | Cytotoxicity and Activated Partial Thromboplastin Time (APTT) assays (a) Cytotoxicity assays using 293T cells. Cultures of 293T cells

(100 ml) were seeded into 96-well flat-bottom plates and incubated at 37uC. At about 50% confluence, the old media were replaced with fresh media

containing the inhibitors heparin (HEP), gellan gum (GG), gellan sulfate (SGG), l-carrageenan (LA), hydrolyzed l-carrageenan (HLA), k-carrageenan

(KP), or oversulfated k-carrageenan (OSK) and the cells were incubated at 37uC for 48 h. MTT (10 ml) was then added to the cultures, which were kept in

the dark overnight (about 12 h) at room temperature. Absorbance was read at 595 nm and the % cell viability was computed as: % cell viability 5

(absorbance595 nm of treated group 4 absorbance595 nm of control group) 3 100%. Means and standard deviations from the means were computed from

triplicates assays in three independent experiments. (b) APTT assays. Pooled plasma from adult C57BL/6 and BALB/c mice were used for the APTT

anticoagulant assays. 10 ml of heparin, gellan gum, and gellan sulfate each diluted in PBS were mixed with 100 ml of plasma for final concentrations of 10

and 100 mg/ml and then incubated at 37uC for 1 minute. The APTT assays were performed using DrihematoH APTT Test Reagent Card (A&T

Corporation, Japan) according to manufacturer’s instructions. Coagulation times (in seconds) were read in a DrihematoH system Coag2V machine. Two

independent experiments for each assay were performed in triplicates and means and standard deviations were calculated.
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modes of invasion and replication of the viruses within host cells
compared with that of parasites.

Our results show that our synthesized gellan sulfate effectively
inhibited both the growth and invasion of the P. falciparum mero-
zoites in vitro unlike the native gellan gum yet similar to heparin.
However, unlike heparin, gellan sulfate is a potential artificial ligand
for EDA(1)FN from the plasma of rheumatoid arthritis patients
because it does not bind to proteins such as plasma fibronectin
and antithrombin III42. Yet, gellan sulfates with 17.5% sulfation or
greater were found to be potent anticoagulants, like heparin in APTT
assays by Miyamoto et al.43. In our cytotoxicity and anticoagulant
assays, our synthesized gellan gum, with 37% sulfation was found to
have low cytotoxicity and anticoagulant activity. However, at pre-
sent, we cannot determine the exact reason for these different results.
Given that there is insufficient information about the effects of gellan
sulfate in vivo, and considering these results, it is suggested that the
synthesized gellan sulfate must be used with caution in future in vivo
studies. It will also be of interest to explore the mechanism by which
gellan sulfate inhibits growth and invasion of red blood cells by the
Plasmodium parasite. In future studies, we intend to investigate if
gellan sulfate can inhibit parasite adhesion to the red blood cell
similar to other glycosaminoglycans, and how the gellan sulfate
molecule interacts with the Plasmodium parasite invasion proteins
that interact with heparin such as MSP1 and BAEBL.

Methods
Polysaccharides and sulfation of k-carrageenan and gellan gum. The
polysaccharides used in this study were heparin and l-carrageenan (Sigma-Aldrich,
St. Louis, Mo.), and k-carrageenan and gellan gum (WAKO Pure Chemical Ltd. Co.,
Osaka, Japan). Hydrolyzed l-carrageenan, oversulfated k- carrageenan, and gellan
sulfate were synthesized as Yuan et al.26 with modifications.

l-carrageenan (1% (w/v) in distilled water) was hydrolyzed with 0.1 M HCl to pH
4.0 for 1 h at 70uC26 with stirring. The reaction was neutralized with NaHCO3 and
filtered. The supernatant was concentrated by evaporation and desalted by dialysis
against distilled water for 48 h at 4uC using a Cell Sep H1 tube (MWCO 1,000, Orange
Scientific Inc. Belgium). The retained solution was lyophilized and dried in vacuo for
24 h at room temperature.

k-carrageenan was sulfated by an SO3-pyridine complex, as previously described26.
Two grams of lyophilized k-carrageenan (from a 1% (w/v) solution in distilled water)
was added to N,N-dimethylformamide (DMF) (84 ml) at 60uC for 30 min. To this
mixture, 16 ml of SO3-DMF complex was added and the mixture was stirred for 4 h at
70uC. The SO3-DMF complex was prepared by dropping 20 ml of ClSO3H into
100 ml of DMF in an ice water bath. After cooling to room temperature, the mixture
was neutralized with saturated NaHCO3 solution, dialyzed against deionized water
for 2 days, and the dialysate was freeze-dried to give sulfated k-carrageenan. Gellan
(1% (w/v)) was treated with 0.1 M HCl up to pH 3.0. The acid-treated gellan gum
(insoluble fraction) was recovered by filtration and extensively washed until neu-
tralized and then lyophilized. Sulfation was carried out in the same manner as for k-
carrageenan to give gellan sulfate. The degree of substitution (DS) of the sulfonyl
group for k-carrageenan and gellan was defined as the molar number of sulfonyl
group per di-saccharide and tetra-saccharide units. DS was calculated based on
elemental analysis, according to the equation given by Rochas et al.54 as follows: DS 5

(S%/atomic mass of S)/(C%/atomic mass of C 3 number of carbons for one unit).
Atomic masses of C and S are 12 and 32, respectively. The numbers of carbons in one
unit of carrageenan and gellan are 12 and 24, respectively. The sulfation rate (%) was
calculated by taking the ratio of the DS of the sulfonyl group to the maximum DS of 4
for k-carrageenan and 10 for gellan.

Prior to being added to the cultures, the polysaccharides were dissolved in distilled
water to a concentration of 2 mg/ml, and then filtered through a 0.22-mm filter and
further diluted with appropriate complete media. Polysaccharides that were insoluble
at room temperature, namely k-carrageenan, l-carrageenan, and gellan gum, were
dissolved in distilled water at 80uC; heparin, oversulfated k-carrageenan, hydrolyzed
l-carrageenan, and gellan sulfate were dissolved at room temperature.

Analytical methods. 13C NMR spectra were obtained from a JEOL 500 MHz
spectrometer operating at 500 MHz. The spectra for the oversulfated k-carrageenan
were recorded at 25uC, whereas the spectra for the native gellan gum and the gellan
sulfate were recorded at 90uC. Chemical shifts (d in ppm) were expressed relative to
the resonance of D2O (1H NMR) (d 5 4.8) and DMSO (13C NMR) (d 5 39.5). Samples
for NMR analysis were dissolved in DMSO (oversulfated k-carrageenan 5 60 mg/ml;
native gellan gum 5 5 mg/ml; gellan sulfate 5 20 mg/ml) and trace amounts of D2O
were subsequently added.

The concentration of S was analyzed with an Ion Chromatography System Dionex
ICS-1100/1600 (Thermo Scientific Inc., MA USA). The concentration of C was
analyzed with a 2400 Series II CHNS/O System (Perkin Elmer Inc., MA, USA). DS
was calculated using the formula of Rochas et al.54 as described earlier.

In vitro culture of Plasmodium falciparum parasites. The chloroquine-sensitive
line Plasmodium falciparum 3D7 and the chloroquine-resistant line, P. falciparum
Dd2 parasites were maintained in continuous culture as described by Radfar et al.56. In
this method, the parasites are grown in human A1 red blood cells and maintained in
culture medium containing RPMI 1640, 25 mM HEPES, 100 mM hypoxanthine,
12.5 mg/ml gentamicin sulfate supplemented with 2.5% (w/v) Albumax II, and
62.5 mg/ml of NaHCO3. Cultures were kept at 37uC, 5% CO2, and 5% O2, with daily
medium changes; conditions were maintained at 1% hematocrit and 1% parasitemia.

Cell culture. Human embryonic kidney derived 293T cells were grown at 37uC, 5%
CO2, and 5% O2 in culture medium containing DMEM, L-glutamine, penicillin-
streptomycin, and 62.5 mg/ml NaHCO3, supplemented with 10% fetal calf serum and
passaged every two days at 70%–80% confluency.

Growth inhibition. Growth inhibition assays (GIAs) were performed as previously
described57. Predominantly ring stage cultures were first synchronized by sorbitol
treatment. GIAs were carried out at the next day, when the cultures were mostly in the
late trophozoite stage. Infected red blood cells were mixed with fresh Type A1 RBCs to
make cultures with 0.30% parasitemia and 1% hematocrit. A 25-ml aliquot of culture
was then transferred into 96-well plates and 2.5 ml of the inhibitors was added to each
well such that the final concentrations were 9, 4.5, 2.25, and 0.9 mg/ml. Three
independent experiments were performed and all were done in triplicate; parallel
cultures were also maintained. The cultures were incubated at 37uC, with 5% CO2,
and 5% O2. At 48 h post-incubation, 5 ml of complete medium was added to each
culture. Flow cytometry was used to determine the parasitemia after 90–96 h when
the parasites were mostly in the trophozoite-schizont stages.

Flow cytometry. Flow cytometry was used to determine the parasitemia of the
cultures57. Cultures were mixed with 10 mg/ml ethidium bromide in PBS and left at
room temperature for 1 h in the dark. The cell pellets were then resuspended in
500 ml of PBS and transferred into flow cytometry tubes. Flow cytometric analysis was
carried out on a FACSCalibur cell analyzer (BD Biosciences) and the data were
analyzed with WinMDi ver. 2.9.

Invasion inhibition. For the invasion inhibition assays58,59, cultures were purified by
using a MACSH (Miltenyl Biotec, Japan) magnetic bead separation column to obtain
trophozoite and schizont stage parasites. Purified schizonts were mixed with
complete medium to obtain hematocrit of 1%, and fresh A1 red blood cells were
added for a total parasitemia of 5% with ring stage parasitemia of almost 0%. Cultures
(100 ml) were transferred into 96-well plates and the inhibitors heparin, gellan gum,
and gellan sulfate were added to a final concentration of 10 mg/ml. Cultures were
incubated for 20 h at 37uC, with 5% CO2 and 5% O2. For this, two independent assays
were done in duplicates.

Assessment of invasion inhibition. Culture supernatants were aspirated and the cell
pellets were smeared and stained with Giemsa staining to determine ring stage
parasitemia. Means and standard deviations of ring stage parasitemia were obtained,
and the percent inhibition was computed by using the following formula: [Eq.2]
{(Mean% Ring stage parasitemia of untreated cultures – Mean% Ring stage
parasitemia of inhibitor-treated cultures) 4 Mean% Ring stage parasitemia of
untreated cultures} 3 100%.

Cytotoxicity assays. MTT assays were performed using 293T cells. Cells were seeded
in 96-well flat-bottom plate with a culture volume of 100 ml at a 251000 dilution and
incubated at 37uC, 5% CO2, and 5% O2. After 24 h, at about 50% confluency, the old
media were aspirated and replaced with 100 ml of complete medium containing
inhibitors at concentrations of 500, 250, 100, 50, 25, and 10 mg/ml. The cells and
inhibitors were then incubated at 37uC, 5% CO2, and 5% O2 for 48 h. MTT solution
(10 ml of 5 mg/ml) was added to the culture, which was kept in the dark at room
temperature overnight. The following morning, the old media were aspirated and
100 ml of DMSO was added as an MTT solvent. The cells were then assessed by
measuring absorbance at 595 nm and the % cell viability was computed as follows60:
[Eq. 3] % cell viability 5 (absorbance595 nm of treated group 4 absorbance595 nm of
control group) 3 100%.

In vitro anticoagulant activated partial thromboplastin time (APTT) assay. APTT
assays were carried out using plasma from healthy mice49. Blood was collected from
the hearts of normal adult female C57BL/6 and BALB/c mice under terminal
anesthesia. The blood was immediately mixed with 3.2% trisodium citrate at a 951
blood: anticoagulant ratio. Plasma was obtained by spinning the blood in a bench top
centrifuge for 15 minutes and was then pooled. Heparin, gellan gum, and gellan
sulfate (10 ml) each diluted in PBS were mixed with 100 ml of plasma for a final
concentration of 10 and 100 mg/ml and then incubated at 37uC for 1 minute. The
APTT assays were performed using the DrihematoH APTT Test Reagent Card (A&T
Corporation, Japan) according to manufacturer’s instructions. Coagulation times
were recorded in seconds (s).

Animals. Adult female C57BL/6 and BALB/c mice purchased from CLEA Japan
(Tokyo, Japan) were maintained in controlled light and dark conditions and given
food and water ad libitum.
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