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Graphene oxide inhibits malaria parasite invasion

and delays parasitic growth in vitrot
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The interactions between graphene oxide (GO) and various biological entities have been actively investigated

in recent years, resulting in numerous potential bioapplications of these nanomaterials. Despite this, the bio-

logical interactions between GO and disease-causing protozoan parasites have not been well elucidated

and remain relatively unexplored. Here, we investigate the in vitro interactions between GO nanosheets and

a particular species of malaria parasites, Plasmodium falciparum (P. falciparum). We hypothesize that

GO nanosheets may exhibit antimalarial characteristic via action mechanisms of physical obstruction of

P. falciparum parasites as well as nutrient depletion. To ascertain this, we characterize the physical inter-

actions between GO nanosheets, red blood cells (RBCs), and malarial parasites as well as the adsorption of

several biomolecules necessary for parasitic survival and growth on GO nanosheets. Subsequent to estab-

lishing the origin of this antimalarial behavior of GO nanosheets, their efficiency in inhibiting parasite invasion
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1. Introduction

Graphene oxide (GO) is the oxygenated derivative of two-
dimensional (2D) graphene.”” Among the numerous 2D
nanomaterials,>® GO stands out due to its large surface
area, unique bio-physico-chemical properties, and excellent
in vitro and in vivo biocompatibility.” Therefore, it has been
actively explored for a wide variety of biological and biomedical
applications. These include biological sensing,®® cellular
imaging,'®"" cell culture,'> > antibacterial’®'” and antithrom-
botic’® coatings, and cancer therapeutics.’®*° Interestingly,
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is evaluated. We observe that GO nanosheets at various tested concentrations significantly inhibit the inva-
sion of malaria parasites into RBCs. Furthermore, GO nanosheets delay parasite progression from the ring to
the trophozoite stage. Overall, this study may further shed light on the graphene-parasite interactions and
potentially facilitate the development of nanomaterial-based strategies for combating malaria.

these bioapplications hinge significantly on the molecular and
cellular interactions between GO and various biological entities.

GO possesses a unique 2D structural feature which endows
it a large surface area as a template for cargo loading.*" > It is
a versatile nanomaterial whose basal plane and periphery are
decorated with various oxygen-containing groups. In fact,
their presence on the surface of GO enhances its dispersibility,
solubility, and stability in aqueous media and facilitates its
chemical functionalization."” At the same time, these hydro-
philic functionalities and aromatic domains enable GO to
interact specifically with a plethora of biomolecules, such as
proteins, peptides, and amino acids.**** In addition, they
serve as pre-concentration platforms for biomolecules through
electrostatic interaction or m-m stacking.'>'*'® Intriguingly,
GO is also known to display excellent biocompatibility and
low toxicity.® It has been reported that GO possesses a lower
cytotoxicity than carbon nanotubes.>®*” Moreover, contrary
to the hydrophobic pristine graphene, the hydrophilic GO
can be taken up by cells with minimal toxic effects.>®?
Importantly, GO has been demonstrated to induce negligible
in vivo toxicity in animals at low and medium concen-
trations.>®> All these bio-physico-chemical features render the
versatile GO highly advantageous for bioapplications, as
compared to other carbon-based and 2D nanomaterials.***
In particular, the exceptional biomolecule loading capability
of GO coupled with its large surface area and excellent
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Fig. 1 Schematic showing the hypothesized underlying mechanisms driving the potential antimalarial behavior of GO nanosheets (GOns). GOns are
anticipated to display an antimalarial characteristic due to the superior loading capacity of GOns for biomolecules necessary for the growth and
development of malaria parasites, leading to the depletion of nutrients for these parasites. Furthermore, GOns may play a key role as physical bar-

riers in limiting the access of merozoites to healthy red blood cells (RBCs).

biocompatibility may potentially be exploited to obstruct the
occurrence of specific biological events, such as cellular and/or
parasitic growth, which form the basis of many physiological
diseases.

Of all parasitic diseases, malaria remains one of the world’s
most prevalent and deadly infectious diseases and a global
public health concern.’®?® In 2013 alone, there were about
200 million clinical cases, with approximately 584 000 deaths
worldwide.** This disease is caused by the protozoan parasites
of the genus Plasmodium, which have a complex life cycle alter-
nating between sexual and asexual reproduction in invertebrate
mosquitoes and vertebrate hosts, respectively. In fact, the
asexual malaria parasite infection in the peripheral blood cir-
culation is the major cause behind the malarial disease patho-
logy.>> Among the Plasmodium parasite species responsible for
human malaria infections, Plasmodium falciparum (P. falci-
parum) causes the highest rates of mortality and morbidity.>>>°
P. falciparum malaria parasites develop in two different hosts,
i.e., female Anopheles mosquito and human. In human, the
malaria parasites taking the form of sporozoites enter the
bloodstream and travel towards liver to start their multipli-
cation. Over the course of several days, tens of thousands of
merozoites will be produced and released into the bloodstream
to invade circulating red blood cells (RBCs). Subsequently,
throughout their 44-48 h asexual cycle within these RBCs,
these malaria parasites mature and undergo different stages of
development, i.e., ring, trophozoite, and schizont, before the
infected RBCs (iRBCs) burst and release more merozoites into
the circulatory system. This part of the Plasmodium life cycle
will repeat as merozoites invade even more healthy circulating
RBCs.””

Here, using GO nanosheets (GOns) in aqueous suspension
with distinct lateral size distributions and concentrations, we
investigate the in vitro interactions between GOns and
P. falciparum parasites. We hypothesize that due to their large
specific surface area, GOns could play a key role in reducing
malaria parasite invasion by physically trapping and obstruct-
ing the access of merozoites to RBCs. Furthermore, owing to
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their high loading capacity for biomolecules, these nano-
materials could reduce the availability of biomolecules necess-
ary for parasite survival and invasion. Consequently, via these
mechanisms, GOns are anticipated to exhibit antimalarial
characteristic (Fig. 1).

2. Results and discussion

GOns in liquid suspension were first prepared using
Hummer’s method.'® As numerous studies have reported the
effect of size of graphene nanomaterials in influencing their
interactions with various biological moieties,*®*° we were also
interested in characterizing this effect, specifically in affecting
the possible antimalarial property of GOns. In yielding GOns
with various lateral size distributions and mean lateral sizes,
the as-prepared GOns (i.e., GOns-0) were subsequently sub-
jected to ultrasonication treatment for durations of 10, 60, and
120 min (i.e., GOns-10, GOns-60, and GOns-120, respectively)
(Fig. 2a), similar to that prepared in our previous work.>* It is
worth noting that GOns with distinct lateral size distributions
were prepared using ultrasonication as the surface chemical
properties of GOns would be minimally compromised.'® Since
GOns have irregular shapes, we defined the lateral size as the
longest distance across a single nanosheet, similar to that
described in reference.*’ Next, to acquire the statistical data on
the lateral size distributions (Fig. Sta-d{ and Fig. 2b) and
mean lateral sizes (inset of Fig. 2b) of the different GOns
samples, we examined approximately 400 nanosheets. In light
of the experimental data, it was evident that the as-prepared
GOns possessed distinct lateral size distributions and mean
lateral sizes.

We next conjected that GOns with their large 2D surface
area may serve as physical barriers that limit the access of
merozoites to RBCs. This may be achieved through the direct
physical attraction and trapping of merozoites onto the surface
of GOns. To gain insights into the role of GOns in restricting
merozoite accessibility, the physical interactions between

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Morphological characterization of GOns in liquid suspension. (a) Representative AFM topographical images of different GOns samples after
undergoing ultrasonication treatment for different durations of 0, 10, 60, and 120 min (i.e., GOns-0, GOns-10, GOns-60, and GOns-120, respec-
tively). Scale bars represent 1 um. (b) Lateral size distribution range of the different GOns samples. More than 400 nanosheets were assessed for
each GOns sample. Inset illustrates the decreasing mean lateral sizes of GOns with ultrasonication time.

GOns, RBCs, and merozoites were probed using AFM. Firstly,
magnetically enriched late stage iRBCs were incubated with
RBCs at 2.5% hematocrit and 5% parasitemia as well as
6.25 pg mL™' GOns. A smear was then taken after a 12 h incu-
bation when all iRBCs had burst and released their mero-
zoites. The morphological shape and size distribution of the
merozoites were next characterized. To ensure that merozoites
were indeed the subject of characterization, the selected
merozoites were those present around the ruptured iRBCs.
We observed that these merozoites generally possessed ovoid
bodies (Fig. S2at) with an average length of 2.07 + 0.86 um
(Fig. S2bt), similar to that reported in literature.*> We sub-
sequently investigated the physical interactions between GOns
and RBCs by probing the healthy RBCs in the presence of
GOns, but in the absence of merozoites. Interestingly, we noted
that at the tested concentration, GOns exhibited a high degree
of cellular hemocompatibility in that RBC maintained its
structural integrity and did not experience hemolysis as the
sharp edge of GOns did not damage nor penetrate the RBC
membrane (Fig. 3a). Instead, GOns were able to conform
smoothly to the shape of RBC (Fig. 3b). These observations
revealed the excellent hemocompatibility of GOns in relation
to their interactions with RBCs. After establishing the nano-
material hemocompatibility, the GOns-RBC-merozoite inter-
actions were examined to investigate if GOns could indeed act
as physical barriers in mitigating the malarial parasite inva-
sion. Here, again, we observed that large GOns fully covered
and conformed to the shape of RBC. At the same time, mul-
tiple merozoites released from burst schizonts adhered onto
the surface of GOns (Fig. 3¢, as indicated by the white arrow,
and Fig. 3d). The adhesion of these merozoites on the GOns
surface physically limited their access to the healthy RBCs and
greatly hindered the parasite invasion.

The interactions between GOns and malaria parasites were
further evaluated through Giemsa and fluorescence staining
(Fig. S3 and S4,} respectively). Here, merozoites were observed to
adhere directly on the larger GOns (Fig. S3t). This phenomenon

This journal is © The Royal Society of Chemistry 2017

suggests a dependency and direct correlation between the
parasite adhesion and the surface area of GOns. To ascertain
this observation, GOns were next drop-casted on glass cover-
slips and incubated with iRBCs. After the rupture of iRBCs,
the surface of the parasite-incubated GOns was stained with
ethidium bromide (EtBr) to visualize the cellular contents
of iRBCs, including merozoites, on the GOns surface under
a confocal microscope (Fig. S4t). Fluorescence corresponding
to the EtBr-stained merozoites, as depicted by the clusters
of the small dots surrounding parasite nuclei, was highly
expressed on all GOns. This further shows that GOns were able
to physically attract the merozoites.

Numerous studies have demonstrated the superior loading
capacity of graphene nanomaterials for various serums,
proteins, and amino acids, which is beneficial for a plethora of
cellular and physiological functions.'>'*'® Depending on
the nature of the interactions between proteins, cells, and
graphene nanomaterials, the exceptional protein loading
capacity of graphene nanomaterials may either enhance or
hinder cellular development. The free amount of proteins in
the system decreases as they get adsorbed on the nanomaterial
surface. Consequently, cells which do not interact with the
protein-loaded graphene nanomaterials may likely be deprived
from the essential nutrients and growth factors, impeding
cellular growth and proliferation. On this basis, we hypothesized
that the hydrophilic GOns might possess a high loading
capacity for various proteins, notably albumax II, in the
malaria culture medium (MCM). This would lead to nutrient
depletion for parasitic growth, resulting in the potential anti-
malarial behavior of GOns. To verify this, we evaluated the
loading of individual MCM constituents on various GOns
samples. Typically, MCM consists of tissue culture medium
RPMI supplemented with serum protein albumax II, the
purine source hypoxanthine, and the antibiotic gentamicin.*?
Albumax II is serum albumin known to be lipid-carrying in
blood and is essential for the optimal growth of malaria
parasites.”* Hypoxanthine is a purine derivative necessary for

Nanoscale, 2017, 9, 14065-14073 | 14067
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Fig. 3 Mechanisms underlying the potential antimalarial characteristic of GOns. (a—d) Physical interactions between GOns, RBCs, and malaria para-
sites: (a—b) representative AFM amplitude (left) and topographical (right) images of the physical interactions between GOns and RBCs showing the
(a) cellular hemocompeatibility and (b) conformability of GOns on RBCs. All scale bars represent 3 pm. (c) Representative AFM topographical image
showing the physical interaction between GOns, RBC, and merozoites. (d) Enlarged view of the region indicated by a white dotted box in (c), illustrat-
ing the adherence of merozoites on GOns and the inaccessibility of these merozoites to RBC. (e—g) Loading capacities of individual MCM constitu-
ents on GOns: (e) Albumax I, (f) hypoxanthine, and (g) gentamicin. The * and ** indicate statistically significant differences for p < 0.05 and 0.01,

respectively, based on the two-tailed student’s t-test.

the synthesis of nucleic acids and energy metabolism of the
parasites as well as for the significant enhancement of their
propagation.*”> Gentamicin, meanwhile, serves as a water-
soluble aminoglycoside bactericidal antibiotic in the complete
culture medium.*® The relationship between the lateral size of
GOns, their loading capacity for individual MCM constituents,
and the potential antimalarial property of GOns were sub-
sequently investigated.

We first measured the free absorbance of albumax II
(Fig. S5at), hypoxanthine (Fig. S5bt), and gentamicin (Fig. S5ct)
prepared at various concentrations at the corresponding
characteristic wavelengths of 280 nm, 260 nm, and 192 nm,
respectively. A linear relationship was observed between the

14068 | Nanoscale, 2017, 9, 14065-14073

free absorbance of these MCM constituents and their
concentrations (insets of Fig. S5a-cf). Next, we assessed the
absorbance of albumax II, hypoxanthine, and gentamicin after
incubating with GOns to evaluate the adsorption capacity of
the individual MCM components on various GOns samples.
The MCM constituents were fixed at a particular concentration
and those of GOns were varied. After 48 h incubation, we
observed a GOns concentration- and size-dependent adsorp-
tion of albumax II (Fig. 3e). As the concentration of GOns was
increased from 50 pug mL™" to 200 pg mL™', the amount of
adsorbed albumax II increased correspondingly. Interestingly,
we noted that at particular GO concentrations, GOns-0 with
the largest lateral size distribution and mean lateral size

This journal is © The Royal Society of Chemistry 2017
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consistently exhibited the highest loading capacity for
albumax II. The lowest adsorption was found with GOns-120
which has the smallest average size and size distribution. This
observation implies a probable GOns size-dependent loading
of albumax II on GOns. Also, more importantly, it highlights
that the adsorption of albumax II was significantly dependent
on the concentration of GOns. The GOns-albumax II associ-
ation might be primarily driven by the hydrophobic inter-
actions between GOns and the hydrophobic regions of
albumax 1I, coupled with electrostatic interactions.*’*°
Nonetheless, the GOns concentration-dependent loading
capacity of biomolecules on GOns was not observed for both
hypoxanthine and gentamicin (Fig. 3f and g), possibly due to
their lower binding association and affinity to GOns. Several
investigations have, in fact, revealed that the essential serum
albumin serves as a critical source of nutrients for intra-
erythrocytic growth and cell cycle development of P. falciparum
malaria parasites. It has also been emphasized that the
intraerythrocytic parasites are able to uptake, breakdown, and
degrade serum albumin, leading to a time-dependent proteol-
ysis within the parasites.’® In addition, recent evidences have
suggested that P. falciparum parasites respond negatively to
starvations of proteins and amino acids, indicating their
dependence on exogenous nutrients.’"*> Consequently, due to
their exceptional loading capacity for MCM constituents,
especially for serum albumin albumax II, GOns are anticipated
to possess antimalarial behavior. It is important to highlight
that while certain blood proteins might also get adsorbed on
GOns surface,"'®>*?> the proper functioning of RBCs should
not be affected as their primary function in facilitating oxygen
transportation would typically be affected only in the event of
hemolysis.

Following the elucidation of the possible mechanisms
underlying the anticipated antimalarial behavior of GOns, we
sought to evaluate their efficiency in inhibiting the invasion of
P. falciparum parasites. Enriched infected erythrocytes of the
laboratory adapted 3D7 strain were mixed with healthy blood
and incubated in MCM in the presence of various GOns
samples for 48 h. Smears for individual samples were made
and stained with Giemsa before determining the parasitemia
via counting approximately 1000 cells (Fig. 4a). The complete
MCM and MCM diluted with different percentages of RPMI
served as negative and positive controls, respectively. In
light of the collated data, we observed that GOns exhibited a
concentration-dependent antimalarial behavior by signifi-
cantly inhibiting the parasite invasion of RBCs (Fig. 4b).
Specifically, the invasion efficiency of the malaria parasites
decreased progressively along with an increasing concentration
of GOns from 6.25 pg mL™" to 50 pg mL ™", Invasion efficiency
is determined by normalizing the parasitemia to that of
control, which is taken to be 100%. Intriguingly, even at a low
concentration of 6.25 pg mL ™", the parasite invasion efficiency
due to GOns was significantly lower than that of negative
control and similar to that of 25% MCM. Further increase in
the concentration of GOns to 50 pg mL ™" resulted in a greater
decrease in the parasite invasion efficiency as compared to

This journal is © The Royal Society of Chemistry 2017
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that of positive controls. It is interesting to note that all GOns
exhibited similar parasite inhibition efficiency despite vari-
ations in albumax II adsorption on different GOns samples. As
pointed out earlier, the antimalarial property of GOns might
not be solely dependent on the depletion of nutrients through
albumax II adsorption. GOns might also physically restrict the
access of merozoites to RBCs. Therefore, this antimalarial
characteristic of GOns was likely to be dependent on the intri-
cate interplay between serum albumin adsorption and physical
blocking of RBCs from merozoites.

Next, the effects of GOns on parasite maturation were exam-
ined. Interestingly, a recent study has demonstrated that
P. falciparum parasites are capable of delaying their maturation
in response to amino acid depletion in order to survive pro-
longed starvation.’” As such, we postulated the occurrence of a
similar phenomenon if GOns were able to absorb sufficient
amount of albumax II to starve the parasites. To verify this, we
monitored the development of tightly synchronized parasites
(3 h) at three specific transitional stages, i.e., from rings to
trophozoites, from trophozoites to schizonts, and from schizonts
to rings of the next life cycle, in the absence and presence of
GOns. Here, GOns with two different effective concentrations
of 6.25 ug mL™' (GOns;4y) and 50 pg mL™' (GONSy;en) were
added to the parasite cultures at 0 h, 24 h, and 36 h post-infec-
tion (HPI) when the synchronized parasite cultures were in the
ring, trophozoite, and schizont stage, respectively (Fig. 4c). As
before, MCM and MCM diluted with RPMI were correspond-
ingly used as negative and positive controls. Smears of the cul-
tures were taken at multiple HPIs, i.e., 24 + 3 h, 36 + 3 h, and
46 + 3 h, to ensure that observations were not due to asyn-
chrony of the cells. We observed that the progression of
malaria parasites was delayed from rings to trophozoites in the
presence of GOnsyjen and solely in RPMI (Fig. 4d). In fact,
these parasites remained largely in the ring stage even when
those cultured solely in MCM and in the presence of GOnsy gy,
had progressed to trophozoites at 21 h, 24 h, and 27 h. As com-
pared to GOnsu,, GOnSyie, exhibited a more pronounced
effect in delaying the development of parasites from rings to
trophozoites, plausibly due to the higher amount of albumax
II adsorbed from the medium. Nevertheless, it is likely that
the transition delay observed from rings to trophozoites was
temporary considering that most of the infected cells were in
the trophozoite stage when parasitemia was assessed
after 48 h of culturing late stage infected cells in the previous
section. Additionally, this stage transition delay was only
evident when GOns were introduced while the parasites
were still in the ring stage. The addition of GOns at 24 h
and 36 h (ie., when the parasites were in the trophozoite
and schizont stage, respectively) did not hamper the matu-
ration of these parasites to schizonts and rings, respectively
(Fig. S67).

To gain further insights into the GOns-induced delayed
maturation of parasites from rings to trophozoites, we charac-
terized the presentation of knobs on the surface of iRBCs in
the absence and presence of GOns. One of the key features
corresponding to the asexual growth of malaria parasites is the

Nanoscale, 2017, 9, 14065-14073 | 14069
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Fig. 4

Inhibition of the invasion of P. falciparum malaria parasites by GOns, effects induced by GOns on the development of P. falciparum malaria

parasites, and presentation of knobs on the surface of iRBCs in the absence and presence of GOns. (a) Representative Giemsa-stained images
showing the amount of late stage P. falciparum parasites before and after MACS magnetic enrichment as well as in the presence of control and
GOns. Scale bars represent 20 um. (b) Invasion efficiency of the malaria parasites in the presence of GOns comparing the performance of specific
GOns samples (i.e., GOns-0, GOns-10, GOns-60, and GOns-120) with different concentrations against controls. The * indicates statistically signifi-
cant differences for p < 0.05 based on the two-tailed student'’s t-test. (c) GOns with low and high concentrations (i.e., 6.25 ug mL™* and 50 ug mL™%,
respectively) were added at 0 h, 24 h, and 36 h post-infection (HPI), when the malaria parasites were at the ring, trophozoite and schizont stage,
respectively. (d) Giemsa-stained images showing iRBCs in the presence of MCM, RPMI, GOns, ., (i.e., 6.25 ug mL™), and GOnsyigh (i.e., 50 pg mL™Y),
taken at time points during the maturation of the parasites from rings to trophozoites. (e) Morphology of iRBCs in the absence and presence of
GOns introduced into the malaria culture at 0-3 h. Surface morphology of the cultured samples was characterized at 39-42 h (left) to evaluate the

presentation of knobs, as indicated by the black dotted circles in the enlarged view of the iRBC surface for control but not GOns (right).

presentation of nanoscale protrusions or knobs on the iRBC
surface due to the transport of knob-associated proteins from
the parasites to erythrocytes.>>>* In fact, the quantity and size
of knobs found on the iRBC surface have been demonstrated
to be directly correlated to the stage of infection®® as knobs are
typically manifested on iRBCs when the parasites have
matured to trophozoite and beyond. As such, the denser and
more concentrated the knobs exhibited on the iRBC surface,
the more advanced the stage of parasite development.>®> GOns
were introduced into the malaria culture at 0-3 h and 24-27 h.
The surface morphology of the cultured iRBC samples was

14070 | Nanoscale, 2017, 9, 14065-14073

then characterized at 39-42 h. For control cultures, densely
distributed surface knobs were observed, as expected (Fig. 4e
and Fig. S7t). However, when GOns were introduced at 0 h, the
knobs on the surface of iRBCs could hardly be observed even
at 39-42 h (Fig. 4e). These knob characterization results corro-
borated with our previous observation in which GOns delayed
the maturation of malaria parasites from rings to trophozoites.
Cultures with GOns added at 24-27 h also showed distinct
knobs on the iRBC surface at 39-42 h (Fig. S77). This indicates
that GOns did not affect the trophozoite-stage iRBCs from
expressing knobs on their surface.
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3. Conclusions

In summary, we investigated the in vitro interactions between
GOns and malaria parasites. The mechanisms leading to the
possible antimalarial behavior of GOns, i.e., physical obstruc-
tion, merozoite adhesion, and nutrient depletion were first
examined. The adhesion of merozoites to the physical barrier
GOns could hinder the invasion of RBCs. Additionally, the
high loading capacity of GOns for the constituents of MCM
likely caused the depletion of nutrients necessary for the
growth and invasion of P. falciparum parasites. We further
demonstrated the reduction in parasite invasion efficiency by
GOns. Experimental results showed that GOns displayed a
concentration-dependent antimalarial behavior by signifi-
cantly inhibiting the invasion of malaria parasites into RBCs.
We also observed that GOns induced a stage transition delay
which interrupted the maturation of malaria parasites from
rings to trophozoites. Overall, we anticipate that this study will
be beneficial for the further exploration of nanomaterials-
based approaches in malaria research.

4. Experimental section
GO nanosheet preparation and characterization

GOns in aqueous solution were first prepared based on
Hummer’s method. They were then subjected to ultra-
sonication treatment (SONICS, VCX-130) at 40% amplitude for
15 s ON and 5 s OFF cycles, for different durations of 10, 60,
and 120 min to yield GOns with various lateral size distri-
butions and mean lateral sizes. Atomic force microscope
(AFM) (Bruker, Billerica, MA) operating under the tapping
mode was used to characterize the surface morphological fea-
tures of the GOns samples in liquid suspension dropped on
freshly cleaved mica. Using Image] software (NIH, US), the
lateral size distributions of GOns in aqueous solution were
estimated from the obtained AFM images. Roughly 400 GOns
were assessed to calculate their lateral size distributions and
mean lateral sizes.

Biomolecule loading capacity assay

Individual constituents of MCM - Albumax II (Gibco
Invitrogen), hypoxanthine (Sigma Aldrich), and gentamicin
reagent (Life Technologies) — were prepared in 1x PBS at a con-
centration of 2 mg mL ™. GOns in liquid suspension were pre-
pared at different concentrations of 50, 100, and 200 pg mL™".
The MCM constituents (30 pL) were then mixed with GOns
(30 pL) and the resultant mixtures were incubated at 37 °C for
48 h. After the incubation, the mixtures were centrifuged at
13 000g for 10 min and the supernatants were collected for
spectrophotometric measurements. Using the UV-Vis spectro-
photometer (NanoDrop 2000, Thermo Scientific), the adsorp-
tion isotherm of each MCM constituent was obtained. Three
independent readings under room temperature were acquired
for each absorption spectrum. The adsorption of each MCM
constituent on GOns was subsequently determined from the
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difference in protein adsorption pre- and post-addition of
GOns.

Sample preparation and AFM imaging

For imaging of iRBCs, the smears of suspension cultures (i.e.,
2.5% hematocrit, 1% parasitemia with 10% of 62.5 pg mL™"
GOns of all sizes) were made and dried on a hotplate at 40 °C
for 30 min. For imaging of the physical interactions between
GOns, RBCs, and merozoites, magnetically enriched late stage
iRBCs were incubated with RBCs at 2.5% hematocrit and 5%
parasitemia as well as 10% of 62.5 pg mL~' GOns of various
sizes in the culture. A smear was made 12 h later when all
iRBCs had burst and the merozoites had been released into
the culture. Slides were stored in a dehumidified chamber before
imaging. All samples were imaged with a Bruker Dimension
FastScan AFM system operating in PeakForce Tapping mode.
AFM images were acquired with a Bruker FastScan-B cantilever
(spring constant 4 N m™") at a maximum scan rate of 2 Hz and
512 x 512 data points per image. Raw AFM data were processed
using Bruker Nanoscope Analysis 1.50 software.

Merozoite adhesion assay, fluorescence staining, and imaging

100 pL liquid solutions of 50 ug mL™' GOns with different
lateral size distributions and mean lateral sizes were drop-
casted on 18 mm glass coverslips and heated at 120 °C to
produce solid GOns substrates. Approximately 200 pL of
enriched infected erythrocyte suspension (0.5% by volume in
MCM) was then seeded on each solid GOns substrate. After the
iRBCs burst, these solid GOns substrates were washed gently
in 1x PBS to remove any cellular components that did not stick
onto the substrates. Eventually, after a five minute incubation
with 10 mg mL™" ethidium bromide, Zeiss confocal micro-
scope was used to obtain the fluorescent images of the cellular
contents adhered on the solid GOns substrates.

Malaria invasion assay

Synchronized and enriched infected erythrocytes were first
added to healthy blood (1% parasitemia) to form a mixture. In
each well of the 96-well plate, 175 pL of malaria culture
medium (MCM) was added together with 5 pL of infected
blood mixture and 20 pL of the GOns samples (i.e., GOns-0,
GOns-10, GOns-60, and GOns-120 at different concentrations
of 62.5, 125, 250, and 500 ug mL™"). As a negative control, 5 puL
of infected blood mixture was added to 175 pL of MCM and
20 pL of MilliQ water. Positive controls replaced MCM in the
negative control with RPMI (i.e., 50%, 75%, and 100% RPMI).
The filled 96-well plate was then incubated for 48 h. A smear was
made for each well and stained with Giemsa after fixing with
methanol. Each smear was observed under an optical microscope
using a 100x oil objective. At least 1000 cells were counted for
each smear to obtain the parasitemia. Three independent experi-
ments were performed and the obtained results were averaged.

Parasite stage development assay

Laboratory strain of Plasmodium falciparum, 3D7, was tightly
synchronized with sorbitol prior to the experiment within a
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3 h window. Three sets of cultures, consisting of 12 wells each,
were seeded in a 96-well plate at 0-3 h post-infection with
0.5% parasitemia and 2.5% hematocrit. At 0 h, GOns in liquid
suspension were introduced to the first set of cultures, ie.,
four cultures with 10% of 62.5 pg mL ™" of GOns (i.e., GOns-0,
GOns-10, GOns-60, and GOns-120) and four cultures with 10%
of 500 pg mL ™" of GOns. For comparison, MCM in the remain-
ing four cultures was replaced with varying amounts of RPMI
such that the cultures contained 100% MCM, 50% MCM, 25%
MCM, and 0% MCM. Smears were fixed and stained with
Giemsa at 21, 24, and 27 h. Similar steps were performed on
the second and third sets at 24 h (observed at different time
points of 33, 36, and 39 h) and 36 h (observed at different time
points of 43, 46, and 49 h), respectively.
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