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Background: Species of Acanthamoeba are facultative pathogens which can cause sight threatening Acanthamoeba
keratitis and a rare but deadly brain infection, granulomatous amoebic encephalitis. Due to conversion of Acantham-
oeba trophozoites to resistant cyst stage, most drugs are found to be ineffective at preventing recurrence of infec-
tion. This study was designed to test the antiacanthamoebic effects of different cobalt nanoparticles (CoNPs) against
trophozoites and cysts, as well as parasite-mediated host cell cytotoxicity.

Methods: Three different varieties of CONPs were synthesized by utilizing hydrothermal and ultrasonication methods
and were thoroughly characterized by X-ray diffraction and field emission scanning electron microscopy. Amoebi-
cidal, encystation, excystation, and host cell cytopathogenicity assays were conducted to study the antiacanthamoe-

Results: The results of the antimicrobial evaluation revealed that cobalt phosphate Co;(PO,), hexagonal microflakes,
and 100 nm large cobalt hydroxide (Co(OH),) nanoflakes showed potent amoebicidal activity at 100 and 10 pg/

ml against Acanthamoeba castellanii as compared to granular cobalt oxide (Co;0,) of size 35-40 nm. Furthermore,
encystation and excystation assays also showed consistent inhibition at 100 pg/ml. CoNPs also inhibited amoebae-
mediated host cell cytotoxicity as determined by lactate dehydrogenase release without causing significant damage

Conclusions: To our knowledge, these findings determined, for the first time, the effects of composition, size and
morphology of CoNPs against A. castellanii. Co;(PO,), hexagonal microflakes showed the most promising antiamoebic
effects as compared to Co(OH), nanoflakes and granular Co;0,. The results reported in the present study hold poten-
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Background

Acanthamoeba castellanii belonging to the T4 genotype
are causative agent of Acanthamoeba keratitis and gran-
ulomatous amoebic encephalitis [1]. Being free-living
amoeba, A. castellanii is widely distributed in the envi-
ronment in either of the two stages of its life-cycle: repro-
ductive trophozoite and dormant cyst [2]. Although the
diseases associated with A. castellanii are rare, they pose
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challenges in drug development, mainly due to the resist-
ance of the cyst against therapy [3]. The high mortality
rate and severe morbidity associated with Acanthamoeba
infections is further worsened by absence of effective
compounds [4]. Hence, the development of therapeutic
agents that can traverse the biological barriers and have
minimal toxicity to human cells is needed.

Nanoparticles have shown promise in the antimicro-
bial applications against vast diversity of microorganisms
including bacteria, fungi, viruses and parasites [5-7].
Their small size and high surface area make them ideal
candidates for drug delivery [8]. Silver, gold, copper and

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-019-3528-2&domain=pdf

Anwar et al. Parasites Vectors (2019) 12:280

iron oxide nanoparticles have been widely used as potent
therapeutic agents against bacteria due to their possible
interaction with DNA, and inherent antibacterial prop-
erties [9-11]. However, at present there are only a few
reports for the use of nanoparticles against free-living
amoebae. Among metal nanoparticles, gold and silver
conjugated with different drugs and natural compounds
have been found effective against A. castellanii [12-16].
However, the effects of unconjugated metal nanoparticles
against A. castellanii have not been studied extensively.
In recent reports, titanium oxide nanoparticles have
shown in vitro antiacanthamoebic potential triggered by
ultraviolet radiation [17], while doping with zinc oxide
nanoparticles has shown improved photochemotherapy
[18]. In another report, gold and silver nanoparticles have
been shown to improve the antiacanthamoebic effects
of commercially available contact lens disinfection solu-
tions [19]. Previous studies with metal ions showed that
A. castellanii was unaffected by moderately high levels of
Cu and Zn but was sensitive to the presence of Pb and
Hg ions [20]. Cobalt is an essential element, present in
vitamin B, which regulates the metabolism of fatty acids
and also plays a very important role in forming amino
acids and proteins in nerve cells [21]. Cobalt compounds
also have medical and medicinal values in the biomedical
implants and treatment of anemia, respectively [22, 23].
CoNPs have gained significant importance for applica-
tions in biomedicine, catalysis and as antibacterials [24].
CoNPs are found to be biosafe and have been shown to
have minimal hemolytic activity [24]. Several studies of
their antimicrobial activity have been reported against
bacteria and fungi [25, 26]. CoNPs and complexes con-
taining cobalt are also reported to be active against
parasites. For example, Marimuthu et al. [27] reported
biologically synthesized CoNPs to be effective against
malaria and dengue vectors. In another report, a cobalt
complex of lapachol has shown to inhibit the growth of
A. castellanii [28]. However, to the best of our knowl-
edge, the effects of CoNPs against free-living amoebae
have not been determined.

In the present study, we report for the first time the
antiacanthamoebic activity of CoNPs against a clini-
cal isolate belonging to the T4 genotype. Three different
compositions of cobalt nanomaterials were synthesized
using hydrothermal and ultrasonication methods includ-
ing Co;0, nanograins, Cos(PO,), microflakes and
Co(OH), nanoflakes. The effects of CoONPs composition,
morphology and size were studied against A. castella-
nii by using amoebicidal, host cell cytopathogenicity,
encystation and excystation assays. Furthermore, the
cytotoxicity of CoNPs was also evaluated to confirm the
biosafety of these materials. Considering the challenges
in developing effective new drugs against neglected
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diseases, it is hoped that readily synthesized CoNPs can
be a useful alternative in targeting infections caused by A.
castellanii.

Methods

Chemicals

Cobalt chloride hexahydrate (CoCl,.6H,0), cobalt ace-
tate tetrahydrate [Co(CH;COO),.4H,0)] and di-sodium
hydrogen phosphate (Na,HPO,) anhydrous were pur-
chased from Sigma-Aldrich (San Francisco, USA).
Ammonia water (NH,OH 28%) and CH,N,O were pur-
chased from Merck (Darmstadt, Germany). In-house
prepared deionized (DI) water was used throughout the
experiment.

Synthesis

Synthesis of Co;0, nanograins

The Co;0, nanograins were prepared by simple hydro-
thermal reaction. The process was as follows: 1 mM of
CoCl,-6H,0 was dissolved in 20 ml of DI water and 15 ml
of 6% NH,OH was added drop-wise at a rate of 1 ml/min
followed by 1 h of constant stirring at room temperature.
Finally, the total 50 ml mixture was then transferred into
a 100 ml Teflon-lined stainless-steel autoclave and the
hydrothermal reaction was performed at 150 °C for 5 h.
The precipitates formed during the hydrothermal reac-
tion were collected, washed several times with an excess
of DI water and ethanol by centrifugation, and dried at
60 °C in a hot air oven.

Synthesis of Co(OH), nanoflakes

The Co(OH), nanoflakes were also prepared by hydro-
thermal reaction. A total of 1 mmol Co(CH;COO),-4H,0O
was dissolved in 10 ml of DI water under constant stir-
ring. Then, 13 ml of 6% NH,OH was added into the
reaction mixture, stirred for 1 h, and then 2 ml of N,H,
solution was added into above mixture. The total volume
of above mixture was raised to 75 ml by adding 50 ml of
DI water. Subsequently, the mixture (75 ml) was trans-
ferred into a 100 ml Teflon-lined stainless-steel autoclave
and the hydrothermal reaction was performed at 180 °C
for 12 h. Finally, the collected precipitation was washed
with DI water and ethanol and dried in the oven at 60 °C.

Synthesis of Co;(PO,),

In order to prepare Co4(PO,), CoCl,-6H,O was dis-
solved in 40 ml of DI water under constant stirring. A
10 ml solution containing 1 mmol of N,HPO, was added
in above solution under constant stirring. The whole
solution mixture was then subjected to ultrasonication
using a horn sonicator for 30 min. The colloidal solu-
tion formed during sonication was washed with copious
amounts of DI water by centrifugation and dried in a hot
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air oven at 60 °C. Finally, the dried powder was crushed
using an agate mortar and pestle calcined at 300 °C for
3 h in a muffle furnace. The changing color for powder
from pink to dark blue confirmed the successful forma-
tion of Co4(PO,),.

Characterization techniques

The surface morphological studies were performed using
a JEOL JSM-7600F field emission scanning electron
microscope (FESEM). The phase identification and crys-
tallinity of the prepared materials were obtained using a
Philips X'pert X-ray diffractometer (XRD) using Cu-Ka
X-ray radiation (A =1.5418 A) at a rate of 0.02 s™! for the
26 range of 15 to 75 degrees.

Cultures of A. castellanii

A clinical isolate of A. castellanii (ATCC 50492) belong-
ing to the T4 genotype was cultured in 10 ml of growth
medium consisting of 0.75% (w/v) proteose peptone,
0.75% (w/v) yeast extract and 1.5% (w/v) glucose (PYG)
in 75-cm? tissue culture flasks at 30 °C. The flask reached
confluency in around 48 h.

Amoebicidal assays

Amoebicidal assays were carried out as described previ-
ously [13, 29]. Briefly, active adherent trophozoites were
obtained by changing PYG with RPMI-1640 and placing
the flask on ice for 15 min followed by 5 min of gentle
tapping to detach the trophozoites. This suspension was
centrifuged for 10 min at 3000xg and the obtained pel-
let was resuspended in 1 ml of RPMI-1640. The popula-
tion of A. castellanii was determined by enumerating
cells using a hemocytometer. The amoebicidal effects of
CoNPs were determined by treating 5x 10° A. castel-
lanii trophozoites with various concentrations ranging
from 10 to 100 pg/ml in RPMI-1640 in 24-well plates.
Chlorhexidine was used as a positive control in the assay
and untreated amoebae in RPMI-1640 alone as a negative
control. Plates were incubated for 24 h at 30 °C. Next, the
viability was determined by Trypan blue exclusion assay.
Trypan blue (0.1%) was added to each well and unstained
cells (viable) were counted using a hemocytometer.

Encystation assays

Encystation assays were performed as previously
described [14, 30]. A total of 5 x 10° A. castellanii tropho-
zoites were incubated with CoNPs in a 24-well plate in
PBS containing an encystation medium consisting of 5
mM MgCl, and 8% glucose. The plates were incubated at
30 °C for 72 h, followed by adding 0.25% sodium dodecyl
sulfate (SDS) to solubilize trophozoites but not mature
cysts. Finally, the remaining cysts were counted using a
hemocytometer.
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Excystation assays

Acanthamoeba castellanii cysts were prepared as
described previously [31]. Briefly, 1 x 10° trophozoites
were inoculated on non-nutrient agar plates and the
plates were incubated at 30 °C for up to 14 days. Next,
the cysts were scraped with 5 ml of phosphate-buffered
saline (PBS) and centrifuged at 3000x g for 10 min to col-
lect the cysts pellet. These cysts were then resuspended
in 1 ml of PBS, enumerated using a hemocytometer, and
kept at 4 °C for use in excystation assays. The effects of
CoNPs on excystation were measured by incubating
1 x 10° A. castellanii cysts with nanoparticles in 24-well
plates at 30 °C and observed under an inverted micro-
scope every 24 h for up to 72 h to detect the emergence
of trophozoites. The trophozoites emerged were counted
using a hemocytometer.

HaCaT cell culture

Human keratinocyte cells were cultured in RPMI-1640
supplemented with 10% fetal bovine serum (FBS), 1%
(2 mM) L-glutamine, 1% penicillin-streptomycin and 1%
nonessential amino acid (NEAA) as previously described
[32]. The cells were incubated at 37 °C in a 5% CO, incu-
bator with 95% humidity for the formation of uniform
monolayers. After the removal of existing media, conflu-
ent flasks were trypsinized with 2 ml of trypsin to detach
the cells which were then centrifuged at 2000xg for
5 min. The resulting pellet was resuspended in 30 ml
media and seeded into 96-well plates for use in cytotox-
icity and cytopathogenicity assays once a uniform mon-
olayer was formed.

Cell cytotoxicity assays

Cytotoxicity of CoNPs towards human keratinocytes
cells was tested by treating 100 pug/ml nanoparticles with
HaCaT monolayers in 96-well plates by using a lactate
dehydrogenase (LDH) assay as described previously [32].
The cells were incubated in a 37 °C, 5% CO, incubator
for 24 h. Untreated cells in RPMI-1640 only were taken
as negative controls and 1% Triton X-100 was used as a
positive control. Following the 24 h incubation, cell death
was determined as extent of LDH release from damaged
cells detected by an LDH detection kit (Invitrogen, Illi-
nois, USA) at 490 nm. Percentage cytotoxicity was calcu-
lated as follows: (Sample absorbance — Negative control
absorbance)/(Positive  control absorbance — Negative
control absorbance) x 100.

Acanthamoeba castellanii-mediated host cell
cytopathogenicity

Amoeba-mediated cells cytotoxicity was determined by
LDH assay as described previously [13]. Briefly, 5 x 10° A.
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castellanii trophozoites were treated with CoNPs in
24-well plates with RPMI-1640 and incubated at 30 °C for
2 h. Next, the amoebae were centrifuged at 3000xg for
10 min to separate extracellular components, and the pel-
let was resuspended in 200 pl of fresh RPMI-1640 before
addition to HaCaT cell monolayers. The plates were incu-
bated for 24 h at 37 °C in a 5% CO, incubator. Negative
control was consisting of cells with RPMI-1640 only and
a positive control was achieved by 100% cell death by lys-
ing cells with 1% Triton X-100. Next, the supernatant of
each well was collected and the release of LDH was meas-
ured at an absorbance of 490 nm using an LDH detection
kit. The percentage cytopathogenicity was calculated by
formula used for determining cell cytotoxicity.
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Statistical analysis

All presented results are representatives of several
experiments performed in duplicate and are denoted as
the mean +standard error. Microsoft Excel worksheets
were prepared for data obtained from biological assays;
for statistical significance, Student’s t-test was performed
comparing test sample effects with negative control. The
threshold level of significance was P<0.05, using a two-
sample t-test and two-tailed distribution.

Results

X-ray diffraction

Pure Co;0, nanograins displayed characteristic peaks
at 20 values of 18.81°, 30.95°, 36.47°, 44.35°, 58.72° and
64.52° that correspond to (111), (022), (222), (004), (115)
and (044) lattice planes, respectively (Fig. 1a). All the dif-
fraction peaks of Co;O, nanograins are well indexed with
the cubic phase with space group Fd-3m (ICDD-PDF
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Fig. 1 Representative X-ray diffraction patterns of a Co(HO), nanoflakes, b Co;0, nanograins and ¢ Co;(PO,),
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96-900-5893) [33]. The XRD pattern of Co(OH), nano-
flakes showed sharp peaks at 26 values of 19.1°, 32.5°,
38.0°, 51.0°, 58.1°, 61.4° and 69.7° which can be attributed
to the (001), (010), (011), (012), (110), (111) and (103)
lattice planes, respectively, of cobalt hydroxide (Fig. 1b).
All characteristics peaks of Co(OH), nanoflakes can be
indexed to the hexagonal crystal structure of Co(OH),
(PDF 96-101-0268, space group P-3ml) [34]. In case
of Cos(PO,),, no sharp and well-defined peaks were
observed due to its highly amorphous nature (Fig. 1c).
This amorphous nature is due to the irregular growth of
Co4(PO,), at the atomic scale during the ultrasonication.
Similar results were also demonstrated by Kim et al. [35].
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Field emission scanning electron microscopy

In order to examine the surface morphology of the pre-
pared nanostructures, FESEM was employed to take
micrographs. Figure 2 shows the FESEM images of the
prepared materials. Figure 2a depicts the granular mor-
phology prepared by Co,;O, by hydrothermal synthesis.
The observed particle size was around 35 to 40 nm. Fig-
ure 2b shows the flake-like structure of Co(OH), with
a flake size of almost 100 nm while Fig. 2c shows the
Co4(PO,), hexagonal microflakes.

CoNPs exhibited amoebicidal properties

Amoebicidal assays were carried out to assess the effect
of size, composition and morphology of CoNPs on the
viability of A. castellanii (Fig. 3). CoNPs were dissolved
in deionized water upon sonication for 1 h, and a stock

Fig. 2 Representative FESEM images of a Co;0, nanograins, b Co(OH), nanoflakes and ¢ Co;(PO,),. Scale-bars:a 100 nm; b ¢, 1 pm
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Fig. 3 Amoebicidal effects of CONPs on A. castellanii belonging to the T4 genotype. In brief, 5 x 10° A. castellanii trophozoites were incubated with
different CoNPs at 30 °C for 24 h after which viability was determined by staining with Trypan blue. The results show significant amoebicidal activity
when compared to the control. *P<0.05
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aqueous solution of 5 mg/ml was prepared to evalu-
ate the overall antiacanthamoebic activity. Numbers
of trophozoites were maintained at 5 x 10° in the nega-
tive control comprising of amoeba in RPMI-1640 alone.
Acanthamoeba castellanii trophozoites were reduced to
5x 10* when treated with 100 pg/ml of chlorhexidine
used as a positive control. The viability of A. castellanii
was significantly reduced upon challenging amoebae
with CoNPs at both 10 and 100 pg/ml. A concentration
of 100 pg/ml CoNPs caused around 70% reduction in the
viability of A. castellanii, while 10 pg/ml caused around
50% reduction. Among the three compositions of CoNPs
tested, Co4(PO,), exhibited most potent amoebicidal
effects (Fig. 3).

CoNPs inhibited the encystation of A. castellanii

The encystation assays were performed to test whether
CoNPs can inhibit the phenotypic differentiation of A.
castellanii trophozoites into cysts or not. The results
revealed a similar trend of effectivity as in the amoebi-
cidal assay, and except for Co;O, nanograins both nano-
particles showed potent anti-encystation effects at both
100 and 10 pg/ml (Fig. 4). Upon incubation of 1 x 10°
A. castellanii trophozoites with encystation medium
as negative control, 6.75 x 10* cysts were obtained after
72 h. Comparatively, the numbers of cysts were signifi-
cantly reduced after treatment with CoNPs, especially in
the case of Co,4(PO,), and Co(OH), where only 8.75 x 103
cysts were enumerated in each, as compared to negative
control (6.75 x 10%).
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CoNPs inhibited excystation of A. castellanii

The excystation assay revealed that all three composi-
tions of CoNPs exhibited a moderate inhibition of excys-
tation (Fig. 5). Again, the smallest amongst the three
tested CoNPs, Co;0, nanograins, showed the least effect
on excystation at 10 pg/ml as compared to the negative
control which was untreated cysts in PYG (Fig. 5).

CoNPs did not cause cytotoxicity against human

cells and inhibited A. castellanii-mediated host cell
cytopathogenicity

Cell cytotoxicity assays were carried out to determine
the toxicity of CoNPs against HaCaT cells at the high-
est dose of 100 pg/ml. CoNPs produced minimal damage
to human cells with 7, 8 and 21% cytotoxicity for oxide,
phosphate and hydroxide, respectively (Fig. 6). These
results suggest that these nanoparticles are biosafe and
have the potential for further exploration against infec-
tions caused by A. castellanii. On the other hand, to
assess the possible inhibition of amoeba’s pathogenic-
ity to host cells, host cell cytopathogenicity assays were
performed. The results revealed that pre-treatment of
A. castellanii with CoNPs significantly reduced the host
cell toxicity. Untreated A. castellanii produced around
70% cytotoxicity to HaCaT cells, whereas amoebae
pre-treated with 100 pg/ml of Cos(PO,), and Co(OH),
reduced this pathogenicity to around 20% (Fig. 7).
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Fig. 4 Effects of CONPs on the encystation of A. castellanii belonging to the T4 genotype. In brief, 5 x 10° A. castellanii trophozoites were incubated
with an encystation media (8% glucose, 5 mM MgCl,) and different CoNPs at 30 °C for 72 h. Subsequently, cysts were enumerated after treating
with 0.25% SDS. The results show significant inhibition of encystation when compared to the control. *P<0.05
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Fig. 5 Excystation assay was performed to evaluate the differentiation of A. castellanii from cysts into trophozoites. Briefly, 5 x 10° A. castellanii cysts
were incubated with CoNPs in growth medium (PYG) at 30 °C for 72 h. After incubation, cysts emerged into trophozoites were enumerated using
hemocytometer. The results show significant inhibition of encystation when compared to the control. *P < 0.05
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Fig. 6 CoNPs presented limited cytotoxicity to Hela cells. Briefly, 100 pg/ml of CoNPs were added to Hela cells and incubated for 24 h at 37°Cina
5% CO, incubator. The result of cytotoxicity for the most potent antiamoebic CoNPs, that is Co5(PO,), shows lower cytotoxicity when compared to
100 pg/ml of the antiamoebic drug chlorhexidine

Discussion

Acanthamoeba spp. cause diseases of devastating mor-
bidity and mortality. The risk of Acanthamoeba keratitis
is significantly higher in contact lens wearers. Despite the
progress in eye care industry, none of the contact lens
solutions are effective against Acanthamoeba keratitis
[36]. Furthermore, granulomatous amoebic encephalitis,

the brain disease caused by A. castellanii, almost always
results in death [37]. Despite the high associated rates
of mortality and morbidity, infections caused by Acan-
thamoeba are still considered as rare and neglected dis-
eases. To date, there is no single drug available to treat
infections caused by A. castellanii [38]. Hence, there is
an urgent need for the development of novel therapeutic
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Fig.7 Pre-treatment of amoeba with CoNPs inhibited Hela cell cytopathogenicity. In brief, 5 x 10° A. castellanii trophozoites were incubated with
100 pg/ml of CoNPs at 30 °C for 2 h. Treated amoeba were then added to Hela cells and incubated for 24 h at 37 °C in a 5% CO, incubator. The
results show significant inhibition of cytopathogenicity when compared to untreated amoeba. *P<0.05

options that can effectively circumvent the drawbacks
that current drugs possess.

Nanoparticle-drug conjugates have recently been
observed to exhibit enhanced antiamoebic effects against
A. castellanii as compared to drugs alone. In this context,
a variety of drugs have been tested including chlorhex-
idine, amphotericin B, nystatin, fluconazole, phenytoin,
phenobarbitone, diazepam, etc. [12-15]. However, the
effects of unconjugated metallic nanoparticles have
scarcely been studied against A. castellanii [18, 19]. In
this study, we discovered the antiacanthamoebic effects
of CoNPs. Three compositions of CoNPs were success-
fully synthesized using different synthetic techniques
including hydrothermal and ultrasonication methods.
Nanomaterials were thoroughly characterized by using
X-ray diffraction and field emission scanning electron
microscopy before biological studies. The different varie-
ties of CoNPs were tested in order to evaluate the effect
of composition, morphology and size of nanoparticles
with respect to their antiamoebic effects. This strat-
egy was taken to optimize the best antiacanthamoebic
CoNPs. Amoebicidal assay results revealed that flake-
shaped CoNPs inhibited the viability of A. castellanii
more effectively than granular particles. Furthermore,
these CoNPs were also tested for cytotoxicity against nor-
mal human cells by LDH cytotoxicity assays to evaluate
their biosafety. Moreover, CoNPs also significantly inhib-
ited the encystation and excystation which is an essential
requirement for drug development against A. castellanii

along with their potency to cross blood-brain barrier. It is
also interesting to note that the CoNPs used in this study
were non-conjugates (free of any drugs or compounds),
as compared to the previously reported nanoparticle-
drug conjugates. However, these nanoparticles exhibited
comparable antiamoebic effects (killing more than 70%
of amoebae) versus antiamoebic nanoparticle-drug con-
jugates with chlorhexidine [12] and amphotericin B [13],
but only at higher concentration of 100 pg/ml.

Regarding the bactericidal activity of CoNPs, the litera-
ture suggests that CoNPs can diffuse inside the cell inter-
acting with the cell membrane, producing oxidative stress
and finally causing DNA damage [39]. However, currently
there is no knowledge of any associated mechanism of
CoNPs against parasites. Khalil et al. [40], showed that
CoNPs displayed antileishmanial activity against both of
the axenic promastigote and amastigote cultures, but the
mechanism of inhibition was not described [40]. In addi-
tion to applications utilizing their bioactivity, they have
also been used to isolate microbes from biological matrix
due to their magnetic nature. Heli et al. [41], designed
cobalt-zinc ferrite quantum dots for the detection of
Leishmania major.

Conclusions

These findings present the potential use of three differ-
ent kinds of CoNPs against A. castellanii due to their
significant amoebicidal effects and inhibition of encys-
tation and excystation. The smallest sized granular
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Co0,05; nanoparticles showed minimum antiamoebic
effects as compared to flakes of Co4(PO,), and Co(OH),
which exhibited better overall effects. These CoNPs
were also found to reduce the host cell cytotoxicity
caused by A. castellanii, while causing minimal toxicity
to normal cells. However, further studies are required
to ascertain the complete molecular mechanism of
action which at this stage was beyond the scope of the
present study. The findings from present study have
established the potential in vitro utility of CoNPs with
tunable composition and morphology against A. cas-
tellanii. Chlorhexidine, pentamidine and miltefosine
are promising drugs currently used for treatment, but
the most important shortcoming associated with these
drugs is their high host cell toxicity. Besides this limi-
tation, the growth of drug resistance is a ticking time
bomb in pathogens, especially against these older
organic drug molecules; this needs to be addressed by
finding therapeutics of alternative translational values.
These materials are easy to synthesize with low cost
and high yields, and their possible impurities are signif-
icantly less as compared to organic synthetic protocols
and require far less expertise as compared to dedicated
and sophisticated organic drug synthesis. Since a lack
of progress in the development of new and effective
drug molecules has majorly contributed to the high
mortality and morbidity of parasitic infectious diseases,
it is anticipated that these CoNPs could serve as a novel
alternative against A. castellanii. Nevertheless, mecha-
nistic and in vivo studies are required before recom-
mending the translational value of these CoNDPs.

Abbreviations

AK: Acanthamoeba keratitis; GAE: granulomatous amoebic encephalitis;
CoNPs: cobalt nanoparticles; DI: deionized; FESEM: field emission scanning
electron microscope; XRD: X-ray diffraction; PYG: proteose peptone, 0.75%
(w/v) yeast extract and 1.5% (w/v) glucose; RPMI: Roswell park memorial
institute; PBS: phosphate saline buffer; SDS: sodium dodecy! sulfate; FBS: fetal
bovine serum; NEAA: nonessential amino acid; LDH: lactate dehydrogenase;
ICDD: the international centre for diffraction data; PDF: powder diffraction file.

Acknowledgements
The authors acknowledge Sunway University for support.

Authors’ contributions

AN and MK synthesized and characterized the nanoparticles. AA conducted
biological experiments under the supervision of RS and NAK. RS interpreted
the biological screening results. AA wrote the manuscript and NAK cor-
rected and finalized the manuscript. All authors read and approved the final
manuscript.

Funding
This work was not supported by any funding.

Availability of data and materials
All relevant data are provided in the manuscript and any additional data will
be provided upon request.

Page 9 of 10

Ethics approval and consent to participate
Not applicable.

Consent for publication
The manuscript is submitted with the consent of all authors.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Biological Sciences, School of Science and Technology,
Sunway University, 47500 Subang Jaya, Selangor, Malaysia. > Graphene

and Advanced 2D Materials Research Group, School of Science and Technol-
ogy, Sunway University, 47500 Subang Jaya, Selangor, Malaysia.

Received: 11 March 2019 Accepted: 23 May 2019
Published online: 03 June 2019

References

1. Khan NA. Acanthamoeba: biology and increasing importance in human
health. FEMS Microbiol Rev. 2006;30:564-95.

2. Marciano-Cabral F, Cabral G. Acanthamoeba spp. as agents of disease in
humans. Clin Microbiol Rev. 2003;16:273-307.

3. Anwar A, Khan NA, Siddiqui R. Combating Acanthamoeba spp. cysts: what
are the options? Parasites Vectors. 2018;11:26.

4. Siddiqui R, Ageel Y, Khan NA. The development of drugs against Acan-
thamoeba infections. Antimicrob Agents Chemother. 2016;60:6441-50.

5. Hoseinzadeh E, Makhdoumi P, Taha P, Hossini H, Stelling J, Amjad Kamal
M. A review on nano-antimicrobials: metal nanoparticles, methods and
mechanisms. Curr Drug Metab. 2017;18:120-8.

6. Vimbela GV, Ngo SM, Fraze C, Yang L, Stout DA. Antibacterial properties
and toxicity from metallic nanomaterials. Int J Nanomed. 2017;12:3941.

7. Soliman GM. Nanoparticles as safe and effective delivery systems
of antifungal agents: achievements and challenges. Int J Pharm.
2017;523:15-32.

8. Janagam DR, Wu L, Lowe TL. Nanoparticles for drug delivery to the ante-
rior segment of the eye. Adv Drug Deliv Rev. 2017;122:31-64.

9. Kalwar K, Shan D. Antimicrobial effect of silver nanoparticles (AgNPs) and
their mechanism—a mini review. Micro Nano Lett. 2018;13:277-80.

10. ZhaoY,TianY, CuiY, Liu W, Ma W, Jiang X. Small molecule-capped gold
nanoparticles as potent antibacterial agents that target gram-negative
bacteria. J Am Chem Soc. 2010;132:12349-56.

1. Hajipour MJ, Fromm KM, Ashkarran AA, de Aberasturi DJ, de Larramendi
IR, Rojo T, et al. Antibacterial properties of nanoparticles. Trends Biotech-
nol. 2012;30:499-511.

12. AgeelY, Siddiqui R, Anwar A, Shah MR, Khan NA. Gold nanoparticle
conjugation enhances the antiacanthamoebic effects of chlorhexidine.
Antimicrob Agents Chemother. 2016,60:1283-8.

13. Anwar A, Siddiqui R, Hussain MA, Ahmed D, Shah MR, Khan NA. Silver
nanoparticle conjugation affects antiacanthamoebic activities of ampho-
tericin B, nystatin, and fluconazole. Parasitol Res. 2018;117:265-71.

14. Anwar A, Siddiqui R, Shah MR, Khan NA. Gold nanoparticle conjugated
cinnamic acid exhibit antiacanthamoebic and antibacterial properties.
Antimicrob Agents Chemother. 2018;62:e00630-18.

15. Anwar A, Rajendran K, Siddiqui R, Raza Shah M, Khan NA. Clinically
approved drugs against CNS diseases as potential therapeutic agents to
target brain-eating amoebae. ACS Chem Neurosci. 2019;10:658-66.

16. Padzik M, Hendiger EB, Chomicz L, Grodzik M, Szmidt M, Grobelny J, et al.
Tannic acid-modified silver nanoparticles as a novel therapeutic agent
against Acanthamoeba. Parasitol Res. 2018;117:3519-25.

17. Gomart G, Denis J, Bourcier T, Dory A, Abou-Bacar A, Candolfi E, et al. In
vitro amoebicidal activity of Titanium dioxide/UV-A combination against
Acanthamoeba. Invest Ophthalmol Vis Sci. 2018,59:4567-71.

18. Imran M, Muazzam AG, Habib A, Matin A. Synthesis, characterization and
amoebicidal potential of locally synthesized TiO, nanoparticles against
pathogenic Acanthamoeba trophozoites in vitro. J Photochem Photobiol
B.2016;159:125-32.



Anwar et al. Parasites Vectors

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2019) 12:280

Niyyati M, Sasani R, Mohebali M, Ghazikhansari M, Kargar F, Hajialilo E,

et al. Anti-Acanthamoeba effects of silver and gold nanoparticles and
contact lenses disinfection solutions. Iran J Parasitol. 2018;13:180.
Prescott LM, Kubovec MK, Tryggestad D. The effects of pesticides, poly-
chlorinated biphenyls and metals on the growth and reproduction of
Acanthamoeba castellanii. Bull Environ Contam Toxicol. 1977;18:29-34.
Czarnek K, Terpitowska S, Siwicki AK. Selected aspects of the action of
cobalt ions in the human body. Cent Eur J Immunol. 2015;40:236.
Lavicolil, Falcone G, Alessandrelli M, Cresti R, De Santis V, Salvatori S, et al.
The release of metals from metal-on-metal surface arthroplasty of the
hip. J Trace Elem Med Biol. 2006;20:25-31.

Simonsen LO, Harbak H, Bennekou P. Cobalt metabolism and toxicol-
ogy—a brief update. Sci Total Environ. 2012;432:210-5.

Ansari SM, Bhor RD, Pai KR, Sen D, Mazumder S, Ghosh K, et al. Cobalt
nanoparticles for biomedical applications: Facile synthesis, physiochemi-
cal characterization, cytotoxicity behavior and biocompatibility. Appl Surf
Sci. 2017,414:171-87.

Ashour AH, El-Batal Al, Maksoud MA, EI-Sayyad GS, Labib S, Abdeltwab E,
et al. Antimicrobial activity of metal-substituted cobalt ferrite nanoparti-
cles synthesized by sol-gel technique. Particuology. 2018;40:141-51.
El-Shahawy AA, EI-Ela FI, Mohamed NA, Eldine ZE, El Rouby WM. Synthesis
and evaluation of layered double hydroxide/doxycycline and cobalt
ferrite/chitosan nanohybrid efficacy on gram-positive and gram-negative
bacteria. Mater Sci Eng C. 2018;91:361-71.

Marimuthu S, Rahuman AA, Kirthi AV, Santhoshkumar T, Jayaseelan C,
Rajakumar G. Eco-friendly microbial route to synthesize cobalt nanopar-
ticles using Bacillus thuringiensis against malaria and dengue vectors.
Parasitol Res. 2013;112:4105-12.

Martin-Navarro CM, Lépez-Arencibia A, Lorenzo-Morales J, Oramas-Royo
S, Herndndez-Molina R, Estévez-Braun A, et al. Acanthamoeba castel-

lanii Neff: In vitro activity against the trophozoite stage of a natural
sesquiterpene and a synthetic cobalt (Il)-lapachol complex. Exp Parasitol.
2010;126:106-8.

Sissons J, Alsam 'S, Stins M, Rivas AO, Morales JL, Faull J, et al. Use of in vitro
assays to determine effects of human serum on biological characteristics
of Acanthamoeba castellanii. J Clin Microbiol. 2006;44:2595-600.

Siddiqui R, Lakhundi S, Khan NA. Status of the effectiveness of contact
lens solutions against keratitis-causing pathogens. Cont Lens Anter Eye.
2015;38:34-8.

Dudley R, Jarroll EL, Khan NA. Carbohydrate analysis of Acanthamoeba
castellanii. Exp Parasitol. 2009;122:338-43.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 10 of 10

Jeyamogan S, Khan NA, Anwar A, Shah MR, Siddiqui R. Cytotoxic effects
of benzodioxane, naphthalene diimide, porphyrin and acetamol deriva-
tives on Hela cells. SAGE Open Med. 2018;6:2050312118781962.

Igbal J, Numan A, Rafique S, Jafer R, Mohamad S, Ramesh K, et al. High
performance supercapattery incorporating ternary nanocomposite

of multiwalled carbon nanotubes decorated with Co304 nanograins
and silver nanoparticles as electrode material. Electrochim Acta.
2018;278:72-82.

Shahid MM, Ismail AH, AL-Mokaram AM, Vikneswaran R, Ahmad S, Hamza
A, et al. A single-step synthesis of nitrogen-doped graphene sheets
decorated with cobalt hydroxide nanoflakes for the determination of
dopamine. Prog Nat Sci Mater. 2017;27:582-7.

Kim KH, Jeong JM, Lee SJ, Choi BG, Lee KG. Protein-directed assem-

bly of cobalt phosphate hybrid nanoflowers. J Colloid Interface Sci.
2016;484:44-50.

Abjani F, Khan NA, Yousuf FA, Siddiqui R. Targeting cyst wall is an effective
strategy in improving the efficacy of marketed contact lens disinfecting
solutions against Acanthamoeba castellanii cysts. Contact Lens Anterior
Eye. 2016;39:239-43.

Baig AM. Pathogenesis of amoebic encephalitis: are the amoebae being
credited to an'inside jobdone by the host immune response? Acta Trop.
2015;148:72-6.

Lorenzo-Morales J, Khan NA, Walochnik J. An update on Acanthamoeba
keratitis: diagnosis, pathogenesis and treatment. Parasite. 2015;22:10.
Pandey BK, Shahi AK, Srivastava N, Kumar G, Gopal R. Synthesis and cyto-
genic effect of magnetic nanoparticles. Adv Mater Lett. 2015;6:954-60.
Khalil AT, Ovais M, Ullah I, Ali M, Shinwari ZK, Maaza M. Physical proper-
ties, biological applications and biocompatibility studies on biosyn-
thesized single phase cobalt oxide (Co304) nanoparticles via Sageretia
thea (Osbeck.). Arab J Chem. 2017. https://doi.org/10.1016/j.arabj
¢.2017.07.004.

Heli H, Sattarahmady N, Hatam GR, Reisi F, Vais RD. An electrochemi-

cal genosensor for Leishmania major detection based on dual effect of
immobilization and electrocatalysis of cobalt-zinc ferrite quantum dots.
Talanta. 2016;156:172-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.arabjc.2017.07.004
https://doi.org/10.1016/j.arabjc.2017.07.004

	Cobalt nanoparticles as novel nanotherapeutics against Acanthamoeba castellanii
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Chemicals
	Synthesis
	Synthesis of Co3O4 nanograins
	Synthesis of Co(OH)2 nanoflakes
	Synthesis of Co3(PO4)2

	Characterization techniques
	Cultures of A. castellanii
	Amoebicidal assays
	Encystation assays
	Excystation assays
	HaCaT cell culture
	Cell cytotoxicity assays
	Acanthamoeba castellanii-mediated host cell cytopathogenicity
	Statistical analysis

	Results
	X-ray diffraction
	Field emission scanning electron microscopy
	CoNPs exhibited amoebicidal properties
	CoNPs inhibited the encystation of A. castellanii
	CoNPs inhibited excystation of A. castellanii
	CoNPs did not cause cytotoxicity against human cells and inhibited A. castellanii-mediated host cell cytopathogenicity

	Discussion
	Conclusions
	Acknowledgements
	References




