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Abstract
Acanthamoeba castellanii belonging to the T4 genotype is an opportunistic pathogen which is associated with blinding eye
keratitis and rare but fatal central nervous system infection. A. castellanii pose serious challenges in antimicrobial chemotherapy
due to its ability to convert into resistant, hardy shell-protected cyst form that leads to infection recurrence. The fatty acid
composition of A. castellanii trophozoites is known to be most abundant in oleic acid which chemically is an unsaturated cis-
9-Octadecanoic acid and naturally found in animal and vegetable fats and oils. This study was designed to evaluate
antiacanthamoebic effects of oleic acid against trophozoites, cysts as well as parasite-mediated host cell cytotoxicity.
Moreover, oleic acid–conjugated silver nanoparticles (AgNPs) were also synthesized and tested against A. castellanii. Oleic
acid–AgNPs were synthesized by chemical reduction method and characterized by ultraviolet-visible spectrophotometry, atomic
force microscopy, dynamic light scattering analysis, and Fourier transform infrared spectroscopy. Viability, growth inhibition,
encystation, and excystation assays were performed with 10 and 5 μM concentration of oleic acid alone and oleic acid–
conjugated AgNPs. Bioassays revealed that oleic acid alone and oleic acid–conjugated AgNPs exhibited significant antiamoebic
properties, whereas nanoparticle conjugation further enhanced the efficacy of oleic acid. Phenotype differentiation assays also
showed significant inhibition of encystation and excystation at 5 μM. Furthermore, oleic acid and oleic acid–conjugated AgNPs
also inhibited amoebae-mediated host cell cytotoxicity as determined by lactate dehydrogenase release. These findings for the
first time suggest that oleic acid–conjugated AgNPs exhibit antiacanthamoebic activity that hold potential for therapeutic
applications against A. castellanii.
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Introduction

Acanthamoeba spp. are ubiquitous in a variety of natural en-
vironments worldwide, having been extracted from the air,
soil, natural water, bottled water, vegetables, swimming pools,
and even medical institutions (Marciano-Cabral and Cabral

2003; Khan 2006). These free-living protist pathogens are
the causative agent of the fatal granulomatous amoebic en-
cephalitis (GAE) and the painful, blindingAcanthamoeba ker-
atitis (AK). GAE is a rare but deadly disease with mortality
rate of 95% (Kulsoom et al. 2014). Acanthamoeba spp. alter-
nate between two different stages namely trophozoites and
cysts during their life cycle (Siddiqui and Khan 2012).
Adverse environmental conditions induce the encystation of
trophozoites into double-walled cysts. In addition to changes
in temperature, pH, osmolarity, food scarcity, etc., drugs can
also elicit cellular differentiation into resistant cyst form. As a
result, in treating infections, no single drug has been found
effective (Lorenzo-Morales et al. 2015). Currently, treatment
of Acanthamoeba infections includes a combination of che-
motherapeutic agents including biguanides which hinder cell
membrane function such as polyhexamethylene biguanide
(PHMB) or chlorhexidine (CHX) and aromatic diamidines
which inhibit the synthesis of DNA such as propamidine
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isethionate (Polat et al. 2014). Unfortunately, these biguanides
and diamidines are toxic to human cells and toxic keratopathy
has been observed as a side effect of the combination of
PHMB and CHX (Lorenzo-Morales et al. 2015). Ultimately,
cysticidal therapeutic agents that can traverse the blood-brain
barrier and have minimal toxicity to human cells are required
to treat infections effectively and prevent infection recurrence.

cis-9-Octadecenoic acid, commonly known as oleic acid, is
a fatty acid found naturally in different types of plant and
animal lipids. The plasma membrane of Acanthamoeba is
made up of 25% phospholipids, a feature of which is the
abundance of fatty acyl residues (Palusinska-Szysz et al.
2014). Oleic acid was found to be amongst the most abundant
fatty acid in every phospholipid class in Acanthamoeba, com-
prising 40 to 50% (Palusinska-Szysz et al. 2014). This profu-
sion of oleic acid suggests its contribution to the metabolism
and growth of Acanthamoeba. Recently, Wu et al. (2018)
suggested that such fatty acids can interact with the lipid mem-
branes of microbes and as a result derange the electron trans-
port chain and oxidative phosphorylation. As a result of tro-
phozoite variability studies, they described the effects of treat-
ment with oleic acid inhibit A. castellanii growth by induction
of apoptosis by eliciting autophagy in trophozoites. In another
report, it was observed that unsaturated fatty acids, with oleic
acid being amongst the most effective, are potent uncouplers
and protonophores in A. castellanii mitochondria, inhibiting
ATP synthesis (Swida et al. 2007). Oleic acid has also been
used to target Entamoeba histolytica amongst other fatty
acids, all of which were effective in killing amoeba to some
degree (Manna et al. 2013).

In recent years, nanotechnology has earned the interest of a
vast audience in biotechnology, engineering, and medicine
(Wilczewska et al. 2012). New studies report an increase in
drug bioavailability and efficacy when conjugated to nanopar-
ticles due to the reduction in size (Zazo et al. 2016).
Nanoparticles have also been used as potent therapeutic agents
against A. castellanii (Anwar et al. 2018a, b; Aqeel et al.
2016). Nanoparticles coated with plant extracts (e.g.,
Jatropha curcas, Jatropha gossypifolia, and Euphorbia milii
(Borase et al. 2013); and Pterocaulon balansae (Panatieri
et al. 2017), and natural products such as tannic acid (Padzik
et al. 2018), periglaucine A and betulinic acid (Mahboob et al.
2018), hesperidin, and naringin (Anwar et al. 2019a, b) have
been found to be effective antiacanthamoebic agents. In this
study, we test the antiacanthamoebic capacity of oleic acid–
conjugated AgNPs against A. castellanii clinical isolate be-
longing to the T4 genotype. The OA-AgNPs were synthesized
by one-phase reduction of silver nitrate in the presence of oleic
acid using sodium borohydride, and utilized in antiamoebic,
host cell cytopathogenicity, cell cytotoxicity as well as
encystation and excystation assays. Considering the chal-
lenges in developing new drugs, it is hoped that the use of
commonly found naturally occurring fatty acid, i.e., oleic acid,

is a useful choice in targeting infections caused by
A. castellanii.

Materials and methods

Chemicals

Oleic acid used to synthesize the nanoparticles was of analyt-
ical grade and purchased from Sigma-Aldrich. Silver nitrate
and sodium borohydride used in the synthesis of nanoparticles
were purchased from Merck chemicals.

Synthesis of nanoparticles

Oleic acid was dissolved in 1 mL ethanol, and 50 mL volume
was made up with deionized water to make a stock solution of
5 mM. Oleic acid–conjugated silver nanoparticles were syn-
thesized by the reduction of silver nitrate solution using sodi-
um borohydride in the presence of oleic acid as described
previously (Anwar et al. 2016). One milliliter of 1 mM silver
nitrate solution was magnetically stirred with 1 mL of 1 mM
oleic acid before 5 μL of freshly prepared 5 mM sodium
borohydride was added and stirring was continued for 2 h.
The formation of oleic acid–conjugated AgNPs was identified
by a color change from colorless to yellow brown indicative of
reduction of silver ions. The same technique was used in the
preparation of unconjugated AgNPs, which were newly pre-
pared with every use due to their instability. Characterization
of the nanoparticles was carried out by using ultraviolet-
visible spectrophotometry (Evolution 300, Thermo
Scientific), atomic force microscopy (Agilent 5500), dynamic
light scattering analysis (Malvern instrument, UK), and
Fourier transform infrared spectroscopy (Vector 22, Bruker).

Cultures of A. castellanii

A. castellanii (ATCC 50492) is a clinical isolate of the T4
genotype and was cultured in 10 mL of PYG medium:
0.75% (w/v) proteose peptone, 0.75% (w/v) yeast extract,
and 1.5% (w/v) glucose in 75-cm2 tissue culture flasks at
30 °C (Sissons et al. 2006). For use in assays, active adherent
trophozoites were obtained by discarding old PYG containing
dormant or dead cells, replacing it with RPMI-1640 and plac-
ing the flask on ice for 15 min before detaching with gentle
tapping. The suspensionwas centrifuged for 10min at 3000×g
and the obtained pellet was resuspended in 1 mL of RPMI-
1640 before enumerating cells using a hemocytometer.

Acanthamoeba viability assays

Antiamoebic assays were carried out as presented previously
(Siddiqui et al. 2017). The effects of oleic acid (OA) alone,
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silver nanoparticles (AgNPs) alone, and oleic acid–conjugated
AgNPs (OA-AgNPs) was determined on the viability of
amoebae. 5 × 105 A. castellanii trophozoites were treated with
5 μM and 10 μM of OA, AgNPs, and OA-AgNPs in RPMI-
1640 in 24-well plates. 10 μM of chlorhexidine was used as a
positive control in the assay and RPMI-1640 alone as a neg-
ative control. Plates were incubated for 24 h at 30 °C after
which the viability of cells was determined by Trypan blue
exclusion assay. Trypan blue (0.1 %) was added to each well
and cells that were unstained (viable) were counted using a
hemocytometer.

Amoebistatic assays

Amoebistatic assays were performed to determine the poten-
tial of the test samples in inhibiting the growth ofA. castellanii
(Sissons et al. 2006). 5 and 10 μM OA, AgNPs, and OA-
AgNPs were tested against 5 × 105 trophozoites using growth
medium (PYG). PYG medium alone was used as a negative
control and 10 μM chlorhexidine was used as a positive con-
trol. Following the 24-h incubation time at 30 °C, Trypan blue
(0.1%) stainingwas used to enumerate the effects on amoebae
growth.

Encystation assays

Encystation assays were performed as previously described
(Siddiqui et al. 2017). 5 × 105 trophozoites were incubated in
a 24-well plate with 5 μM and 10 μM OA, AgNPs, and OA-
AgNPs in PBS containing an encystation medium comprised
of 5 mM MgCl2 and 8% glucose. The plate was incubated at
30 °C for 72 h, following which, 0.25% sodium dodecyl sul-
fate (SDS) was added for a maximum of 5 min in order to
solubilize trophozoites but not cysts. Finally, cysts were
counted using a hemocytometer and a number of cysts were
determined.

Excystation assays

A. castellanii cysts were prepared as described previously
(Dudley et al. 2009). Briefly, 1 × 106 trophozoites were inoc-
ulated on non-nutrient agar plates followed by incubation at
30 °C for up to 14 days. Next, the cysts were harvested thor-
oughly washing and scraping with 5 ml of phosphate-buffered
saline (PBS). Cyst suspension was centrifuged at 3000×g for
10 min to collect the cyst pellet. These cysts were then resus-
pended in PBS, enumerated using a hemocytometer, and used
in excystation assays. The effects of OA-AuNPs on
excystation were measured by inoculating 5 × 105

A. castellanii cysts in PYG medium after treatment with 10
or 5 μM OA alone and OA-AuNPs in 24-well plates. Plates
were incubated at 30 °C and observed under an inverted

microscope every 24 h for up to 72 h to detect the emergence
of trophozoites, which were counted using a hemocytometer.

HeLa cell culture

HeLa cells were obtained from ATCC (CCL-2) and cultured
in RPMI-1640 containing 10% fetal bovine serum, 1%
(2 mM) L-glutamine, 1% penicillin-streptomycin, and 1%
minimal essential media non-essential amino acid (MEM
NEAA) as previously described (Rajendran et al. 2017). The
cells were preserved at 37 °C in a CO2 incubator with 95%
humidity. After the removal of existing media, confluent
flasks were trypsinized with 2 mL trypsin and inoculated into
96-well plates for use in cytotoxicity and cytopathogenicity
assays once a uniform monolayer is ensured through
microscopy

Host cell cytopathogenicity assays

Amoeba-mediated HeLa cell cytotoxicity was assessed in 96-
well plates with HeLa monolayers (Anwar et al. 2018a). 5 ×
105 A. castellanii trophozoites were treated with 5 μM and
10 μM of OA, AgNPs, and OA-AgNPs in 24-well plates with
RPMI-1640 and incubated at 30 °C for 2 h. Amoebae in
RPMI-1640 was used as a negative control and chlorhexidine
was used as a positive control. Following the 2-h incubation,
treated amoebae was centrifuged at 3000×g for 10 min to
separate extracellular components and pellet was resuspended
in 200 μL RPMI-1640 before addition to HeLa cell mono-
layers. The plates were incubated for 24 h at 37 °C in a 5%
CO2 incubator. A negative control was achieved by incubating
HeLa cells with RPMI-1640 only and a positive control was
100% cell death obtained by treating HeLa cells with 1%
Triton X-100. After the incubation, the supernatant of each
well was collected and the release of lactate dehydrogenase
enzyme (LDH) was measured as an absorbance reading at
490 nm using a cytotoxicity detection kit. LDH is an intracel-
lular enzyme that is released when cells are damaged. The
percentage of cytopathogenicity was calculated as: (sample
absorbance-negative control absorbance)/(positive control
absorbance-negative control absorbance) × 100.

Cell cytotoxicity assays

Cytotoxicity of OA alone, AgNPs alone, and OA-AgNPs to-
wards human cells was tested in 96-well plates with HeLa
monolayers (Ali et al. 2017). 5 and 10 μM of the test samples
were added to HeLa cells in RPMI-1640. The plates were then
incubated in a 37 °C, 5%CO2 incubator for 24 h. HeLa cells in
RPMI-1640 only were taken as negative controls and maxi-
mum cell death by 1% Triton X-100 was used as a positive
control. Following the 24-h incubation time, cell death was
calculated as LDH release which is measured as an
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absorbance reading at 490 nm. The percentage of cytotoxicity
was calculated as follows: (sample absorbance-negative con-
trol absorbance)/(positive control absorbance-negative control
absorbance) × 100.

Statistical analysis

The data presented is representative of several experiments
performed in duplicates and plotted as the mean ± standard
error. Significant differences were determined using two sam-
ple t test and two-tailed distribution in comparing the average
of two independent groups on Microsoft Excel sheet. A criti-
cal value of P < 0.05 is used for all evaluations. In graphical
presentation, y-axis error bars are indicative of the standard
error of the data.

Results

Characterization of OA-AgNPs

OA-AgNPs were successfully synthesized using one-phase
reduction of silver nitrate as described in BMaterials and
methods.^ When subjected to UV-Vis spectrophotometry,
OA alone showed maximum absorbance at around 240 nm,
while OA-AgNPs demonstrated maximum absorbance (λ
max) at 408 nm, indicating the successful formation of oleic
acid–conjugated silver nanoparticles (Fig. 1a). The morpho-
logical analysis of OA-AgNPs was carried out by AFM. OA-
AgNPs were found to be spherical, and polydispersity index
(PDI) was measured by DLS which is found to be 0.214
(Fig. 2a). Figure 2b shows the zeta potential scan of OA-

AgNPs, where the zeta potential is found to be − 32.7 mV.
The size distribution of OA-AgNPs is quite narrow under
the circumstances of using strong reducing agent sodium bo-
rohydride which suggests the high stabilization efficiency of
OA for AgNPs. The high negative charge on the surface of
OA-AgNPs corresponds to the presence of negatively charged
carboxylate groups. FT-IR analysis of OA in comparison to
OA-AgNPs (Fig. 3) also suggests the interaction of carboxyl-
ate ions with AgNPs as the OH peaks are diminished, and
carbonyl peak is shifted to higher energy in the later.

Oleic acid–conjugated AgNPs exhibited enhanced
antiamoebic properties

Viabi l i ty assays were car r ied out to assess the
antiacanthamoebic effect of OA-AgNPs (Fig. 4a). Numbers
of trophozoites were maintained at 5 × 105 in the negative
control comprising of amoeba in RPMI-1640 alone. 5 × 105

A. castellanii trophozoites were reduced to 8.1 × 104 when
treated with 10μMof chlorhexidine used as a positive control.
Significant effects on viability were observed when amoeba
was treated with OA-AgNPs (P < 0.05 using two-sample t test
and two-tailed distribution). The viability of A. castellaniiwas
significantly reduced after treatment with 5 μM OA-AgNPs
when compared to OA alone (P < 0.05 using two-sample t test
and two-tailed distribution) (Fig. 4a). However, OA alone
exhibited significant antiamoebic effects only at 10 μM.
Furthermore, at 10 μM OA-AgNPs, numbers of viable
A. castellanii trophozoites were reduced to 9.3 × 104. On the
other hand, AgNPs alone and solvent controls did not cause
any significant effects on viability of A. castellanii.

a) b)

Fig. 1 a UV-Vis spectra of OA-AgNPs showing a characteristic surface
plasmon resonance band at 408 nm confirming the formation of oleic
acid–conjugated nanoparticles. UV-Vis spectra were recorded in aqueous
phase and blank was corrected with deionized water. b Representative
AFM image for morphological analysis of OA-AgNPs. OA-AgNPs were

found to be spherical in shape with wide size distribution from 20 to
90 nm. Several images were recorded after casting a drop of OA-
AgNPs on freshly cleaved mica surface followed by air drying, and
AFM analysis was carried out in tapping mode by using SiN cantilever
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Oleic acid–conjugated silver nanoparticles inhibited
the growth of A. castellanii

The growth inhibition assay revealed that both OA alone
and OA-AgNPs exhibited amoebistatic effects on the
growth of A. castellanii (Fig. 4b). However, AgNP con-
jugation enhanced the growth inhibition of OA. In the
negative control containing trophozoites in growth

medium (PYG alone), the number of amoebae increased
to 6.4 × 105 from the initial inoculum 5 × 105. Only 5.9 ×
104 A. castellanii trophozoites were enumerated after
treatment with 10 μM chlorhexidine which was used as
a positive control. The growth of A. castellanii was sig-
nificantly hindered upon treatment with OA-AgNPs
(P < 0.05 using two-sample t test and two-tailed distribu-
tion) reducing numbers of viable amoeba to 1.2 × 105.
The results of antiamoebic assays are also supported by
representative images of each well recorded at × 200
magnification (Fig. 4c–h).

Oleic acid–conjugated silver nanoparticles inhibited
encystation as well as excystation of A. castellanii

To discover the effects of OA-AgNPs on A. castellanii,
encystation assays were performed. When 1 × 105

A. castellanii were incubated in the encystation medium,
3 .8 × 104 cys t s eme rged a f t e r 72 h (F ig . 5a ) .
Comparatively, this was significantly reduced after treat-
ment with 10 μM OA-AgNPs where 8.7 × 103 cysts were
enumerated, and 1.5 × 104 as compared to OA alone (P
< 0.005 using two-sample t test and two-tailed distribu-
tion). However, a significant difference was not observed
when OA-AgNPs were compared with OA alone at 5 μM.
On the other hand, AgNPs alone and solvent controls did
not inhibit encystation of A. castellanii.

a)

b)

Fig. 2 a DLS zeta sizer scan of
OA-AgNPs showing a relatively
narrow size distribution in the
range of 35–80 nm with the PDI
0.214. b Characteristic zeta po-
tential of acid-conjugated AgNPs
was observed at − 32.7 mV
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Fig. 3 Comparative FT-IR spectral analysis of OA alone with OA-
AgNPs showing a characteristic alteration in the spectrum of OA when
conjugated with AgNPs. The spectra were recorded by KBr disc method.
Nanoparticles were freeze dried and mixed with analytical grade KBr to
form a pellet which was analyzed by using FT-IR spectrometer (Vector
22, Bruker)
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Interestingly, during excystation, only OA-AgNPs inhibited
the process at both 10 and 5 μM where OA alone failed to
exhibit any significant effects along with AgNPs alone and sol-
vent controls (Fig. 5b). These results suggest the potential of
AgNP conjugation with OA for enhanced antiamoebic effects.

Oleic acid–conjugated silver nanoparticles inhibited
A. castellanii–mediated host cell cytopathogenicity

To assess possible inhibition of amoeba’s pathogenicity to
host cells, host cell cytopathogenicity assays were performed

c) d) e)

f) g) h)

0.00E+00

1.00E+05

2.00E+05

3.00E+05

4.00E+05

5.00E+05

6.00E+05

7.00E+05

Nu
m

be
r o

f V
ia

bl
e 

A.
 ca

st
el

la
ni

i

*

**

*

0.00E+00

1.00E+05

2.00E+05

3.00E+05

4.00E+05

5.00E+05

6.00E+05

7.00E+05

8.00E+05

Nu
m

be
r o

f v
ia

bl
e 

A.
 ca

st
el

la
ni

i

*
**

**

*

a)

b)

Fig. 4 a Antiamoebic effects of OA-AgNPs on A. castellanii belonging
to the T4 genotype. In brief, 5 × 105 A. castellanii trophozoites were
incubated with OA-AgNPs at 30 °C for 24 h after which viability was
determined by staining with Trypan blue. The results show significant
antiacanthamoebic activity when compared to the control (***P < 0.001,
**P < 0.005, *P < 0.05 using two sample t test and two-tailed distribu-
tion). bAmoebistatic effects of OA-AgNPs on A. castellanii belonging to
the T4 genotype. In brief, 5 × 105 A. castellanii trophozoites were

incubated with OA-AgNPs at 30 °C for 24 h after which the growth
was measured by enumeration of cells after staining with Trypan blue.
The results show significant inhibition of growth when compared to the
control (***P < 0.001, **P < 0.005, *P < 0.05 using two sample t test
and two-tailed distribution). c–h Representative images of the
antiamoebic assay. c Negative control. d Positive control. e OA alone at
10 μM. f AgNPs alone at 10 μM. g OA-AgNPs at 10 μM. h Solvent
control

2300 Parasitol Res (2019) 118:2295–2304



as described in the BMaterials and methods^ section.
Untreated A. castellanii produced 73% cytotoxicity to HeLa
cells (Fig. 6a). On the contrary, pre-treatment with OA alone,
AgNPs alone as well as OA-AgNPs notably reduced this path-
ogenicity at 10 μM. However, at 5 μM, none of the test sam-
ples significantly reduced theA. castellanii–mediated cytotox-
icity except OA-AgNPs (Fig. 6a).

Cell cytotoxicity assays were carried out to determine the
toxicity of OA-AgNPs against HeLa cells. 10 μM of chlor-
hexidine produced about 35% cytotoxicity to HeLa cells.
Comparatively, none of the test samples exhibit more than
18% toxicity to HeLa cells (Fig. 6b). These results suggest
that OA and OA-AgNPs may serve as safer alternatives
against infections caused by A. castellanii.

Discussion

Despite progress in antimicrobial chemotherapy, infections
due to Acanthamoeba spp. have remained substantial. As a
result, there is a grave need for the development of therapy
that effectively circumvents the drawbacks that current
antiacanthamoebic drugs possess. These include chlorhexi-
dine, amphotericin B, fluconazole, polyhexamethylene
biguanide, or a mixture of these drugs which face obstacles
in drug delivery due to their cytotoxic effects on human cells
and tissues, limited blood-brain barrier penetration, and cellu-
lar differentiation of Acanthamoeba trophozoites into resistant
cysts (Lorenzo-Morales et al. 2015). The pharmacodynamics
and pharmacokinetics of drugs can be enhanced using
nanomaterial-based drug delivery systems (Walsh et al.
2012) including liposomes and nanoparticles which have been
utilized in clinical practice (Anselmo and Mitragotri 2016).
These features manifest as an increased bioavailability and
efficacy of drugs, decreased side effects, and effective lower
dosages. Recently, silver nanoparticle drug conjugation was
observed to enhance effects of amphotericin B and nystatin
against A. castellanii as well asN. fowleri (Anwar et al. 2018a;
Rajendran et al. 2017).

Fatty acids including oleic acid play vital biological roles,
have important contributions in signal transduction pathways,
and are essential in sustenance. Fatty acids have been seen to
retain antimicrobial characteristics towards some bacteria and
protists (Desbois and Smith 2010). Although the mechanism
by which fatty acids kill or inhibit the growth of these mi-
crobes is unclear, it has been suggested that interaction with
lipid membranes and subsequent disruption of the electron
transport chain is a possible explanation (Manna et al.
2013). Fatty acids including oleic acid were found to have
amoebicidal effects against Entamoeba histolytica (Manna
et al. 2013). Thereafter, oleic acid has been shown to induce
apoptosis in A. castellanii by induction of autophagy (Wu
et al. 2018). Other studies have shown that oleic acid is an
active uncoupler and protonophore in A. castellanii (Swida
et al. 2007). These findings suggest potential in the use of
oleic acid as an antimicrobial agent against Acanthamoeba.
Here, we discovered the antiacanthamoebic effects of oleic
acid–conjugated silver nanoparticles (OA-AgNPs) on
A. castellanii belonging to the T4 genotype. OA-AgNPs were
successfully synthesized, and when subjected to UV-Vis spec-
trophotometry, a characteristic surface plasmon resonance
band was achieved at 408 nm. Viability assay results revealed
t h a t o l e i c a c i d– c o n j u g a t e d AgNPs exh i b i t e d
antiacanthamoebic effects more effectively than oleic acid
alone at both 5 and 10 μM concentrations. Notably, 10 μM
OA-AgNPs had similar antiamoebic effects to 10 μM chlor-
hexidine. Amoebistatic results supported findings of viability
assays and revealedmarked hindrance ofA. castellanii growth
under advantageous conditions. As a secondary screening to

0.00E+00

2.00E+05

4.00E+05

6.00E+05

8.00E+05

1.00E+06

1.20E+06

1.40E+06

Nu
m

be
r o

f A
. c

as
te

lla
ni

it
ro

ph
pz

oi
te

s

**

b)

a)

0.00E+00
5.00E+03
1.00E+04
1.50E+04
2.00E+04
2.50E+04
3.00E+04
3.50E+04
4.00E+04
4.50E+04
5.00E+04

Nu
m

be
r o

f A
. c

as
te

lla
ni

ic
ys

ts

*
* *

**

Fig. 5 a Effects of OA-AgNPs on the encystation of A. castellanii be-
longing to the T4 genotype. In brief, 5 × 105 A. castellanii trophozoites
were incubated with an encystation media (8% glucose, 5 mM MgCl2)
and OA-AgNPs 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 < 0.001, **P < 0.005,
*P < 0.05 using two sample t test and two-tailed distribution). b
Excystation assay was performed to evaluate the dedifferentiation of
A. castellanii from cysts into trophozoites. Briefly, 5 × 105 A. castellanii
cysts were incubated with OA-AgNPs in growth medium (PYG) at 30 °C
for 72 h. After incubation, cysts emerged into trophozoites were enumer-
ated using hemocytometer. The results show significant inhibition of
encystation when compared to the control (***P < 0.001, **P < 0.005,
*P < 0.05 using two sample t test and two-tailed distribution)
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Fig. 6 a Pre-treatment of amoeba with OA-AgNPs inhibited HeLa cell
cytopathogenicity. In brief, 5 × 105 A. castellanii trophozoites were incu-
bated with OA-AgNPs at 30 °C for 2 h. Treated amoeba was then added
to HeLa cells and incubated for 24 h at 37 °C in a 5% CO2 incubator. The
results show significant inhibition of cytopathogenicity when compared
to untreated amoeba (***P < 0.001, **P < 0.005, *P < 0.05 using two
sample t test and two-tailed distribution). b OA alone and OA-AgNPs
presented limited cytotoxicity to HeLa cells. Briefly, 5 μM and 10 μM of

OA, AgNPs, and OA-AgNPs were added to HeLa cells and incubated for
24 h at 37 °C in a 5%CO2 incubator. The results show significantly lower
cytotoxicity when compared to 10 μM of the antiamoebic drug chlorhex-
idine (CHX) (***P < 0.001, **P < 0.005, *P < 0.05 using two sample t
test and two-tailed distribution). c–f Representative images of the cyto-
toxicity assay. c Negative control. d OA alone at 10 μM. e AgNPs alone
at 10 μM. f OA-AgNPs at 10 μM
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the effects of OA-AgNPs, host cell cytopathogenicity assays
were conducted. Untreated A. castellanii produced 70% cyto-
pathogenicity to HeLa cells while treatment with oleic acid
and OA-AgNPs reduced this cytopathogenicity significantly
producing about 11% and 6% cytopathogenicity respectively.
Moreover, OA-AgNPs were also tested for cytotoxicity
against HeLa cells by LDH cytotoxicity assays. When com-
pared to the toxicity of CHX, an antiacanthamoebic drug that
is currently in clinical practice, OA-AgNPs was 50% less
cytotoxic at the same concentration. 10 μM of CHX produced
35% cytotoxicity to host cells, whereas 10 μM OA-AgNPs
was 17% cytotoxic. This suggests potential for the use of OA-
AgNPs as safer alternative. Nevertheless, more relevant cell
lines including brain endothelial cells and corneal epithelium
cells should be used in cytotoxicity and cytopathogenicity
assays in the future before any in vivo studies are performed
and that will be the subject of future studies.

These results are consistent with our previous findings
where conjugation with AgNPs enhanced the antiamoebic
properties of drugs (Anwar et al. 2019a, b). This is possibly
due to the enhanced transport of oleic acid due to increased
surface area and reduced size of the nanoparticles in compar-
ison to oleic acid alone. AgNPs have been previously ob-
served to retain antimicrobial properties against bacteria as
well as protists (Golinska et al. 2014). Albeit their modes of
action are not fully understood, their potency has been found
to adjust with changes in its shape, size, and surface proper-
ties. Their interaction with microbial walls, penetration into
the cells, formation of reactive oxygen species, and free radi-
cals are also believed to be associated with their inhibitory
effects (Dakal et al. 2016). Furthermore, the inhibition of
encystation is a favorable feature for development of
antiacanthamoebic agents, as when cellular differentiation in-
to resistant cysts is blocked, the chances of amoeba surviving
chemotherapeutic agents are diminished. Failure in the treat-
ment of Acanthamoeba infections is largely due to the recur-
rence of infections due to cysts that have survived treatment
(Siddiqui et al. 2016). Therefore, the inhibition of excystation
by OA-AgNPs is a positive finding and higher concentrations
of OA-AgNPs should be assessed for effects as they appear to
be dose dependent.

In conclusion, these findings presented potential in the use
of OA-AgNPs against Acanthamoeba due to their
antiamoebic and amoebistatic effects as well as inhibition of
encystation and excystation. Conjugation to AgNPs enhanced
the effects of OA-AgNPs on the viability of amoeba believed
to be due to the effective transport of oleic acid to the patho-
gen. Owing to the limited options in the treatment of these
infections, it is hoped that silver nanoparticles conjugated to
fatty acids including oleic acid could be a new promising
avenue to discover. The blood-brain barrier penetration capac-
ity of the nanoparticles may also be determined using in vitro
blood-brain barrier models. Additionally, in vivo studies

taking into consideration administration routes to assess po-
tential in biological systems as opposed to cells in isolation
will be carried out in future studies to determine translational
value of these findings.
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