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Acanthamoeba castellanii belonging to the T4 genotype may cause a fatal brain infection known
as granulomatous amoebic encephalitis, and the vision-threatening eye infection Acanthamoeba
keratitis. The aim of this study was to evaluate the antiamoebic effects of three clinically
available antidiabetic drugs, Glimepiride, Vildagliptin and Repaglinide, against A. castellanii
belonging to the T4 genotype. Furthermore, we attempted to conjugate these drugs with silver
nanoparticles (AgNPs) to enhance their antiamoebic effects. Amoebicidal, encystation,
excystation, and host cell cytotoxicity assays were performed to unravel any antiacanthamoebic
effects. Vildagliptin conjugated silver nanoparticles (Vgt-AgNPs) characterized by spectroscopic
techniques and atomic force microscopy were synthesized. All three drugs showed
antiamoebic effects against A. castellanii and significantly blocked the encystation. These drugs
also showed significant cysticidal effects and reduced host cell cytotoxicity caused by
A. castellanii. Moreover, Vildagliptin-coated silver nanoparticles were successfully synthesized
and are shown to enhance its antiacanthamoebic potency at significantly reduced concentration.
The repurposed application of the tested antidiabetic drugs and their nanoparticles against
free-living amoeba such as Acanthamoeba castellanii described here is a novel outcome that
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holds tremendous potential for future applications against devastating infection.
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Introduction

Acanthamoeba spp. have a worldwide distribution and are
the most common ameoba found in the environment [1].
Acanthamoeba spp. cause a frequent eye infection called
Acanthamoeba keratitis, and a brain infection known as
granulomatous amoebic encephalitis (GAE) [2]. Contact
lens wearers are more prone to get Acanthamoeba keratitis
[3]. In contrast, GAE most commonly affects immuno-
compromised patients [4]. The life cycle of Acanthamoeba
consists of two forms; the active trophozoite, and a double-
wall protected, stress-resistant cyst [2]. The first line of
treatment against Acanthamoeba keratitis includes 0.02%
polyhexamethylene biguanide or chlorhexidine along with
0.1% propamidine or hexamidine [5]. The treatment is
unspecific and usually has limited effectiveness against the
cyst stage [6]. The use of combination therapy is of value in

the early stages of infections but drug resistance, side
effects and toxicity have been observed [7]. Various
repurposing of drugs has also shown potential against
Acanthamoeba such as antineoplastic, antifungal, antibiotic,
antiseptic, calcium channel blockers, antiarrhythmics, and
antiparkinsonian drugs [8].

Nanoparticles have shown tremendous utility against
infectious diseases [9]. However, to date there are few
reports of nanoparticle applications against Acanthamoeba.
Borase at al., showed the amoebicidal activity of photo-
synthesized silver nanoparticles [10]. In another report,
titanium oxide nanoparticles are shown to reduce the
viability of Acanthamoeba via photochemotherapy [11].
Silver nanoparticles have also been used to inhibit
microbial growth and colonization on contact lenses, which
shows the usefulness of nanoparticles in the development
of safer contact lens solutions against Acanthamoeba [12]. In
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Table 1. Structures and molecular masses of Glimeperide,
Vildagliptin, and Repaglinide.
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our recent studies, nanoparticles conjugated with drugs
were shown to enhance the antiacanthamoebic effects of
chlorhexidine, amphotericin B, nystatin and fluconazole
against Acanthamoeba [13, 14].

In a recent review, we originated the idea of using
carbohydrate-targeting drugs against Acanthamoeba spp.
specifically to target the cyst walls [15], based on previous
determinations of the walls’ carbohydrate components
[16]. Glycogen phosphorylase and cellulase have been
previously identified as efficient targets to degrade the
essential glycosidic linkages of the targeted cysts [17, 18].
Among these carbohydrate-targeting agents, anti diabetic
drugs are of prime interest. Previously, the antidiabetic
drug metformin (biguanide) has shown some limited
effects against Acanthamoeba [1]. For the first time, we
herein report the effects of 3 antidiabetic drugs (Table 1)
including Glimepiride (sulfonyl urea), Vildagliptin (dipeptidyl
peptidase-4 inhibitor), and Repaglinide (meglitinides such
as glucuronidation agents) against a keratitis isolate of
A. castellanii belonging to the T4 genotype. All three drugs
tested are FDA approved and clinically available, which
may provide a head start in their drug development against
Acanthamoeba keratitis. Additionally, we successfully achieved
the conjugation of silver nanoparticles with vildagliptin which
resulted in enhanced antiacanthamoebic activity. Amoe-
bicidal, encystation, and excystation assays were carried
out to study the antiacanthamoebic effects of the three
antidiabetic drugs. Furthermore, their host cell cytotoxicity
was also evaluated by lactate dehydrogenase determination.
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Materials and Methods

Materials
All reagents, drugs and materials were purchased from Sigma-
Aldrich (analytical grade) unless stated otherwise.

A. castellanii Cultures

A clinical isolate of A. castellanii (ATCC 50492) belonging to the
T4 genotype, was cultured as described previously [19], in 10 ml
PYG medium {proteose peptone (0.75% w/v), yeast extract (0.75%
w/v), and glucose (1.5% w/v)} at 30°C in 75-cm” tissue culture
flasks. For amoebicidal and encystation assays, A. castellanii
trophozoites that adhere to the flask surface were used. These
active trophozoites were detached by changing the media with
phosphate buffer saline (PBS) and leaving the culture flask on ice
for 15 min followed by gentle tapping for roughly 5 min. Finally,
the A. castellanii trophozoite suspension was transferred to a 50-ml
centrifuge tube, and centrifugated at 2,500 xg for 10 min to get the
amoeba pellet. The A. castellanii pellet was resuspended in 1 ml
PBS, counted using a hemocytometer and used for amoebicidal
and encystation assays.

Henrietta Lacks Cervical Adenocarcinoma Cells (HeLa) Cells
Culture

HeLa cells were routinely cultured in 75-cm” culture flasks in
Roswell Park Memorial Institute (RPMI)-1640 supplemented with
10% fetal bovine serum (FBS), 10% Nu-serum, 2 mM glutamine,
1 mM pyruvate, penicillin (100 units/ml), streptomycin (100 pug/ml),
non-essential amino acids, and vitamins. 2 ml trypsin was added
after removal of old media to obtain the cell suspension which
was centrifuged for 5 min at 2,000 xg. The supernatant was
aspirated and the cell pellet was resuspended in 30 ml fresh cell
growth media. 200 ul of cell suspension was seeded per well in a
96-well plate and the plate was incubated at 37°C in a 5% CO,
incubator with 95% humidity for at least 24 h. The plates were
observed under an inverted light microscope until formation of a
uniform monolayer of HeLa cells and used for cytotoxicity assays.

Amoebicidal Assay

Amoebicidal activity of drugs was determined by incubating
5.0 x 10° A. castellanii trophozoites per well with various concentrations
over a period of 24 h at 30°C in PBS [20]. Amoebae in PBS and
treated with Chlorhexidine were considered as negative and
positive controls. After incubation, A. castellanii viability was
estimated by adding 0.1% trypan blue and enumerating the
numbers of live (non-stained) amoeba using a hemocytometer.

Encystation Assay

For encystation assays, 5.0 x 10° A. castellanii trophozoites were
incubated with 100 and 50 pM concentrations of drugs and
nanoconjugates in 1.5-ml centrifuge tubes at room temperature for
10 min. A 24-well plate was seeded with encystation medium
containing 50 mM MgCl, and 10% glucose, and test samples and



controls treated with A. castellanii were added in the above 24-well
plates. The cells were incubated at 30°C for 72-96h [16].
Following this incubation, 0.5% sodium dodecyl sulfate (SDS) was
added in each well and left for 10 min to solubilize trophozoites
and immature cysts while only the SDS resistant cysts were
enumerated using a hemocytometer.

Excystation Assay

A. castellani (1.0 x 10°) active trophozoites were harvested on non-
nutrient agar plates (1.5% bacteriological agar dissolved in water,
followed by autoclaving and then spreading on petri plates),
which were incubated for 10-14 days. After routine observation
for cyst formation under light microscope, cysts were scraped
using a cell scraper with PBS, enumerated, and stored in PBS at
4°C. For excystation assay, 1.0 x 10° cysts were treated with 100 or
50 uM concentrations of drugs, nanoconjugates, and respective
controls in growth medium PYG for 72—-96 h [21]. Trophozoites that
emerged from the cyst stage were counted using a hemocytometer.

A. castellanii Mediated Host Cell Cytotoxicity Assay

To determine whether antidiabetic drugs and nanoconjugates
reduce the cytotoxicity of A. castellanii against human cells,
untreated and treated (100 or 50 uM of drugs/drugs conjugated
with AgNPs) amoebae were incubated with HeLa cells. Briefly, test
samples and respective controls were incubated with A. castellanii
in RPMI-1640 for 2 h at 30°C. These test samples and controls
were then added to HeLa monolayers after removal of old media.
Cells were incubated at 37°C in a 5% CO, incubator for 24 h [22].
After incubation, supernatants were collected from each well and
cytotoxicity was determined by measuring lactate dehydrogenase
(LDH) release as described previously [23]. Untreated cells were
considered as negative control, whereas cells lysed with 0.1%
Triton X-100 followed by 20 min incubation gave maximum LDH
release which was considered as positive control. The percentages
of cytotoxicity were calculated as follows: % cytotoxicity =
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(sample absorbance — negative control absorbance)/(positive
control absorbance — negative control absorbance) x 100.

Synthesis of Vildagliptin-Conjugated Silver Nanoparticles

Synthesis of Vildagliptin-conjugated silver nanoparticles (Vgt-
AgNPs) was achieved by sodium borohydride reduction of silver
nitrate [24]. Briefly, 1 mM aqueous solution of Vildagliptin was
reacted with 1 mM silver nitrate aqueous solution in a 1:1 v/v
ratio. The reaction mixture was magnetically stirred for 10 min
before the addition of 20 ul (4 mM) freshly prepared sodium
borohydride aqueous solution. The solution was instantly changed
into yellow-brown from transparent on addition of reducing
agent indicating reduction of silver ions. The reaction mixture was
further stirred for 2h to ensure stabilization of colloids. The
colloids were centrifuged at 12,000 xg for 10 min to isolate
unreacted reagents and potentially larger aggregates, and the
pellet was resuspended in autoclaved deionized water. The same
procedure was applied for the synthesis of Glimepiride and
Repaglinide nanoconjugates, but we were unsuccessful in
optimizing the formation of stable silver nanoparticles. For Vgt-
AgNPs, the colloids were subjected to characterization by UV-Vis,
FT-IR and AFM analysis for confirmation of formation, stabilization
and morphology. These nanoconjugates were stored at 4°C for
further experiments.

Results

Antidiabetic Drugs Exhibited Potent Amoebicidal Effects

Amoebicidal assays revealed that the drugs Glimepiride,
Vildagliptin, and Repaglinide significantly reduced the
viability of A. castellanii (Table 2) (p < 0.05 using two-sample
T test and two-tailed distribution). Various concentrations
of drugs were screened to observe the potent amoebicidal
effects with minimal cytotoxicity. All drugs reduced the
viability of A. castellanii to approx. 10* number of cells as

Table 2. Antiacanthamoebic effects of Glimepiride, Vildagliptin and Repaglinide drugs alone.

Number of viable A. castellanii (per well)

Condition

Amoebicidal assay
(in RPMI-1640)

Encystation assay

(in encystation medium)

Excystation assay
(in PYG)

A. castellanii alone

A. castellanii + CHX

A. castellanii + Glimepiride 100 uM
A. castellanii + Glimepiride 50 pM
A. castellanii + Vildagliptin 100 uM
A. castellanii + Vildagliptin 50 pM
A. castellanii + Repaglinide 100 pM
A. castellanii + Repaglinide 50 pM
A. castellanii + DMSO 0.5%

2.81x10° + 3.0 x 10*
3.13 x 10° + 1.69 x 10*
438 x 10* + 1.69 x 10
8.13 x 10* + 3.34 x 10*
6.25 x 10* + 2.28 x 10*
6.25 x 10* + 1.02 x 10*
6.25 x 10* + 2.28 x 10*
8.13 x 10* +2.22 x 10*
2.81 x 10° + 1.44 x 10

8.13 x 10" + 1.69 x 10*

2.5 x 10° + 1.03 x 10°

1.25 x 10" £ 1.02 x 10*

3.75 x 10* + 1.02 x 10*
0

6.25 x 10> + 8.83 x 10°
0

1.25 x 10" + 1.02 x 10*

5.63 x 10* + 8.83 x 10°

1.38 x 10" + 1.76 x 10°
2.5 x 10° £ 2.04 x 10°
2.5 x 10° £ 2.04 x 10°
1.0 x 10* + 2.88 x 10°
7.5 x 10° + 2.04 x 10
1.0x10*+0
1.25 x 10° + 1.76 x 10°
3.75 x 10° + 1.76 x 10°
1.13 x 10* £ 3.38 x 10°
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Fig. 1. (A) UV-Vis spectrum of Vgt-AgNPs. UV-Vis spectrum was recorded by UV-Vis spectrophotometer (Evolution 300, Thermo
Scientific) in aqueous medium. Vgt-AgNPs showed characteristic surface plasmon resonance band at 400 nm. (B) AFM
topographic images were recorded by AFM (Agilent 5500) instrument operated in tapping mode with silicon nitride cantilever.
The AFM image shows the presence of small and spherical nanoparticles of wide size distribution. The average size of Vgt-AgNPs
was found to be 10 nm. (C) FT-IR spectra of Vgt-AgNPs was obtained by using FT-IR spectrometer (Vector 22, Bruker) using
Potassium bromide disc method. All characterization results presented in this figure are representatives of at least three

independent experiments.

compared to relevant controls and initial inoculum i.e., 10°
at 100 and 50 uM concentrations.

Glimepiride, Vildagliptin and Repaglinide Inhibited
Encystation and Excystation of A. castellanii

The encystation assay revealed that all three drugs
inhibited encystation of A. castellanii. The encystation
media induced formation of cysts and 8.13 x 10* number of
cysts were enumerated in negative control (Table 2).
However, the addition of 100 and 50 uM concentrations of
drugs resulted in significant reduction in encystation of
trophozoites (p < 0.05 using two-sample T test and two-
tailed distribution). Vildagliptin and Repaglinide at 100 uM
caused complete blocking of encystation, and only tropho-
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zoites were obtained even after 96 h. Excystation effects of
these antidiabetic drugs were also evaluated by treating
100 and 50 uM concentrations of drugs with preformed
cysts. In the favorable conditions (growth medium)
A. castellanii cysts were converted into trophozoites. Two of
the drugs, Glimepiride and Repaglinide, significantly
reduced the excystation at 100 uM (Table 2) (p < 0.05 using
two-sample T test and two-tailed distribution).

Characterization of Vgt-AgNPs Via UV-Visible
Spectrophotometry, AFM, and FT-IR Spectroscopy
Vgt-AgNDPs were characterized by UV-vis spectrophotometry,
AFM microscopy, and FI-IR spectroscopy. UV-vis spectra
of Vgt-AgNPs showed a characteristic surface plasmon
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Table 3. Antiacanthamoebic effects of Vildagliptin-conjugated silver nanoparticles.

Number of viable A. castellanii (per well)

Condition Amoebicidal assay

(in RPMI-1640)

Encystation assay

(in encystation medium)

Excystation assay
(in PYG)

3.44 x 10° +2.22 x 10*
2.50 x 10* + 1.44 x 10
2.06 x 10° +2.22 x 10*
2.56 x 10° + 1.69 x 10*
1.44 x 10° + 2.65 x 10
2.0 x 10° + 1.44 x 10*
3.13 x 10* + 1.69 x 10*
6.88 x 10* + 8.83 x 10

castellanii alone

castellanii + CHX

castellanii + AgNPs alone 10 uM
castellanii + AgNPs alone 5 pM
castellanii + Vildagliptin 10 uM
castellanii + Vildagliptin 5 pM
castellanii + Vgt-AgNPs 10 pM
castellanii + Vgt-AgNPs 5 uM

e

4.13 x 10* + 6.03 x 10°
2.5 x 10% £+ 1.03 x 10°
2.88 x 10* +5.30 x 10°
3.50 x 10* +2.88 x 10°
6.25 x 10° + 3.38 x 10°
8.75 x 10> + 1.76 x 10°
5.0 x 10° + 2.88 x 10
6.25 x 10° + 3.38 x 10°

6.88 x 10* + 6.03 x 10°
8.75 x 10° + 1.76 x 10°
3.13 x 10* + 3.38 x 10°
3.75 x 10* + 4.56 x 10°
1.13 x 10* £ 3.38 x 10°
2.75 x 10* + 4.56 x 10°
1.00 x 10* + 2.88 x 10
1.00 x 10* + 2.88 x 10°

resonance (SPR) band at 400 nm (Fig. 1A), which suggests
the formation of medium-sized silver nanoparticles. AFM
analysis showed the broad size distribution and spherical
morphology of the Vgt-AgNPs. The average size of the
Vgt-AgNPs was found to be 10 nm, however, due to rapid
reduction by using sodium borohydride, size selectivity
was neither the purpose nor achieved (Fig. 1B). The
comparative FT-IR analysis of pure Vildagliptin vs Vgt-
AgNPs shows characteristic broad peak for O-H stretching
at 3,294 1/cm, strong C=0 stretching at 1,658 1/cm, and
weak C-N signal at 2,237 1/cm, as compared to Vgt-AgNPs
which showed O-H stretch at 3,448 1/cm, C=0 stretching
at 1,654 1/cm (Fig. 1C). Notably, C-N stretch peak was
diminished upon formation of nanoparticles. These peak
shifts and disappearance suggested the stabilization of
silver nanoparticles with the hydroxyl and nitrile groups of
Vildagliptin.

Silver Nanoparticle Conjugation Significantly Enhanced
Antiamoebic Effects of Vildagliptin

AgNPs significantly enhanced the amoebicidal potency
of Vildagliptin and exhibited pronounced cidal effects at
reduced concentration of 10 and 5uM as compared to
Vildagliptin and AgNPs alone (Table 3) (p <0.05 using
two-sample T test and two-tailed distribution). Furthermore,
Vgt-AgNDPs also showed minimal encystation and excystation
(Table 3). The enhanced effects of nanoparticle conjugation
on Vildagliptin were clear at low concentration of 5 pM,
while AgNPs alone had limited excystation efficacy.

Antidiabetic Drugs and Nanoconjugates Reduced Host
Cell Cytotoxicity Caused by A. castellanii

A. castellanii invades the host cells when untreated, and
to test the effects of these drugs against cytopathogenicity,

100 and 50 uM of drugs were incubated for 2h with
A. castellanii followed by a further 24 h-incubation with
HeLa cells. Cytotoxicity was measured by using LDH
determination as a measure of cell damage as described in
the Materials and Methods section. A. castellanii alone
produced more than 80% host cell cytotoxicity, whereas
pretreatment of A. castellanii with drugs alone and
nanoconjugates caused significant reduction in host cell
cytotoxicity (Fig. 2A). Additionally, Vgt-AgNPs also
reduced the host cell cytotoxicity of A. castellanii (Fig. 2B)
(p < 0.05 using two-sample T test and two-tailed distribution).

Discussion

Currently there is no single drug effective against
Acanthamoeba keratitis, however combinations of antiparasitic
and broad-spectrum antimicrobials have shown a few
reports of successful treatments [25]. Despite the limited
activity of the drugs currently being used, the resistance
and recurrence of Acanthamoeba cysts pose a major
challenge in drug development. Hence, there is an urgent
need to identify new therapeutic agents effective against
Acanthamoeba. Recently, carbohydrate-targeting molecules
and biomolecules are identified to control differentiation
between cysts and trophozoites, since the cyst double walls
consist of glycosides as a major contributor. In this regard,
some enzymes have shown promise but their shelf life,
stability and specificity in biological systems have obvious
limitations as compared to drug molecules.

Glimepiride acts on ATPase-dependent potassium channels
in B cells of the pancreas to stimulate insulin release [26].
Studies investigating the molecular basis underlying the
clinical profile of Glimepiride provide strong evidence for
multiple molecular targets/mechanisms for the blood
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Fig. 2. (A) Pretreatment of Glimeperide, Vildagliptin, and Repaglinide reduced A. castellanii-mediated host cell cytotoxicity. The

cytopathogenicity assays were performed as mentioned previously. Briefly, 1 x 10° amoebae were incubated at 30°C with
antidiabetic drugs for 2 h in RPMI-1640 and then incubated with HeLa cells for 24 h at 37°C in a 5% CO, incubator. Next, cell-free
supernatant was collected, and cytotoxicity was determined using Lactate dehydrogenase (LDH) assay kit. Negative control
values for cytotoxicity assays were obtained by incubating HeLa cells with RPMI-1640 alone, and positive control values were
obtained by 100% cell death using 0.1% Triton X-100. The results revealed that drugs significantly reduced the host cell
cytotoxicity 50 pM (p < 0.05 using two-sample T test and two-tailed distribution). (B) Nanoconjugates reduced the pathogenicity

more effectively as compared to Vildaglitin and AgNPs alone.

glucose-lowering effect of Glimepiride operating on both
pancreatic fi-cells and extrapancreatic cells [27]. Abd El-
Wahed et al., synthesized several new lanthanide Glimepiride
complexes which showed potent antimicrobial activity
against bacteria and fungi [28]. Vildagliptin is an adamantly
small molecule that by inhibition of dipeptidyl peptidase-4
(DPP4) prevents degradation of glucagon-like peptide-1
(GLP-1) which may suggest that it affects saccharides/
metabolic functions in amoeba. It binds covalently to the
catalytic site of DPP-4, eliciting prolonged enzyme inhibition.
Vildagliptin has been shown to stimulate insulin secretion
and inhibit glucagon secretion in a glucose-dependent
manner [29]. Vildagliptin also inhibits glucose production,
as determined with a variety of methods. Al-Abdullah et
al., reported the synthesis, antimicrobial and hypoglycemic
N-(1-Adamantyl) carbothioamide
derivatives related to the gliptin class of drugs [30]. More

activities of novel
recently, Vildagliptin has been used to synthesize
nanomaterials for physical and biological applications [31,
32]. Repaglinide is a new carbamoylmethyl benzoic acid
derivative that is structurally related to meglitinide. Like
all other active oral hypoglycaemic agents, it displays a
comparable U-shaped configuration. Repaglinide exerts its
effects by binding to a site on the plasma membrane of p-
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cells, thereby closing ATP-sensitive potassium channels.
This causes depolarization of the B-cell and the opening of
voltage-sensitive calcium channels allowing the influx of
extracellular calcium ions. This increase in intracellular
calcium, in turn, stimulates insulin release [33]. Previous
studies have suggested that changes in flux of calcium can
lead to amoebae cell damage [34, 35], which may explain
findings observed in this study.

Nanoparticles provide stable platforms for the targeted
drug delivery [36]. More recently, stimuli responsive
nanoconjugates have shown incredible applicability against
bacteria and other pathogens [37]. Moreover, nanoparticles
are anticipated as next-generation antimicrobial agents due
to their desired and tunable applications in chemotherapy
of infectious diseases [9]. Among various types of
nanoparticles, silver nanoparticles are one of the most
abundant materials used in biomedicine research. The
known chemistry, bio-inertness, stability, and interactions
with DNA and specific biomolecules of silver nanoparticles
make them an ideal candidate for antimicrobial applications
[37]. Silver nanoparticles like any other nanoparticles are
known to increase the bioavailability of loaded drugs due
to their small size and high drug-loading capability etc.
However, Vildagliptin-conjugated nanoparticles have been



tested against Acanthamoeba castellanii for the first time.
Previous study [24] has shown that these nanoparticles
exhibit antibacterial effects by production of reactive oxygen
species. Hence, it is suggested that the enhanced amoe-
bicidal effects of Vildagliptin nanoconjugates as compared
to the drug alone have been observed because of the
synergistic effects with the production of reactive oxygen
species along with metabolic inhibition of amoeba.

In conclusion, Glimepiride, Vildagliptin, and Repaglinide
alone and Vgt-AgNPs were shown to exhibit anti-
acanthamoebic potency against both trophozoite and cyst
forms of Acanthamoeba castellanii for the first time. In
addition, silver nanoparticle conjugation improved the
overall activity of Vildagliptin against A. castellanii at much
reduced concentration. Hence, these antidiabetic drugs
may serve as potential targets in the treatment and
management of A. castellanii infections. The most effective
application of these nanoparticles in our opinion would be
topical administration in the eye against Acanthamoeba keratitis
since it can withstand a relatively higher concentration as
compared to oral or any other mode of administration. Our
future interests are to develop the in vivo applicability of
these drugs and nanoconjugates, as well as exploring other
carbohydrates targeting compounds.
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