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Abstract
Infectious diseases are the leading cause of morbidity and mortality, killing more than 15 million people worldwide. This is
despite our advances in antimicrobial chemotherapy and supportive care. Nanoparticles offer a promising technology to enhance
drug efficacy and formation of effective vehicles for drug delivery. Here, we conjugated amphotericin B, nystatin (macrocyclic
polyenes), and fluconazole (azole) with silver nanoparticles. Silver-conjugated drugs were synthesized successfully and charac-
terized by ultraviolet-visible spectrophotometry, Fourier transform infrared spectroscopy, and atomic force microscopy.
Conjugated and unconjugated drugs were tested against Acanthamoeba castellanii belonging to the T4 genotype using
amoebicidal assay and host cell cytotoxicity assay. Viability assays revealed that silver nanoparticles conjugated with
amphotericin B (Amp-AgNPs) and nystatin (Nys-AgNPs) exhibited significant antiamoebic properties compared with drugs
alone or AgNPs alone (P < 0.05) as determined by Trypan blue exclusion assay. In contrast, conjugation of fluconazole with
AgNPs had limited effect on its antiamoebic properties. Notably, AgNP-coated drugs inhibited amoebae-mediated host cell
cytotoxicity as determined by measuring lactate dehydrogenase release. Overall, here we present the development of a new
formulation of more effective antiamoebic agents based on AgNPs coated with drugs that hold promise for future applications.
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Introduction

Acanthamoeba is a protist that is widely distributed in the
environment (Marciano-Cabral and Cabral 2003; Visvesvara
et al. 2007). Based on rDNA sequencing, Acanthamoeba has
been divided into 21 different genotypes, named T1 to T21
(Fuerst et al. 2015). Acanthamoeba consists of both pathogen-
ic and non-pathogenic isolates. Given the opportunity and
access, pathogenic Acanthamoeba can produce serious infec-
tions involving the central nervous system, known as granu-
lomatous amoebic encephalitis (GAE) as well as sight-

threatening infection, known as Acanthamoeba keratitis
(Martinez and Visvesvara 1991). Treatment involves applica-
tion of a mixture of drugs including biguanide compounds,
amidine derivatives, and azole compounds that can last for
months with toxic effects on host cells/tissues (Seal et al.
1995; Ishibashi et al. 1990; Visvesvara et al. 2007). This is
despite our advances in antimicrobial chemotherapy and sup-
portive care. Due to challenges in the discovery of novel drugs
and/or approvals by regulatory authorities for clinical use,
repurposing of clinically approved drugs is a useful avenue
of research (O'Connell et al. 2013). This approach is particu-
larly attractive against neglected diseases where there is lim-
ited interest by the pharmaceutical industry.

Targeting ergosterol biosynthesis is a major pathway for
drug development against fungal infections. Since ergosterol
is also present in the plasmamembrane of Acanthamoeba, it is
proved to be a rational drug target against Acanthamoeba
infections. However, several ergosterol pathway-targeting
drugs show limited clinical value due to host cell cytotoxicity
when used against Acanthamoeba infections at higher doses
(Girois et al. 2006; Martín-Navarro et al. 2015; Thomson et al.
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2017). Since ergosterol is also present in the plasmamembrane of
Acanthamoeba, it is proved to be a rational drug target for drugs
against Acanthamoeba infections. Metal nanoparticles have a
high surface area and therefore have ability to display unique
physicochemical characteristics and biological activities especial-
ly against infectious diseases (Zazo et al. 2016). It is well known
that silver-based compounds are capable of exhibiting strong bio-
cidal efficacy on numerous bacteria and parasites (Zhao and
Stevens 1998; Li et al. 2014; Yang et al. 2017). The formation
of nanoparticles enhances bioavailability and efficacy of drugs
(Maincent et al. 1986). Nanoparticles have been successfully uti-
lized in the enhancement of bioactivity of drugs (Grace and
Pandian 2007; Aqeel et al. 2016), as well as for improvement of
administration routes for drug delivery such as systemic, oral,
pulmonary, and transdermal routes (Wilczewska et al. 2012). As
the Acanthamoeba plasma membrane contains ergosterol as an
important constituent, here we tested whether conjugation of sil-
ver nanoparticles (AgNPs) can enhance efficacy, at reduced con-
centration, of fluconazole (mode of action involves inhibition of
cytochrome P450 enzyme 14α-demethylase to prevent conver-
sion of lanosterol to ergosterol), amphotericin B (mode of action
involves binding to ergosterol leading to formation of pores), and
nystatin (targeting ergosterol to form pores in the plasma mem-
brane). Silver nanoparticle-conjugated drugs were synthesized by
one phase reduction of silver nitrate via sodium borohydride in
the presence of drugs. The synthesized nanoparticles were char-
acterized by ultraviolet-visible (UV-Vis) spectrophotometry,
fourier-transform infrared (FT-IR) spectroscopic analysis, and size
determination by Atomic Force Microscope (AFM). Drug-
conjugated AgNPs were tested for amoebicidal properties against
A. castellanii clinical isolate belonging to the T4 genotype.

Materials and methods

Chemicals

All chemicals used in the synthesis of drug-conjugated AgNPs
were of analytical grade. Silver nitrate and sodium borohy-
dride were purchased from Merck chemicals, while
amphotericin B, nystatin, fluconazole, and all other chemicals
were purchased from Sigma-Aldrich unless otherwise stated.

Synthesis of drug-coated AgNPs

Synthesis of amphotericin B-, nystatin-, and fluconazole-
coated AgNPs was achieved by simple reduction of silver
nitrate aqueous solution with sodium borohydride in the pres-
ence of drugs as described previously (Anwar et al. 2016).
Briefly, 5 mL (0.1 mM) of amphotericin B aqueous solution
was reacted with 5 mL (0.1 mM) silver nitrate aqueous solu-
tion, and the reaction mixture was magnetically stirred for
10 min. Next, 30 μL of 4 mM freshly prepared sodium

borohydride aqueous solution was added in the above stirring
reaction mixture. The color of solution turned yellow-brown
from transparent on addition of reducing agent indicating the
reduction of silver ions and formation of Amp-AgNPs. For
Nys-AgNPs and Flu-AgNPs, a similar procedure was repeated
by optimizing different v/v ratios of silver solution and drugs.
Stable Nys-AgNPs and Flu-AgNPs were obtained at a respec-
tive volume ratio of silver to drug at 4:1 and 1:1. Unprotected
bare AgNPs were also obtained by the same procedure in the
absence of any drug or stabilizing agent, but were freshly
prepared when required due to their kinetic unstability which
results into aggregation. All synthesized nanoparticles were
centrifuged at 10000×g for 20 min to separate large aggre-
gates, excess unbound ligand, and side products from colloi-
dal suspension followed by redispersion in deionized water.
These synthesized nanoparticles were subjected to character-
ization byUV-Vis spectrophotometer (Evolution 300, Thermo
Scientific) and FT-IR spectroscope (Vector 22, Bruker), while
morphological analysis was carried out using AFM (Agilent
5500) as described previously (Anwar et al. 2016).

Henrietta lacks cervical adenocarcinoma cells (HeLa)
cells culture

HeLa cells were routinely cultured in a 75-cm2 culture flask in
RPMI-1640 containing 10% FBS, 10% Nu-serum, 2 mM glu-
tamine, 1 mM pyruvate, penicillin (100 units/mL), streptomy-
cin (100 μg/mL), non-essential amino acids, and vitamins.
The confluent flasks were trypsinized after removal of old
media with 2 mL trypsin, followed by centrifugation for
5 min at 2000×g. Cell pellet was resuspended in 30mLmedia,
and 200μL of cell suspensionwas seeded in eachwell of a 96-
well plate. The plate was then incubated at 37 °C in a 5% CO2

incubator with 95% humidity for 24 h. The plates were ob-
served under light microscope for the formation of uniform
monolayer of HeLa cells, and used for cytotoxicity assay.

Acanthamoeba cultures

A. castellanii (ATCC 50492), a clinical isolate belonging to
the T4 genotype, was cultured in 10 mL proteose peptone
0.75% (w/v), yeast extract 0.75% (w/v), and glucose 1.5%
(w/v) (PYG) medium at 30 °C in 75-cm2 tissue culture flasks
as reported previously (Sissons et al. 2006). For amoebicidal
assays, active trophozoites were used which are adherent to
the surface of flasks. A. castellanii trophozoites were obtained
by changing PYG media with 10 mL RPMI-1640, and the
culture flask was left on ice for 15 min and gently tapped for
5 min (Sissons et al. 2006). Finally, A. castellanii suspension
was transferred to a 50-mL tube, followed by centrifugation at
2500×g for 10 min. Amoeba pellet was resuspended in 1 mL
RPMI-1640, counted using a hemocytometer, and used for
amoebicidal assay.
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Amoebicidal assay

The amoebicidal potential of drugs alone, drugs conjugated
with AgNPs, and AgNPs alone were determined as previously
described (Sissons et al. 2006). Briefly, 5 × 105 A. castellanii
per well were incubated with 5 and 10 μM concentrations of
drugs or relevant amounts of solvent/AgNPs alone in RPMI-
1640 in 24-well plates. RPMI-1640 alone was used as a neg-
ative control while 30 μM chlorhexidine was used as a posi-
tive control for this assay. Plates were incubated at 30 °C for
24 h. The viability of amoebae was determined by adding
0.1% Trypan blue to each well and counting live (non-
stained) A. castellanii using a hemocytometer. The data are
represented as the mean ± standard error of at least three inde-
pendent experiments performed in duplicate.

Acanthamoeba-mediated host cell cytotoxicity assay

Amoebae-mediated HeLa cell cytotoxicity was evaluated as
described previously (Khan and Siddiqui 2009; Ali et al.
2017). Briefly, assays were performed in 96-well plates con-
taining confluent HeLa monolayers. Amoebae (8 × 104) treat-
ed with various drugs conjugated with AgNPs, AgNPs alone,
and drugs alone (5 and 10 μM concentration) followed by 2 h
incubation at 30 °C. Additionally, untreated amoeba and
amoeba treated with chlorhexidine were also used as controls.
After incubation, these samples and controls were centrifuged
at 5000×g for 1 min to remove the extracellular materials and
the pellet was resuspended in 200 μL fresh RPMI followed by
addition to HeLa cells. Plates were incubated at 37 °C in a 5%
CO2 incubator for 24 h. Negative control values for cytotox-
icity assays were obtained by incubating HeLa cells with
RPMI-1640 alone, and positive control values were obtained
by 100% cell death using 1% Triton X-100. After incubation,
supernatants were collected from each well and lactate dehy-
drogenase (LDH) release was measured using cytotoxicity
detection assay kit as described previously (Aqeel et al.
2016). The LDH is an intracellular enzyme, and it is only
released from damaged cells. The percent cytotoxicity was
calculated as follows: % cytotoxicity = (sample absorbance
− negative control absorbance) / (positive control absorbance
− negative control absorbance) × 100.

Results

Characterization of drugs conjugated with AgNPs
using UV-Vis, FT-IR spectroscopy, and AFM

Synthesized AgNP-conjugated drugs were subjected to UV-
Vis spectrophotometry, FT-IR spectroscopy, and AFM analy-
sis for confirmation of synthesis and determination of size and
stability. Amp-AgNPs, Nys-AgNPs, and Flu-AgNPs were

successfully synthesized by protocols mentioned above. UV-
Vis spectra of Amp-AgNPs gave maximum absorption at
424 nm (Fig. 1) as compared to pure amphotericin B which
gives multiple absorption bands in the range of 280–400 nm
(Radwan et al. 2017) which implies its stabilizing interaction
with AgNPs. Nys-AgNPs and Flu-AgNPs showed a charac-
teristic surface plasmon resonance (SPR) band for AgNPs at
405 and 400 nm, as compared to bands around 280–330 and
260 nm, respectively, for pure nystatin and fluconazole
(Rodino et al. 2014; Singh et al. 2011). For size and morpho-
logical determination, AFM images were recorded. All nano-
particle samples were found to be spherical in shape and
polydispersed in size. Drug-conjugated AgNPs were in the
wide size range of 10–90 nm as borohydride reduction meth-
od is a rapid but unselective with respect to size distribution.
Figure 2 shows representative AFM topographic images of
Nys-AgNPs and Flu-AgNPs.

FT-IR spectral analysis of fluconazole and Flu-AgNPs
shows chemical modifications involved in the stabiliza-
tion of AgNPs with drug molecules. The FT-IR spectrum
of fluconazole alone is compared with the Flu-AgNPs to
elucidate stabilizing functionalities in drugs as a represen-
tative example as shown in Fig. 3. Fluconazole alone
showed an absorption band at 3116 for CH stretching,
1620 for fluorinated benzyl group, 1413 for triazole ring
stretching, 1272 for OH stretching, 1080 for COH
stretching, and 966 for OCH stretching vibrations which
are also supported by earlier work of Bourichi et al.
(2012). After the formation of Flu-AgNPs, the major
changes which appeared were 3116 CH stretching vibra-
tion and triazole stretching vibration shifted to 3406 and
1390, respectively, while 1510 triazole C=C stretching
vibration disappeared. Stretching vibrations appeared at
1080 for C-H, and at 966 for O-CH triazole ring, vibra-
tion disappeared. These results clearly indicate the in-
volvement of triazole ring and OH functionality present
at the propane backbone in the fluconazole molecule in
the stabilization of AgNPs.

Fig. 1 UV-Vis spectra of drug-coated AgNPs showed surface plasmon
resonance bands at 424, 405, and 400 nm for Amp-AgNPs, Nys-AgNPs,
and Flu-AgNPs, respectively, which indicates the successful formation of
drug-conjugated AgNPs
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Drugs conjugated with AgNPs exhibited increased
amoebicidal effects against A. castellanii compared
with drugs alone

Amoebicidal assays were performed to determine the effects
of drugs conjugated with AgNPs and drugs alone on the via-
bility of A. castellanii. The results revealed that drugs conju-
gated with AgNPs exhibited significant amoebicidal effects
against A. castellanii (P < 0.05 using two-sample T test and

two-tailed distribution) (Fig. 4). Conversely, treatment with
bare AgNPs alone had no effects on amoebae viability.
Notably, Amp-AgNPs and Nys-AgNPs showed significant
amoebicidal effects at 10 μM compared with drugs alone
(P < 0.05 using two-sample T test and two-tailed distribution)
(Fig. 4). When incubated with drugs alone, at 5 μM of nysta-
tin, amoeba numbers were reduced to 1.5 × 105 (from 5 ×
105). However, 5 μM Nys-AgNPs reduced amoeba numbers
to 5 × 104 (P < 0.05 using two-sample T test and two-tailed

Fig. 2 AFM topographic images
of Nys-AgNPs (a), Flu-AgNPs
(b), and bare AgNPs (c) show the
size and morphology of synthe-
sized nanoparticles. All synthe-
sized materials are found to be
spherical and polydispersed in
size distribution ranging in size
domain of 10 to 90 nm. For AFM
analysis, samples were loaded on
mica surface and air dried
followed by tapping mode image
recording with a silicon nitride
cantilever using an Agilent 5500
atomic force microscope. The re-
sults describe representative im-
ages of several experiments

Fig. 3 Comparative FT-IR spec-
tra of Flu-AgNPs (a) and flucon-
azole alone (b). Results showed
that triazole ring and the OH
group of fluconazole are conju-
gated with AgNPs and are re-
sponsible for the stabilization of
AgNPs. FT-IR spectra were ob-
tained by KBr disc method using
Bruker Vector 22 FT-IR spec-
trometer. The results are repre-
sentative of several experiments

268 Parasitol Res (2018) 117:265–271



distribution). Amphotericin B alone did not show significant
amoebicidal effects at 5 or 10 μM, while, at 10 μM Amp-
AgNPs only, amoeba numbers were significantly reduced to
1.13 × 105 (from 5 × 105) (P < 0.05 using two-sample T test
and two-tailed distribution). In contrast, conjugation of flu-
conazole with AgNPs did not enhance amoebicidal effects
(Fig. 4). In particular, Nys-AgNPs showed potent amoebicidal
effects of more than 90% (Fig. 4).

Silver nanoparticle-conjugated drugs inhibited
A. castellanii-mediated host cell cytotoxicity

To determine whether AgNP-conjugated drugs inhibit
amoebae-mediated host cell cytotoxicity, assays were
performed as described in the BMaterials and methods^
section. When incubated with host cells, A. castellanii
alone produced 75% host cell cytotoxicity. On the other
hand, amoebae pretreated with chlorhexidine as well as
Nys-AgNPs and Amp-AgNPs caused minimal host cell
damage and host cell cytotoxicity was reduced to 21
and 27%, respectively.

Discussion

Acanthamoeba infections have remained significant despite
our advances in antimicrobial chemotherapy. The lack of de-
velopment and approval of new and effective antimicrobials
as well as growing multiple-drug resistance of microbes pre-
sents a major challenge in our ability to counter parasitic in-
fections (Khan 2006). Current approaches for development of
new drugs rely mostly on chemical modifications of already
existing molecular scaffolds known to have limited specificity

for targets and high side effects. The conventional therapeutic
agents against amoebae infections includes chlorhexidine,
amphotericin B, fluconazole, rifampicin, pentamidine,
PHMB, azithromycin, and/or a mixture of these drugs.
However, the intravenous drug delivery of these drugs to
CNS faces some major hurdles including blood-brain barrier
(BBB) penetration, host-cell cytotoxicity, and ability of amoe-
ba to form cysts. Therefore, there is an urgent need to develop
new drugs, formulations, and chemotherapeutic strategies
which can effectively overcome these challenges.
Nanotechnology offers great promise in the field of biomedi-
cines, especially diagnosis and drug delivery. It offers oppor-
tunities for therapeutic agent delivery to specific cells and
receptors. Nanomaterial-based drug delivery systems have in
general the potential to improve pharmacokinetics and phar-
macodynamics of the drugs (Walsh et al . 2012).
Nanotechnology-based drug delivery carriers have been de-
veloped and found their way into clinical practice such as
liposomes and nanoparticles (Anselmo and Mitragotri 2016).
Among drug delivery systems, nanoparticles hold pivotal po-
sition due to common advantages including (i) increased bio-
availability, (ii) decreased side effects, (iii) lower dosage, (iv)
specific and controlled drug release, etc. The small size of
nanoparticles provides them a greater surface area for maxi-
mum drug loading as well as high accessibility for specific
targets. Recently, various drug-conjugated nanoparticles are
being developed against infections caused by resistant mi-
crobes (Zazo et al. 2016). The most common metal carriers
for nanoparticle-based drug delivery systems include gold,
silver, and iron oxide due to their inertness and biocompati-
bility (Wilczewska et al. 2012). Here, we determined the ef-
fects of AgNP conjugation with amphotericin B, nystatin, and
fluconazole against A. castellanii. Drugs conjugated with

Fig. 4 A. castellanii viability was determined following incubation with
various drugs as described in the BMaterials and methods^ section.
Briefly, 5 × 105 A. castellanii were incubated with drugs and controls at
30 °C for 24 h. Next, amoebae viability was determined using Trypan
blue exclusion assay. All three drug-conjugated AgNPs and drugs alone

exhibited amoebicidal effects. Notably, Amp-AgNPs and Nys-AgNPs
showed significant amoebicidal effects at 10 μM compared with drugs
alone (P < 0.05 using two-sample T test and two-tailed distribution). The
results are presented as the mean ± standard error of at least three inde-
pendent experiments performed in duplicate
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AgNPs were synthesized successfully. All drug-coated
AgNPs showed SPR bands in the range of 400–450 nm, char-
acteristic of medium-sized ligand-stabilized AgNPs. A broad
SPR band was observed for Amp-AgNPs as compared to
nystatin- and fluconazole-conjugated AgNPs suggesting for-
mation of large-sized polydispersed nanoparticles. Since sodi-
um borohydride is a strong and rapid reducing agent, its use
for the synthesis of nanoparticles provides unselective size
distribution as observed in AFM images. FT-IR spectral anal-
ysis of drugs conjugated with AgNPs showed that hydroxyl,
carboxylic acid, and triazole functionalities are responsible for
coating of drugs on the AgNP surface as well as their stabili-
zation. Amoebicidal assay results revealed that drug-coated
AgNPs are more effective against A. castellanii as compared
to drugs alone. Nys-AgNPs in particular showed remarkable
antiamoebic effects at both 10 and 5 μM concentrations. We
also used host cell cytotoxicity assay as a secondary screen to
test antiacanthamoebic agents. A. castellanii produced 75%
cytotoxicity to host cells, while drug-coated AgNP pretreat-
ment with amoeba resulted in a significant decrease in host
cell cytotoxicity. The enhanced effects of nanoparticle-
conjugated drugs as compared to pure drugs are likely
due to enhanced transport of drugs to A. castellanii, as
these drugs’ translocation to a specific target is likely to
be hindered due to their amphipathic nature, large size,
and poor bioavailability (Radwan et al. 2017). The exact
mechanism of AgNPs’ antimicrobial potential is not
completely understood so far; however, their efficacy
tends to alter with modification in size, shape, and sur-
face properties. Their antimicrobial activity is generally
associated with multiple factors including AgNP interac-
tion with microbial cell wall, release of toxic ions, pen-
etration inside the cells, ROS and free radical genera-
tion, DNA damage, etc. (Dakal et al. 2016). In conclu-
sion, these findings clearly showed that silver nanopar-
ticles conjugation enhanced antiamoebic effects of drugs
likely due to their small size and high drug loading
ability. Nys-AgNPs and Amp-AgNPs were found to be
most effective against A. castellanii as compared with
drugs alone. As there are limited available options in
the management and treatment of infections caused by
A. castellanii, it is hoped that metal nanoparticles can
be used as potential drug carriers for existing drugs in
the improved therapies in biological systems. In vivo
studies and especially administration of these drug-
coated AgNPs via different routes for assessing their
maximum biological potential will be tested in future
studies against Acanthamoeba infections.
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