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ABSTRACT: Pathogenic Naegleria fowleri (N. fowleri) are opportun-
istic free-living amoebae and are the causative agents of a very rare but
severe brain infection called primary amoebic meningoencephalitis
(PAM). The fatality rate of PAM in reported cases is more than 95%.
Most of the drugs used againstN. fowleri infections are repurposed
drugs. Therefore, a large number of compounds have been tested
againstN. fowleri in vitro, but most of the tested compounds showed
high toxicity and an inability to cross the blood−brain barrier.
Andrographolide, forskolin, and borneol are important natural
compounds that have shown various valuable biological properties. In
the present study, the nanoconjugates (AND-AgNPs, BOR-AgNPs, and
FOR-AgNPs) of these compounds were synthesized and assessed
against both stages (trophozoite and cyst) ofN. fowleri for their
antiamoebic and cysticidal potential in vitro. In addition, cytotoxicity and host cell pathogenicity were also evaluated in vitro. FOR-
AgNPs were the most potent nanoconjugate and showed potent antiamoebic activity againstN. fowleriwith an IC50 of 26.35 μM.
Nanoconjugates FOR-AgNPs, BOR-AgNPs, and AND-AgNPs also significantly inhibit the viability of N. fowleri cysts. Cytotoxicity
assessment showed that these nanoconjugates caused minimum damage to human keratinocyte cells (HaCaT cells) at 100 μg/mL,
while also effectively reducing the cytopathogenicity of N. fowleri trophozoites to the HaCaT cells. The outcomes of our experiments
have unveiled substantial potential for AND-AgNPs, BOR-AgNPs, and FOR-AgNPs in the realm of developing innovative alternative
therapeutic agents to combat infections caused by N. fowleri. This study represents a significant step forward in the pursuit of
advanced strategies for managing such amoebic infections, laying the foundation for the development of novel and more effective
therapeutic modalities in the fight against free-living amoebae.

■ INTRODUCTION
Naegleria fowleri known as a “brain-eating” amoeba is a
thermostable free-living protist widely distributed in the
environment.1 They are most commonly found in fresh
water and moist soil, the amoeba proliferates in hot summer
conditions as they can withstand temperatures of up to 45 °C.2

N. fowleri usually feeds on bacteria found in naturally occurring
warm freshwater bodies, where it has been commonly found.2,3

Based on various environmental conditions, the amphibolic
amoeba exists in three distinct phenotypic phases; trophozoite,
flagellate, and cyst. Under favorable conditions, Naegleria exists
in the metabolically active trophozoite stage ranging in size
from 10 to 25 μm. In this stage, it can be divided by binary
fission and cause infection.1,2,4 When resources are depleted in
watery conditions, the trophozoites transform into a pear-
shaped flagellate phase, ranging in size from 10 to 16 μm.1,2 It
allows N. fowleri to move a long distance in the presence of a
nutritious environment. However, in adverse conditions (high

salinity, temperature, and low pH), the amoeba transforms into
a cyst stage, ranging in size from 8 to 20 μm.5

N. fowleri is the only human pathogenic species in the genus
and is the causative agent of a serious, fatal disease known as
primary amoebic meningoencephalitis (PAM). More than 90%
of the cases showed that Naegleria infects the central nervous
system (CNS) of adults and children.6 While swimming in
contaminated water, pool, and unchlorinated swimming pool,
the pathogen enters the body through the nasal cavity.7 It then
penetrates the olfactory neuroepithelium to the central nervous
system, causing a deadly infection. In most cases, the infection
is clinically misdiagnosed as acute bacterial meningitis due to
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similar symptoms and limited information about the
pathogen.8 Initial signs and symptoms of the infection are
severe headache, fever, stiff neck, and convulsions.9 Chemo-
therapy is the most common method for the treatment of N.
fowleri infection. The current therapy includes combinations of
different drugs. To date, no clinical trial has been performed
due to the rarity of PAM infection. The efficacy of drugs is
based on case reports of the infection. Amphotericin B
(AmpB), a polyene antifungal medication, is the preferred drug
for treating PAM. Other drugs used for treating PAM are
miltefosine, rifampin, azithromycin, and different azoles.10

However, most of these drugs are ineffective against the cyst
stage of Naegleria, and the presence of cysts in the brain may
result in the recurrence of the infection.11 These drugs also
showed severe side effects including high toxicity to body
cells.12 Some drugs are still undergoing research and their
absolute bioavailability is unknown.13 Most of the drugs are
unable to cross the blood−brain barrier (BBB) and hence are
ineffective in vivo. To overcome these limitations, there is an
urgent need for the development of new alternative safe drugs
that have efficacy to target both trophozoite and cyst forms of
N. fowleri.

PAM infection can be treated effectively using nano-
medicine. Nanoparticles with therapeutic activities have
evolved in the field of precision medicine.14 The conjugation
has shown various benefits for treating a variety of diseases.15

They have increased drug delivery, pharmacokinetics, bioavail-
ability, and decreased toxicity.16 The nanoparticles conjugated
with compounds showed potent antibacterial, antiamoebic,
and antiviral activities.16,17 Similarly, the silver nanoparticles
(AgNPs) conjugated with different clinically approved drugs
such as AmpB have been used against N. fowleri and have
shown enhanced activity as compared to drugs alone.18

Nanoparticles coated with natural compounds (cinnamic
acid, betulinic acid, and tannic acid) and plant extract have
been effectively used against Acanthamoeba castellanii.19−22

Silver nanoconjugates showed the most potent antiamoebic
effect as compared to other nanoconjugates.22 Based on these
studies, we coated AgNPs with natural compounds and tested
them against N. fowleri in vitro. Therefore, previously we tested
a library of natural compounds against N. fowleri, and we found
that some compounds showed potent activity.

Andrographolide (AND) is a natural compound that is
extracted from Andrographis paniculate and has shown a wide
range of biological activities such as anti-inflammatory,
antibacterial, antiviral, etc. It has shown higher bioavailability
with a thoroughly investigated mode of action.23 Borneol
(BOR), which is usually used as a medicine in China and India,
has a wide spectrum of biological activities. The compound has
shown anti-inflammatory, antibacterial, neuroprotective, in-
creased BBB permeability etc. The compound is also effective
for nanodrug delivery.24 Forskolin (FOR) is a diterpene and is
extracted from the herb Coleus forskohlii.25 The compound also
showed a wide range of biological and pharmaceutical effects.
The root of the plant is used as a folk medicine and for the
treatment of hypertension, respiratory disorders, and eczema,
and it has shown potent activity against Entamoeba
histolytica.26,27

Therefore, we hypothesized that selected natural compounds
(thymol, BOR, FOR, and AND) will be conjugated with
AgNPs and will be assessed against both trophozoite and cyst
stage of N. fowleri. AgNPs were successfully coated and showed
potent activity in vitro as compared to the vehicle control and

showed limited toxicity to HaCaT cells. We speculate that
selected nanoconjugates might make it possible to discover a
new potential therapeutic agent that is effective against PAM
infection.

■ MATERIALS AND METHODS
Consumables. All of the materials employed in this study

were of analytical quality. The medium, such as Roswell Park
Memorial Institute 1640 medium (RPMI-1640) and phos-
phate-buffered saline, and their supplements, such as minimum
essential medium nonessential amino acids (MEM-NEAA) and
L-glutamine, were procured from Nacalai Tesque, based in
Kyoto, Japan. Other chemicals, such as dimethyl sulfoxide
(DMSO) and silver nitrate (AgNO3), were procured from
Thermo Fisher Scientific, based in Massachusetts, USA. Triton
X-100 and trypan blue were acquired from Sigma-Aldrich,
located in Saint Louis, USA. Additionally, miltefosine was
acquired from Sigma-Aldrich, located in San Francisco, USA.
HaCaT and HeLa Cell Lines. HeLa cells are a widely used

human cell line derived from cervical cancer patient and are
required for N. fowleri culture, while HaCaT cells are a widely
used human keratinocyte cell line required for cytotoxicity.
Both frozen cell line vials were retrieved from liquid nitrogen
storage and swiftly thawed in a 37 °C water bath until only a
small ice crystal remained. The cells were centrifuged (1500
rpm) in a prewarmed supplemented RPMI-1640 [10% FBS,
1% pen-strep, L-glutamine (2 mM), and nonessential amino
acid]. The supernatant was carefully aspirated, and the cell
suspension was transferred to a 75 cm2 flask. Finally, the cell
culture vessels were placed in a 37 °C, 5% CO2 incubator. The
flasks were monitored under a microscope until a monolayer
was observed. The monolayer was trypsinized, and the cell
suspension was seeded in multiwell plates for further
assessments. The cells were also regularly checked for
mycoplasma contamination.28,29

N. fowleri Culture and Maintenance. In the current
investigation, the N. fowleri strain used was obtained from a
clinical isolation originating from a patient’s cerebrospinal
fluid. This strain was procured from the American type culture
collection (ATCC) 30,174 repository. The trophozoites were
revived, cultured, subcultured, and maintained in RPMI-1640
supplemented with antibiotics, such as penicillin, streptomycin,
and gentamycin. The trophozoites were thawed and centri-
fuged at 2500 rpm in 10 mL of supplemented RPMI-1640. The
10 mL suspension of N. fowleri trophozoites were inoculated to
the monolayer of HeLa cell line in a 75 cm2 tissue culture flask.
The plates with the N. fowleri trophozoites and RPMI-1640
medium were placed in a CO2 incubator set at 37 °C.
Regularly, the growth of trophozoites was checked until the
monolayer was completely finished. The cells were subcultured
or used for an experiment by transferring a portion of the
trophozoites into a fresh supplemented RPMI-1640 medium.
RPMI-1640 medium was employed to sustain both the
population and morphological characteristics of N. fowleri
cells within all experimental groups under examination.28

N. fowleri Cyst Formation. The cyst formation was
induced by transferring the actively growing N. fowleri
trophozoites to an empty 75 cm2 tissue culture flask. The
flasks were maintained at a temperature lower than 37 °C.
Lowering the temperature and depletion of nutrients
(maintaining cells only in RPMI-1640) mimic stressful
conditions and trigger cyst formation. The culture was
observed regularly under the microscope until circular or
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oval double-walled cysts were observed.28 The cysts were
stored at 4 °C for future use.
Synthesis of the Natural Compound-Coated AgNPs.

The natural compound-coated AgNPs were synthesized
through a chemical process. In this method, an aqueous
solution of AgNO3 was combined with sodium borohydride,
serving as a reducing agent. This reaction took place in the
presence of an aqueous solution of three natural compounds:
AND, BOR, and FOR, each at a concentration of 1 μM. The
procedure involves mixing equal volumes of compounds with 1
μM AgNO3 in sample bottles. Subsequently, 5 mM sodium
borohydride was added drop by drop, and the mixture was
stirred for 2 h. During this time, the color of the mixture
transitioned from light yellow to dark brown, indicating the
reduction of silver ions by sodium borohydride. This served as
a visual indicator of the nanoconjugate synthesis. Following
this, the colloidal suspension underwent further character-
ization to confirm the successful synthesis of the nano-
conjugates.30

Characterization. The freshly synthesized andrographo-
lide-AgNPs (AND-AgNPs), borneol-AgNPs (BOR-AgNPs),
and forskolin-AgNPs (FOR-AgNPs) were subjected to
characterization through various techniques, including ultra-
violet−visible (UV−vis) spectrophotometry (performed with a
Thermo Fischer, Evolution 210), transmission electron
microscopy (TEM), particle analysis, and zeta potential
analysis.30

Antiamoebic Assessment. This assay involves testing the
efficacy of various treatments (nanoconjugates) against the
protozoan parasite N. fowleri, which can cause serious central
nervous system infections. The assay was performed as
conducted by Ahmed et al.28 and Rajendran et al.31 Briefly,
the trophozoites were harvested, and a standard number of
cells (3 × 105 cells/mL) were added to the wells of a microtiter
plate. The tested nanoconjugates (AND-AgNPs, BOR-AgNPs,
and FOR-AgNPs) were diluted at the desired concentrations
(25, 50, and 75 μM) and added to separate wells. Specific wells
were specified for positive (100 μM miltefosine), negative,
solvent (water and DMSO), and vehicle (AgNPs) controls.
The plates containing the treated trophozoites were incubated
at 37 °C for 24 h. The assay was performed in RPMI-1640 to
maintain the number of trophozoites in each well.
Cysticidal Assessment. The cysts were harvested and a

cysticidal assay was performed according to the previously
described procedure.28,31 Specifically, the 1 × 105 cyst/mL
were counted, and they were subsequently placed in a
multiwell plate for experimentation. The cysts were exposed
to various concentrations (25, 50, and 75 μM) of the tested
nanoconjugates (AND-AgNPs, BOR-AgNPs, and FOR-
AgNPs) in the RPMI-1640 medium to determine the dose−
response relationship. As a negative control, cysts were
cultured in RPMI-1640 alone, while water and DMSO served
as the solvent control. Miltefosine was employed as the
positive control in this study. The cysts were placed in a 5%
CO2 incubator at 37 °C and allowed to incubate for a duration
of 72 h.
Evaluation. After incubation, the antiamoebic and

cysticidal activity of nanoconjugates were evaluated by trypan
blue exclusion test. The treated and control wells were
examined under an inverted microscope to observe viability,
morphology, and growth inhibition. The viable trophozoites
(unstained) were counted in each well by a hemocytometer.
The growth inhibition and the IC50 (concentration at which

50% of amoebae are inhibited) for each compound were
calculated.28

Cell Cytotoxicity Assays. A lactate dehydrogenase (LDH)
detection kit is a common method used to assess the cytotoxic
effects of nanoconjugates on the HaCaT cell line. The HaCaT
cells were maintained in an appropriate culture medium (as
stated in the upper section) under standard cell culture
conditions, i.e., 37 °C, 5% CO2. The cells were harvested and
placed in a 96-well plate. The cells were placed in a 5% CO2
incubator at 37 °C and allowed to incubate for 24 h. After
incubation, the monolayer was treated with different
concentrations (25, 50, and 75 μM) of AND-AgNPs, BOR-
AgNPs, and FOR-AgNPs. Appropriate wells (untreated cells)
were selected as a negative control, while monolayers treated
with Triton X-100 served as the positive control.30,32,33

LDH Assay. After incubation period, the plates were
centrifuged, and 25 μL of supernatant was collected from each
well, which contained the released LDH from dead or
damaged cells. A replica of a microtiter plate was made, and
LDH detection kit (Invitrogen, Illinois, USA) ingredients were
added to each well as manufacturer’s recommendations. The
plates were incubated for 10 min. The microplate reader was
used to record the absorbance at 490 nm.33 The percentage
(%) of cytotoxicity was calculated using the formula

=

×

cytotoxicity % (nanoconjugate LDH

release untreated LDH release)

/(Triton X 100 LDH

release untreated LDH release) 100

Cytopathogenicity. The cytopathogenicity assay was
performed against the HaCaT cell line as stated earlier.34

The assay was performed using an LDH kit following the
manufacturer’s instructions provided with the LDH detection
kit (Invitrogen, Illinois, USA). Briefly, the antiamoebic assay
was performed by treating 5 × 105 N. fowleri trophozoites with
different concentrations (25, 50, and 75 μM) of AND-AgNPs,
BOR-AgNPs, and FOR-AgNPs for 2 h. The pretreated
trophozoites were collected and resuspended in RPMI-1640.
The monolayer of HaCaT cells was treated with pretreated
trophozoites in duplicate wells, including control wells with
untreated cells and some specified for Triton X-100 treatment.
Incubate the cells with the trophozoites for 24 h at 37 °C and
5% CO2. After the incubation, an LDH assay was performed.
The measurement of absorbance was taken at a wavelength of
490 nm, and the percentage of cytopathogenicity was
determined using the cytotoxicity formula (given above).

■ RESULTS
Characterization of the AgNPs Coated with Natural

Compounds. AgNPs coated with natural compounds were
successfully synthesized by the reduction of AgNO3 in an
aqueous solution of thymol, AND, BOR, and FOR, as
meticulously outlined in the Materials and Methods section.
It is noteworthy, however, that the nanoconjugates involving
thymol (THY-AgNPs) exhibited an unprecedented degree of
instability, rendering them unsuitable for further character-
ization and in vitro assessment of biological activities.

The synthesis of AND-AgNPs, BOR-AgNPs, and FOR-
AgNPs was confirmed by using UV−visible spectrophotometry
at a range of 200−600 nm. The AND-AgNPs, BOR-AgNPs,
and FOR-AgNPs gave distinct surface plasmon resonance
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bands at 441, 410, and 415 nm, respectively. These are typical
examples of stable, medium-sized AgNPs, confirming that
nanoconjugates were successfully synthesized.

The surface morphology of nanoconjugates was analyzed by
TEM. The TEM micrograph analysis of AND-AgNPs, BOR-
AgNPs, and FOR-AgNPs showed that all nanoconjugates were
regular and rounded in shape (Figure 1A−C).

Two parameters�size and shape�play a key role in
designing a drug delivery system against infection. The smaller
the size, the greater the surface-to-volume ratio and vice versa.
The smaller size offers a higher chance of coating nanoparticles
with therapeutic agents, thereby increasing the efficacy and
bioavailability of the drug.35 The particle analyzer showed that
the average sizes of AND-AgNPs, BOR-AgNPs, and FOR-
AgNPs were 52.73, 52.34, and 80.33 nm (Figure 2A−C).

Another important parameter used for the determination of
the nanoconjugate stability is the zeta potential. Figure 3A−C
shows that all nanoconjugates were anionic in nature. The
surface charge distribution values of AND-AgNPs, BOR-
AgNPs, and FOR-AgNPs were −131.1, −105.9, and −122.1
mV, respectively. No change in color or precipitation was
evident for more than 6 months.
AgNp-Coated Natural Compounds Showed En-

hanced Antiamoebic Activity against N. fowleri. The
amoebicidal assay was performed to examine the antiamoebic
potential of AgNPs coated with natural compounds (AND-
AgNPs, BOR-AgNPs, and FOR-AgNPs) against N. fowleri for
the first time. The assay was performed in RPMI-1640
supplemented with penicillin−streptomycin (pen strip) to
maintain the number of cells. The number of trophozoites in
negative (trophozoites in RPMI-1640 supplemented with pen

strip only) and solvent control (water) were maintained at 2.7
× 105 and 2.5 × 105 cells/mL. The bar graph showed that all
tested nanoconjugates significantly (t-test, p value < 0.05 with
respect to vehicle control) reduced the viability of N. fowleri
dose-dependently.

AND-AgNPs, BOR-AgNPs, and FOR-AgNPs significantly
reduced the viability at 100 μM from 3 × 105 to 1 × 105 (p =
0.04), 8.2 × 104 (p = 0.03), 7.3 × 104 (p = 0.02) cells/mL, as
depicted in Figure 4A. Upon exposure to the highest
concentration (75 μM), AND-AgNPs, BOR-AgNPs, and
FOR-AgNPs demonstrated the capacity to noticeably impede
the viability of trophozoites, exhibiting inhibition rates of
approximately 63.17, 69.55, and 72.90%, respectively, in
comparison to the negative control, as illustrated in Figure
4B. The most efficient activity was recorded for FOR-AgNPs
showing an IC50/24 h at 26.35 ± 8.3 μM, followed by BOR-
AgNPs showing an IC50/24 h at 36.24 ± 3.08 μM (Table 1).
AgNP-Coated Natural Compounds Showed En-

hanced Anticystic Activity against N. fowleri. The
cysticidal assay was performed to determine the potential of
nanoconjugates (AND-AgNPs, BOR-AgNPs, and FOR-
AgNPs) against the cystic form of N. fowleri. The presented
data were recorded after 24 h of incubation of cysts with
different concentrations (25, 50, and 75 μg/mL) of the
nanoconjugates to determine IC50 concentration. The histo-
gram in Figure 5A showed that all nanoconjugates significantly
(p value < 0.05 with respect to vehicle control) inhibit the
viability of cysts dose-dependently. Cysts alone in RPMI-1640
were used as the negative control, where the number of cysts
was maintained at 1 × 105 cells/mL. Maximum activity was
documented for FOR-AgNPs, which reduced the number of
cells to 4 × 104 (p = 0.04) cells/mL as compared to negative
control. The least activity was recorded for AND-AgNPs,
which reduced the number of cysts to 4.7 × 105 (p = 0.01)
cells/mL.

At the highest treatment concentration, AND-AgNPs, BOR-
AgNPs, and FOR-AgNPs exhibited the ability to inhibit cyst
viability by approximately 56.30, 54.00, and 63.36%,
respectively, when compared to the negative control (as
depicted in Figure 5B). Additionally, it is noteworthy that the
IC50 value recorded for FOR-AgNPs over a 24 h period was
40.9 ± 3.42 μM (Table 2).
AgNP-Coated Natural Compounds Showed Moder-

ate Toxicity against HaCaT Cells. The possible toxicity of
nanoconjugates (AND-AgNPs, BOR-AgNPs, and FOR-
AgNPs) was assessed against the HaCaT cell line. In vitro
cytotoxicity was determined by using the LDH kit. The
histogram in Figure 6 shows that nanoconjugates showed dose-
dependent toxicity. All conjugates showed higher toxicity as
compared to AgNPs alone. The increase in toxicity of
nanoconjugates is due to their conjugation with AgNPs
alone. We evidently found that, at the tested concentration
of 75 μM, AND-AgNPs and BOR-AgNPs exhibited moderate
toxicity (less than 40%) as the toxicity was 38.6 and 32.4%,
respectively. However, at 75 μM, the toxicity for FOR-AgNPs
was higher, as it showed 41.5% toxicity against the HaCaT
cells. So, 25 and 50 μM were proved to be safe concentrations
for FOR-AgNPs.
AgNP-Coated with Natural Compounds Significantly

Inhibit N. fowleri-Mediated Host Cell Toxicity. Amoebas
have the ability to induce programmed cell death (PCD) in
host cells. Cytopathogenicity experiment was accomplished to
evaluate the potential of AgNPs coated with natural

Figure 1. TEM micrographs were captured to reveal the structural
characteristics of biologically synthesized nanoconjugates. The
images, depicted at a 50 nm scale bar, present distinct nanoconjugates
formed from (A) AND-AgNPs, (B) BOR-AgNPs, and (C) FOR-
AgNPs. These microscopic analyses offer insights into the
morphology and size distribution of the newly synthesized nano-
conjugates.
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compounds to prevent N. fowleri-mediated host cell toxicity.
The trophozoites were pretreated with different concentrations
of nanoconjugates (AND-AgNPs, BOR-AgNPs, and FOR-
AgNPs) before challenging with HaCaT cells. The histogram
of Figure 7 showed that all of the nanoconjugates inhibited
cytopathogenicity dose-dependently. The HaCaT cells showed
73.3% sensitivity to untreated trophozoites. However, upon
pretreatment with AND-AgNPs, BOR-AgNPs, and FOR-
AgNPs, the cytopathogenicity significantly declined from 100

to 33.8, 26.4 and 28.03%, respectively. The maximum activity
was recorded for BOR-AgNPs, followed by FOR-AgNPs and
AND-AgNPs (Figure 7).
Discussion. Death rates associated with PAM stay

relatively high despite the currently available treatments.1

The known drug to treat PAM infections still faces obstacles in
delivery due to its toxicity against human cells and poor BBB
penetration.36 Therefore, various compounds ranging from
synthetic to natural have been tested against N. fowleri

Figure 2. Particle size distribution of (A) AND-AgNPs, (B) BOR-AgNPs, and (C) FOR-AgNPs.

Figure 3. Size distribution of (A) AND-AgNPs, (B) BOR-AgNPs, and (C) FOR-AgNPs, confirming that nanoconjugates were highly stabilized
during investigations.
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infection. However, most of the compounds are inactive
against the cyst stage, have high toxicity, and are unable to
cross BBB.28,32,37,38

Nanotechnology holds the potential of transforming the
landscape of diagnosis and therapy for human diseases. The
unique capabilities of nanoscale materials offer innovative
avenues for improving the precision and effectiveness of both
diagnosing and treating.39 Nanoparticles have attracted
substantial interest in the medical field due to their unique
characteristics and potential roles in addressing diverse human
diseases.22,30 It has not only achieved significant success in the
realm of cancer treatment but has also undergone extensive

investigation as an effective agent in combating infectious
diseases.40,41 Nanoparticle drug delivery systems offer numer-
ous advantages, primarily stemming from their diminutive size,
which results in an increased surface area for absorption. They
can be engineered by encapsulating specific drugs or
compounds, and hence, can be delivered to target a specific
cells.39,41 Beyond this, they enhance the stability as well as the
solubility of partially water-soluble drugs or compounds and
hence increase their bioavailability.42 Nanoparticles also
enhance the ability of compounds to cross BBB43 and target
specific cells or tissues. They also assimilate therapeutic as well
as diagnostic functions for immediate treatment and
monitoring.44 They have been proven to mitigate the toxicity
of therapeutic drugs or compounds. Additionally, the
controlled drug release feature of nanoparticle systems ensures
that therapeutic agents are dispensed gradually and consis-
tently, optimizing their efficacy while minimizing potential side
effects.43 These attributes make nanoparticle-based drug
delivery systems an attractive option in the realm of
pharmaceuticals.

Figure 4. (A) Bar graph illustrates the antiamoebic potential of silver nanoconjugates, showing the viability of amoebic trophozoites compared to
controls. Briefly, trophozoites of N. fowleri were subjected to a 24 h treatment with different concentrations (25, 50, and 75 μM) of AgNPs coated
with terpenes at 30 °C. Miltefosine (100 μM) served as the positive control, water as the solvent control, and AgNPs alone (25, 50, and 75 μM)
acted as the vehicle control. “*” indicates a p value < 0.05 with respect to vehicle control. (B) Graphing the percentage of inhibition exhibited by
nanoconjugates against the trophozoite stage of N. fowleri provides a visual representation of the inhibitory efficacy of these formulations.

Table 1. Comprehensive Overview of the Nanoconjugates
Alongside Their Respective 50% Inhibitory Concentration
(IC50) Values against Trophozoites of N. fowleri

nanoconjugates IC50 value (μM)

AND-AgNPs 55.18 ± 4.81
BOR-AgNPs 36.24 ± 3.08
FOR-AgNPs 26.35 ± 8.39
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In recent years nanotechnology has gained more attention
and researched extensively as an antimicrobial agent against
infectious diseases.45 Our group has previously conjugated the
repurposed drugs with nanoparticles and tested against N.
fowleri. The nanoconjugates showed higher antiamoebic
activity as compared to positive control.32 Similarly, AmpB
and nystatin, two drugs widely used to treat PAM infections
were conjugated with AgNPs, and the nanoconjugates
displayed enhanced effects compared to the drugs alone.18,46

It is imperative to develop drugs that can successfully cross the
BBB to target the infection sites of N. fowleri without inducing
toxicity to the host’s cells while also reducing the progress of
the infection.

In previous laboratory experiments, our research team
conducted testing on FOR, AND, THY, and BOR within the
context of a different pathogenic genus of free-living amoebae
(FLA). The results of our investigations revealed that these
compounds exhibited remarkable capability to effectively
eradicate both life cycle stages of amoeba.47 These findings
are significant not only in terms of advancing our under-
standing of the potential applications of FOR, AND, THY, and
BOR in combating parasitic infections but also in highlighting
the broad spectrum of activity these compounds may possess
against various amoebic pathogens. The former promising
evidence47 emphasizes the need for further research into the
therapeutic potential of these compounds. Therefore, FOR,
AND, and BOR were successfully coated with AgNPs and
tested for their ability to combat N. fowleri infections, possibly
opening up new paths for the development of innovative
treatments and interventions in this sector.

Here, the hit compounds, such as FOR, AND, and BOR-
conjugated AgNPs (FOR-AgNPs, AND-AgNPs, and BOR-
AgNPs) were assessed in vitro for their effect on trophozoite
and cyst stage of N. fowleri. All of the nanoconjugates used in
this study effectively inhibit the viability of N. fowleri. These

Figure 5. Anticystic assays: (A) bar graph illustrates the anticystic potential of silver nanoconjugates, showing the viability of N. fowleri cysts
compared to controls. Briefly, 1 × 105 cysts were treated with different concentrations (25, 50, and 75 μM) of nanoconjugates for 24 h at 30 °C.
Miltefosine (100 μM) served as the positive control, water as the solvent control, and AgNPs alone (25, 50, and 75 μM) acted as the vehicle
control. “*” indicates a p value < 0.05. (B) Graphing the percentage of inhibition exhibited by nanoconjugates against the cyst stage of N. fowleri
provides a visual representation of the inhibitory efficacy of these formulations.

Table 2. Comprehensive Overview of the Nanoconjugates
Alongside Their Respective 50% Inhibitory Concentration
(IC50) Values against Cysts of N. fowleri

nanoconjugates IC50 value (μM)

AND-AgNPs 43.99 ± 26.86
BOR-AgNPs 64.59 ± 7.94
FOR-AgNPs 40.90 ± 3.42
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nanoconjugates also showed minimal toxicity against the
HaCaT cell line and effectively reduced the cytopathogenicity
of N. fowleri trophozoites against human keratinocyte cells.

Furthermore, the amoebicidal assessment revealed that
FOR-AgNPs, AND-AgNPs, and BOR-AgNPs exhibited sig-
nificant antiamoebic activities against N. fowleri. These results
showed that the antiamoebic potential of these nanoconjugates
was higher than the previously calculated antiamoebic efficacy

of compounds alone.47 Among the tested nanoconjugates,
FOR-AgNPs showed the highest antiamoebic effects with an
IC50 of 26.35 μM. These results were reinforced by Aykur et
al.,22 where they conjugated the plant extract with different
nanoparticles (silver, copper, and nickel) and assessed against
FLA. The silver nanoconjugates showed enhanced antiamoebic
activity as compared to other nanoconjugates.22 The anticystic
assessment revealed that all nanoconjugates displayed

Figure 6. In vitro cytotoxicity assays: the histogram illustrates the toxic effect of silver nanoconjugates, showing the percentage of cytotoxicity
compared to controls. The possible toxicity of nanoconjugates was assessed against a monolayer of the HaCaT cell line. The HaCaT cells were
treated with different concentrations (25, 50, and 75 μM) of AgNPs coated with natural compounds for 24 h in a CO2 incubator. 0.1% Triton X-
100 served as the positive control, untreated HaCaT cells acted as a negative control, and AgNPs alone (25, 50, and 75 μM) acted as the vehicle
control.

Figure 7. In vitro cytopathogenicity assays: the histogram illustrates the effect of silver nanoconjugates on the toxicity of N. fowleri, showing the
percentage of cytopathogenicity as compared to controls. Briefly, the trophozoites were treated with different concentrations (25, 50, and 75 μM)
of nanoconjugates for 2 h in a CO2 incubator. After incubation, the HaCaT monolayer was treated with pretreated trophozoites overnight. 0.1%
Triton X-100 served as the positive control, HaCaT cells treated with untreated trophozoites acted as untreated amoeba, and AgNPs alone (25, 50,
and 75 μM) acted as the vehicle control. The experiment was performed thrice in duplicate.
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increased anticystic effects with the maximum activity recorded
by FOR-AgNPs. These results emphasize the improved
therapeutic promise of the nanoconjugates in combating
amoebic infections, presenting a significant advancement in
our understanding of their potential in the realm of amoebic
pathogen control. Similarly, previous studies reported an
increase in efficiency and a decrease in the minimum inhibitory
concentration of drugs conjugated with nanoparticles.17,18 Our
findings were corroborated by an additional investigation
wherein oleic acid was conjugated with AgNPs, revealing
enhanced amoebicidal effects against N. fowleri when
compared to the conventional antiprotozoal agent AmpB
alone.32 In another study, the coating of embelin with AgNPs
demonstrated an improved antiamoebic efficacy when
contrasted with the use of the drugs alone, providing additional
substantiation to our findings.29 This highlights the potential
synergistic effects of nanoconjugates, enhancing their ther-
apeutic impact against amoebic infections.

The exact mechanism by which the tested nanoconjugates
exert their effects on the trophozoite and cyst stages of N.
fowleri remains elusive and is yet to be fully elucidated.
However, an earlier investigation revealed that AND-AgNPs
were evaluated against Gram-negative bacteria and exhibited
robust antimicrobial activity. The observed antimicrobial
effects were attributed to mechanisms such as the release of
silver ions, generation of reactive oxygen species, alterations in
membrane integrity and neutralization, etc.48 BOR has
undergone rigorous assessment in antimicrobial studies,
wherein it has been shown to exert inhibitory effects on
microbial adhesion to surfaces.49 Recently, PCD has also been
reported in FLA induced by nanoconjugates.29 Similarly,
sesquiterpenes lactones are also reported to cause PCD in N.
fowleri trophozoites.50 Furthermore, it has been documented
that both AND BOR possess notable biological activity against
pathogenic microorganisms.48,49 These delineated mechanisms
represent the proposed mode of action caused by the tested
nanoconjugates against N. fowleri and thus underscore the
need for further scientific investigations to unravel the specific
molecular and cellular processes involved in their action
against this parasitic organism.

Upon establishing the robust activity of the nanoconjugates
against both trophozoite and cyst stages of N. fowleri, we
evaluated their cytotoxic effects on HaCaT cells. As we know,
N fowleri gains entry into the human body through the nasal
mucosa, and the epithelial layer, primarily composed of
keratinocytes, serves as the first line of defense against its
invasion. Keratinocytes, which are key components of the
epidermis, function as a vigorous barrier against external
pathogens.1,47 In the present study, we employed HaCaT cells,
renowned for its extensive use in examining epidermal
homeostasis.1,51 The choice of HaCaT cells was driven by
their facile replicability, maintaining an almost normal
phenotype, serving as an effective keratinocyte model, and
exhibiting characteristics conducive to the study of epidermal
defense mechanisms. Additionally, their capacity to emulate
barrier function against pathogens and drugs enhances their
suitability for our research objectives. This step was pivotal in
assessing the safety and selectivity of the nanoconjugates in a
cellular context, as HaCaT cells serve as an established model
for human keratinocytes.1,52 These cells have also been widely
studied for nanoconjugate cytotoxicity and skin-related toxicity
due to their retention of key characteristics.17,18,29,52 Their use
is pivotal for assessing the safety of cosmetics, pharmaceuticals,

and topical products. This investigation aimed to determine
the potential adverse effects of the tested nanoconjugates on
these epidermal cells, which is a critical factor in assessing their
therapeutic viability. Our study showed that AND-AgNPs and
BOR-AgNPs revealed a toxicity of less than 40% at the highest
tested concentration, while FOR-AgNPs showed a higher
toxicity (41.5%) at 75 μM against the HaCaT cells. So up to 50
μM concentrations were proven to be safe for FOR-AgNPs.
Host cell cytopathogenicity assays were also conducted against
HaCaT cells. Our results are evident that untreated N. fowleri
produced 73% cytopathogenicity to HaCaT cells while
pretreatment with the nanoconjugates reduced the cytopatho-
genicity to below 60% with BOR-AgNPs having a decline to
26%. The scientific literature reports that AND-AgNPs were
evaluated for their cytotoxicity against both Vero and MCF-7
breast cancer cell lines. The cells were exposed to up to 100
μg/mL of nanoconjugate but demonstrated no cytotoxicity
within 72 h of incubation,48 which further confirms our results.
Our results are also consistent with previous findings where
drugs conjugated with AgNPs displayed enhanced antiamoebic
properties and moderate toxicity to HaCaT cells.18,32 A
possible explanation could be that the AgNPs enhanced the
transport of the natural compounds due to the decreased size
of the nanoconjugates and increased surface area compared to
those of the natural compounds alone.

The findings from this study contribute valuable insights
into the biocompatibility and safety profile of the nano-
conjugates, offering critical data for the development of a
balanced therapeutic approach that effectively targets N. fowleri
while minimizing harm to healthy human cells. These results
represent a significant stride in the advancement of nano-
therapeutics for protozoal infections and further reinforce the
importance of judiciously considering the cytotoxicity profile in
the development of novel antimicrobial agents. Further in-
depth investigations, including the exploration of other cell
lines (such as neuroblastoma) to assess possible toxicity,
pharmacokinetics, and in vivo studies, are warranted to
comprehensively assess the therapeutic potential of these
nanoconjugates in clinical applications.

■ CONCLUSIONS
In the present study, a library of three natural compounds,
such as AND, BOR, and FOR, were conjugated with AgNPs.
These nanoconjugates were assessed against trophozoites and
the cyst stage of N. fowleri. These nanoconjugates showed
potent amoebicidal potential in vitro. Nanoconjugates have
demonstrated a remarkable capacity to impede the phenotypic
alteration of cysts, thereby showing their potent cysticidal
properties. This, in turn, holds the potential to prevent the
recurrence of infections. These nanoconjugates also effectively
reduced the host cell toxicity caused by FLA while showing
moderate toxicity to the HaCaT cell line, indicating a potential
for enhancing the treatment of PAM infection. These findings
imply that plant-based natural pharmacological entities should
be further assessed in vitro and in vivo to be used as
therapeutic agents to treat N. fowleri infections more
effectively. Finally, these results not only show the efficacy of
nanoconjugates but also expose new opportunities for the
development of novel approaches to combat parasitic
infections and reduce the risk of recurrence.
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