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Abstract

Free-living amoebae infections are on the rise while the prognosis remains poor. Current therapies are ineffective, and there is
a need for novel effective drugs which can target Naegleria, Balamuthia, and Acanthamoeba species. In this study, we deter-
mined the effects of a nano-formulation based on flavonoid patuletin-loaded gallic acid functionalized zinc oxide nanoparti-
cles (PA-GA-ZnO) against Acanthamoeba, Balamuthia, and Naegleria trophozoites. Characterization of the nano-formulation
was accomplished utilizing analytical tools, namely Fourier-transform infrared spectroscopy, drug entrapment efficiency,
polydispersity index, dimensions, and surface morphologies. Anti-amoebic effects were investigated using amoebicidal
assay, cytopathogenicity assay, and cytotoxicity of the nano-formulation on human cells. The findings revealed that nano-
formulation (PA-GA-ZnO) displayed significant anti-amoebic properties and augmented effects of patuletin alone against
all three brain-eating amoebae. When tested alone, patuletin nano-formulations showed minimal toxicity effects against
human cells. In summary, the nano-formulations evaluated herein depicts efficacy versus Acanthamoeba, Balamuthia, and
Naegleria. Nonetheless, future studies are needed to comprehend the molecular mechanisms of patuletin nano-formulations
versus free-living amoebae pathogens, in addition to animal studies to determine their potential value for clinical applications.

Keywords Nanocomposite - Patuletin-zinc oxide - Acanthamoeba - Balamuthia - Acanthamoeba - Anti-amoebic - Central
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Introduction

Pathogenic free-living amoebae (FLA) are widely present in

the environment and can cause severe infections involving
the brain that may affect both immunocompromised individ-
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uals as well as healthy individuals (Rice et al. 2020; Sarink
et al. 2022; Chadque et al. 2023; Fuerst 2023). While indi-
viduals with weakened immune systems are typically more
susceptible to the infection caused by these protists, amoe-
bae like Balamuthia mandrillaris, and Naegleria fowleri
can cause infection in immunocompetent individuals. On
the other hand, Acanthamoeba species mostly affect people
with compromised immunity (Mungroo et al. 2022). In addi-
tion to brain infection, Acanthamoeba can cause a blinding
infection, i.e. Acanthamoeba keratitis (AK), particularly
among individuals who wear contact lenses (Siddiqui and
Khan 2023). Despite being considered as “rare”, pathogenic
free-living amoebae have been detected in water supplies
globally, and their prevalence in the water supplies is further
exacerbated with the additional challenge of global warming,
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as amoebae are thermophilic (Baumgartner et al. 2003). Fur-
thermore, due to their phagotrophic nutrition, amoebae have
the ability to consume and interact with various potential
pathogens including viruses, bacteria, fungi, and/or protozoa
(Balczun et al. 2017; Rayamajhee et al. 2021).

At present, a cocktail of various drugs is typically utilized
consisting of azoles (fluconazole, ketoconazole, and itra-
conazole) and amphotericin B, pentamidine or sulfamides,
or miltefosine. Additionally, antibacterials such as rifampicin,
macrolides, and their derivatives are employed (Mungroo
et al. 2019; Cope et al. 2020). Nonetheless, the available
medications are usually ineffective as evidenced from the high
mortality rate of more than 90%, if the central nervous system
(CNS) is involved and/or severe side effects (Ong et al. 2017,
Balczun et al. 2017; Debnath 2021; Rice et al. 2020). For
example, nephrotoxicity or hepatotoxicity may be observed,
as these drugs are required in high doses to be able to cross
the blood-brain barrier, in order to reach the site of infection
to target the pathogen (Ong et al. 2017; Gabriel et al. 2019).

Nature is an unlimited source of molecules which are
used in drug development due to their bioactivity. For cen-
turies, natural products are the backbone of traditional medi-
cine and have been employed to control or treat a variety of
human ailments (Clardy and Walsh 2004). Mainly, it fur-
nished a vast library of phytochemicals that can be explored
as anti-parasitics. In this regard, several flavonoids have
been investigated as viable options for anti-FLA in drug
development (Siddiqui et al. 2021). Flavonoids have been
extracted from plants and plant-derived products. They have
gained interest as promising treatment options for protozoan
parasites such Entamoeba histolytica, Trypanosoma cruzi,
Cryptosporidium parvum, and Giardia intestinalis (L€ et al.
2023). Previously, flavonoids were tested for in vitro anti-
amoebic potential against V. fowleri and Acanthamoeba spe-
cies. Among all the flavonoids, kaempferol, Afzelin, and
quercetin, were tested against N. fowleri and Acanthamoeba.
Kaempferol showed significant anti-amoebic effects versus
N. fowleri and Acanthamoeba species but abelein showed
limited effects (L& et al. 2023). When conjugated with silver,
quercetin-conjugated silver nanoparticles showed anti-amoe-
bic properties against Acanthamoeba (Anwar et al. 2020).

Patuletin is one of the major flavonoids found in the
T. patula. It was first isolated by Rao and Seshadri in
1941 from the petals of 7. patula and represented as
3,5,7,3",4'-pentahydroxy-6-methoxy flavone. PA has
many biological features such as antioxidant, antibacte-
rial analgesic, anti-inflammatory, cytotoxic, genotoxic,
hepatoprotective, antiproliferative, antinociceptive, anti-
platelet, and antihypertensive effects (Corréa et al. 2018;
Faizi et al. 2008; Patel et al. 2024; Sadaf et al. 2023).
In addition, PA has been used in the development of
nanocarriers. The recent reports highlight that PA can
produce stable and biocompatible nanoparticles. These
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nanoparticles may effectively transport medications to
specific areas in the body when combined with other
substances (Ateeq et al. 2015; Jabeen et al. 2016; Razzak
et al. 2023a, 2023b).

Nanotechnology may offer a potential solution to
various challenges in treating infections (Kirtane et al.
2021) and has shown promise against FLA infections
(Padzik et al. 2018; Siddiqui et al. 2023; Latifi et al.
2024). Formulating novel or existing drugs may address
issues like reduced bioavailability, weak drug accumula-
tion in the infected site, and poor prognosis due to side
effects (Masri et al. 2019; Kirtane et al. 2021). Metal
nanoparticles, such as zinc oxide (ZnO), are inexpensive
and easily functionalized and exhibit intrinsic antibacte-
rial potential (Souza et al. 2020; Jones et al., 2008; Lee
et al. 2019). Gallic acid (GA), also known as 2,4,5-tri-
hydroxy benzoic acid, is a very prevalent compound of
plant origin. Classified as phenolics, it exhibits several
pharmacological properties including antioxidant, anti-
bacterial, anticancer, and numerous others (Kahkeshani
et al., 2019; Selvaraj et al., 2022). Because of its appeal-
ing pharmacological characteristics and reactive struc-
tural framework, it can be efficiently combined with dif-
ferent molecules like peptides and antibiotics (Nourah
et al., 2020; Al-Zahrani et al., 2020). Additionally, it
can be functionalized on various nanocarriers, resulting
in a synergistic effect against a wide range of conditions
(Hassani et al. 2020; Azhar et al., 2020; Ghodake et al.,
2020).

The overall aim of this study was to determine the effect
of a nano-formulation based on flavonoid, PA-loaded GA-
functionalized ZnO nanoparticles (PA-GA-ZnO) against
the trophozoite stage of Acanthamoeba, Balamuthia, and
Naegleria.

Materials and methods

The acquired solvents for this study are of HPLC grade and
purchased from Sigma-Aldrich (USA) through a local sup-
plier. Zinc chloride (ZnCl,), sodium hydroxide (NaOH), and
GA were also purchased from Sigma-Aldrich (USA).

Isolation of patuletin

Patuletin was extracted from Tagetes patula flowers
using a procedure that was previously reported (Faizi
et al., 2011). In summary, a total of 4.5 kg of fresh T.
patula flowers was subjected to sequential extraction
using petroleum ether (PE), dichloromethane (DC),
ethyl acetate (EA), and acetone. This process was car-
ried out twice at room temperature. The EA extract was
evaporated under a vacuum, resulting in a concentrated
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material. This extract was then separated into numerous
purified fractions using vacuum liquid chromatography.
One of these fractions produced a yellow solid substance
after being stored for a few days at ambient temperature.
The substance was then filtered and washed many times
with PE, followed by DC and EA, resulting in the isola-
tion of pure PA (7 g) (Ateeq et al. 2015).

Spectra characterization
Patuletin (PA)

State: yellow powder. TLC solvent system: silica gel 60F,s,
(CHCI;: MeOH 9:1, R;=0.28) and reverse phase (RP-18:
MeOH: H,0 6:4, R,=0.34). EIMS m/z (%): 332 (M*, 100),
314 (26), 289 (74), 137 (46).

EIMS (MAT 312, Finnigan Germany) (m/z): 332 [M +],
314,289, 137

'H NMR, H (400 MHz, C;D40): 3.87 (3H, s, 6-OCH3),
6.59 (1H, s, 8-H), 7.82 (1H, d, J=2.1 Hz, 2"-H), 6.98 (1H,
d, J=8.5 Hz, 5'-H), 7.69 (1H, dd, J=2.1, 8.5 Hz, 6'-H),
12.3 (1H, s, 5-OH) disappeared on D,O shake

3C NMR (100 MHz, C;D¢0): 60.79 (6-OCH;), 147.14
(C-2), 136.40 (C-3), 176.80 (C-4), 153.12 (C-5), 131.72
(C-6), 157.79 (C-7), 94.53 (C-8), 152.39 (C-9), 104.58
(C-10), 123.86 (C-1"), 115.82 (C-2"), 145.75 (C-3"), 148.30
(C-4"),116.22 (C-5") 121.55 (C-6").

Development of surface-coated GA-ZnO
and PA-loaded (PA-GA-ZnO)

Surface-modified GA-ZnO nanoparticles were synthesized
using a modified version of a previously published procedure
(Chatique et al. 2023). In brief, 1.5 g of GA and 6 g of ZnCl,
(15 mM) were introduced into a 250-mL conical flask con-
taining a solution of methanol and water. The mixture was
continuously mixed for 30 min. Afterward, a 10% solution
of NaOH was gradually added until the pH value of 12-13.
The mixture was then rapidly agitated for 4 h, resulting in a
white precipitate of GA-ZnO. The solution was centrifuged
at a speed of 12,000 x g for 15 min. It was then rinsed three
times with deionized water and subjected to calcination at a
temperature of 400 °C for a period of 2 h. The resultant white
solid was stored for further investigation. The incorporation
of PA into GA-ZnO was conducted. In brief, a solution of PA
(1 mg/mL) was prepared using methanol and then mixed with
a fixed concentration of GA-ZnO (2 mg/mL) over a period
of 24 h. The PAT-GA-ZnO was subjected to centrifugation
at a speed of 12,000 x g. The resulting liquid portion, which
included unbound PA, was then examined using a UV-VIS
spectrometer (Thermo Scientific Evolution 220, Shanghai,
China) at a wavelength of 292 nm.

Hydrodynamic diameter, polydispersity index (PDI),
and morphology

The size and PDI of GA-ZnO and PA-GA-ZnO were exam-
ined using a Zetasizer instrument (ZetasizerNano ZS90,
Malvern Instruments, Malvern, UK). In general, nanosus-
pensions (0.1 mg/mL) were transferred to plastic cuvettes,
and mediums’ viscosity, pressure, and refractive index were
adjusted to 1.0, 80.4, and 1.33, respectively. GA-ZnO and
PAT-GA-ZnO were examined for surface morphology study
using Atomic Force Microscopy (AFM, Agilent 5500, Agi-
lent, USA).

Drug loading efficiency

The drug loading efficiency was carried out as previously
described (Akbar et al., 2022). Briefly, the PA-GA-ZnO
nano-suspensions were centrifuged at 12,000 g for 15 min
in order to separate nanoparticles. The supernatant was
diluted many times and then examined using a UV-VIS
spectrophotometer at 292 nm. The percentage of drug
entrapment capability of PA was determined employing the
following relation:

% Drugloading = (Amountofdrugused — Unloadeddrug)
/(Amountofdrugused) X 100

Amountofdrugused — Unloadeddrug % 10

Amountofdrugused

Fourier-transform infrared spectroscopy (FT-IR)
analysis

The FT-IR spectra of powdered samples of PA, GA-ZnO,
and PA-GA-ZnO were obtained using a Shimadzu IR-470
spectrometer (Shimadzu, Kyoto, Japan) with a resolution
of 4 cm™!. The sample preparation was conducted using
the KBr disc technique. The air-dried materials were com-
bined with potassium bromide and then compressed at a
pressure of 200 psi to create a self-supporting palette.
The spectra were analyzed within the frequency range of
400-4000 cm™".

In vitro release study

In vitro release of PA in buffer solution (pH 7.0 and 5.0)
containing 1% Tween 80 was conducted using the dialysis
method. Briefly, 2 mL of drug-loaded nanoparticles (2.5 mg/
mL) PA-GA-ZnO exposed on the buffer (pH 7.0 and 5.0)
and transferred in dialysis bag after fixing at both ends. The
membrane was placed in a beaker containing 40 mL buffer
media (pH 7.0 and 5.0) and allowed to shake at 100 x g/
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min at 37 °C. Aliquots (2 mL) were withdrawn at specific
time intervals and replaced with fresh buffer to prevent drug
saturation. The PA release content was quantified at differ-
ent time intervals via UV-Vis spectrophotometer at A max
292 nm.

Human cerebral microvascular endothelial cells
(HBEC-5i)

The cells were purchased from the American Type
Culture Collection (ATCC cat. no. CRL-3245). As per
ATCC, HBEC-5i were originally derived from the cer-
ebral cortex of a patient and immortalized by transfec-
tion with a plasmid containing SV40 large T antigen, and
exhibits endothelial cell markers such as VE-cadherin,
von Willebrand factor VIII, occludin, CD54, CD40, and
tight-junctions as determined by low permeability to
70 kDa dextran. HBEC-5i provide an excellent continu-
ous resource of cerebral microvascular endothelial cells
as a replacement for primary brain endothelial cells. Cells
are routinely cultured in dedicated media, such as Dul-
becco Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F-12), supplemented with glucose, L-glutamine,
sodium pyruvate, foetal bovine serum, and endothelial
cell growth supplement in T-75 cm? tissue culture flasks
at 37 °C in a 5% CO, incubator with over 95% humidity
(Alvi et al. 2023). Once a complete cell monolayer was
formed, cells were dislodged using trypsin and the cell
pellet was obtained by centrifugation at 2500 g for 5 min
and used for assays. For various assays, 50,000 cells/well
were grown in 96-well plates.

Acanthamoeba castellanii cultivation

Acanthamoeba castellanii of the genotype T4 (ATCC
cat. no. 50492) are routinely cultured in 10 mL PYG
media (0.75% proteose peptone, 0.75% yeast extract, and
1.5% glucose) at 30 °C in T-75 cm? tissue culture flasks.
Under these conditions, amoebae trophozoites adhere to
the flask. Once confluent, flasks were placed on ice for
20 min to detach amoebae. Next, amoebae were collected
by gentle tapping for 5 min before being examined under
an inverted light microscope. After collecting the sus-
pension in a 15-mL tube, amoebae were centrifuged for
10 min at 2500 X g. Finally, amoebae pellet was resus-
pended in 1 mL of RPMI, and amoebae were enumerated
with a haemocytometer and used in subsequent assays
(Anwar et al. 2020).

Cultures of Naegleria fowleri

Naegleria fowleri strain HB1 was obtained from ATCC (cat.
no. 30174) and cultured as previously reported (Mungroo
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et al. 2020; Siddiqui et al. 2020). Briefly, parasites (1 x 10°
amoebae) were inoculated on human cell monolayers grown
in tissue culture flasks as a feed. Flasks were incubated at
37 °C in a 95% humidified incubator with 5% CO,. After
48 h, parasites consumed human cells, resulting in approxi-
mately 5 x 103 amoebae, 95% of which were trophozoites
(Mungroo et al. 2020; Siddiqui et al. 2020).

Balamuthia mandrillaris cultures

A clinical isolate of Balamuthia mandrillaris (ATCC 50209)
was originally derived from Papio sphinx, a 3-year-old
female mandrill, who died of amoebic meningoencephali-
tis at the San Diego Zoo (Visvesvara et al. 1993; Mungroo
et al. 2020). As before, B. mandrillaris (10° parasites) were
inoculated on human cells as a feeder layer in a CO, incu-
bator at 37 °C for 48 h. B. mandrillaris consumed human
cells, resulting in approximately 5 x 10° parasites (Mungroo
et al. 2020).

Amoebicidal assays

Amoebicidal assays were performed as described previously
(Mungroo et al. 2020) to determine the effects of drugs and
their nanoconjugants. Briefly, approximately 2 x 103 A.
castellanii, 2 x 10° B. mandrillaris, and 2x 10° N. fowleri
were incubated with 100 pg per mL of the compound and
its nanoconjugants. Negative controls consisted of amoebae
alone, whereas positive controls were 50 uM Chlorhexidine
as a positive control, and an appropriate volume of water
and dimethyl sulfoxide (DMSO) was included as controls.
Trypan blue exclusion test was performed to determine the
viable amoebae as described below (Ageel et al. 2013).

Cytotoxicity assays

Cytotoxicity assays were carried out as described previously
(Jeyamogan et al. 2018). Briefly, HBEC-5i were grown in
96-well plates in a 5% CO, incubator, with 95% humidity
at 37 °C for 24 h. Subsequently, cells were incubated with
drugs and their nanoconjugants. Finally, the supernatant was
harvested and the amount of released lactate dehydrogenase
(LDH) was determined using the cytotoxicity detection kit.
The inclusion of both negative and positive controls ensured
the accuracy of the results and results were calculated as
follows: % cell cytotoxicity = (sample value — negative con-
trol value) / (positive control value, i.e. 1% Triton X-100
treated — negative control value) x 100.

Host cell cytopathogenicity assay

As previously described, the cytopathogenicity of host cells
in response to amoebae was determined using the Lactate
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dehydrogenase (LDH) assay (Akbar et al. 2024). Briefly,
2% 10° A. castellanii, 2 x 10° B. mandrillaris, and 2 x 10°
N. fowleri were treated with drugs and their nanoconju-
gates in RPMI-1640 for 2 h at 30 °C. Next, amoebae were
centrifuged for 10 min at 1000 X g and resuspended in 200
pL RPMI-1640. Pre-treated parasites were inoculated onto
human cell monolayers grown in 96-well plates for up to
24 h. The supernatants were collected and the amount of
released LDH was estimated to determine the level of host
cell damage and the percentage cytopathogenicity was deter-
mined as described for cytotoxicity assays.

Results
Synthesis of GA-ZnO and PA-GA-ZnO

The current study was conceptualized to develop surface-
functionalized ZnO nanoparticles that possess inherited
antiparasitic potential. For this purpose, GA was used as a
coating agent, which belongs to a class phenolic compound
that possesses a phenolic part along with a carboxylic part.
Several studies reported antibacterial, anticancer, and anti-
amoebic activity (Keyvani-Ghamsari et al. 2023; Mahboob
et al. 2020). The resultant GA-coated ZnO was further
loaded with a flavonoid PA to develop the desired PA-GA-
ZnO formulation as depicted in (Fig. 1). The developed
nanoparticles were characterized by FTIR spectroscopy.
The FTIR spectra of GA-ZnO show corresponding peaks
of carboxylic moiety (OH) at 3600-2800 cm™! and a phe-
nolic hydroxyl moiety at 3310 cm™!. The C=0 and C=C
stretching was also observed at 1670 cm™' and 1580 cm™!
(Fig. 2A) (Lee et al., 2017) along with the peak of Zn—-O
stretching at 845 cm™' which confirms the functionaliza-
tion of GA onto the surface of ZnO. The FTIR spectra of
PA show corresponding peaks of OH and C=C stretch-
ing around 3252 cm™! and 1625 cm™!. Moreover, C-O
and C—O-C stretch was also observed at 1295 cm™! and
1151 cm™! which follows the previously reported pattern
(Metwaly et al. 2023). When PA was loaded onto PA-GA-
ZnO (i.e. PA-GA-ZnO), a slight variation in characteristic
absorption values was observed (Fig. 2A), the peak of OH
was shifted from 3252 to 3255 cm™' and the peak of C=C
was shifted from 1625 to 1617 cm™!. This shows that the
loading of PA within GA-ZnO (i.e. PA-GA-ZnO) did not
alter the chemical nature of the PA.

Hydrodynamic diameter, PDI, and morphology

To achieve higher drug transportation at the diseased site,
a relatively smaller hydrodynamic diameter is considered
essential for in vitro and in vivo applications (Saifullah
et al. 2021). The therapeutic efficacy and physical stability

1) o}

OH
nCly, HO OH
Heat o
ZnO NPs OH
Gallic acid (GA)
OH

0 o
o4 HO y p OH
l ® e
HO ) OH
HO 0 | - 0L 0
o OH
HO OH

OH ©
Patuletin (PA) OH
GA-ZnO

OH

PA-GA-ZnO

Fig.1 Synthetic scheme for the preparation of GA-ZnO of PA-GA-
ZnO

of the loaded drug are directly influenced by the average
diameter, making it an essential and fundamental component
of any drug delivery system. The average hydrodynamic
diameter and PDI of synthesized GA-ZnO were found to
be 170.3 +£3.7 nm and 0.205 +0.05 (Table 1), respectively.
After PA encapsulation, the diameter of the developed
PA-GA-ZnO was decreased to 165+4.2 nm and PDI to
0.180+0.04. The decrease in size and PDI may be due to the
reduction in aggregation of PA-GA-ZnO formulation due to
the increment in intramolecular secondary interaction. The
developed GA-ZnO and PA-GA-ZnO showed the PDI values
less than 0.25, indicating the uniform colloidal particle size
distribution. As per AFM images (Fig. 2B), the developed
GA-ZnO and PA-GA-ZnO had nearly spherical morphology
which is an indicative for their higher stability.

Entrapment efficiency determination
The key characteristics of a drug delivery system are

its drug entrapment efficiency, which is enhanced by
increased drug entrapment efficiency and a narrow size
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Fig.2 A FTIR spectra of GA- A
Zn0O, PA, and PA-GA-ZnO.
B Atomic force microscopic 1104
images of GA-ZnO and PA-
GA-ZnO GA-ZnO
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Table 1LE: Table entries for Table 1 were slightly modified. Please
check if correct. Otherwise, kindly amend. Also, please check if table
citations are presented correctly. Hydrodynamic diameter, polydis-
persity index, and percent entrapment efficiency of GA-ZnO and PA-
GA-ZnO

Nanoparticles Hydrodynamic Polydispersity % EE
diameter (nm) index (PDI)

GA-ZnO 1703 +3.7 0.205+0.05

PA-GA-ZnO 165+4.2 0.180+0.04 55+1.32%

distribution. These attributes facilitate the effective
transport of the drug across various biological mem-
branes to the intended site of action (Kawish et al. 2021).
The entrapment efficiency of PA-GA-ZnO is shown in
(Table 1). PA is a polyphenolic molecule that contains

@ Springer

- € 6
§
5
8
4
3
4 2
2 X=234pm
X:08m| Y=234pum 1
Y:07%8m z Z=10 m

(2:92m |

phenolic hydroxyls and an aromatic backbone. The FTIR
spectra indicate a minor shift in the absorption frequen-
cies of OH and C=C, indicating that the entrapment of
PA onto GA-ZnO is due to chelation via the OH group and
secondary interaction through pi-pi stacking.

In vitro release study

The drug release kinetics is one of the most characteristic
features of any drug delivery system. It enables us to ana-
lyze the behaviour of developed formulation in different pH
conditions. The developed PA-GA-ZnO formulation gives
higher release at 51 +1.32% (pH 7.0) at 12 h in compari-
son with the pH 5.0 which was found to be 30.0 +0.65% as
depicted in (Fig. 3) respectively. PA belongs to a class of
flavonoids that possess phenolic moiety in combination with
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Fig. 3 In vitro release profile of PA from PA-GA-ZnO at pH 7.0 and
5.0

methoxy and carbonyl skeleton. Previous study accounts that
the phenolic moiety was a proactive moiety when it comes to
chelation with diverse metals. In the present study, second-
ary interactions and chelation were key factors in encapsu-
lating PA within GA-ZnO. GA on the surface of ZnO forms
pi-pi stacking (noncovalent pi interactions, i.e. orbital over-
lap between the pi bonds of aromatic rings) with PA, and its
phenolic and carboxylic groups form hydrogen bonds with
PA. These secondary interactions and chelation are also
shown by shifts in IR values.

PA-GA-ZnO nanocomposite inhibited parasite
viability when tested against pathogenic A.
castellanii, B. mandrillaris, and N. fowleri

Amoebicidal effects of ZnO, GA, PA, GA-ZnO, and the con-
jugated PA-GA-ZnO were tested against pathogenic free-
living amoebae. The findings showed that the PA, GA-ZnO,
and PA-GA-ZnO-NPs exerted significant amoebicidal effects
against A. castellanii (Fig. 4A) (P <0.05). In controls, treat-
ment with CHX abolished the viability of A. castellanii and
no viable amoebae were recorded, while solvent (DMSO)-
treatment showed no effects. However, treatment with PA
reduced viability by 53%, GA reduced viability by 46%,
ZnO reduced viability by 48%, GA-ZnO reduced viability
by 61%, and finally, PA-GA-ZnO reduced viability by 69%.

When tested against B. mandrillaris, the findings revealed
that treatment with CHX abolished the viability of B. man-
drillaris with 100% amoebicidal effects, while solvent
(DMSO)-treatment showed no effects. However, treatment
with PA reduced viability by 14%, GA reduced viability
by 5%, ZnO reduced viability by 24%, GA-ZnO reduced
viability by 60%, and finally, PA-GA-ZnO reduced viability
by 90%. Notably, B. mandrillaris viability was significantly
reduced when GA and PA were conjugated with ZnO i.e.
GA-ZnO and PA-GA-ZnO (Fig. 4B) (P <0.05).
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o 40
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> 20
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Amoebae+ CHX  DMSO PA ZnO0  GA-ZnO PA-GA-ZnO
alone
(B)
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S
> 20 I
8
0
Amoebae+ CHX  DMSO ZnO GA-ZnO PA-GA-ZnO
alone
(C)
100
= 80
2
H
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2
2
S 40
3
S
S 20 .
0

Amoebae+ CHX DMSO PA ZnO
alone

GA-ZnO PA-GA-ZnO

Fig.4 Patuletin and its nanoconjugants significantly reduced amoe-
bae viability. The amoebicidal effects of various drugs were deter-
mined using trypan blue staining. Briefly, amoebae were treated with
Patuletin and its nanoconjugants at a concentration of 100 pg/ml for
24 h at 30 °C. The data are presented with a mean =+ standard error
and are representative of independent experiments that were con-
ducted. Additionally, p-values were calculated using a two-sample
t-test with a two-tailed distribution; the asterisk (*) is p <0.05

Against N. fowleri, the results revealed that treatment with
CHX abolished the viability of V. fowleri and no viable amoe-
bae were recorded, while solvent (DMSO)-treatment showed
no effects. However, treatment with PA reduced viability by
31%, GA reduced viability by 22%, ZnO reduced viability by
39%, GA-ZnO reduced viability by 59%, and finally, PA-GA-
ZnO reduced viability by 80%. Notably, N. fowleri viability
was significantly reduced when GA and PA were conjugated
with ZnO i.e. GA-ZnO and PA-GA-ZnO (Fig. 4C) (P <0.05).
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Fig.5 Cytotoxicity assays were performed to determine the toxic-
ity of patuletin and its nanoconjugants towards HBEC-5i cells as
described in the “Materials and methods” section. All the employed
compounds displayed limited cytotoxicity. The results are presented
as the mean + standard error.

Overall, the results revealed that the GA-ZnO and PA-GA-
ZnO abolished the viability of all free-living pathogenic amoe-
bae tested in the study.

Nanoconjugates exhibited limited cytotoxicity
against human cerebral microvascular endothelial
cells

To determine toxic effects of nanoconjugates human cells,
cytotoxicity assays were performed. The findings revealed
that the nanoconjugates tested exhibited limited cell death
against endothelial cells (Fig. 5). The LDH values from cells
treated with Triton X-100 were considered 100% cytotoxic-
ity, while negative controls were considered 0% and the sam-
ple values were calculated accordingly. Cells treated with
DMSO showed 3.8% cytotoxicity, PA treated showed 5%,
GA exhibited 7%, ZnO resulted in 15%, GA-ZnO showed
15.8%, and finally PA-GA-ZnO showed 21% cytotoxicity of
human cells. Overall the results revealed that the conjugated
GA-ZnO and PA-GA-ZnO demonstrated limited cytotoxic-
ity against human brain endothelial cells tested in the study.

Nanoconjugates and their counterparts inhibited
parasite-mediated damage to human cerebral
microvascular endothelial cells

To determine whether PA, GA, and their nanoconjugates
inhibit parasite-mediated human cell damage, cytopatho-
genicity assays were performed as described in the “Materi-
als and methods” section. The LDH values from cells treated
with A. castellanii alone were considered 100% cell death,
while negative controls were considered 0% and the sam-
ples values were calculated accordingly. Pre-treatment of
A. castellanii with DMSO showed no inhibition and up to
97% host cell death was observed. While amoebae treatment
with PA reduced host cell death to 45%, pre-treatment with
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Fig.6 Patuletin and its nanoconjugants showed a cytopathogenic
effect against human cells. After being treated with 100 pg/ml com-
pounds for 2 h, the compounds showed varying degrees of a reduc-
tion in amoebae-mediated host-cell death. The host-cell death was
measured after the amoebae were added to the HBEC-5i cell mon-
olayer as described in the “Materials and methods” section; the aster-
isk (*) is p<0.05

GA reduced host cell death to 42%, pre-treatment with ZnO
reduced host cell death to 55%, pre-treatment with GA-ZnO
reduced host cell death to 34%, and finally pre-treatment
with PA-GA-ZnO reduced host cell death to 23% (Fig. 6A).

When B. mandrillaris were treated with DMSO, no
effects were observed and up to 96% host cell death was
observed. While pre-treatment with PA reduced host cell
death to 64%, pre-treatment with GA reduced host cell death
to 55%, pre-treatment with ZnO reduced host cell death to
73% cell death, GA-ZnO reduced host cell death to 40%,
and finally, PA-GA-ZnO reduced host cell death to 27%
(Fig. 6B).

For N. fowleri, pre-treatment with DMSO showed no inhi-
bition and up to 99% host cell death was observed. However,
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parasite treatment with PA reduced cell death to 73%, GA
exhibited 60% cell death, ZnO resulted in 71% cell death,
GA-ZnO showed 52%, and finally, PA-GA-ZnO showed 38%
cell death (Fig. 6C). Overall, the results revealed that the
conjugated GA-ZnO and PA-GA-ZnO inhibited host cell
death mediated by all pathogenic amoebae tested in this
study.

Discussion

Globally, infectious diseases are on the rise (Smith et al.
2014). Infections due to pathogenic free-living amoebae,
although deemed as “rare” infections, are of concern, given
the escalation of global warming, widescale water short-
ages, and increasing reliance of the public on water storage
tanks, particularly in developing countries, and also the rise
in contact lens wearers worldwide, as well as other factors
(Angelici et al. 2021; Carnt et al. 2020; Krdl-Turmirniska and
Olender 2017; Lorenzo-Morales et al. 2015). Moreover, the
true extent of disease burden due to infections caused by
free-leaving amoebae is probably underestimated, given
that as much as 60% of encephalitis cases may be going
undiagnosed or misdiagnosed as bacterial meningitis cases
(Glaser et al. 2003). As current treatments versus these
infections are ineffective, there is a need to develop effi-
cacious therapeutic interventions, especially those that can
eliminate different types of pathogenic amoebae including
Naegleria, Balamuthia, and Acanthamoeba. Flavonoids are
generally considered polyhydroxy aromatic compounds rich
and possess potential antimicrobial activity against diverse
pathogens. Moreover, they are also reported to show potent
activities against parasites. For instance, Le et al. 2023 pub-
lished the antiparasitic activity of diverse flavonoids against
A. castellanii and N. fowleri. They used structurally varied
flavonoids such as kaempferol, afzelin, and quercetin, and
among them, kaempferol showed good activity against both
parasites with an ICs, value of about 27.28 +0.22 uM and
21.63 +1.28 uM against N. fowleri and A. castellanii, while
the rest were inactive.

Patuletin is another flavonoid present in various plants
utilized in traditional folk medicine. It exhibits diverse phar-
macological effects, such as antioxidative, antibacterial, and
anti-inflammatory properties, thus was evaluated for anti-
amoebic properties (Razzak et al. 2023).

Our findings indicate that PA-loaded nano-formulation
(PA-GA-ZnO) exhibited potent efficacy against pathogenic
free-living amoebae, including N. fowleri, B. mandrillaris,
and A. castellanii. The flavonoid PA showed 53% inhibition
of A. castellanii, but when PA was loaded onto GA-ZnO,
the inhibition was increased to 61%. Our findings suggest
that the integration of the flavonoid patuletin with GA-ZnO
resulted in significant anti-amoebic effects. Particularly

noteworthy was the robust antimicrobial impact on B. man-
drillaris, where amoebae viability was reduced by 90%.
The anti-amoebic activities were substantially enhanced in
all tested free-living amoebae when the PA was conjugated
with GA-ZnO NPs. These outcomes suggest that PA-GA-
ZnO can manifest potent anti-amoebic activity, possibly
attributed to their surface area and compact size.

Previous studies have indicated that the presence of
Gallic acid improves the stability and bioavailability of
NPs, suggesting a synergistic effect (Hassani et al. 2020).
Additionally, it has been demonstrated that the combina-
tion with Gallic acid exhibits stronger antioxidant capa-
bilities compared to each compound individually (Lee
et al. 2017; Fiedot-Tobota et al. 2021) which may explain
likely mechanisms observed in our findings. Nonethe-
less, future mechanistic studies should be accomplished
to determine the mechanism of action in amoebae.

In summary, the (PA-GA-ZnO) nano-formulation
exhibited significant amoebicidal effects against the
tested pathogenic free-living amoebae. These results
are noteworthy as they demonstrated enhanced bio-
compatibility with minimal cytotoxicity. The outcomes
underscore the potent anti-amoebic activity of the nano-
conjugation (PA-GA-ZnO). Our findings suggest that
PA-GA-ZnO nano-formulation holds promise for aug-
menting antimicrobial effects, with potential benefits
for bioavailability improvement. Additionally, the nano-
formulations demonstrated bactericidal effects against
various gram-positive and gram-negative bacteria. This
emphasizes the potential of nanoconjugation to address
infections caused by pathogenic free-living amoebae and
bacteria, serving as a versatile therapy for CNS infec-
tions (bacterial and amoebic meningitis cases). However,
comprehensive future research utilizing in vivo models
is essential to ascertain the translational significance of
these findings.
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