M) Cneck tor updates

View Article Online

View Journal

Pharmaceutics

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: R. Siddiqui, M.
Kawish, S. H. Khan, S. Habib, M. R. Shah, T. Shahrul Anuar, E. Brown and N. A. Khan, RSC Pharm., 2025,

DOI: 10.1039/D5PM00201J.

RSC
Pharmaceutics

P ROVAL SOCIETY
p OF CHEMISTRY

(&

7® ROYAL SOCIETY
PN OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the

Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.



http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5pm00201j
https://pubs.rsc.org/en/journals/journal/PM
http://crossmark.crossref.org/dialog/?doi=10.1039/D5PM00201J&domain=pdf&date_stamp=2025-09-23

Page 1 of 36

Open Access Article. Published on 23 September 2025. Downloaded on 6/10/2026 2:19:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

View Article Online
DOI: 10.1039/D5PM00201J

Effective targeting of pathogenic Acanthamoeba castellanii of the T4 genotype

using nano-formulations of Quercetin

Rugqaiyyah Siddiqui'-?#, Muhammad Kawish*, Simal Hassan Khan', Shahida Habib?,

Muhammad Raza Shah?, Tengku Shahrul Anuar*, Euan Brown', Naveed Ahmed Khan>2*

"nstitute of Biological Chemistry, Biophysics and Bioengineering, Heriot-Watt University
Edinburgh, EH14 4AS UK; *Microbiota Research Center, Istinye University, Istanbul 34010,
Turkey; *International Center for Chemical and Biological Sciences, H.E.J. Research Institute
of Chemistry, University of Karachi, Karachi 75270, Pakistan; “Centre for Medical
Laboratory Technology Studies, Faculty of Health Sciences, Universiti Teknologi MARA,
Puncak Alam, Selangor, Malaysia; >School of Science, College of Science and Engineering,

University of Derby, Derby, DE22 1GB, UK.

#Both authors contributed equally

Address for correspondence: N. A. Khan: School of Science, College of Science and

Engineering, University of Derby, Derby, DE22 1GB, UK. E-mail: n.khan2@derby.ac.uk



mailto:n.khan2@derby.ac.uk%20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00201j

Open Access Article. Published on 23 September 2025. Downloaded on 6/10/2026 2:19:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

Page 2 of 36

View Article Online
Abstract DOI: 10.1039/D5PM00201]

The incidence of infections caused by pathogenic Acanthamoeba is increasing, yet the
prognosis continues to be poor. Acanthamoeba spp. are responsible for causing a blinding
keratitis and a fatal granulomatous amoebic encephalitis. Due to limited options for the
treatment of Acanthamoeba infections, there is a need for the development of effective drugs,
which can target Acanthamoeba species. Zinc-copper nanoparticles show antimicrobial
effects and enhance the effectiveness of their payload at specified biological targets. In this
study, we used Quercetin and its’ nanoconjugates and tested their anti-acanthamoebic
properties. Quercetin was conjugated and loaded onto tragacanth polymer (a bioadhesive
gum) coated with zinc copper bimetallic nanoparticles (QUE-TRG-ZnCuNPs) to enhance
effects against Acanthamoeba castellanii. The characterization of the nanoconjugates was
accomplished through fourier-transform infrared spectroscopy, ultraviolet visible
spectrophotometry. Zeta potential, particle size, polydispersity index, scanning electron
microscopy with energy-dispersive X-ray analysis were accomplished. Quercetin alone and
its nanoconjugates were tested for the viability and growth of amoeba, encystation and
excystation activity against A. castellanii, the cytopathogenicity assays were conducted to
understand amoebae-mediated cytopathogenicity on host cells. The findings revealed that
QUE-TRG-ZnCuNPs displayed significant anti-amoebic properties exhibiting up to 68%
amoebicidal effects, up to 50% inhibition of encystation, and over 90% inhibition of
excystmentagainst 4. castellanii. Furthermore, QUE-TRG-ZnCuNPs reduced amoebae-
mediated cytopathogenicity on host cells by up to 50%. These are promising findings and
clearly suggest that Quercetin, combined with nanotechnology, could provide an effective

strategy in the rationale development of therapeutics against Acanthamoeba infections.

Keywords: Acanthamoeba castellanii; Quercetin; Zn—Cu bimetallic nanoparticles;,

nanotechnology, keratitis; eye infection; free-living amoebae
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Acanthamoeba are free-living, eukaryotic, unicellular amoebae of significant
relevance to human health, particularly as causative agents of granulomatous amoebic
encephalitis (GAE), a severe central nervous system (CNS) infection, and Acanthamoeba
keratitis (AK), a sight-threatening ocular infection (Visvesvara et al., 2007; Maciver et al.,
2013; Walochnik, 2018; Rayamajhee et al., 2021; Henriquez et al., 2021).The prevalence of
Acanthamoeba in the environment is widespread, with this pathogen being found in a variety
of habitats, including soil, fresh water, and contaminated medical devices or contact lens
cases (Kawaguchi et al., 2009; Bradbury et al., 2014; Bunsuwansakul et al., 2019 ;de Lacerda
et al., 2021). Current treatment modalities for AK remain challenging, primarily due to the
parasite's resilient cyst stage, which may lead to recurrence despite prolonged therapy
(Lorenzo-Morales et al., 2015; Elsheikha et al., 2020; Kaufman and Tu, 2022; Campolo et al.,
2022). Although biguanide and diamidine antimicrobial agents are commonly used, no single

treatment is able to reliably eradicate AK (Alawfi et al., 2024).

In light of these challenges, nanotechnology has emerged as a promising approach for
the development of novel therapeutic interventions. Quercetin (QUE), a flavonoid renowned
for its antioxidant, anti-inflammatory, and antimicrobial properties, has demonstrated broad-
spectrum efficacy against various pathogens (Nguyen et al., 2022). Its therapeutic potential is
further amplified when conjugated with nanomaterials such as zinc oxide and/or copper,
which may improve solubility, stability, and cellular uptake, thereby amplifying bioactivity
(Salehi et al., 2020). Nanoconjugates can enhance antimicrobial efficacy through several
mechanisms, including improved solubility and stability, enhanced cellular internalisation,
and in some cases the generation of reactive oxygen species that contribute to pathogen
killing. Zinc oxide and copper nanoparticles in particular have been shown to display stronger

antimicrobial and antiparasitic effects than many other metals, owing to their ability to
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disrupt cell membranes, induce oxidative stress, and interfere with enzymatic pathways, ozo/bepmo02015

(Sirelkhatim et al., 2015; El-Gebaly et al., 2024). These properties provided the rationale for
selecting Zn—Cu nanoconjugates in the present study. Additionally, tragacanth, a natural gum
with bio-adhesive and stabilising properties, is able to serve as a formidable carrier for
enhancing the delivery and efficacy of bioactive compounds (Fahimirad, 2023). Quercetin
has been widely studied for its antimicrobial and antiparasitic properties. For example,
flavonoids have been reported to exert anti-parasitic activity against Entamoeba histolytica
(Martinez-Castillo et al., 2018), and more recently quercetin conjugated with silver
nanoparticles demonstrated significant effects on neuroinflammation, endothelial

permeability, and pharmacokinetics against genotype T4 Acanthamoeba polyphaga (Abdel-

Hakeem et al., 2025). These findings highlight Quercetin’s potential as a therapeutic scaffold.

Building on these observations, herein we explore the novel combination of quercetin with
Zn—Cu bimetallic nanoparticles stabilized by tragacanth polymer. In this formulation,
Quercetin-loaded, tragacanth polymer—coated Zn—Cu nanoparticles were prepared and their
anti-amoebic effects investigated, presenting a distinctive approach to therapeutic

development against Acanthamoeba trophozoites and cysts.

To this end, we performed a series of in vitro assays, including amoebicidal,
amoebistatic, encystation and excystation analyses, cytotoxicity and cytopathogenicity
analyses to assess the anti-amoebic properties of these conjugates. The amoebistatic assay
was used to evaluate the ability of the conjugates to inhibit amoebic growth and proliferation,
while the encystation and excystation assays were employed to assess their effects on the
amoeba's ability to form cysts and transition back to the trophozoite form. Conjugation of
Quercetin with zinc copper nanoparticles and tragacanth as a carrier/vector revealed potent
amoebicidal activities, indicative of the potential of zinc-copper-quercetin-tragacanth

conjugates as a novel therapeutic approach for Acanthamoeba infections.
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Materials and methods DOI: 10.1039/D5PM00201J

All solvents used in this study were HPLC-grade and purchased from Fisher
Scientific, Copper (II) acetate monohydrate (Cu(CH;C0OO),.H,0), and Zinc acetate
(Zn(CH;C00),.2H,0)), were obtained from Sigma-Aldrich, Merck Darmstadt, Germany.
Tween 80 (T-80) was purchased from BDH, UK. The supplier of Tragacanth (TRG) was
DAEJUNG (Korea) (MW: 20,000 daltons (average), degree of acetylation: < 25%), and

Quercetin (QUE) was purchased from Sigma Aldrich.

Preparation of Quercetin nanoconjugates

Tragacanth (TRG) stabilized bimetallic nanoparticles were synthesized in two steps.
Firstly, (500 mg) was dissolved in water and placed on stirring for 3h at 50 °C. The narrow-
size, bimetallic nanoparticles (NPs) were synthesized by precipitating (10 mmol) Cu(Il) and
(20 mmol) Zn(II) in the above-prepared TRG solution solutions in an alkaline medium by a
standard co-precipitation method, followed by the 2h stirring at 70 °C. The prepared TRG-
ZnCuNPs were washed thrice from D.I H,O to remove unreacted salts and dried at high
temperatures. A passive drug loading technique was used to prepare QUE-TRG-ZnCuNPs. In
brief, TRG-ZnCuNPs (100 mg) were dispersed in D.I methanol and placed on stirring at
room temperature. Then QUE (100 mg) was added carefully in suspension as mentioned
earlier and allowed to progress under constant stirring for 24 h to facilitate the drug uptake.
The QUE-TRG-ZnCuNPs were obtained via centrifugation at 12000 rpm and dried at room

temperature.

Characterization and analysis
The average hydrodynamic diameter and polydispersity index (PDI) of drug-free
(TRG-ZnCuNPs) and (QUE-TRG-ZnCuNPs) nanoparticles were investigated via using a

Zetasizer (Zetasizer Nano ZS90 Malvern Instruments, Malvern, UK). Redispersed NPs were
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transferred to a transparent plastic cuvette while being careful not to form bubbles, The,,
Zetasizer evaluated the Zeta potential of freshly prepared formulations; diluted formulation
was transferred to a cuvette dip-cell and added into the cuvette containing a solution, and the
analysis was performed in triplicates. The cuvette was then inserted into the sample holder of
the instrument, and analysis was conducted at 25 °C. The medium viscosity, refractive index,
and pressure were fixed at 1.0, 1.33, and 80.4 mPa, respectively. Nanoparticles were also
characterized for their morphology using Scanning Electron Microscopy (Apreo 2C Lo Vac,
USA). A drop of dispersed NPs samples was placed on aluminium stubs, air-dried at ambient
temperature, and gold-sputtered before being scanned under the microscope.
FTIR Spectroscopy

Fourier Transformed Infrared (FTIR) Spectroscopy was conducted to assure the
possible functionalization of substituents onto the surface of NPs and possible interaction in
between drug and the NPs. In brief, about 1 mg of samples were mounted on an ATR assembly
of the infrared spectrometer and the analysis were performed in between 4000-650 cm!.

Drug Entrapment Efficiency Determination (% DEE)

The drug entrapment efficiency of the developed QUE-TRG-ZnCuNPs was studied
using a previously published protocol (Date et al., 2011; Katara et al., 2019). Concisely, the
QUE loading nanoparticles were centrifuged at 12,000 rpm for 10 min to separate QUE-
TRG-ZnCuNPs. The supernatant containing unbounded drug underwent successive dilutions
and was then quantified at 360 nm on a UV-VIS spectrophotometer. The drug entrapment

efficiencies were calculated by using the following relation:

Total drug — unbound drug % 100

% Drug Entrapment = Total drug
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In vitro Quercetin Release Profile DOI: 10.1039/D5PMO02011
Using the dialysis method, an in-vifro QUE release study was carried out in different
buffer solutions (pH 4.0 and 7.0) containing 0.1 % tween 80. About 5.0 mg QUE-TRG-
ZnCuNPs were redispersed in deionized water (D.I H,O 2ml) and then loaded into the
dialysis bags (molecular weight cutoff of 12,000 kDa) with both ends fixed by clamps and
immersed in a separate solution containing 30ml of phosphate saline buffer solutions (PBS)
with a pH 4.0 or 7.0, followed by shaking at 150 rpm and 37 °C. At predetermined time
intervals, 2ml aliquots were drawn and replaced with fresh buffer, and the QUE was
quantified at 360 nm by UV visible spectrophotometer. Its amount was calculated using the
standard calibration curve of QUE. All experiments were performed in triplicates using three
different batches, and data were reported as mean values, and the standard deviations were

calculated.

Cell Culture

Human Embryonic Kidney 293 (HEK293) cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% foetal bovine serum (FBS) and
1% penicillin-streptomycin, as described previously (Mungroo et al., 2021). Cells were
grown at 37°C in a humidified incubator with 5% CO,. For routine sub-culture, cells were
grown to 90% confluence. They were washed with phosphate-buffered saline (PBS) and
detached using 0.05% trypsin-EDTA at 37°C for 10 minutes. Following trypsinisation the
cells were centrifuged at 2000 rpm for 5 minutes. The pellet was resuspended in fresh
medium and reseeded at the required density in 24 well plates for use in subsequent
cytotoxicity and cytopathogenicity assays. All steps were performed aseptically in a laminar

flow hood.
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Cultivation of Acanthamoeba castellanii Trophozoites

Acanthamoeba castellanii (T4 genotype, ATCC 50492) were cultured in proteose
peptone yeast glucose (PYG) medium containing 0.75% proteose peptone, 1.5% glucose, and
0.75% yeast extract. Cultures were maintained in axenic conditions at 30 °C, as previously
described (Mungroo et al., 2021). The growth medium was refreshed every 20 hours to
ensure active proliferation of trophozoites. Amoebae suspensions were monitored daily until
a confluent layer of trophozoites was achieved, at which point the cells were harvested for
experiments.
Preparation of Acanthamoeba castellanii cysts

To prepare cysts for subsequent assays, trophozoites were detached from culture
flasks by chilling, collected, and centrifuged at 3000 x g for 10 minutes. Approximately 5
10° trophozoites were transferred onto non-nutritive agar plates to promote encystation
through nutrient deprivation as described earlier (Mungroo et al., 2021). The plates were
incubated at 30 °C for around two weeks, during which cyst formation was confirmed
microscopically (Abjani et al., 2016). Subsequently, 10 mL of phosphate-buffered saline
(PBS) was applied to the plates, and the cysts were scraped off using a cell scraper. Cysts
were counted using a haemocytometer and used in subsequent assays.
Amoebicidal Analyses

To investigate the impact of Quercetin loaded tragacanth polymer coated zinc copper
bimetallic nanoparticles (QUE-TRG-ZnCuNPs) on the viability of Acanthamoeba castellanii
trophozoites, 5 x 10° amoebae per 0.5 mL per well were seeded in RPMI-1640 medium with
100 pg per mL of QUE-TRG-ZnCuNPs (Tragacanth polymer coated zinc copper bimetallic
nanoparticles). QUE alone, Zn-Cu-TRG alone, chlorhexidine (anti-amoebic drug at 25 pg per
mL) were utilised as controls. Other controls comprised amoeba alone or with corresponding

solvent concentrations. The plates were incubated at 37 °C for 24 hours. Afterward, cidal

Page 8 of 36

View Article Online
DOI: 10.1039/D5PM00201J


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00201j

Page 9 of 36

Open Access Article. Published on 23 September 2025. Downloaded on 6/10/2026 2:19:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

effects were assessed by adding 0.1% Trypan blue, and the number of living (unstained) dfit o0
dead (stained) amoebae were counted using a haemocytometer.
Amoebistatic Analyses

Amoebistatic assays were conducted to assess the effects of quercetin
loaded tragacanth polymer coated zinc copper bimetallic nanoparticles on the growth of 4.
castellanii (Mungroo et al., 2021). Trophozoites (5 x 10°) were incubated with 100 pg per
mL of QUE-TRG-ZnCuNPs, Zn-Cu-TRG, QUE in PYG growth medium in 24-well plates.
The plates were maintained at 30 °C for 48 hours. Control conditions included trophozoites in
100% PYG, non-nutritive phosphate-buffered saline (PBS), and solvent-containing PYG, as
well as Zn-Cu-TRG, QUE, and chlorhexidine (25 pg per mL). The number of amoebae was
then quantified using a haemocytometer.
Encystation Analyses

To assess the influence of quercetin loaded tragacanth polymer coated zinc copper
bimetallic nanoparticles QUE-TRG-ZnCuNPs on cyst formation at 100 pg per mL,
encystation was triggered by inoculating 2 x 10® amoebae in PBS containing 50 mM MgCl,
and 10% glucose in a 24-well plate, which was incubated at 30 °C for 72 hours without
shaking (Mungroo et al., 2021). After incubation, SDS (0.5%) was added for 10 minutes to
solubilize trophozoites, and the cysts were counted using a haemocytometer. Control wells
contained QUE alone, Zn-Cu-TRG alone, chlorhexidine (anti-amoebic drug at 25 pg per
mL), and negative controls lacked both compounds and the encystation trigger. Solvent
controls were included with amoebae and compounds. Cysts were counted using a
haemocytometer (Mungroo et al., 2021).
Excystation Analyses

To investigate if quercetin loaded tragacanth polymer coated zinc copper bimetallic

nanoparticles QUE-TRG-ZnCuNPs hinder the transition of amoebae from the dormant cyst
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stage to the active trophozoite stage, excystation tests were conducted as outlined ip preyigt
studies (Mungroo et al., 2021). In the excystation assays, an initial inoculum of
approximately 5 x 10° mature cysts per well, harvested after 10—12 days of encystation on
non-nutrient agar plates as described above. Following this, the cysts were incubated with
quercetin loaded tragacanth polymer coated zinc copper bimetallic nanoparticles QUE-TRG-
ZnCuNPs at 100 pg per mL in PYG growth medium to assess whether the treatments could
prevent the transformation of cysts into active trophozoites. The cysts were incubated in the
growth medium for up to 72 hours. Controls as described above were utilised, as well as
amoebae alone and were assessed by counting the trophozoites that excysted using a
haemocytometer.

Cytotoxicity Assays using Lactate dehydrogenase (LDH)

Cytotoxicity assays were conducted using HEK293 cells as previously described
(Mungroo et al., 2021). Once fully confluent monolayers of HEK293 cells were established,
the medium was replaced with fresh serum-free medium, with 100 pg per mL of QUE-TRG-
ZnCuNPs and control compounds, and solvent controls described above were added to 24-
well plates. The plates were incubated in a humidified atmosphere with 5% CO, at 37 °C for
24 hours. After this incubation, 0.1% Triton X-100 detergent was added as a positive control
for 100% cell death, while untreated HEK293 cells served as the negative control.
Supernatants were collected from the wells, and the lactate dehydrogenase (LDH)
cytotoxicity detection kit (Roche) was used to assess LDH release, following the
manufacturer’s instructions to determine the percentage of cell death or cytotoxicity.
Cytotoxicity percentage was calculated using the following formula: (sample absorbance —
negative control absorbance) / (positive control absorbance — negative control absorbance) %

100%.

10

Page 10 of 36

rticle Online
M00201J


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00201j

Page 11 of 36

Open Access Article. Published on 23 September 2025. Downloaded on 6/10/2026 2:19:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

View Article Online

In vitro cytopathogenicity Analyses DOI: 10.1039/D5PMO02011
To assess whether quercetin loaded tragacanth polymer coated zinc copper bimetallic
nanoparticles QUE-TRG-ZnCuNPs at 100 pg per mL can prevent parasite-induced damage to
host cells, in vitro cytopathogenicity tests were performed as previously described (Mungroo
et al., 2021). In brief, 4. castellanii (5 x 10° amoebae) were exposed to quercetin
loaded tragacanth polymer coated zinc copper bimetallic nanoparticles QUE-TRG-ZnCuNPs
at 100 ug per mL and controls (as described above) for 2 hours at 30 °C. After treatment, the
amoebae were centrifuged at 1500x g for 2 minutes, and the pellet was resuspended in 200
uL of RPMI-1640. These amoebae were then introduced onto HEK293 cells grown in 96-
well plates and incubated for 24 hours. Host cell damage was then evaluated using LDH
assays, as described earlier above.
Statistical Analyses
Statistical significance was determined using a two-sample t-test with a two-tailed
distribution. P-values < 0.05 were considered statistically significant. The graphical data

display standard errors on the y-axis.

Results
Successful preparation of Quercetin nanoconjugates (TRG-ZnCuNPs and QUE-TRG-

ZnCuNPs)

FTIR spectra of TRG showed prominent peaks of OH (Stretching), C-H (Stretching),
and C-O-C (Stretching) at 3382 cm!, 2984 cm'!, and 1038 cm™! as presented in Figure 1
(Ihsan et al., 2024). The absorption frequencies of TRG shifted slightly when it was modified
onto the surface of ZnCuNPs. For Instance, the peak of OH was moved from 3382 to 3370
cm! (Figure 1). The peak of C=0 was shifted from 1670 to 1650 cm’!, and C-O-C was

shifted from 1038 to 1023 cm™!, implying that these functional groups were involved in

11
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molecule revealed a characteristic absorption at 3250 m-!, 1660 cm!, and 1043 cm™!
corresponding to OH stretching, C=0 and C-O, respectively (Kawish et al., 2024). In FTIR
spectra of QUE-TRG-ZnCuNPs (Figure 3), these bands were shifted slightly, 3238 cm!,
1631 cm’!, and 1037 cm™!, indicating that OH, C=0 and C-O-C groups of QUE were
involved in chelation with TRG-ZnCuNPs. The slight variation in FTIR values also
suggested that secondary interaction was responsible for the entrapment of QUE onto the

surface of TRG-ZnCuNPs.

Particle size, polydispersity index, zeta potential, and scanning electron microscopy with

energy-dispersive X-ray analysis.

Dynamic light scattering analysis showed that the average diameter of QUE-TRG-
ZnCuNPs was greater than unbounded TRG-ZnCuNPs, as depicted in (Table 1). The
increment in size may be due to the association of QUE with the surface of TRG-ZnCuNPs
(Kawish et al., 2021). Due to the abundance of the COO- group on the TRG skeleton, the
functionalized TRG-ZnCuNPs showed negative zeta potential values (Table 1), but when
QUE was loaded onto TRG-ZnCuNPs, the zeta potential values were changed to more
negative, indicating that COO- was more exposed onto the surface of QUE-CHI-ZnCuNPs
(Kawish et al., 2021). Moreover, particle aggregation is less likely to occur in nanomaterials
with high zeta potential values because it raises columbic repulsions and increases colloidal
stability (Kawish et al., 2021). Polydispersity index (PDI) values show the colloidal stability
of nanoparticles and values less than 0.5 indicate colloidal uniformity. The PDI values in the
case of our designed QUE-TRG-ZnCuNPs are less than 0.5, representing that the

nanoformulation is colloidally stable.

12
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Scanning electron microscopic images revealed that the developed TRG-ZnCuNPS 200002015
and QUE-TRG-ZnCuNPs were nearly spherical in morphology, as represented in (Figure 3).
As expected, energy-dispersive X-ray analysis revealed a vast difference in the elemental
composition of developed TRG-ZnCuNPs and QUE-TRG-ZnCuNPs. In the case of TRG-
ZnCuNPs, the elemental composition of C (63.4 %), O (29.2 %), Zn (4.7 %), and Cu (2.3 %)
was observed (Figure 3A). Furthermore, in the case of QUE-TRG-ZnCuNPs, the composition
varied to C (71.0 %), O (20.6 %), Zn (6.7 %), and Cu (1.7 %) (Figure 3B), which may be due

to the entrapment of QUE onto the surface of TRG-ZnCuNPs.

Drug Entrapment Efficiency Determination

Herein, the passive drug-loading technique was adopted because QUE belongs to the
class of polyphenols, and the method facilitates the chelation of phenolic and other moieties
with the metal cores [7]. The drug's entrapment efficiency of QUE within QUE-TRG-
ZnCuNPs was found to be 58.6 £2.85%. The increased QUE loading was attributed to

enhanced hydrogen bonding between QUE and the conjugated TRG moiety.

In-Vitro QUE Release

The release patterns of QUE were analysed in two different media, pH 7.0 and pH
4.0, which are indicative of a physiological and infectious microenvironment, respectively.
According to the drug release plots (Figure 4), at pH 7.0, the onset of drug release was
relatively faster than at pH 4.0. The cumulative release of QUE from QUE-TRG-ZnCuNPs
within 24 h at pH 7.0 and 4.0 was about 72 +1.36 % and 45.3 £0.78 % respectively. The
higher drug release at neutral pH may be due to the enhancement of columbic repulsions

between QUE and TRG-ZnCuNPs, which triggers the QUE release.
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Quercetin loaded tragacanth polymer coated zinc copper bimetallic nanoparticles . .o 0 00005

reveal significant amoebicidal properties against A. castellanii

Amoebicidal experimentation yielded the anti-amoebic efficacy caused by QUE-
TRG-ZnCuNPs against A. castellanii. Following incubation of the amoeba with 100pg/mL of
the compounds, significant (T-test, two-tail distribution, P<0.05) amoebicidal activity was
reported in QUE-TRG-ZnCuNPs and Quercetin alone reducing amoeba viability to
approximately 50% as depicted in Figure 5. Of note, the anti-amoebic drug chlorhexidine
revealed more than 90% amoebicidal effects, whereas the solvent control of DMSO showed
no apparent cidal effects. Furthermore, QUE alone, Zn-Cu-TRG alone revealed limited

effects as depicted in Figure 5.

Quercetin loaded tragacanth polymer coated zinc copper bimetallic nanoparticles

reveal significant amoebistatic properties against A. castellanii

Amoebistatic experimentation yielded the effects caused by QUE-TRG-ZnCuNPs
against the growth of 4. castellanii. Following incubation of the amoeba with 100ug/mL of
the compounds, significant (T-test, two-tail distribution, P<0.05) amoebistatic activity was
reported in QUE-TRG-ZnCuNPs and Quercetin alone reducing amoeba growth to
approximately 50% compared to amoeba alone, as depicted in Figure 6. Of note, the anti-
amoebic drug chlorhexidine revealed more than 90% amoebistatic effects, whereas the
solvent control of DMSO showed limited or no apparent static effects, revealing more than
90% amoebae growth as compared to amoebae alone. Furthermore, Zn-Cu-TRG alone also
revealed limited static effects, instead showing amoebae growth at more than 90%, whereas

QUE alone had some effects, although these were not significant, as depicted in Figure 6.
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Quercetin loaded tragacanth polymer coated zinc copper bimetallic nanoparticles . .o 0 00005

significantly reduced encystment of A. castellanii

Encystation analyses revealed the effects caused by QUE-TRG-ZnCuNPs against the
ability of amoebae to differentiate into cysts. Following incubation of the amoeba with
100pg/mL of the compounds, significant (T-test, two-tail distribution, P<0.05) encystation
effects were revealed in QUE-TRG-ZnCuNPs and QUE, which both revealed significant
effects on encystation, approximately 50% and 56% in comparison to 100% encystment or
encystment media as shown in Figure 7. Of note, the anti-amoebic drug chlorhexidine
revealed more than 90% effects on encystation, whereas the solvent control of DMSO
showed limited or no apparent effects, Furthermore, Zn-Cu-TRG alone also revealed limited

effects on encystation.

Quercetin loaded tragacanth polymer coated zinc copper bimetallic nanoparticles

reveal significant effects on the excystment of A. castellanii

Analyses of excystation assays revealed the effects caused by QUE-TRG-ZnCuNPs
against the ability of cysts to transform back to the trophozoite stage. Following incubation of
the cysts with 100pug/mL of the compounds, and addition of PYG growth media significant
(T-test, two-tail distribution, P<0.05) excystment effects were revealed in QUE-TRG-
ZnCuNPs and QUE, which both revealed significant effects on excystation, of around 90%
inhibition of excystment in comparison to amoeba alone, as shown in Figure 8. Of note, the
anti-amoebic drug chlorhexidine revealed more than 95% effects on excystation, whereas the
solvent control of DMSO showed limited or no apparent effects, Furthermore, Zn-Cu-TRG
alone also revealed limited effects on excystation of around 30% and Quercetin of around

67% excystment inhibition (Figure 8).
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Quercetin loaded tragacanth polymer coated zinc copper bimetallic nanoparticles . .o 0 00005

reduced A. castellanii cytopathogenicity

Assays were performed to evaluate if Quercetin loaded tragacanth polymer coated
zinc copper bimetallic nanoparticles can inhibit amoebae-mediated host cell damage. When
compared with the negative control, quercetin loaded tragacanth polymer coated zinc copper
bimetallic nanoparticles, reduced amoebae-driven human cell cytopathogenicity. Overall,
human cell damage was reduced 55% in human cells treated with amoeba alone and 26.6% in
cells pre-incubated with quercetin loaded tragacanth polymer coated zinc copper bimetallic
nanoparticles within 24h, revealing a significant reduction in amoeba-mediated cell
cytopathogenicity, as shown in Figure 9. In contrast, Zn-Cu-TRG and QUE did not

significantly affect amoebae-mediated host cell death.

Discussion

Acanthamoeba spp. are ubiquitous free-living amoebae found in diverse
environments, including soil, freshwater, and air-conditioning systems (Schuster and
Visvesvara, 2004; Bullé et al., 2020; Chauque et al., 2022). They can cause severe human
infections, most notably Acanthamoeba keratitis (AK), a painful and sight-threatening
corneal infection primarily affecting contact lens users (Carnt and Stapleton, 2016;
Niederkorn, 2021). AK cases have been rising globally, with conventional treatment relying
on biguanides and diamidines, which require prolonged use and may cause corneal toxicity
(Zhang et al., 2023). Of note, in the UK, the incidence of AK has been notably high,
particularly in Scotland, where the west region reports around 7.0 cases per million people
(Illingworth et al., 1995; Seal et al., 1999; Zhang et al., 2023). The rise in AK cases in the UK
is believed to be linked to the increased use of contact lenses since 1992 (Illingworth et al.,
1995; Zhang et al., 2023). Additionally, Acanthamoeba’s ability to form resilient cysts makes
treatment even more challenging, often leading to recurrence and treatment failure (Abjani et
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al., 2016). These challenges highlight the urgent need for novel, more effective therapewtic i cor01s
strategies. Given that previous studies have shown Quercetin and ZnO to possess significant
anti-amoebic effects against Balamuthia mandrillaris and Naegleria fowleri (Siddiqui et al.,

2022) and considering the current lack of effective treatments for Acanthamoeba castellanii
infections, this provided the rationale for investigating their potential against Acanthamoeba

in the present study. Thus, a novel formulation was developed by incorporating Quercetin-

loaded tragacanth polymer-coated zinc-copper bimetallic nanoparticles, and its anti-amoebic

effects were evaluated.

The successful synthesis and characterisation of Quercetin-loaded tragacanth
polymer-coated zinc-copper bimetallic nanoparticles (QUE-TRG-ZnCuNPs) demonstrated
their colloidal stability, uniformity, and efficient drug entrapment. The increase in particle
size and zeta potential upon Quercetin loading suggested strong interactions between the
polymeric TRG-ZnCuNPs and Quercetin molecules, enhancing drug entrapment efficiency
(58.6%). In vitro drug release studies showed pH-dependent behaviour, with faster Quercetin
release at physiological pH (7.0) than in acidic conditions (pH 4.0), likely due to increased
electrostatic repulsions.

Functionally, QUE-TRG-ZnCuNPs exhibited significant anti-amoebic activity against
Acanthamoeba castellanii, reducing trophozoite viability, growth, and encystation while also
inhibiting excystation and amoeba-mediated human cell cytopathogenicity. Notably, QUE-
TRG-ZnCuNPs were more effective than Quercetin alone, likely due to enhanced
bioavailability and sustained release. Furthermore, zinc and copper nanoparticles, as well as
tragacanth alone, were included as controls, in line with our practice of evaluating individual
components alongside the conjugates. Consistent with this, our previous work has
demonstrated that metallic nanoparticles formulated with natural gums or flavonoids exhibit

anti-amoebic activity against Acanthamoeba castellanii (Anwar et al., 2019). In the current
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assays, zinc and copper nanoparticles alone produced moderate inhibition of trophQzoite =o' i -ruo02015

viability and partial effects on cyst stages, while tragacanth alone showed negligible anti-
amoebic activity, as in our previous work (Anwar et al., 2019). By contrast, the Quercetin—
Zn—Cu-tragacanth conjugates demonstrated markedly higher amoebicidal and cysticidal
efficacy, suggesting the synergistic contribution of the combined components. These findings
reinforce the rationale for integrating Quercetin with Zn—Cu nanoparticles and tragacanth in a
single formulation for enhanced anti-amoebic activity.

Of note, while the nanoconjugates in our study showed promising amoebicidal and
amocebistatic effects, their efficacy remained lower than that of chlorhexidine, an anti-
amoebic agent. Although chlorhexidine demonstrated stronger anti-amoebic activity in our
assays, its well-documented ocular cytotoxicity and limited tolerability remain major
drawbacks for clinical use (Fernandez-Ferreiro et al., 2017. Shigeyasu et al., 2012). Current
therapeutic regimens, including biguanides and diamidines, are often prolonged, associated
with poor patient compliance, and do not always reliably eradicate infection. In this context,
nanoformulations such as QUE-TRG-ZnCuNPs may provide important advantages, including
reduced cytotoxicity, sustained drug release, improved physicochemical stability, and the
potential for ocular bio-adhesion through the tragacanth polymer. These features suggest that
QUE-TRG-ZnCuNPs could represent a safer and more biocompatible alternative for the
long-term management of Acanthamoeba infections.

The precise mechanism of action of these compounds against Acanthamoeba remains
unclear. However, zinc oxide nanoparticles are known to exhibit antimicrobial activity by
disrupting cell wall integrity and altering membrane permeability, primarily through the
generation of reactive oxygen species (Sirelkhatim et al., 2015). In a study on Campylobacter
Jjejuni, ZnO nanoparticles were found to interact with bacterial cell surfaces either directly or

via electrostatic interactions, potentially leading to cellular internalisation and oxidative stress
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through reactive oxygen species production (Xie et al., 2011). Additionally, these compouiids,;c.,01;
may induce apoptosis within Acanthamoeba, as ZnO nanoparticles have previously been
shown to trigger apoptosis in human cancer cells (Wahab et al., 2014).

Analogous studies have reported that metallic nanoparticles such as ZnO induce
oxidative stress, membrane damage, and apoptosis-like changes in protozoan parasites. For
example, ZnO nanoparticles caused oxidative damage and morphological alterations in
Leishmania major (Delavari et al., 2014), while gold—silver bimetallic nanoparticles induced
ROS-mediated apoptosis-like death in Leishmania donovani promastigote and amastigote
stages (Alti et al., 2020). Our own previous work has also demonstrated that QUE conjugated
with silver nanoparticles (QUE-AgNPs) displays enhanced anti-amoebic activity against A.
castellanii relative to QUE or AgNPs alone (Anwar et al., 2020). Although the present study
did not measure ROS, apoptosis markers, or ultrastructural changes in Acanthamoeba, these
findings support the hypothesis that similar mechanisms may underlie the enhanced efficacy
of the QUE-TRG-ZnCuNPs formulation.

Given the bioadhesive properties of tragacanth gum (Boamah et al., 2023), this
formulation could be suitable for topical ophthalmic application, particularly for AK. The
sustained and pH-dependent drug release facilitated by tragacanth may enhance ocular
retention and prolong residence time on the corneal surface, thereby improving treatment
efficacy. Additionally, the antimicrobial activity of Zn—Cu nanoparticles and QUE could help
target both trophozoites and cysts, addressing one of the major challenges in AK treatment.
Further studies are required to assess the formulation’s stability, biocompatibility, and in vivo
efficacy to establish its potential as a viable therapeutic option. These findings indicate that
QUE-TRG-ZnCuNPs could serve as a potential therapeutic intervention against A.
castellanii, warranting further investigation into their mechanism of action and in vivo

efficacy.
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Conclusion
In conclusion, quercetin-loaded tragacanth polymer-coated zinc-copper bimetallic
nanoparticles (QUE-TRG-ZnCuNPs) were successfully developed and tested for their anti-
amoebic effects against Acanthamoeba castellanii. The results demonstrated significant
amoebicidal, amoebistatic, encystment and excystment inhibiting activities, with QUE-TRG-
ZnCuNPs effectively reducing the viability, growth, encystment, and excystment of the
amoeba. The compounds showed reduced amoebae-mediated cytopathogenicity effects on
human cells, highlighting their potential therapeutic application. Future studies will focus on
further elucidating the mechanism of action. /n vivo studies will also be essential to confirm
the safety and efficacy of QUE-TRG-ZnCuNPs in a biological context. Additionally, the
potential application of these nanoconjugates in water treatment and other related fields
should be explored.
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Figure 1: FTIR spectra of TRG and TRG-ZnCuNPs.

Figure 2: FTIR spectra of QUE and QUE-TRG-ZnCuNPs.
Figure 3: SEM analysis of (A) TRG-ZnCuNPs: (i) SEM image, (ii) EDX image, (iii)) EDX

spectrum, (iv) EDX image with elemental mapping, (B) QUE-TRG-ZnCuNPs: (i) SEM

image, (ii) EDX image, (iii) EDX spectrum, (iv) EDX image with elemental mapping.

Figure 4: In vitro drug release profiles at pH 7.0 and 4.0.

Figure 5: Quercetin loaded tragacanth polymer coated zinc copper bimetallic

nanoparticles reveal significant amoebicidal properties against 4. castellanii

(a) At 100 pg per mL, QUE-TRG-ZnCuNPs and Quercetin alone demonstrated significant
amoebicidal activity, significantly reducing amoeba viability after 24 hours of incubation.
The data is representative of at least 3 independent experiments, performed in duplicate, and
are presented as the mean + standard error. Additionally, P-values were calculated using a
two-sample t-test with a two-tailed distribution, where (*) indicates statistical significance at

<0.05.

Figure 6: Quercetin loaded tragacanth polymer coated zinc copper bimetallic
nanoparticles reveal significant amoebistatic properties against A. castellanii. QUE-
TRG-ZnCuNPs and Quercetin alone (100 pg per mL) demonstrated significant amoebistatic
activity. The data is representative of at least 3 independent experiments, performed in

duplicate and are presented as the mean + standard error. Additionally, P-values were
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calculated using a two-sample t-test with a two-tailed distribution, where (*) indicates, ,0z0/b5prm002013

statistical significance at P < 0.05.

Figure 7: Quercetin loaded tragacanth polymer coated zinc copper bimetallic

nanoparticles significantly reduced encystment of 4. castellanii.

QUE-TRG-ZnCuNPs and Quercetin alone (100 pg per mL) exhibited significant effects on
encystation. The data is representative of at least 3 independent experiments, performed in
duplicate and are presented as the mean + standard error. Additionally, P-values were
calculated using a two-sample t-test with a two-tailed distribution, where (*) indicates

statistical significance at P < 0.05.

Figure 8: Quercetin loaded tragacanth polymer coated zinc copper bimetallic
nanoparticles reveal significant effects on the excystment of A. castellanii. QUE-TRG-
ZnCuNPs and Quercetin alone (100 pg per mL) exhibited significant effects on excystation.
The data is representative of several independent experiments, performed in duplicate and are
presented as the mean =+ standard error. Additionally, P-values were calculated using a two-
sample t-test with a two-tailed distribution, where (*) indicates statistical significance at P <

0.05.

Figure 9: Quercetin loaded tragacanth polymer coated zinc copper bimetallic
nanoparticles exhibited decrease in amoeba-mediated cytotoxicity against human cells.
At 100 pg per mL, QUE-TRG-ZnCuNPs significantly reduced amoebae-driven human cell
cytopathogenicity. The data is representative of several independent experiments, performed
in duplicate and are presented as the mean =+ standard error. Additionally, P-values were
calculated using a two-sample t-test with a two-tailed distribution, where (*) indicates

statistical significance at P < 0.05.
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Table 1: Characterization of TRG-ZnCuNPs and QUE-TRG-ZnCuNPs for size, PDI, zetas) i ioicos0:;

potential, and %DEE.

S no. Samples Size PDI Zeta potential %DEE
(nm) (mV)

1. TRG-ZnCuNPs 1947+ 11.3 0.257+0.031 -25.5+1.65 -—-

2. QUE-TRG-ZnCuNPs 286.1+29 0.183+0.092 -30.4+3.54 58.6 +2.85
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