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Abstract

Acanthamoeba castellanii is the causative pathogen of a severe eye infection, known as
Acanthamoeba keratitis and a life-threatening brain infection, named granulomatous amoebic
encephalitis. Current treatments are problematic, costly and exhibit limited efficacy against the
Acanthamoeba parasite, especially the cyst stage. In parallel to drug discovery and drug
repurposing efforts, drug modification is an important approach to tackle infections, especially
against neglected parasites such as the free-living amoeba: Acanthamoeba. In this study, we
determined whether modifying pentamidine and doxycycline through chitosan-functionalized
graphene oxide loading, enhances their anti-amoebic effects. Various concentrations of
doxycycline, pentamidine, graphene oxide, chitosan-functionalized graphene oxide and chitosan-
functionalized graphene oxide loaded with doxycycline and pentamidine were investigated for
amoebicidal effects against pathogenic A. castellanii belonging to the T4 genotype. Lactate
dehydrogenase assays were performed to determine toxic effects of these various drugs and
nanoconjugates against human cells. The findings revealed that chitosan-functionalized graphene
oxide loaded with doxycycline demonstrated potent amoebicidal effects. Nanomaterials also
significantly (p < 0.05) inhibited excystation and encystation of 4. castellanii without exhibiting
toxic effects against human cells in a concentration-dependent manner, as compared with the
other formulations. These results indicate that drug modifications, coupled with nanotechnology
maybe a viable avenue in the rationale development of effective therapies against Acanthamoeba

infections.

Keywords: Drug modification; Graphene oxide; Chitosan; Doxycycline; Pentamidine;

Acanthamoeba.
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Introduction

The unicellular pathogenic Acanthamoeba spp. are associated with keratitis and
encephalitis (Marciano-Cabral and Cabral 2003; Clarke and Niederkorn, 2006; Khan 2006;
Visvesvara et al. 2007; Panjwani, 2010; Rayamajhee et al., 2024). Given the rarity of the
infections caused by Acanthamoeba and the limited number of cases reported, the development
of therapeutic strategies has largely been neglected by the pharmaceutical industry. Thus the
onus is on the academic community to develop therapeutic interventions or at the very least
identify potential drug leads (Debnath, 2021). Novel drug discovery efforts are costly, requiring
funds in millions ($). However, most funding agencies that support academic researchers, fund
projects in the range of thousands ($), and that too in specific priority areas of major diseases.
Having said this, it is promising that many researchers are investigating amoebal pathogens, with
an eye to identify potential anti-amoebic molecules of therapeutic value and these efforts are
strongly encouraged. To overcome funding challenges, researchers have turned to drug
repurposing and drug modifications of existing drugs to expedite discovery of lead compounds
(Elsheikha et al., 2021; Debnath, 2021). For the latter, biguanide, diamidine, and azole are
currently prescribed in combination against Acanthamoeba infections (Clarke and Niederkorn,
2006; Visvesvara et al., 2007; Panjwani, 2010). For instance, chlorhexidine gluconate (CHX) as
well as pentamidine (Pent) are one of the widely used biguanides and diamidines respectively.
Chlorhexidine has been used extensively; however, it is also reported that failure on the
bioavailability of the drug tends to occur in the corneal stroma (Sangkanu et al., 2021). On the
other hand, Pent is a well-known drug against Acanthamoeba spp. Pentamidine disrupts the
biosynthesis of nucleic acids and proteins, to exert its’ effects (Elsheikha et al., 2020; Siddiqui et

al. 2016). Nevertheless, the use of Pent has been found to carry potential neurotoxicity due to
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poor specificity (Sanderson et al., 2021). Additionally, the blood-brain barrier which is highly
selective can impede drug delivery into the central nervous system and act as another obstacle in
the therapy of amoebic infections (Ong et al., 2017). Moreover, there are growing risks of
developing multi-drug resistance in Acanthamoeba which need to be addressed in advance
(Turner et al., 2004; Henriquez et al., 2021). Hence, we investigate if a “drug modification
approach” can be utilized to increased efficacy of known drugs such as Pent.

Carbon-based nano-structured materials, such as carbon nanotubes (CNTs), Buckminster
fullerenes (C60), carbon dots (CDs), and graphene and its derivatives, are known for their
distinctive mechanical and biological properties (Chiu et al., 2018). Among these, graphene oxide
(GO) is particularly notable for its monolayer, two-dimensional honeycomb crystal structure,
which provides a vast specific surface area and an array of polar functional groups. These features
make GO and its derivatives promising as drug carriers, facilitating drug transport through surface
adsorption, hydrogen bonding, electrostatic interactions (Kumar et al., 2021), and exhibits
biological properties such as anti-cancerous activities, textile dye remediation etc. (Biswas et al.,
2023; Keerthana et al., 2022). GO's mechanical properties enable functionalization through both
covalent and non-covalent interactions, while its capacity to cross-link with diverse polymers
amplifies the biological potential of GO-based polymeric nanocomposites. Consequently, the
development of aqueous-dispersible, biocompatible, and non-toxic graphene oxide-based
polysaccharides holds paramount importance for drug delivery applications (Feng and Wang,
2022). Natural polymers such as chitosan (CHI), characterized by its linear cationic biopolymer
structure comprising glucosamine and N-acetylglucosamine, emerge as particularly promising
candidates in biomedical contexts due to their inherent biocompatibility and biodegradability.

Extensive biological applications, including antibacterial, anti-inflammatory, antioxidant, and



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

immunomodulatory properties, underscore the significance of chitosan and its derivatives in

biomedical research (Wang et al., 2020).

The biodegradable nature, low immunogenicity, and biocompatibility of these materials
make them suitable for drug delivery, cell adhesion, tissue engineering, and gene delivery (Deb
and Vimala, 2018; Motiei and Kashanian, 2017). The combination of chitosan with graphene
oxide has resulted in materials with unique functionalities, especially as nanocarriers for drug
delivery. For example, Su et al. (2021) developed silver nanoparticle-infused GO
nanocomposites with antimicrobial properties capable of multi-drug release. Keasavan et al.
(2021) created a formulation of CHI and D-mannose functionalized GO to deliver Ulvan for
targeted anticancer therapy. Doxycycline (Doxy), a broad-spectrum tetracycline antibiotic, is
used for treating various infectious diseases and has demonstrated anticancer properties by

inhibiting matrix metalloproteinases (Singh and Nenavathu, 2020).

Recent research has explored Doxy's use in treating COVID-19 and it has shown efficacy
against Dengue and Chikungunya viruses (Malek et al., 2020; Narendrakumar et al., 2021).
Additionally, Doxy has been effective against A. castellanii (Jha et al., 2015). Pentamidine
isethionate has been used to treat several parasitic infections such as leishmaniasis,
pneumocystis, trypanosomiasis, and babesiosis (Peretti et al., 2018; Kannan et al., 2021).
Although its primary mechanism of action is not fully understood, Pentamidine binds to adenine-
thymine rich DNA regions, facilitated by its terminal amidine groups and aromatic rings, which
enable intercalation and stabilization within the DNA double helix (Peretti et al., 2018).
Pentamidine and its derivatives have shown potent amoebicidal activity against species like A.

castellanii, A. polyphaga, and A. hatchetti (Alizadeh et al., 1997). This study aims to investigate
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whether modifying Pent and Doxy with chitosan-functionalized graphene oxide enhances their

anti-amoebic effects.

Materials and Methods

Graphite was sourced from AVONCHEM, while chitosan, pentamidine, doxycycline
hyclate, phosphoric acid, ethanol, and diethyl ether were sourced from Sigma Aldrich. 1-ethyl-3-
[3-(dimethylamino)propyl] carbodiimide hydrochloride was obtained from Ambeed, sulfuric
acid and hydrochloric acid were procured from BDH labs. Potassium permanganate and

hydrogen peroxide were purchased from Scharlau Chemicals.

Graphene oxide synthesis

Graphene oxide was synthesized using Hummer’s method as previously described
(Shahriary & Athawale, 2014). Briefly, 9:1 mixture of H2.SO4 and HsPO. was added to graphite
(3g, 1 equivalent), followed by stirring for 10min. Next, KMnOa4 (18.0g, 6 equivalent) was
added. The mixture was agitated for 12h at 50°C, and then poured onto ice. Subsequently, 30%
H20: (3mL) was added in a dropwise manner and centrifuged at 4,000 x rpm for 1h. After this,
the supernatant was discarded and the solid residue was sequentially washed with HO (300mL),
30% HCI (300mLx2), and ethanol (x2). During each washing, samples were centrifuged at 4,000
x rpm for 1h and the resulting product was coagulated with ether, filtered, and vacuum dried at

ambient temperature. Finally, graphene oxide was sonicated to produce nano-graphene oxide.



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

Graphene oxide functionalized with chitosan

Graphene oxide was functionalized with chitosan through an amidation reaction. Briefly,
GO (Img/mL, 50mL) was sonicated for homogeneous nano-suspension for 1h. Next, EDC
(150mg) and NHS (75mg) were added and stirred overnight to activate the carboxyl groups on
GO. After this, CHI (1% wt) was added, and the mixture was stirred overnight at room
temperature and then centrifuged and washed with water to eliminate any unreacted CHI. The

resulting product, GO-CHI, was lyophilized for experimentation.

Drug loaded GO-CHI nanocarrier

Doxycycline (Doxy) and pentamidine (Pent) were loaded onto GO-CHI nanocarriers.
Initially, by dissolving Doxy in water and Pent in methanol, each at a concentration of 0.5mg/mL
with a total volume of 10 mL for each drug. These drugs were then separately added to two
distinct GO-CHI solutions (1 mg/ mL), and stirred continuously at 500 x rpm for 24h. Next, the
drug-loaded solutions underwent centrifugation to separate the GO-CHI nanocarrier from the
free drug. The amount of unbound drug in the supernatant was measured to calculate the drug
loading efficiency. The efficiency of drug loading was assessed using the following formula:

Drug-loading efficiency = (total drug—unbound drug) / total drug x100.

Analysis using Fourier Transform Infrared (FTIR) Spectroscopy

To investigate interactions, FTIR analysis was carried out using Nicolet 6700 FTIR
spectrometer (Thermo Nicolet), equipped with a deuterated triglycine sulphate detector and
operated via OMNIC operating system software, spectra were acquired as described in our

earlier studies (Anwar et al., 2019a; 2019b). Samples were directly placed in contact with
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attenuated total reflectance (ATR) on a ZnSe plate at room temperature. Spectra were recorded

across the range of 4500-650 cm™, comprising 16 scans at a resolution of 4 cm™.
Atomic force microscopy (AFM) and scanning electron microscopy (SEM)

Analysis of GO, GO-CHI, GO-CHI-Doxy and GO-CHI-Pent was carried out by atomic
force microscopy (Agilent, USA), and scanning electron microscope ((JEOL-JSM-6380A) as
previously described (Anwar et al., 2019a; 2019b). For AFM, samples were diluted and placed
on mica slide, air dried, and mounted on microscope. Scanning of images was accomplished in
non-contact mode. SEM analysis was also conducted to investigate the ultramicroscopic features
of these nanocomposites. Samples were mounted on a metallic stub and sputter coated with a
thin layer of gold to enhance conductivity. Images were captured at a 5000 x, with a scale bar of

10 pm.
Thermal stability, X-Ray diffraction, and Zeta potential analysis

Thermal stability of samples was assessed through thermogravimetric analysis using a
TA instrument, SDT650 as described earlier (Anwar et al., 2019a; 2019b). Thermal screening
was carried out across a heating range of 25°C-800°C, with heating rate of 15°C per min under
nitrogen atmosphere. Additionally, nano formulations were explored for Zeta potential using a
Zetasizer instrument (ZS-90, UK) as described before (Anwar et al., 2019a; 2019b). Samples
were incorporated into deionized water, and then data were obtained in triplicates. Powdered X-
ray diffraction (PXRD) analysis was performed for GO, CHI, and GO-CHI nanocomposites on a
Xpert pro, PANaltyical diffractometer with Cu Ko, (A =1.5418 A) as previously (Anwar et al.,

2019a; 2019Db).
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Acanthamoeba castellanii culture

The growth medium (PYG) was formulated by combining 0.75% proteose peptone,
0.75% yeast extract, and 1.5% glucose. Acanthamoeba castellanii trophozoites were obtained
from a keratitis patient (ATCC 50492) were routinely cultured in tissue culture flasks at 30°C

and monitored until confluency was reached as previously described (Anwar et al., 2019a).

Amoebicidal Assay

The stock solution of GO-CHI-Doxy, GO-CHI-Pent, GO, and GO-CHI were prepared at
10mg/mL in ddH>0. Acanthamoeba castellanii were collected by centrifugation at 3,000 x rpm
for 10min. Next, amoebae were suspended in RPMI-1640 and exposed to various concentrations
of GO-CHI-Doxy (25, 50, and 100png/mL), GO-CHI-Pent (25, 50, and 100pg/mL), GO (25, 50,
and 100pg/mL), and GO-CHI (25, 50, and 100pg/mL). Chlorhexidine (100pg/mL) alone was
used as a positive control, while ddH>O was used as a solvent control. Amoebae were incubated
at 30°C for 24h. Following incubation, Trypan blue exclusion assay was employed to enumerate
unstained viable cells using a hemocytometer (Ahmed et al., 2023a). The number of amoebae
incubated alone was considered as 100% and relative percent viability was determined
accordingly.
Cysts formation and excystation assay

The trophozoites were transformed into mature cysts by transferring healthy trophozoites
to non-nutrient agar (NNA) plates. Briefly, trophozoites were tapped and centrifuged at 3,000 x
rpm for 10min. The pellet was resuspended in 1mL of PBS and inoculated on NNA plates. The
plates were properly labelled and incubated at 30°C for 15 days. The cells were observed under

an inverted microscope, until they transformed into mature cysts.
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Excystation assays were performed as described earlier (Ahmed et al., 2023b). The cysts
were counted, and the concentration was adjusted to 1 x 10° cells per well using a
haemocytometer. The cysts were treated with various concentrations of GO-CHI-Doxy (25, 50,
and 100pg/mL), GO-CHI-Pent (25, 50, and 100ug/mL), GO (25, 50, and 100pg/mL), and GO-
CHI (25, 50, and 100pg/mL). Chlorhexidine (100pg/mL) alone was used as a positive control,
while ddH>O was used as a solvent control. The cells were incubated for 72 hours at 30°C in
excystation media. After the assigned duration of incubation, the newly emerged trophozoites
were counted under an inverted microscope by using Trypan blue exclusion assay.
Encystation assay

The tested compounds were also assessed for their possible activity to inhibit the
transformation of trophozoites into cysts/encystation. The assay was performed as described
earlier (Ahmed et al., 2023b), The trophozoites were enumerated and treated in encystment
(glucose, PBS + Pen strip, MgClz) medium with various concentrations of GO-CHI-Doxy (25,
50, and 100pg/mL), GO-CHI-Pent (25, 50, and 100pug/mL), GO (25, 50, and 100pg/mL), and
GO-CHI (25, 50, and 100pg/mL). Chlorhexidine (100pug/mL) alone was used as a positive
control, while ddH>O was used as a solvent control. The trophozoites were treated for 72 hours.
Next, the cells were treated with 0.25% SDS for 2 minutes to dissolve trophozoites and immature
cysts. Only mature cysts were counted under an inverted microscope.
Human cell culture and lactate dehydrogenase assay

Human keratinocyte skin cells (HaCaT) were grown in tissue culture flasks containing 10
mL of growth media (RPMI-1640 containing 10% fetal bovine serum, glutamine, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 1% non-essential amino acid as previously described

(Anwar et al., 2019a; 2019b). Once a complete monolayer was formed, human cells were washed
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with PBS to eliminate any dead cells. Next, trypsin (ca. 2 mL) was added to each flask and
incubated for 10 min at 37°C. Next, cells were centrifuged at 1,500 x rpm for 5 min, and the
pellet was suspended in RPMI (Anwar et al., 2019b). For assays, HaCaT cells were grown in 96-
well plates and exposed to drugs. Next, cells plus drugs were subjected to 24 h of incubation at
37°C with 5% COas. After this incubation, supernatants were harvested, and the amount of
released lactate dehydrogenase (LDH) was determined using a cytotoxicity detection kit. Briefly,
equal volumes of sample and LDH assay reagent (50 uL each) were mixed in 96-well plates. The
plates were then incubated at room temperature in the dark for 20 min and then read using a plate
reader with a reference wavelength of 490 nM. The results were calculated as follows: % cell
cytotoxicity = (sample value — negative control value) / (positive control value, i.e., 1% Triton
X-100 treated — negative control value) x 100. Untreated HaCaT cells were used as negative
control, while 1% Triton X-100 were used as positive control as previously described
(Jeyamogan et al., 2018).

Statistical analysis

Two-sample T-test and a two-tailed distribution were employed to ascertain significant
differences between the means of two independent data groups, utilizing Microsoft Excel. Data
analysis was conducted with a critical value set at < 0.05. Additionally, on graphical
representations, the y-axis errors denoted the standard error of each data point in the graph.

Notably, significance levels were indicated as follows: *, indicating p < 0.05.

Results
Graphene oxide was successfully synthesized using an enhanced version of Hummer’s

method, followed by exfoliation through sonication to produce graphene oxide nanoparticles

11



245

246

247

248

249

250

(Marcano et al., 2010). These nanoparticles were then subjected to covalent interaction with
chitosan (CHI) through amide linkage, resulting in the formation of graphene oxide chitosan
(GO-CHI), as depicted in Scheme 1a. Subsequently, the biocompatible GO-CHI was employed
as a nanocarrier for loading the tetracycline antibiotic doxycycline (GO-CHI-Doxy) and the

antimicrobial agent pentamidine (Pent), as illustrated in Scheme 1b.
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Scheme 1: (a) Synthesis of GO-CHI (b) Drugs loaded GO-CHI (GO-CHI-Doxy and GO-CHI-

Pent).

FTIR

Figure 1 provides a comprehensive view of the FTIR spectra, elucidating interactions
within the nanocomposites GO, GO-CHI, GO-CHI-Doxy, and GO-CHI-Pent. In Figure 1a, the
GO spectrum reveals characteristic vibrations, including —OH stretching around 3400-3300 cm™,
and —C=0 stretching at 1730 cm™'. CHI spectrum exhibits peaks at 3360 cm™ attributed to N-H
stretching. Notably, GO-CHI shows peaks at 1650 cm™ and 1570 cm™, indicating amide
coupling. In Figure 1b, doxycycline spectrum displays peaks corresponding to functional groups

such as -NH and —OH. The FTIR spectra of GO-CHI-Doxy reveal shifts indicating interaction,

13
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particularly in the amide and —C=0 stretching regions. Figure 1c illustrates pentamidine's
interaction with GO-CHI, characterized by distinct peaks attributed to its functional groups. GO-
CHI-Pent shows broad peaks in the 3500-3200 cm™* range, indicating interaction with Pent

(Rana et al., 2011; Yadav et al., 2017; Safdar et al., 2022; Peretti et al., 2018).

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was employed to investigate the thermal stability and
behavior of pristine GO, pure chitosan, and GO modified by chitosan (GO-CHI), as shown in Fig
2. Thermogram indicates an initial weight loss between approximately 30°C and 100°C,
representing about 15%, 9%, and 11% for GO, CHI, and GO-CHI, respectively, due to water
evaporation. Following this, GO exhibits decreased thermal stability around 200°C, with a 70%
weight loss attributed to the decomposition of oxygen species and carbon dioxide evolution.
CHI's thermal decomposition occurs approximately between 250°C and 400°C after moisture
loss, due to glycosidic unit degradation and depolymerization. However, the GO-CHI
thermogram depicts weight loss of approximately 50% from 156°C to 350°C in two stages
(Kumar and Koh, 2014). The thermal stability of GO-CHI is increased compared to pure GO,
attributed to bond formation between chitosan and GO, resulting in a reduction in labile oxygen-

containing functional groups.

Morphological Analysis

The morphology of GO, GO-CHI, GO-CHI-Doxy, and GO-CHI-Pent was scrutinized using
AFM and SEM techniques as shown in Fig 3. SEM micrographs of graphene oxide nanoparticles
unveil a rugged, irregularly wrinkled structure attributed to the presence of functional moieties

like epoxy, hydroxyl, and acidic groups on the GO surface (Deng and Berry, 2016; Cheng et al.,

14
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2019). AFM images corroborate these observations, revealing uneven, notched shapes, irregular
surfaces, and roughness (Fig 3a) (Cheng et al., 2019). Additionally, chitosan-grafted graphene
oxide nanoparticles exhibit a distinct morphology, featuring a smoother structure compared to
GO, with chitosan clumps adhering to the graphene oxide's rough surface, as evidenced in SEM
and AFM images (Fig 3b). Conversely, GO-CHI-Doxy and GO-CHI-Pent showcase spherical
particles on the GO's rough surface, indicative of successful drug loading onto the GO-CHI

nanocarrier, as illustrated in Fig 3(c-d).
X-Ray diffraction

An X-Ray diffractogram of the synthesized GO nanocomposite and chitosan-grafted
graphene oxide (GO-CHI) nanocarrier is depicted in Fig 4. A sharp peak characteristic of GO at
20 = 9.45°, corresponding to (001) crystal plane, which equates to an interlayer d-spacing of
approximately 9.6 A. This indicates the presence of oxygen-rich species at the basal plane of
GO. Conversely, pure chitosan displays two distinct peaks around 9.23° and 20.3°,
corresponding to d-spacing values of 9.5 A and 4.37 A, respectively. Upon functionalization of
graphene oxide with chitosan (GO-CHI) nanocarrier, two peaks emerge at approximately 9.5°
and 19.05°, with corresponding interlayer d-spacing values of 9.39 A and 4.66 A. This indicates
the successful attachment of chitosan to the GO surface. The prominent peak at 9.5° in GO-CHI
suggests the overlap of GO and CHI as described in previous studies (Han et al., 2011; El Rouby

et al., 2018; Gong et al., 2019).
Zeta Potential

Zeta potential, a crucial parameter for assessing nanoparticle surface charge, varies based

on the functional groups present on the nanoparticle surface (Veerapandian and Neethirajan,
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2015). GO exhibited a surface charge of -27.0 mV due to the presence of carbonyl, hydroxyl, and
epoxy functional groups. Following functionalization and subsequent electrostatic conjugation
with drugs, the zeta potential shifted to relatively less negative magnitudes, approximately -19.4
mV for GO-CHI, -20.5 mV for GO-CHI-Doxy, and -21.2 mV for GO-CHI-Pent. This shift
suggests the loss of carboxyl groups during surface modification via covalent linkage and

electrostatic interactions.

Drug Encapsulation Studies

Doxycycline (Doxy) and Pentamidine (Pent) were loaded onto the surface of the GO-CHI
nanocarrier. The entrapment efficiency of Doxy and Pent on GO-CHI was evaluated by isolating
free drug through centrifugation, followed by quantification using a UV-vis spectrophotometer.
The calculated entrapment efficiencies were found to be 80% for Doxy and 75% for Pent.
Specifically, Doxy was loaded into GO-CHI nanocarrier at a concentration of 0.40 mg/mL, while
Pent was loaded at a concentration of 0.375 mg / mL. These findings indicate that 80% Doxy and
75% Pent were effectively encapsulated by the GO-CHI nanocarriers, demonstrating substantial
drug loading and retention within the nanocarrier system.

Nanoconjugates of doxycycline and pentamidine exhibited significant anti-amoebic effects

Figure 5 demonstrates a clear decrease in viable cell counts with increasing
concentrations of test samples. Specifically, the cell numbers followed the trend of GO-CHI-
Doxy < GO-CHI < GO at each concentration. These observations revealed statistical significance
(p<0.05) (Fig. 5). The ICso of GO-CHI-Doxy against A. castellanii ranged between 25ug/mL and
50pug/mL, indicating lower efficacy compared to Doxy alone. At a concentration of 100pg/mL,
the parasite number treated with GO-CHI-Doxy reduced further from that of pure GO. Notably,

Figure 5 also highlights a notable reduction in A. castellanii viability compared to the solvent
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control, following treatment with pentamidine alone after 24 h of incubation. For GO-CHI-Pent,
significant reductions in 4. castellanii trophozoite viability were observed at test concentrations
(Fig. 5), indicating that nanoconjugates of Doxy and Pent exhibit enhanced effects.
Nanoconjugates of doxycycline and pentamidine exhibited significant effects against
excystation

These assays are crucial in order to understand the ability of tested compounds against
phenotypic transformation of 4. castellanii. The histogram in Figure 6A showed that the number
of viable cells were maximum in the negative and solvent control. However, both compounds
(Doxy, Pent) and their respective nanoconjugates decreased the viable trophozoites in a dose
dependent manner. For statistical analysis, a p < 0.05 was held significant. The histogram
showed that the viability of trophozoites were significantly decreased after treatment with GO-
CHI-Doxy and Doxy alone. The cell numbers followed the trend of GO-CHI-Doxy< Doxy <
GO-CHI < GO at each concentration. Figure 7A also showed that maximum activity was
recorded for GO-CHI-Pent and ICso for GO-CHI-Pent is expected around 25 pg/mL, showing
that Pent nanoconjugate reveal enhanced efficacy against the transformation of cysts to
trophozoites as compared to GO-CHI-Doxy.
Nanoconjugates of doxycycline and pentamidine exhibited significant effects against
encystation

Figure 7B showed that the maximum number of cysts were recorded in the negative and
solvent control. Both compounds (Doxy, Pent) and their respective nanoconjugates decreased the
number of viable cysts with increasing concentrations. The histogram showed that the trend of
GO-CHI-Doxy < Doxy < GO-CHI < GO at each concentration. These observations held

statistical significance (p<0.05). However, only significant activity was recorded for GO-CHI-
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352  Doxy, indicating that only Doxy nanoconjugate showed potent activity against transformation of
353  trophozoites to cysts. Similarly, Figure 7B also highlights that viability of cysts were also

354  reduced after treatment with Pent and its nanoconjugate, in a dose dependent manner. Pent and
355 its’ nanoconjugates revealed a notable reduction in cyst viability compared to Doxy and its’

356  nanoconjugates. These results indicate that only Pent and its’ nanoconjugates have the ability to
357  inhibit the phenotypic transformation of trophozoites to cysts.

358  Nano-conjugated Doxy and Pent showed reduced cytotoxicity against HaCaT cells

359 The cell cytotoxicity assay aimed to assess the cytotoxic effects of drugs and their nano-
360 conjugates on HaCaT cells. As depicted in Figure 6, cytotoxicity decreased with decreasing

361  concentrations of drugs. Specifically, GO-CHI-Doxy exhibited reduced toxicity to human cells
362  compared to Doxy alone. Additionally, the toxicity of GO was mitigated by the addition of

363  chitosan. HaCaT cells displayed low sensitivity to both GO and GO-CHI. The histogram

364 indicates that the highest cytotoxicity was observed for Pent 100pg/mL, reaching up to 41%,
365 followed by Pent alone at lower concentrations. Furthermore, minimal cell cytotoxicity (less than
366  20%) was observed in HaCaT cells across various concentrations of GO alone as well as GO-
367 CHL

368  Discussion

369 To date, Acanthamoeba infections remain difficult to treat (Alawfi et al., 2024).

370  Combination of drugs including amidines, biguanides, and azoles are currently available

371  treatment options with limited efficacy (Elsheikha et al. 2020). In the present study, we used
372 Pent, Doxy and their nanocomposites against A. castellanii to assess and compare their anti-
373 amoebic activities. Notably, Doxy exhibited amoebicidal effects in a concentration-dependent

374  pattern. The antimicrobial mechanism of Doxy is correlated to the inhibition of protein synthesis,

18



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

which may explain our findings in 4. castellanii. Doxycycline can inhibit aminoacyl-tRNA (aa-
tRNA), which is essential for protein synthesis (Patel and Parmar, 2022). Additionally, Doxy has
higher lipophilicity compared to other tetracyclines, allowing it to cross multiple membranes to
reach the target site (Patel and Parmar, 2022), making Doxy a promising drug. Furthermore, the
viability of 4. castellanii was also inversely proportional to the concentration of compounds
utilized. Both GO and GO-CHI exhibited low amoebicidal effects against 4. castellanii, likely
through interaction with negatively charged membranes (Khandegar et al. 2021).

Pentamidine is one of the well-known drugs that is used to treat Acanthamoeba
infections, however it lacks specificity and displays toxicity. In this study, we investigated the
effects of Pent loaded with its nanomaterials against A. castellanii via amoebicidal and cell
cytotoxicity assays. The amoebicidal assay results revealed that Pent alone and Pent loaded with
its nanoconjugates exhibited anti-amoebic activity against 4. castellanii. The ability of Pent to
inhibit growth is believed to be associated with the hindrance of phospholipids and protein
synthesis. The latter can be done via inhibiting the incorporation of nucleic acids into DNA and
RNA, as well as blocking the process of oxidative phosphorylation (Fiorito, 2021). Moreover,
cell shrinkage and membrane blebbing is one of the key features of cells in late-stage apoptosis,
and it can be seen in A. castellanii trophozoites upon exposure to pentamidine (Baig et al., 2017).
Thus, the amoebicidal effects exhibited by Pent alone may be due apoptosis-inducing properties,
eventually leading to cell death in Acanthamoeba. Microbial cell membranes can be intruded by
the sharp edges of GO, leading to consequent cytoplasmic content leakage and therefore
inducing cell death (Mohammed et al, 2020; Radhi et al., (2021). Oxidative stress is also
attributed to the formation of lipid peroxide by reactive oxygen species (ROS) which causes the

oxidation of fatty acid. The physicochemical property of GO which generates ROS leads to
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damage of DNA and RNA. Furthermore, GO-CHI showed more activity against 4. castellanii
trophozoites as compared to GO. This could be due to the fact that antimicrobial properties are
also exhibited with the conjugation of graphene oxide and chitosan. The increase in killing action
may be associated with the increase in roughness of GO-CHI surface (Sundar et al., 2014). Most
importantly, the synergistic effect between graphene oxide and chitosan may allow the
enhancement of anti-acanthamoebic effects against A. castellanii. Besides, the number of viable
A. castellanii trophozoites significantly decreased after treatment with GO-CHI-Pent at
100pg/mL. This decreased activity is possibly due to the use of nano-conjugates, while GO-CHI
serves as a drug carrier. Owing to the efficient encapsulation efficiency of graphene oxide and
chitosan (Khandegar et al., 2021), it is likely that the loaded Pent drug does not leak out before
reaching the targeted cell and inhibiting the incorporation of DNA and RNA resulting in cell
death (Grumezescu, 2019). Kumar et al. (2021) suggest that the extended release of
Metronidazole, which is an antifungal drug, is observed when using GO-CHI to carry the drug.
We also propose that Pent which is also an antifungal drug will have extended drug release when
conjugated with GO-CHI. With the administration of higher concentrations of GO-CHI-Pent,
higher cytotoxicity can be seen (Figure 6), resulting from the higher drug concentration that
correlates to its cytotoxicity. Bellmann and Smuszkiewicz, (2017) reported that amphotericin B
is analogous to Pent, and demonstrated a direct proportional relationship between the drug
concentration and its toxicity, which further supported the aforementioned concept. However,
when compared with pentamidine alone, cytotoxicity was reduced upon conjugation with GO-
CHI. Similarly, Doxy showed moderate cytotoxicity by itself, whereas the nano-conjugated GO-
CHI-Doxy exhibited the lowest toxicity. This indicates that the use of GO-CHI nanoconjugates

as a drug carrier for Pent and Doxy attenuates the cytotoxic effects of drugs alone as also
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reported previously (Shu et al., 2021). These nanomaterials especially GO-CHI-Doxy revealed
potent anti-amoebic activities and limited cytotoxicity in vitro.

The phenotypic transformation assessment into the nanomaterials, along with their
respective controls, was also performed to explore their potential inhibitory effects against 4.
castellanii. These assays are critical as hash environments, chemicals and drugs lead to the
transformation of trophozoites to cysts, making infections difficult to eradicate (Ahmed et al.,
2022). These GO and GO-Chi have previously shown potent anticancer and anti-microbial
effects (Bhatti et al., 2018; Ma et al., 2022) and their combination with Dox and Pent
significantly inhibited excystation and encystation of A. castellanii. These enhanced effects may
be due to synergistic effect of both GO-Chi and drugs, providing a dual mode of action. Based
on the data from our study, these nanomaterials should be considered for future in vivo studies
for Acanthamoeba infections, eventually being considered to develop effective contact lens
cleaning solutions.

In conclusion, GO-CHI-Doxy and GO-CHI-Pent exhibited significantly stronger
amoebicidal effects against A. castellanii in comparison to drugs alone. These nanoconjugates
may have potential against Acanthamoeba keratitis and encephalitis, however in vivo studies are
needed to realize these expectations. Furthermore, GO-CHI-Doxy showed lower cytotoxicity
against human cells. GO-CHI-Pent decreased the viability of A. castellanii but showed relatively
higher cytotoxicity. Future mechanistic studies are warranted to understand the mechanism of

action of drugs with their nano-conjugates.
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Figure legends:

Figure 1: Representative FTIR spectra for the prepared (a) GO, GO-CHI, CHI (b) GO-CHI, GO-

CHI-Doxy, Doxy(c) GO-CHI, GO-CHI-Pent, Pent.

Figure 2: Thermogravimetric analysis of GO, CHI and Functionalized GO-CHI.

Figure 3: Representative (i) AFM and (ii) SEM micrographs of (A) GO, (B) GO-CHI, (C) GO-

CHI-Doxy and (D) GO-CHI-Pent.

Figure 4: X-Ray Diffractograms of GO, CHI and GO-CHI.

Figure 5: Illustrated the number of viable A. castellanii trophozoites after 24-hour incubation
with various concentrations of GO, GO-Chi, Doxy, GO-Chi/Doxy, Pent, and GO-Chi/Pent.
Chlorhexidine (100 pg/mL) was used as a positive control, while ddH>O was used as a solvent

control.

Figure 6: (a) Illustrated the cytotoxicity effects of GO, GO-Chi, Doxy, Pent, GO-Chi/Doxy and
GO-Chi/Pent against HaCaT cells treated with different concentrations of compounds at 37°C

after 24-hour incubation.
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Figure 7: Illustrate the effect of chitosan-functionalized graphene oxide loaded with doxycycline
and pentamidine on the phenotypic transformation. (A) Shows the effect of GO, GO-Chi, Doxy,
Pent, GO-Chi/Doxy and GO-Chi/Pent on the excystation of A. castellanii cysts to trophozoites
after 72-hours of treatment. (B) Demonstrate the effect of GO, GO-Chi, Doxy, Pent, GO-
Chi/Doxy and GO-Chi/Pent on the encystment of 4. castellanii trophozoites to cysts after 72-
hours of treatment. Asterisks (‘*’) indicate that the values are significant, with a p value of less

than 0.05.
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