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Abstract

Purpose: This paper introduces a complete in vitro investigation of cytotoxic and genotoxic effects of Phyllanthus niruri extract load-
ed chitosan nanoparticles (PNNP) on mouse Sertoli cell line (TM4), as well as their impact on spermatogenesis.

Methods: Chitosan nanoparticles (ChNP) and PNNP were prepared using an ionic gelation process, while their cytotoxicity on TM4
cells was assessed using the Cell Counting Kit-8 (CCK-8) assay. Comet and fast halo assays were used to quantify single-strand DNA
breaks in TM4 cells. To detect changes in cell morphology during apoptosis, nuclear staining with Hoechst 33342 was performed. An
immunofluorescence assay was employed to examine the expression level of proteins connexin 43 and Claudin 11 in TM4 cells after
exposure to PNNP concentration of 125 ug/mL.

Results: The synthesized PNNP had a size of 170.6 nm, a polydispersity index of 0.269, a zeta potential of +37.8 mV, and a good
entrapment efficiency of 71.0%. Encapsulation of Phyllanthus niruri into ChNP induced DNA damage in TM4 cells as determined
by alkaline comet and fast halo assay (FHA). Additionally, it stimulated apoptosis, as determined by changes in cell morphology by
Hoechst 33342 staining. There was significant down regulation of blood-testis barrier (BTB) proteins in TM4 cells after exposure to
PNNP which could compromise the integrity of BTB and subsequently disrupt spermatogenesis process in male.

Conclusion: Our investigation confirms the cytotoxic and genotoxic effects of PNNP in TM4 cells, which could lead to spermato-
genesis disruption and male infertility.
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Introduction array of bioactive compounds, including flavonoids such

as quercetin, rutin, astragalin, and niruriflavone, as well as
Phyllanthus niruri has been the subject of extensive inves- ~ lignans, terpenes, sterols, and polyphenols (Bagalkotkar
tigation in the field of pharmaceutical research (Kaur et et al. 2010). Due to the considerable content of quercetin
al. 2017). This herbal medicine is composed of a diverse flavonoids and their associated bioactivities, quercetin is
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employed as a reference standard for evaluating the effi-
ciency of extract entrapment (Pratiwi et al. 2019). A key
pharmacological use that has been explored is the hepa-
toprotective capacity of Phyllanthus niruri to protect liver
function and health (Ezzat et al. 2020). Spray-dried ex-
tract of Phyllanthus niruri has also been beneficial against
acute colitis, reducing mucosal damage and inflammation
through its antioxidant effects (De Melo et al. 2015). Be-
yond hepatic and gastrointestinal effects, emerging re-
search suggests that Phyllanthus niruri has beneficial im-
pacts on kidney function as well. Studies have indicated
its ability to positively impact kidney function, suggesting
its promise as a treatment for various kidney problems,
including kidney stone prevention and enhancement of
kidney cell proliferation (Freitas et al. 2002; Giribabu et
al. 2017). However, excessive dosages or long-term use of
Phyllanthus niruri may be harmful, as subsequent stud-
ies have investigated its toxicity on male reproductive
function, producing hormonal imbalances and possible
testicular degradation, which may lead to male infertili-
ty (Asare et al. 2013). Recently, nanoscale technology has
proven an effective tool in boosting the therapeutic poten-
tial of medicinal plants. Drug delivery systems that em-
ploy Phyllanthus niruri nanoparticles hold great promise,
including extract-loaded chitosan nanoparticles, which
possess antibacterial effects against Salmonella pullorum
(Hidanah et al. 2022). Additionally, Phyllanthus niruri
nanoparticles are a promising candidate for prostate can-
cer therapy (Unni et al. 2014). Furthermore, Phyllanthus
niruri extract nanoemulsion has antioxidant and antimi-
crobial activity (Pathania et al. 2022).

One area of research regarding Phyllanthus niruri that
has attracted considerable interest is its extract in nanopar-
ticle drug delivery systems, specifically for nanoparticles
composed of chitosan, which have been found to possess
immunomodulatory activity (Pratiwi et al. 2019). Chi-
tosan is a natural polysaccharide linear with hydrophilic
and cationic properties (Rizeq et al. 2019). Chitosan has
long been known for being non-toxic and biodegradable
by certain enzymes into non-toxic oligosaccharides, mak-
ing it suitable for clinical applications as one of the most
popular polymers for nanoparticles (Dash et al. 2011).
However, when chitosan is synthesized as nanoparticles,
its physicochemical properties change, and the nanoparti-
cles may aggregate in a specific tissue via circulation, pro-
moting harmful interactions between the nanoparticles
and the human system (Loh et al. 2010). Nanoparticles
easily penetrate cells with their large surface area and small
size, and if positively charged or modified in other ways,
they may enhance cell uptake (Hu and Gao 2010). Recent
years have witnessed an increased focus on nanotoxicity
research. Inorganic nanoparticles like silver nanoparticles,
gold nanoparticles, metal oxide nanoparticles, and multi-
walled carbon nanotubes, among others, have gained
considerable interest within nanotoxicity research circles
(Nagai et al. 2011; Puzyn et al. 2011; Yang et al. 2014).
Nevertheless, there is still a dearth of information on the
toxicity of organic nanoparticles. Recent research has
found that sublethal doses of inorganic ZnO nanoparti-

cles caused reactive oxygen species (ROS) to be produced
that interfered with Sertoli cells by reducing the expres-
sion of BTB protein. This suggests that ZnO nanoparticles
could have toxic effects on male reproductive health (Liu
et al. 2016). The potential toxicity of organic, biodegrad-
able chitosan nanoparticles is not entirely known. Accord-
ing to a particular study, chitosan-based nanoparticles are
less cytotoxic than free chitosan, supporting the belief that
these nanoparticles are harmless (Frigaard et al. 2022). On
the other hand, previous studies have demonstrated that
chitosan nanoparticles may induce cellular apoptosis, the
production of reactive oxygen species, and organ-spe-
cific damage in zebrafish models (Hu et al. 2011; Wang
et al. 2016; Abou-Saleh et al. 2019). Therefore, assessing
the potential toxicity of organic nanoparticles containing
Phyllanthus niruri-loaded chitosan nanoparticles (PNNP)
is crucial to ensure their safe clinical application.

At the core of this research lies an inquiry into the im-
pact of PNNP on Sertoli cells, which play an essential role
in spermatogenesis. We aim to explore any cytotoxic or
genotoxic effects PNNP may have using the TM4 cell line
and evaluate toxicity levels from these nanoparticles and
their carrier nanoparticles (ChNP) concerning their im-
pact on spermatogenesis. Given their possible adverse ef-
fects on male reproductive health, thorough investigations
of toxicities must be conducted before widespread usage
in clinical settings.

Materials and methods
Materials

Sodium tripolyphosphate (STPP), quercetin, bovine
serum albumin (BSA), normal melting point agarose
(NMA), triton X-100, ethidium bromide and Cell count-
ing kit -8 (CCK-8) were purchased from Sigma-Aldrich
(St. Louis, MO). Chitosan was purchased from PT. Biotech
Surindo (Cirebon, Indonesia). Dry extract of Phyllanthus
niruri (meniran) was purchased from PT. Borobudur Ex-
traction Center (Semarang, Indonesia). Absolute ethanol,
glacial acetic acid, sodium hydroxide, methanol pro-analy-
sis, aluminium chloride, sodium acetate, sodium chloride,
dimethyl sulfoxide, disodium ethylenediaminetetraacetic
acid (EDTA) were purchased from Merck (Rahway, NJ).
Phosphate buffer saline (PBS), dulbecco’s modified eagle
medium (DMEM high glucose), F12 nutrients, fetal bo-
vine serum (FBS), penicillin-streptomycin were purchased
from Gibco, Thermo Fisher Scientific (Waltham, MA).
Trypan blue, 0.25% trypsin solution and trypsin-EDTA
solution were purchased from Invitrogen (Carlsbad, CA).
Low melting point agarose (LMA) was purchased from
Himedia Laboratories (Maharashtra, India). TM4 cell was
supplied by European Collection of Authenticated Cell
Cultures (ECACC) Catalogue no. 88111401 (Salisbury,
UK). Primary polyclonal antibodies of claudin 11 and
connexin 43, and secondary antibody of goat anti-rabbit
IgG (H+L) cross-adsorbed, Alexa Fluor 488 were pur-
chased from Thermo Fisher Scientific (Waltham, MA).



Pharmacia 71: 1-14

Preparation of empty ChNP and PNNP

The ionic gelation process was used to prepare PNNP. A
chitosan solution with a concentration of 1.4 mg/mL was
prepared in 1% v/v glacial acetic acid. The pH was adjust-
ed to 4.7 using 5 M NaOH, and the solution was filtered
using a 0.22 um Techno Plastic Products (TPP) syringe fil-
ter. STPP solution was prepared in deionized water with a
concentration of 1.47 mg/mL to be used as a crosslinker
and then filtered using a 0.22 um TPP syringe filter. The
stock solution of Phyllanthus niruri extract was produced
at a concentration of 5000 ug/mL, then filtered through a
0.22 um TPP syringe filter, and the concentration of extract
used in each final formula was 2500 pg/mL. The Phyllan-
thus niruri nanoparticles formulation method began with
adding 50 uL of previously made Phyllanthus niruri extract
to 712 puL chitosan solution in a brown glass vial. Further-
more, as described, this addition was repeated in 10 brown
glass vials (total volume of Phyllanthus niruri extract that
was added 500 uL and chitosan solution 7120 uL) and in-
cubated for 30 min in a darkroom. Then, each glass vial
containing Phyllanthus niruri extract and chitosan solution
was stirred using a magnetic stirrer at 800 rpm for 1 min,
after which 238 pL of STPP solution was titrated using a
micropipette drop by drop, stirring was continued for 2
min. After adding STPP, nanoparticles will form immedi-
ately. Each glass vial component (1000 puL) was aspirated
into a 1.5 mL microcentrifuge tube, then centrifuged at
13000 rpm for 20 min. The supernatant was collected for
a subsequent entrapment efficiency test. Each pellet was
resuspended in 100 pL of deionized water and collected in
one clean glass vial with a total volume of 1000 pL. Sonica-
tion was carried out for the final solution of nanoparticles
(1000 pL) with an amplitude of 70% for 10 seconds three
times. In the preparation of ChNP, the same steps as before
were followed with just some slight modifications; only dis-
tilled water was used instead of Phyllanthus niruri extract.

Total flavonoid content of extract 250 ppm — total flavonoid content of supernatant

Physical characterization of ChNP and
PNNP

Determination of particle size, polydispersity index (PDI),
and zeta potential was measured using Photon Correla-
tion Spectroscopy with the working principle of the tool
analyzing fluctuations in light scattering using the Delsa
Nano C Particle Size Analyzer (Beckman Coulter).

Entrapment efficiency (EE) of PNNP

The EE of PNNP was determined using an indirect meth-
od. The unencapsulated drug was quantified by measur-
ing the total flavonoid content in the supernatant solution
collected from the nanoparticles during formulation after
centrifugation. The content analysis was conducted using
the total flavonoid test for Phyllanthus niruri extract, and
quercetin was used as a standard comparison compound
as stated in the Indonesian Herbal Pharmacopoeia (Ke-
menkes 2017). A stock solution of 1000 ppm quercetin
in methanol was prepared, and a calibration curve was
created at concentrations of 30, 40, 50, 60, 70, 80, and
90 ppm. The calibration curve was generated by mixing
0.5 mL of standard with 0.1 mL AlCl3 10%, 0.1 mL NaAc-
etate 1 M, 1.5 mL methanol, and 2.8 mL demineralized
water. The spiked sample was prepared by adding 0.5 mL
of the sample with 0.5 mL of spiked standard quercetin,
0.1 mL AlCl3 10%, 0.1 mL Na Acetate 1M, 1.5 mL meth-
anol, and 2.3 mL demineralized water. The blank sample
was prepared by mixing 1.5 mL of methanol, 0.1 mL of 1M
sodium acetate, and 3.4 mL of demineralized water. The
samples were then incubated in a dark room for 30 min-
utes. The concentration of quercetin was quantified using
a UV-visible spectrophotometer (T92+ Spectrophotome-
ter Pg instruments) at 434 nm. These steps were repeated
three times. The EE of the nanoparticles was calculated
using the formula below:

%EE =

X100

Total flavonoid content of extract 250 ppm

Morphology investigation

The morphology of formulated ChNP and PNNP were
examined by transmission electron microscopy (TEM)
imaging. TEM analysis was performed using a Hitachi
HT7700 TEM system (Tokyo, Japan). For sample prepa-
ration, the nanoparticle solutions were diluted with de-
ionized water, then pipetted directly onto carbon-coated
copper grids prior to TEM imaging. The TEM analysis en-
abled assessment of the particle size distribution and mor-
phological characterization of both the ChNP and PNNP
formulations (Mohamed et al. 2023) .

Fourier transform infrared (FTIR) spec-
troscopy

FTIR spectroscopy was performed to analyze the chemi-
cal composition and structure of the nanoparticles. FTIR

spectra were obtained using a Jasco FT/IR-4200 type A
spectrometer equipped with an attenuated total reflec-
tance (ATR) accessory. A small amount of each sample
(Phyllanthus niruri (PN) extract, chitosan powder , sodi-
um tripolyphosphate (STPP) crosslinker, and PNNP,) was
placed on the ATR crystal and a single reflection spectrum
was collected over the range of 4000-400 cm™ with a res-
olution of 16 cm™. Each spectrum represented an average
of 16 scans. The spectra were compared to analyze chang-
es in functional groups and molecular structure after
nanoparticle formation.

Thermal analysis

Thermal analysis was conducted using a STA 7300 simul-
taneous thermal analyzer (Hitachi High-Tech Science Cor-
poration, Japan). Samples weighing 0.592 mg of ChNP and
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0.592 mg of PNNP were separately placed into platinum
crucibles and subjected to heating from 25 °C to 800 °C at a
rate of 10 °C/min under a 30 mL/min nitrogen atmosphere.
An empty aluminum oxide (ALO,) crucible served as the
reference. The STA 7300 analyzer facilitated comprehensive
analysis, detecting transitions including glass transitions,
crystallization, oxidation, and decomposition events. Dif-
ferential thermal analysis (DTA) produced a plot of heat
flow signal against temperature, while thermogravimet-
ric analysis (TGA) displayed a percentage sample weight
change against temperature. Additionally, Differential Ther-
mogravimetric Analysis (DTG) enabled the observation of
the rate of change of weight loss against temperature, offer-
ing insights into specific thermal events (Ramos et al. 2023).

Cell viability test using CCK-8 assay

To investigate the cell viability of nanoparticles, 5 x 10°
TM4 cells were seeded on 96-well plates in 100 ul of DMEM
medium containing 10% FBS, 100 U/mL penicillin and
100 pg/mL streptomycin and incubated for 24 h. Two types
of nanoparticles: ChNP and PNNP were exposed to the
cells and incubated for another 24 h. Series concentration
of Phyllanthus niruri in PNNP was 7.8, 31.3, 125, 500, and
2000 pg/mL, respectively. Meanwhile, the concentration of
ChNP was prepared corresponding to concentration dilu-
tions of PNNP. Untreated cells served as the negative con-
trol and cells treated with 5% Tween 20 as the positive con-
trol. After adding 10 puL of CCK-8 solution to each well, the
plates were incubated at 37 °C for 1 h and the absorbance
was measured at 450 nm using a microplate reader. The
experiments were performed in triplicate and the results
were expressed as mean + SD. The inhibitory concentration
(IC50) was calculated using CompuSyn software.

Quantification DNA damage by alkaline
comet assay

The alkaline comet assay was conducted based on the pre-
viously described method (Dusinska et al. 2017). Briefly,
TM4 cells were seeded at a density of 3.0 x 10° in a multi-
well plate and incubated at 37 °C in a 5% CO, atmosphere
for 24 h. Then, cells were treated independently with two
groups of tested medications: ChNP at concentrations of
25, 50, and 200 pg/mL, and PNNP at concentrations of
62.5, 125, and 500 pg/mL. The treatment duration was 2 h.
The negative control was untreated cells while the posi-
tive control was cells incubated with H,0, (100 uM) for
15 min. Each experiment was repeated three times. Af-
ter treatment, cells were harvested into 15 mL tubes by
aspirating the medium, washing with PBS (calcium- and
magnesium-free), adding trypsin, collecting in a tube, and
neutralizing trypsin with appropriate serum-containing
media. Cells were then centrifuged in tubes at 200 g for
7 min; the medium was discarded, and cell pellets were re-
suspended in PBS. All cells were collected under dim light
conditions. About 75 mg of LMA was placed in a conical
flask with 10 mL of PBS and heated in a microwave until

the agarose dissolved completely and the mixture became
transparent. The mixture was transferred to eppendorf
tubes and kept in a water bath at 37 °C until needed. After
cell collection, 30 pL of cell suspension (3 x 10* cells) and
90 uL of LMA solution (0.75%) at 37 °C (1:4 ratio) were
mixed well with a pipette, and 60 pL of the mixture was
quickly added to each side of the pre-coated NMA slide
to create two gel layers. The slides were covered rapidly
with coverslips and placed in the fridge for 5 min until the
gel solidified. The coverslip was then carefully removed,
and the slides were submerged in a coplin jar covered
with aluminum foil containing freshly prepared lysis buf-
fer (2.5 mM NaCl, 100 mM EDTA, and 10 mM Tris HCI)
adjusted to pH 10. This solution was supplemented with
10% DMSO and 1% Triton X-100, 30 minutes prior to the
commencement of the experiment. The slides were left in
the lysing buffer overnight at 2-4 °C. Following lysis, the
slides were placed horizontally in electrophoresis buffer
(0.3 M NaOH and 1 mM EDTA) for 30 minutes to un-
wind the DNA. Electrophoresis was then performed for
30 minutes at 4 °C at 300 mA and 25 volts. The slides were
subsequently submerged in neutralization buffer (0.4 M
Tris-HCI, pH 7.5) for 5 minutes at 4 °C in a dark place,
followed by 5 minutes in cold distilled water. The DNA
was visualized in a dark room by staining the slides with
60 pL of ethidium bromide (20 ug/mL). The slides were
covered with a coverslip and scored after 10 minutes to
avoid cell dehydration. The DNA integrity of 50-100 cells
per slide was randomly scored using an Inverted Micro-
scope Olympus IX73 filter connected to the CCD. The
data were transferred to another computer and analyzed
using CASP software. Olive tail moment (OTM) is the
more frequently used to measure DNA damage. However,
providing in parallel with % tail DNA is recommended
(Tice et al. 2000). Thus, two parameters, % tail DNA (the
percentage of DNA in the tail) and OTM (fraction of DNA
in the tail multiplied by the tail length), were used to as-
sess DNA damage in the comet assay.

Assessment of DNA single strand breaks
(SSBs) by FHA

DNA SSBs were detected using the FHA method as pre-
viously described (Sestili et al. 2006), with the follow-
ing modification. TM4 cells were seeded at a density of
4.0 x 10° cells and incubated in a 5% CO, atmosphere at
37 °C for 24 h. After incubation, the cells were treated with
various doses of ChNP and PNNP medications. The in-
cubation duration was 2 h. The negative control consist-
ed of untreated cells, while the positive control involved
incubating cells with 100 uM of H,O, for 15 min. After
treatment, cells were collected under dim light, and the
supernatant was discarded. Cells were washed with ice-
cold PBS containing 5 mM EDTA and then resuspended
at 4.0 x 10* cells/100 uL ice-cold PBS containing 5 mM
EDTA. The cell suspension was diluted with an equal vol-
ume of 2% LMA in PBS, which was kept in a water bath
at a temperature of around 37 °C. Sixty microliters of the
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mixture was immediately pipetted onto precoated slides
with 1% NMA and covered with a coverslip. The slides
were then placed on an aluminum foil and put on ice for
about 20 min until the agarose layers hardened. The cov-
erslips were gently removed, and the slides were placed
in a coplin staining jar with 300 mM NaOH to cover the
slides and incubated in a dark place for 15 min. In the last
5 min of incubation, ethidium bromide (10 pg/mL) was
added, and the slides were destained with distilled water
for 5 min. The slides were immediately examined under an
inverted microscope Olympus IX73. The DNA integrity of
50 cells per slide was scored, and the level of DNA break-
age in each scored cell was expressed by the Nuclear Dif-
fusion Factor (NDF). NDF values of 50 randomly selected
cells were calculated semi-automatically on each slide us-
ing HaloJ (Maurya 2014). Each experiment was repeated
three times, and values are presented as the mean + stan-
dard error of the mean (SEM). All data were analyzed
using one-way ANOVA followed by Kruskal-Wallis for
multiple comparisons using the Graph-Pad Prism 8 soft-
ware. The stars indicate a significant difference between
control negative (untreated cells) and various treatment
groups (P < 0.05 significantly different). The data with a
p-value > 0.05 was determined as nonsignificant (ns). A
p-value score of between 0.01 and 0.05 was determined as
significant (*), between 0.01 and 0.001 as very significant
(**), and < 0.001 as extremely significant (***).

Investigation of cellular morphological
change by Hoechst 33342 nuclear
staining

Hoechst 33342 is a blue-fluorescence DNA-specific dye
that stains the condensed chromatin in apoptotic cells
(Schmid et al. 2007). Apoptotic cells exhibit nuclear con-
densation and DNA fragmentation, which can be detect-
ed with a fluorescence microscope and the dye Hoechst
33342 (Allen et al. 2001). To assess cellular morphologi-
cal changes during apoptosis qualitatively, we employed
Hoechst 33342 staining. In brief, TM4 cells were seeded
into a 35-mm glass-base dish at a density of 5 x 10* cells
per plate and cultured at 37 °C. When the cells reached
70-80% confluency, they were treated with PNNP at a
concentration of 125 pug/mL, ChNP at concentrations of 50
and 200 pg/mL, which were dilutions equivalent to PNNP
at 125 and 500 pg/mL, respectively. After 2 h of incubation
at 37 °C, the medium was aspirated and the plates were
rinsed with PBS, fixed with 4% PFA for 15 min, washed
with PBS for 5 min, then stained with 1 pg/mL Hoechst
33342 at 37 °C for 15 min in a dark place. Following that,
the cells were rinsed with PBS and examined under Con-
focal Laser Scanning Microscope (Olympus FV-1200).

BTB proteins expression using immuno-
fluorescence assay

The goal of the immunofluorescence test in this study is to
assess the influence of PNNP and ChNP on connexin 43

and claudin 11 protein expression in TM4 cells. In brief,
TM4 cells were seeded into a 35-mm glass-base dish at a
density of 1 x 10° cells in 2 mL of DMEM containing 10%
FBS and incubated in an atmosphere of 5% CO, at 37 °C
for 24 h. The cells were then treated with PNNP or ChNP
independently. In this study, concentration of PNNP
used was 125 pg/mL, while that for the ChNP was 50 and
200 pug/mL, which were dilutions equivalent to PNNP at
125 and 500 pg/mL, respectively. Additional cells were
also left untreated to serve as a control. The cells were in-
cubated for 24 h at 37 °C in the presence and absence of
nanoparticles. The media was aspirated, and the cells were
washed twice with 1 mL of PBS. The cells were fixed in 4%
formaldehyde for 15 min at room temperature. The cells
were then rinsed three times with 1 mL of ice-cold PBS for
5 min. The cells were incubated in 1 mL of permeabiliza-
tion buffer, PBST (0.1% Triton X-100 in PBS), for 10 min at
room temperature, followed by washing steps three times
with 1 mL of PBS. Unspecific sites were blocked in a block-
ing buffer containing 5% BSA in PBS for an hour at room
temperature, followed by the washing steps. Cells were in-
cubated with primary antibody (with a concentration of
4 pg/mL diluted in blocking buffer) overnight at 4 °C and
then washed with PBS three times for 5 min each. Cells
were then incubated with a secondary antibody (with a
concentration of 4 pg/mL diluted in blocking buffer) in the
dark at room temperature for an hour, followed by washing
steps. Cells were stained with Hoechst 33342 (1 pug/mL) for
10 min in the dark, followed by mounting medium, and
coverslips were placed on top and examined under Confo-
cal Laser Scanning Microscope (Olympus FV-1200).

Results and discussion

Physicochemical characterization of
nanoparticles

ChNP were successfully synthesized at a concentration
of 997 pg/mL of chitosan, with a mean droplet size of
169.46 + 7.46 nm, a mean PDI of 0.269 + 0.026 as shown in
Table 1. PNNP were also successfully formulated at a 2500 ug/
mL concentration, with a mean droplet size of 170.69 +
6.32 nm and a mean PDI of 0.269 + 0.026. The polydispersity
index (PDI) is an indicator of homogeneity. In this study, PDI
values of all formulations were less than 0.5, indicating more
monodisperse systems considerably with minimal variabili-
ty and no aggregation (Mahmood et al. 2019). The results of
the zeta potential and entrapment efficiency have been pre-
sented in Table 1. The mean zeta potential of ChNP (38.77 +
1.81 mV) and PNNP (37.82 + 1.91 mV) indicated that the
resulting nanoparticles had sufficient electrostatic repulsion
to maintain colloidal stability. The entrapment efficiency
was calculated indirectly, using the total flavonoid content.
A calibration curve was established using standard quercetin
at a wavelength of 434 nm, with the equation y = 0.0087x
+ 0.0047 (R* = 0.998). The entrapment efficiency value of
PNNP in this study was found to be 71.41% + 3.79.
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Table 1. Physicochemical characterization of ChNP and PNNP
(n=3).

Groups  Mean droplet Mean Mean Zeta Entrapment
particle size (nm)  polydispersity ~ Potential (mV) Efficiency (%)
index (PDI)
ChNP 169.46 + 7.46 0.293 £ 0.066 38.77 £ 1.81 NA
PNNP 170.69 + 6.32 0.269 £ 0.026 37.82+£191 74.45%

Morphology investigation

The ChNP in Fig. 1A display a smooth, spherical mor-
phology with no visible surface indentations or irregu-
larities, confirming the uniform chitosan polymer matrix
that forms these nanoparticles. In comparison, the PNNP
in Fig. 1B show a rough surface morphology, with visible
protuberances, cavities and some loss of a smooth out-
line caused by the incorporation of the Phyllanthus niruri
components into the nanoparticle matrix.

The FTIR spectrum of PNNP exhibited the confluence
of peaks stemming from PN extract, chitosan, and STPP.
The broad peak at approximately 3395 cm™ can be ascribed
to the O-H stretching vibrations of hydroxyl and carbox-
ylic acid groups originating from PN extract, as well as
the O-H and N-H stretching vibrations of hydroxyl and
amine groups stemming from chitosan. The peak situated
at 2922 cm™ corresponds to the C-H stretching vibrations
of aliphatic groups present in both PN extract and chitosan.
The conceivable interactions between PN extract and chi-
tosan may take the form of hydrogen bonding or electro-
static interactions between the hydroxyl and amine groups
of chitosan and the functional groups of PN extract, such as
carboxylic acids or phenols. Moreover, the interactions be-
tween STPP and chitosan can manifest as ionic bonding be-
tween the phosphate groups of STPP and the amine groups
of chitosan. In essence, the FTIR results imply that the com-
ponents of PNNP primarily engage in physical interactions.

Figure 1. Transmission electron microscope (TEM) images showing morphology of A. unloaded ChNP compared to B. PNNP. The

scale bar represents 100 nm.

Fourier transforminfrared spectroscopy
(FTIR)

The FTIR spectra of PN extract, chitosan powder, STPP
crosslinker and PNNP, are displayed in Fig. 2. The FTIR
spectrum of PN extract revealed distinctive peaks de-
noting aromatic rings (1563 cm™) and carbonyl groups
(1641 cm™). Additionally, a broad peak present of around
3395 cm™ can be ascribed to the O-H stretching vibra-
tions of alcohols, phenols, or carboxylic acids. The peak at
2922 cm! corresponds to the C-H stretching vibrations of
aliphatic groups.

The spectrum of chitosan powder exhibits character-
istic peaks at 1654 cm ! indicating N-H bending suggests
the presence of amines , and a broad band at 3423 cm™!
attributed to the overlapping O-H and N-H stretching
vibrations, consistent with its structure (Kahdestani et al.
2021; Vaezifar et al. 2013) . The STPP crosslinker agent
displayed characteristic phosphate bands around 890-
1200 cm™.

Thermal analysis

The thermal properties and stability of ChNP and PNNP
were thoroughly examined using thermal analysis, as
shown in Fig. 3. Fig. 3A displays the results for ChNP, while
Fig. 3B shows the findings for PNNP. The thermogravi-
metric analysis (TGA) data clearly demonstrated differing
thermal degradation patterns between ChNP and PNNP.
PNNP showed rapid degradation within 100-200 °C, a
trend less noticeable in ChNP. This indicates modified
thermal stability of chitosan nanoparticles following the in-
corporation of Phyllanthus niruri extract, likely due to the
extract’s high volatile oil content, increasing susceptibility
to lower temperature degradation (Moseson et al. 2020).
As the temperature was further increased to
300 °C, additional weight loss was observed. Remark-
ably, a steep weight reduction occurred in ChNP between
300-500 °C, consistent with previous studies (Daramola
and Adelaja 2020). In contrast, PNNP exhibited a more
gradual decline in weight across a wider 200-500 °C range.
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Figure 2. FTIR spectra of A. PN extract; B. chitosan; C. STPP;
D. PNNP.
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Figure 3. Illustration of the TGA, DTG, and DTA curves for
A. ChNP and B. PNNP. DTA curves are represented in green,
DTG curves in red, and TGA curves in blue.

The considerable weight loss from 300-500 °C for ChNP
may be attributed to the degradation of the chitosan poly-
mer backbone, aligning with literature documenting chi-
tosan decomposition above 300 °C. Meanwhile, the gradual
PNNP weight change over 200-500 °C could signify com-
bined degradation of both chitosan nanoparticles and load-
ed Phyllanthus niruri component. Furthermore, differential
thermogravimetry (DTG) analysis provided confirmation.
A distinct peak near 150 °C appeared exclusively in PNNP,
absent in ChNP, signifying Phyllanthus niruri degradation
from the nanoparticles. At 300 °C, ChNP displayed a sharp
DTG peak, contrasting the broader PNNP peak initiating at
250 °C. This proposes a wider temperature scope for PNNP
thermal degradation, potentially owing to the extract’s
high flavonoid content, recognized to typically decompose
above 250 °C (Sricharoenchaikul and Atong 2009). The
broad peak may indicate combined degradation of chitosan
nanoparticles and loaded Phyllanthus niruri components.
Differential thermal analysis (DTA) did not reveal dis-
tinct endothermic or exothermic peaks associated with
melting or crystallization processes for either ChNP or
PNNP. Nevertheless, the significant variations observed
in TGA and DTG curves offer compelling evidence for
the successful encapsulation of Phyllanthus niruri extract.
These variations indicate a notable alteration in the thermal
stability and decomposition behavior of the nanoparticles.

Cell viability assay on ChNP and PNNP
with CCK-8

The cytotoxicity studies on the TM4 cells were carried
out after exposure to various concentrations of ChNP and
PNNP for 24 h.

The results of cell viability (%) for TM4 cells treated with
ChNP and PNNP are shown in Fig. 4, indicating that there
was no significant cytotoxic effect observed when TM4 cells
were treated with ChNP dilutions equivalent to those used for
PNNP at concentrations of 7.8, 31.3, 125, 500, and 2000 pg/
mL. These findings are consistent with recent research indi-
cating a non-significant effect of ChNP on zebrafish embryo
survival at concentrations of 25, 50, 100, and 200 mg/L, fur-
ther supporting the non-cytotoxic nature of ChNP (Abou-
Saleh etal. 2019). Conversely, cell viability was reduced when
the cells were treated with PNNP and Tween-20. A signifi-
cant difference was observed with p-values of **p = 0.001 in
cells treated with PNNP at 7.8 ug/mL and **p < 0.001 in
cells treated with PNNP at concentrations of 31.3, 125, 500,
and 2000 pg/mL, as well as Tween-20 at a concentration of
5% as a positive control. The concentration at which PNNP
decreased cell viability to 50% (IC50) was determined to be
451.24 pg/mL using CompuSyn software.

Quantitative analysis of DNA damage
by alkaline comet assay

The comet assay was employed to evaluate DNA dam-
age in TM4 cells by calculating the OTM and per-
centage of tail DNA parameters (Wu and Jones 2012).
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Figure 4. Cell viability percentage after 24 hours of exposure
to various concentrations of ChNP and PNNP assessed by
CCK8 test. The values are presented as mean +* standard
deviation (SD) (n = 3). All data were analyzed using One-way
ANOVA. The stars indicate significant difference between
control negative (untreated cells) and various treatment groups
(P < 0.05 significantly different, p-value > 0.05 was determined
as non-significant (ns). A p-value score of between 0.01 and 0.05
was considered significant (*), between 0.01 and 0.001 as very
significant (**), and < 0.001 as extremely significant (***).

The results are presented in Fig. 5. When TM4 cells were
treated with ChNP 25 and 50 pg/mL, there was no comet
formation of DNA as shown in Fig. 5¢, d. In line with the

--- |

qualitative images data, semi-quantitative data of the OTM
and % tail DNA also did not show any significant difference
from the untreated cells. However, when the concentration
of ChNP increased to 200 pg/mL, nucleoid bodies indi-
cating DNA damage that migrated away from undamaged
DNA were detected to form comet (Fig. 5¢). Additionally,
the OTM and % tail DNA increased significantly of approx-
imately 3 and 28% with a p-value ***p < 0.001, respectively
(Fig. 5i, j). These results imply that this concentration in-
duced single-strand DNA breaks and DNA damage accu-
mulated in TM4 cells. When Phyllanthus niruri was encap-
sulated into ChNP 25, 50 and 200 pg/mL (correspond to
PNNP 62.5, 125 and 500 pg/mL, respectively), it exhibited
that at higher concentrations of loaded Phyllanthus niruri,
longer DNA tails were formed (Fig. 5f-h). These findings are
consistent with an earlier report that showed chitosan-re-
duced gold nanoparticles demonstrated concentration-de-
pendent DNA damage (Nandanpawar et al. 2018). In ad-
dition, reflecting the qualitative data of genotoxic ChNP,
the OTM and % tail DNA were also gradually enhanced
depending on the PNNP concentration which demonstrat-
ed a significant influence on DNA of TM4 cells with a p-val-
ue*** p <0.001 (Fig. 5i, j). Based on our findings, it also can
be inferred that the genotoxic effect of PNNP is primarily
attributed to the specific Phyllanthus niruri extract used
in its preparation at the nanoscale. This fact is supported
by the results of PNNP 62.5 and 125 pug/mL which had a
significant genotoxic effect on cell DNA while their empty
carriers (ChNP 25 and 50 pg/mL) did not induce the effect.
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Figure 5. DNA damage caused by ChNP and PNNP using comet assay. TM4 cells were incubated with various concentrations of
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ChNP and PNNP for 2 h. Positive control 100 um H,O, was used and incubated for 15 min. Comet images demonstrating the de-
gree of DNA damage on TM4 cells were captured using Inverted Microscope Olympus IX73. Single stranded DNA was stained with
ethidium bromide. Comet images displayed untreated cells as control (a), H,O,-treated cells (b), and ChNP-treated cells at concen-
trations of 25 pg/mL (c), 50 pg/mL (d), and 200 pg/mL (e), as well as PNNP-treated cells at concentrations of 62.5 ug/mL (f), 125 ug/
mL (g), and 500 pug/mL (h). The bar indicates 5 pum. Quantitative assessment of DNA damage was performed by measuring olive tail
moment (i) and % tail DNA (j). The data are presented as the mean + SEM of three independent trials (n=200), ns (not significant)
(**p < 0.001, **p < 0.01, *p < 0.05 when compared to the corresponding control group).
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These findings emphasize the need for caution when using
Phyllanthus niruri extract at the nanoscale in the develop-
ment of safe and effective therapeutic interventions.

Despite the fact that ChNP 200 ug/mL demonstrated 94%
cell survival, it significantly induced DNA damage in TM4
cells, as previously mentioned. Therefore, as recommended
by several studies, it is crucial to investigate the genotoxicity
of all new nanoparticles. Traditional in vitro toxicity testing
has mainly focused on evaluating cytotoxicity assays to de-
termine whether exposure to a potentially toxic substance,
such as nanomaterials, leads to cell death or damage (Lew-
inski et al. 2008). However, exposure to nanomaterials may
cause changes in cellular function, genomic disruption, or
potential organ-specific toxicity, as demonstrated in previ-
ous research where ChNP exhibited a non-cytotoxic effect
on zebrafish embryos but induced neurobehavioral toxicity
and liver size impairment at high concentrations of 200 mg/L
(Abou-Saleh et al. 2019). Hence, it is imperative to investi-
gate other forms of toxicity, such as genotoxicity, to ensure
the safety of using these nanoparticles in human health.

Evaluation of DNA breakage by FHA

To assure the results by comet assay, we also assessed the
extent of DNA damage in TM4 cells using the FHA. The

FHA presents some analogies with comet assay; howev-
er it is further simplified through excluding the high-salt
lysis step in extraction of single-stranded (ss) DNA from
agarose-embedded cells and extraction of ssDNA directly
in alkaline buffer NaOH. Thus, this method is simpler and
more rapid than the comet assay (Sestili et al. 2006). Halo
images that referred to shape of radial diffusion of DNA
fragments from isolated nuclei were then captured by fluo-
rescence microscope. To allow analytical data of treatments
on TM4 cells, DNA strand scission level was quantified by
calculating the NDF which represents the ratio between the
total area of the halo plus nucleus and that of the nucleus.
As results, the use of ChNP 25 and 50 pg/mL had no halo
spreading observed so that there was no significant effect
(ns) on DNA SSBs in TM4 cells compared to untreated cells
(p-value > 0.05), as shown in Fig. 6¢, d. However, the ChNP
200 pg/mL exhibited the radial diffusion of DNA frag-
ments significantly to that of the non-treatment (p-value
***p <0.001) (Fig. 6e). It is worth noting that ChNP 200 pg/
mL exhibited 94% cell viability, however it also caused sig-
nificant ssDNA damage in TM4 cells, suggesting potential
genotoxicity as evaluated by comet assay and FHA. These
findings indicate that caution should be exercised when us-
ing ChNP at this concentration. Subsequent studies should
be conducted to further evaluate the safety of ChNP.

NDF

Concentration (ug/mL )

Figure 6. DNA breakage caused by ChNP and PNNP using FHA. TM4 cells were incubated with various concentration of ChNP
(25, 50, 200 pg/mL) and PNNP (62.5, 125, 500 pg/mL) for 2 h. Positive control 100 um H,O, was used and incubated for 15 min.
Photomicrograph obtained by Inverted Microscope Olympus IX73. Single stranded DNA was stained with ethidium bromide of
a. NEgative control (untreated cells); b. H,0,; c. ChNP 25 pg/mL; d. ChNP 50 pg/mL; e. ChNP 200 pg/mL; f. PNNP 62.5 ug/mL;
g. PNNP 125 pg/mL; h. PNNP 500 pg/mL. The bar indicates 5 pm. i. Histogram showing DNA damage level using NDF from several
randomly selected microscope images. The results are shown as mean + SEM of three independent experiments (n=150). ns (not

significant) p > 0.05. ***p < 0.001 when compared to the corresponding control group.
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Conversely, incorporation of Phyllanthus niruri into
the ChNP 25, 50 and 200 pg/mL (correspond to PNNP
62.5, 125, and 500 pg/mL, respectively) denoted that
halos surrounding the nuclei were gradually enlarged
(Fig. 6f-h) and those of the extent of DNA strand scis-
sion was significant compared to untreated cells (p-value
***p < 0.001), as illustrated in Fig. 6i. The findings in par-
ticularly loading Phyllanthus niruri into ChNP 20 and 50
pg/mL suggest that the genotoxic effect of PNNP is pre-
dominantly attributable to the Phyllanthus niruri extract,
as previously demonstrated in the comet assay results.
Therefore, caution is warranted when using this extract
in nanotechnology applications to ensure safe and effec-
tive use.

Imaging of cellular morphological change
by Hoechst 33342 nuclear staining

Hoechst 33342 staining was utilized to determine quali-
tative changes in cell morphology during apoptosis. The
morphological change in nucleus reveals the presence of
apoptotic cells which indicated with occurring chromatin
condensation and fragmentation of condensed nuclei. As
shown in Fig. 7, there was no alterations in cell morpholo-

gy compared to that of untreated cells when it was treated
with ChNP 50 pug/mL. However, in the presence of PNNP
125 pg/mL and ChNP 200 pg/mL, fragmented nuclei were
observed as indicated by the white arrows. These results
indicate that PNNP 125 pg/mL and ChNP 200 pg/mL in-
duced apoptosis in TM4 cells. Interestingly, it is likely that
the Phyllanthus niruri which is the responsible substance
to induce the apoptosis since the shell of ChNP 50 pg/mL
did not promote programmed cell death. These results
also imply that utilization amount of the carrier ChNP is
essential as the increase ChNP concentration from 50 to
200 pg/mL triggered apoptosis.

Analysis of BTB proteins expression

Connexin 43 and claudin 11 expression in TM4 cells was
determined using an immunofluorescence assay. We used
image J software to compute mean fluorescence intensity
as a marker for protein expression and analyze protein ex-
pression in a semiquantitative manner. Each experiment
was repeated twice (n = 50), and values are presented as
the mean + standard error of the mean (SEM). All data
were analyzed using nonparametric one-way ANOVA fol-
lowed by Kruskal-Wallis for multiple comparisons using

Figure 7. Imaging of cellular morphological change in the presence of ChNP and PNNP. TM4 cells were incubated in the absence of
nanoparticles (a) and in the presence of ChNP at 50 ug/mL (b), PNNP at 125 pg/mL (c), and ChNP at 200 pg/mL (d). Images were
captured 2 h after transfection using a 20x lens on a CLSM (Olympus FV-1200) and the nucleus was stained with Hoechst 33342

(blue). The bar indicates 50 pm.
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the Graph-Pad Prism 8 software to determine differenc-
es in protein expression (mean fluorescence intensity) of
treated groups relative to the untreated. Connexin 43 and
claudin 11 are two essential junctional proteins. Connexin
43 is vital for mammalian spermatogenesis. Furthermore,
multiple studies reveal that connexin 43 is critical for
BTB development and BTB homeostasis (Pelletier 1995;
Li et al. 2010; Gerber et al. 2016). Claudin 11 is a protein
component of the BTB, whose protein expression will be
altered if spermatogenesis is stopped or disrupted (Gow
et al. 1999). Claudin 11 deficiency could lead to male in-
fertility in mice (Gow et al. 1999; Mazaud-Guittot et al.
2010). As a result, downregulation of connexin 43 and
claudin 11 may lead to decreased BTB integrity and sper-
matogenesis disruption.

After treating TM4 cells with ChNP 200 pg/mL (di-
lution equivalent to PNNP 500 pg/mL) and PNNP
125 pg/mL for 24 h, there was a significant downregu-
lation of connexin 43 and claudin 11 protein expression
with a p-value of p < 0.001 compared to untreated cells,
as shown in Figs. 8, 9. In contrast, there was non-sig-
nificant downregulation of connexin 43 and claudin
11 protein expression in TM4 cells treated with ChNP
50 pug/mL (dilution equivalent to PNNP 125 ug/mL)
(Figs 8, 9), with p-values of 0.70 and 0.99, respectively.
These results indicate that the non-significant effect of
ChNP at this concentration on BTB protein expression
in TM4 cells compared to untreated cells. Additionally,
treatment of TM4 cells with PNNP 125 pg/mL showed
a significant effect on BTB protein expression compared

a Hoechst 33342 Connexin 43

Non-treatment

ChNP 50 pg/mL

PNNP 125 pg/mL

ChNP 200 pg/mL

0 -
D v ~ v
- - - o@\} o}& QQ\& QQ\@

to ChNP at the same dilution factor. This suggests that
the ability to decrease BTB protein expression is mostly
from the Phyllanthus niruri extract, as confirmed by our
previous results indicating that cytotoxicity and geno-
toxicity effects mainly stem from the Phyllanthus niruri
extract in nanoscale.

Previous research explained that inorganic silica
nanoparticles caused reproductive toxicity by triggering
the DNA damage-p53-apoptosis pathway in spermato-
genic cells (Liu et al. 2020). Sertoli cells are mesoepithelial
somatic cells in the male reproductive system that coor-
dinate and structurally support the growing germ cells.
Damage to these cells eventually affects sperm production
(Habas et al. 2018). In a separate study, exposure of TM4
cells to sublethal doses of inorganic ZnO nanoparticles
caused a significant decrease in BTB protein expression
(including claudin-5, occludin, ZO-1, and connexin-43),
which led to BTB damage and disruption of spermatogen-
esis (Liu et al. 2016). The present study found that treat-
ment of TM4 cells with organic PNNP 125 pug/mL and
ChNP 200 pg/mL resulted in DNA damage, followed by
apoptosis and decreased BTB protein expression. The ob-
served effects could potentially compromise the integrity
of the BTB and disrupt the process of spermatogenesis.
Furthermore, we have plans to conduct in vivo acute and
chronic toxicity studies in the future to further investigate
the potential toxicity of ChNP and PNNP. These studies
will help ensure a comprehensive evaluation of the poten-
tial impact of these organic nanoparticles before their use
in clinical settings.

Merge
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Figure 8. Connexin 43 expression in the presence of ChNP and PNNP. TM4 cells were incubated with ChNP 50 pg/mL, PNNP
125 pg/mL and with ChNP 200 pg/mL for 24 h. a. Confocal images of connexin 43 expression after cells were incubated with a
secondary antibody goat anti-rabbit IgG Alexa Fluor 488 (green) and the nucleus was stained with Hoechst 33342 (blue). The bars
indicate 50 pm. b. Histogram of downregulation of connexin 43 expression. The results are shown as mean = SEM of two separate
studies (n=50). ns (not significant) p > 0.05. Stars (***) indicate significance when compared with the control group (untreated cells)
(p <0.001). Pound signs (###) demonstrate significance compared with ChNP 50 pg/mL.
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Figure 9. Claudin 11 expression in the presence of ChNP and PNNP. TM4 cells were incubated with ChNP 50 ug/mL, PNNP
125 ug/mL and ChNP 200 ug/mL for 24 h. a. Confocal images of claudin 11 expression after cells were incubated with a secondary
antibody goat anti-rabbit IgG Alexa Fluor 488 (green) and the nucleus was stained with Hoechst 33342 (blue). The bars indicate
50 pm; b. Histogram of downregulation claudin 11 expression. The results are shown as mean + SE of two separate studies (n = 50).

ns (not significant) p > 0.05. Stars (***) indicate significance when compared with the control group (untreated cells) (p < 0.001).

Pound signs (###) demonstrate significance compared with ChNP 50 ug/mL.

Conclusion

The results of the present study demonstrate that ChNP
25 and 50 pg/mL did not have any cytotoxic or genotoxic
effects on TM4 cells, indicating their safety for clinical ap-
plications. Although ChNP 200 pg/mL exhibited 94% cell
survival, they still caused DNA damage, apoptosis in TM4
cells, and downregulation of BTB proteins, which suggests
the potential toxicity of the carrier at the tested concentra-
tion. PNNP 62, 125, and 500 pg/mL induced DNA dam-
age, apoptosis in TM4 cells, as well as impaired the integrity
of the BTB by downregulating BTB protein expression at
PNNP 125 pg/mL, which may contribute to spermatogen-
esis disruption. The present Phyllanthus niruri in ChNP re-
markably induced cytotoxic and genotoxic effects on TM4
cell. We emphasize the insufficiency of conventional cyto-
toxicity assays in ensuring the complete safety of nanopar-
ticles for human use, and strongly advocate for genotoxicity
testing of all new nanoparticles before clinical implemen-
tation. Overall, the present study underscores the impor-
tance of rigorous evaluation of the safety and toxicity of
therapeutic cargo and the carrier before their use in human
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