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Abstract

Antioxidants play a crucial role in protecting cells from damage caused by free radicals, particularly reactive oxygen species (ROS).
Herbal plants contain various bioactive compounds, such as phenolics, flavonoids, terpenoids, and alkaloids, which exhibit strong
antioxidant properties to neutralize these harmful molecules. However, the bioavailability of these compounds is often limited due
to their poor water solubility. Nanotechnology offers a promising solution, specifically through the development of nanosuspensions.
This approach enhances the solubility of these compounds by reducing their particle size to the nanometer scale, thus improving
absorption in the body. In this study, nanosuspensions were formulated using extracts from Apium graveolens, Centella asiatica, and
Orthosiphon stamineus through a two-factor optimization approach with Design-Expert® version 13 software. The optimal formulation
contained 25 mL of chitosan, 6 g of Tween 80, and 10 mL of sodium tripolyphosphate (Na-TPP), resulting in nanosuspensions with
an average particle size of 220.00(1157) nm, a polydispersity index (PDI) of 0.59 + 0.06, and a zeta potential of —28.27 +0.37 mV.
The antioxidant activity was evaluated using DPPH and ABTS assays. In the DPPH assay, the nanopolyherbal formulation showed an
IC50 of 41.780(3064) pg mL ™!, while the combined extract had an IC5 of 44.930(2989) ng mL™!. The ABTS assay revealed
an ICs0 of 28.21 pg mL~! for the nanosuspension, significantly lower than the combined extract's 54.22 pg mL~!. These results
highlight the superior antioxidant activity of the nanosuspension, emphasizing the potential of nanotechnology to enhance the

efficacy of bioactive compounds from herbal plants.
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1. INTRODUCTION

The use of herbal medicines as alternative treatments has grown
in popularity, reflecting a broader appreciation for natural
remedies that are generally safer and cause fewer side effects
compared to synthetic drugs (Hassanpour and Doroudi, 2023;
Wang et al., 2023). Herbal plants like Apium graveolens, Centella
asiatica, and Orthosiphon stamineus are known for their bene-
ficial chemical makeup, which includes substances that can
fight oxidation, reduce inflammation, and kill germs, making
them useful for various health problems (Mohamud Dirie et al.,
2025; Muchtaridi et al., 2023; Wei et al., 2025). The antioxi-
dant effects of these compounds play a crucial role in reducing
cellular damage caused by free radicals, which contribute to
the development of degenerative conditions such as cancer, di-

abetes, and cardiovascular diseases (Abbasnezhad et al., 2022;
Hafiz et al., 2020; Ho et al., 2014). Consequently, these medic-
inal plants may serve as valuable sources of antioxidants with
significant health benefits, underscoring the importance of de-
veloping improved herbal formulations.

A major challenge in developing herbal medicines is the
poor water solubility of active compounds, which often hinders
their absorption in the body and reduces therapeutic effective-
ness (Awlqgadr et al., 2025). Because of this low solubility, only
a limited portion of these compounds is absorbed, restricting
their potential health benefits (Liu et al., 2024). Nanotech-
nology, particularly the use of nanosuspensions, presents a
promising solution to overcome this limitation (Huang et al.,
2024; Zhuo et al., 2024). Nanosuspensions consist of very
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small drug particles-less than one micrometer in size-dispersed
within a liquid medium. This dispersion enhances the disso-
lution of the active compounds by expanding the surface area
of the particles (Patel and Agrawal, 2011). This approach also
facilitates better absorption of active compounds through differ-
ent biological barriers, including the skin and gastrointestinal
tract, which in turn increases bioavailability and improves the
overall effectiveness of herbal medicines (Pmar et al., 2023).

Nanosuspensions are biphasic systems where pure drug
particles are dispersed in an aqueous medium and stabilized
by surfactants (Singh et al., 2018). They provide several ad-
vantages, including enhanced solubility, reduced variability
associated with food intake during oral administration, better
adhesion to surfaces and cell membranes, increased bioavail-
ability, as well as easier formulation and scalability (Kheradkar
and M., 2023). Nanosuspensions are characterized by a nar-
row particle size distribution and precise drug content, making
them well-suited for a wide range of medications, particularly
those with poor water or liquid solubility. Additionally, they
do not cause blockages in blood capillaries (Jacob et al., 2025;
Patel and Agrawal, 2011). Nanosuspension drug delivery sys-
tems can be administered as liquid formulations or converted
into solid forms such as powders, tablets, pellets, capsules, or
films. These nanosuspensions are versatile and can be safely
delivered through various routes, including oral, intravenous,
ophthalmic, topical, and pulmonary administration (Jacob et al.,
2025).

Previous studies have mainly focused on single plant ex-
tracts like Apium graveolens, Centella asiatica, and Orthosiphon
stamineus to evaluate their antioxidant, anti-inflammatory, and
antibacterial effects (Han Jie et al., 2021; Kazi et al., 2020; Kan-
dasamy et al., 2023). Although individual plant extracts have
demonstrated significant therapeutic potential, their effective-
ness is often hindered by issues such as poor solubility and low
bioavailability. This study introduces a novel nanosuspension
combining extracts from Apium graveolens, Centella asiatica, and
Orthosiphon stamineus a formulation not previously explored.
The formulation enhances the medicinal properties of each
plant by improving solubility and bioavailability of their active
compounds. Moreover, this study systematically optimizes the
formulation to achieve the best particle size, polydispersity in-
dex, stability, ensuring a stable and consistent product. The
goal of this combination is to enhance the medicinal properties
of each plant by improving the solubility and bioavailability of
their active compounds. By reducing particle size to below one
micrometer, the nanosuspension increases surface area, thereby
facilitating better absorption and improving the overall efficacy
of the treatment. This innovative formulation addresses the
limitations commonly associated with poorly soluble herbal
extracts, strengthens the synergistic effects of the combined
herbs, and enhances their antioxidant and therapeutic activities
(Chavhan, 2025; Chavda et al., 2025).

This study seeks to develop a nanosuspension composed of
extracts from Apium graveolens, Centella asiatica, and Orthosiphon
stamineus using a novel approach not previously investigated.
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The optimized formulation will be evaluated based on particle
size, polydispersity index, and stability parameters. Addition-
ally, the antioxidant potential of the nanosuspension will be
assessed through DPPH and ABTS assays. The DPPH assay
will determine the sample’s ability to scavenge DPPH free rad-
icals, while the ABTS assay will measure its effectiveness in
neutralizing ABT'S free radicals. By comparing the antioxidant
activity of the nanosuspension with that of conventional herbal
extracts using these two methods, this research aims to pro-
vide deeper insight into the therapeutic potential of the new
formulation.

This study is expected to contribute to the advancement of
more efficient and effective herbal medicines. By employing
nasuspension technology, it aims to enhance the bioavailability
of active compounds, overcome solubility issues associated with
poorly soluble substances, and improve therapeutic effective-
ness. Ultimately, this approach has the potential to optimize
herbal treatments and lead to better health outcomes.

2. EXPERIMENTAL SECTION

2.1 Materials

The materials used in this study include chitosan, sodium al-
ginate, sodium tripolyphosphate, ethanol (p.a.), glacial acetic

acid, lead acetate, purified water (aquadest), Tween 80, DPPH,

quercetin, methanol (p.a.), 2,2’-azino-bis(3-ethylbenzothiazoli

ne-6-sulfonic acid) (ABTS), Trolox, dimethyl sulfoxide (DMS

0O) 100% solvent, aluminum foil, potassium persulfate (K4S9O3),
and various solvents such as methanol, ethanol, and purified

water. All chemicals were sourced from Merck or Bratachem

as specified.

2.2 Instrumentation

Particle Size Analyzer (Dynamic Light Scattering, Malvern),
Zetasizer (Malvern, UK) for zeta potential, UV-Vis Spectropho-
tometer, Transmission Electron Microscope (TEM), Fourier
Transform Infrared Spectrophotometer (FT-IR, Shimadzu FT-
IR 8300), Differential Scanning Calorimeter (DSC, Shimadzu
DSC-60), Centrifuge, Analytical balance, Magnetic stirrer, vor-
tex, pH meter, glassware.

2.3 Methods

2.3.1 Phytomchemical Screening

The alkaloid test involved adding 1 mL of 2 N hydrochloric
acid and 9 mL of heated distilled water to the sample, followed
by the addition of Dragendor{l’s reagent, which produced an
orange to crimson precipitate. When Mayer’s reagent was
added, a yellowish-white precipitate formed, while Wagner’s
reagent resulted in a brown precipitate. For the flavonoid test,
1 mL of amyl alcohol, 1 mL of concentrated hydrochloric
acid, and magnesium powder were combined with the sample.
This procedure produced a red, yellow, or greenish-brown
coloration in the amyl alcohol layer. The phenolic test was
carried out by adding 1% ferric chloride (FeClg), which resulted
in color changes ranging from green to purple, blue, or black.
For the saponin test, 10 mL of heated water and one drop of 2 N
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Table 1. Nanosuspension Formula Containing Apium graveolens, Centella asiatica, and Orthosiphon stamineus Extract

Run Factor 1 Factor 2 Factor 3
A: Tween 80 (grams) B : Chitosan (mL) G : Na-TPP (mL)
1 3 25 10
2 3 25 5
3 3 20 5
4 6 25 5
5 6 25 10
6 6 20 10
7 6 20 5
8 6 20 10

hydrochloric acid were added, producing a stable foam. Lastly,
the steroid and triterpenoid assay involved the addition of 2
mL of chloroform, 0.5 mL of anhydrous acetic acid, and a drop
of concentrated sulfuric acid, where a green color indicated
steroids and blue or red hues indicated triterpenoids (Syukur
et al., 2023).

2.3.2 Total of Flavonoid

Preparation of the Standard Curve: Accurately weigh up to
10 mg of quercetin and transfer it into a 25 mL volumetric
flask. Dissolve the quercetin in ethanol, sonicate the solution,
and then fill the flask to the mark with ethanol. Transfer this
solution to a cuvette and measure its absorbance within the
wavelength range of 400-600 nm. Determination of Flavonoid
Content: Weigh the sample and place it into a conical flask.
Add 2 mL of ethanol, then vortex and sonicate the mixture for
one hour. Afterward, centrifuge the sample, transfer the super-
natant to a 10 mL graduated flask, and repeat the extraction
process to ensure thorough flavonoid extraction (Sulastri et al.,

2018)

2.3.3 Formula Design

The optimization of the nanosuspension formulation was car-
ried out using a full factorial design with two levels, imple-
mented through the Design-Expert®version 13 software. Three
independent variables were selected as key factors: the concen-
trations of Tween 80 (A), chitosan (B), and sodium tripolyphos-
phate (NaTPP) (C). Upper and lower limits were set to define
the ratios of chitosan, NaTPP, and Tween 80, resulting in the
creation of eight different test formulations. Specifically, chi-
tosan was tested at concentrations of 20 and 25 mL, NaTPP
at 5 and 10 mL, and Tween 80 at 3 and 6 grams (Nafisa et al.,
2023). The design of the nanosuspension formulation is pre-

sented in Table 1.

2.3.4 Preparation of Nanosuspension

Two hundred milligrams of chitosan were dissolved in 100
mL of purified water acidified with 1% acetic acid. Separately,
100 milligrams of sodium tripolyphosphate (Na-TPP) were
dissolved in 100 mL of purified water. Concentrated extracts

© 2026 The Authors.

of Apium graveolens, Centella asiatica, and Orthosiphon stamineus
were mixed thoroughly with the surfactant polysorbate 80 in
a mortar until completely dissolved. The mixture was then
transferred to a glass beaker and stirred at 1200 rpm for 10
minutes. Subsequently, a 0.2% chitosan solution was added
slowly while maintaining continuous stirring for 15 minutes.
Following this, a 0.1% Na-TPP solution was gradually intro-
duced and the mixture was stirred for an additional 60 minutes.
he procedure for preparing the nanosuspension can be seen in
Figure 1 (Arifin et al., 2022; Nafisa et al., 2023).

2.3.5 Preparation of Nanosuspension

Two hundred milligrams of chitosan were dissolved in 100
mL of purified water acidified with 1% acetic acid. Separately,
100 milligrams of sodium tripolyphosphate (Na-TPP) were
dissolved in 100 mL of purified water. Concentrated extracts
of Apium graveolens, Centella asiatica, and Orthosiphon stamineus
were mixed thoroughly with the surfactant polysorbate 80 in
a mortar until completely dissolved. The mixture was then
transferred to a glass beaker and stirred at 1200 rpm for 10
minutes. Subsequently, a 0.2% chitosan solution was added
slowly while maintaining continuous stirring for 15 minutes.
Following this, a 0.1% Na-TPP solution was gradually intro-
duced and the mixture was stirred for an additional 60 minutes.
he procedure for preparing the nanosuspension can be seen in
Figure 1 (Arifin et al., 2022; Nafisa et al., 2023).

2.3.6 Characteristic of nanosuspension

Particle size and distribution were examined using a Particle
Size Analyzer (PSA) based on Dynamic Light Scattering (DLS)
technology with a Malvern instrument. Prior to measurement,
100 uL of the nanoemulsion sample was diluted in 10 mL
of distilled water to achieve an optimal scattering intensity.
The DLS method provided both the particle diameter and the
polydispersity index, which serve as indicators of nanoparticle
size distribution. These parameters were determined from
three measurements taken at a 173° scattering angle using a
polystyrene cuvette, with all analyses performed at a controlled
temperature of 25°C. Zeta potential characterization was per-
formed using a Malvern Zetasizer (model 1203893) to assess
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Figure 1. Procedure for the Formulation of Nanopolyherbal Preparations

the electrical charge properties of the nanoencapsulation. Zeta
potential serves as an indicator of the stability of a dispersion
system. The measurement was conducted by evaluating the
electrophoretic mobility of the particles. For analysis, 100 mi-
croliters of the sample were diluted in 10 mL of distilled water

and placed into a cuvette equipped with electrodes (Astuti et al.,
92025)

2.3.7 Determination of Optimum Formula

The optimal formulation was determined using the two-level
factorial design approach implemented through the Design-
Expert 13 software. Based on the concentration variations
specified by the software, eight different formulations were de-
veloped. Each formulation was then evaluated for particle size,
polydispersity index (PDI), and zeta potential. Following the
recommendation of Narukulla et al. (2024), these test results
were used as response variables to identify the best-performing
formula. The optimal formulation corresponds to the highest
desirability value. A desirability value approaching 1 indicates
that the response is very close to the target specification.

2.3.8 Characteristics of Optimum Formula Nanosuspension
Particle size, polydispersity index (PDI), and zeta potential were
measured using a dynamic light scattering particle size analyzer
(Zetasizer Z.S90, Nanoseries, Malvern®, UK). Prior to anal-
ysis, all samples were diluted 1,000-fold with demineralized
water and placed in quartz cuvettes, following the procedure de-
scribed by Godge et al. (2020). Measurements were conducted
at 25°C with a scattering angle of 90°. Each measurement was
performed in triplicate, and the mean value was reported.

© 2026 The Authors.

Drug-excipient interactions and crystallinity inside of the
formulation were investigated utilizing Fourier Transform In-
frared Spectroscopy (FT-IR) by a Shimadzu FT-IR 8300 spec-
trophotometer and Differential Scanning Calorimetry (DSC)
by a Shimadzu DSC-60, over a wavelength range of 4000-400
cm”!. Particle morphology was tested by Transmission Elec-
tron Microscopy (TEM). For this, a diluted nanosuspension
sample was placed onto a TEM grid and allowed to rest for one
minute to ensure uniform particle distribution. Excess liquid
was then omitd by filter paper, and the grid was dried before
detailed size and morphology analysis under the TEM (Astuti
et al., 2025; Par et al., 2023).

2.3.9 Stability Test

The stability of the optimized polyherbal nanosuspension was
systematically assessed over a 30-day duration under three
storage conditions: ambient (25°C), refrigerated (4°C), and
accelerated (40°C). Samples were collected at designated in-
tervals (0, 7, 14, 21, and 30 days) and analyzed for particle
size, polydispersity index (PDI), and zeta potential utilizing a
Malvern Zetasizer (ZS90, UK) following a 1:1000 dilution with
distilled water. The pH of the nanosuspension was evaluated
using a digital pH meter (Mettler Toledo, Germany). Con-
currently, ocular examinations were conducted to detect any
changes in color, odor, or phase separation. All measurements
were performed in triplicate, and the data were expressed as
mean = standard deviation (SD). The results were employed to
evaluate the physical and colloidal stability of the formulation,
revealing vital details about its durability and suitability for
extended storage and potential therapeutic application (Jahan
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et al., 2023).

2.4 DPPH Method

DPPH 50 ppm is made by dissolving 5 mg DPPH Crystals
in 100 mL methanol (Cruz-Casas et al., 2023). To determine
the maximum absorption wavelength of DPPH, 1 mL of a
50 ppm DPPH solution was mixed with 8 mL of methanol
in a test tube and thoroughly homogenized. The mixture was
then incubated at room temperature for 30 minutes. The opti-
mum wavelength was then identified by measuring absorbance
within the range of 510 to 525 nm. For sample preparation,
25 mg of each sample-both the polyherbal combination and
the polyherbal nanoencapsulation-was accurately weighed and
dissolved in 25 mL of methanol in a volumetric flask to ob-
tain a 100 ppm stock solution. From this stock, a series of
diluted solutions with concentrations of 10, 15, 20, 25, and
30 ppm were prepared. A quercetin solution was prepared to
serve as a reference standard. Precisely 5 mg of quercetin was
weighed and dissolved in methanol, then transferred to a 50
mL volumetric flask and diluted to volume with methanol to
yield a 100 ppm stock solution. From this stock, a series of
dilutions were prepared at concentrations of 1, 2, 8, 4, and
5 ppm. Absorbance measurements were performed using a
UV-Vis spectrophotometer. For each test, 1 mL of the sam-
ple or standard solution was mixed with 1 mL of 100 ppm
DPPH solution and 2 mL of methanol in a test tube, followed
by thorough mixing until homogeneous. The mixtures were in-
cubated at room temperature for 30 minutes before measuring
absorbance at the previously determined optimal wavelength
for DPPH. All experiments were conducted in triplicate (Pakki
et al., 2020; Susanti et al., 2023).

2.4.1 ABTS Method

The ABTS solution was prepared by accurately weighing 19.2
mg of ABT'S and dissolving it in 5 mL of distilled water, fol-
lowed by thorough mixing. The solution was then protected
from light by covering it with aluminum foil. Separately, a
potassium persulfate (KgS9Og) solution was prepared by dis-
solving 87.8 mg of K¢S9Oyg in 1 mL of distilled water and
mixing well to ensure complete dissolution. An ABT'S stock
solution was prepared by mixing 88 uL of the potassium per-
sulfate (KgS9Oyg) solution with the ABTS solution, followed by
thorough homogenization. This mixture was then incubated at
room temperature for 18 to 22 hours. After incubation, 1 mL
of the stock solution was transferred into a 50 mL tube and
homogenized once more before use. The absorbance of the
solution, which should not exceed 0.7, was measured by adding
300 uL of media blank into a 96-well plate, starting from the
highest to the lowest concentration. Measurements were taken
at a wavelength of 630 nm, with all concentrations tested in
triplicate. The ABT'S solution was transferred to a reservoir,
and 290 pL was dispensed into each well of the plate containing
the standard solutions, blanks (solvent and ABTS), and samples
using a multichannel pipette. The plate was then covered with
aluminum foil and incubated in the dark at room tempera-
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ture for 6 minutes. Following incubation, the absorbance was
recorded using a microplate reader at 630 nm over 30 seconds,
with medium shaking applied.

A 1.000 ppm Trolox standard solution was prepared by
accurately weighing 10 mg of Trolox, dissolving it in 10 mL
of distilled water, and mixing thoroughly. From this stock,
a series of concentrations was created at 3.91, 15.63, 31.25,
62.50, 125, and 150 ppm. A 100.000 ppm sample solution
was prepared by dissolving 100 mg of the sample in 1 mL of
DMSO, followed by vortex homogenization. Subsequently,
concentration series were prepared for each sample type: for
the polyherbal extract, concentrations of 781.25, 1.562.50,
6.250, 12.500, and 25.000 ppm were made; for the nano
polyherbal sample, concentrations of 1.56, 3.13, 6.25, 12.5,
25, and 100 ppm were prepared (Chaves et al., 2020; Lukman
etal., 2024)

2.4.2 Data Analysis

The mean =+ standard deviation (SD) of three distinct measure-
ments was employed to present the characterization data of the
nanosuspensions, encompassing particle size, polydispersity
index (PDI), and zeta potential. One-way ANOVA and Tukey’s
post-hoc test were employed to assess differences among for-
mulations, utilizing a significance threshold of p <0.05 Formu-
lation optimization was conducted utilizing a factorial design
in Design-Expert®13 software, employing a response surface
methodology to evaluate the impact of Tween 80, chitosan,
and Na-TPP concentrations on particle characteristics. The
desirability function was employed to determine the optimal
formulation; formulas with values near 1 are deemed the most
suitable. The DPPH and ABTS assays were employed to assess
antioxidant activity, with the percentage inhibition calculated
as follows:

Absorbance Control — Absorbance Sample

% Inhibition = x 100

M

Absorbance Control

The linear regression of sample concentration vs. percent-
age inhibition was used to calculate the IC50 value, which is
the concentration needed to inhibit 50% of free radicals. A
one-way ANOVA with p <0.05 was used to examine the dif-
ferences between the nanosuspension and traditional herbal
extracts, and antioxidant results were also presented as mean +
SD from three repetitions. Response surface plots were used to
show how formulation variables affected the properties of the
nanosuspension, and OriginPro was used to depict the particle
size distribution, PDI, zeta potential, and antioxidant activity
curves.

3. RESULTS AND DISCUSSION

3.1 Phytochemical Screening
Identifying the phytochemical compounds in the extracts of
Apium graveolens, Centella asiatica, and Orthosiphon stamineus
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is a crucial initial step for assessing their potential biological,
medicinal, and technical applications (Kandasamy et al., 2023)
Each extract was examined for the presence of key phytochem-
ical groups, including alkaloids, flavonoids, tannins, saponins,
steroids, and terpenoids. The qualitative phytochemical analy-
sis results are summarized in Table 2 for the extracts of Apium
graveolens, Centella asiatica, and Orthosiphon stamineus. The cel-
ery extract contains alkaloids, flavonoids, tannins, saponins,
and terpenoids, while the extracts from Centella asiatica and
Orthosiphon stamineus contain alkaloids, flavonoids, tannins,
saponins, steroids, and terpenoids.

Emad et al. (2022) indicates that the extract of Apium grave-
olens leaves has alkaloids, flavonoids, tannins, saponins, and
terpenoids. S et al. (2017) identified that the extract of Cen-
tella asiatica included alkaloids, flavonoids, glycosides, phenols,
saponins, steroids, tannins, and terpenoids. Sivakumar and
Jeganathan (2018) report that Orthosiphon stamineus extract
comprises alkaloids, flavonoids, steroids, terpenoids, tannins,
and saponins. Preliminary phytochemical screening is valu-
able for examining bioactive compounds and may facilitate
medication development and discovery (Dubale et al., 2023).

Table 2. Phytochemical Screening Test

Apium Centella  Orthosiphon
Compounds . :
Graveolens asiatica stamineus

Flavonoid + + +
Alkaloid + + +
Tannins + + +
Saponin + + +
Steroid - + +
Terpenoid + + +

The total flavonoid content in extracts of Apium graveolens,
Centella asiatica, and Orthosiphon stamineus was measured using
a colorimetric assay based on the aluminum chloride (AlClg)
method, with quercetin serving as the reference standard. This
technique quantifies flavonoids by detecting the formation of
a yellow complex that occurs when AlClg reacts with the keto
and hydroxyl groups found in flavones and flavonols. The data
obtained from this assay are presented in Table 3, showing
the flavonoid content for each plant extract. The values are
expressed in terms of quercetin equivalents (QE), providing
a clear comparison of the flavonoid levels among the extracts.
The total flavonoid content in extracts of Apium graveolens, Cen-
tella asiatica and Orthosiphon stamineus was measured using a
colorimetric assay based on the aluminum chloride (AlClg)
method, with quercetin serving as the reference standard. This
technique quantifies flavonoids by detecting the formation of a
yellow complex that occurs when AlClg reacts with the keto and
hydroxyl groups found in flavones and flavonols. (Sultana et al.,
2024; Syukur et al., 2023). The flavonoid concentration in
Orthosiphon stamineus extract was 3.216 mg QFE per gram, sur-
passing the results of Hizar et al. (2024) and Ho et al. (2014),
which reported flavonoid levels of 74.09 mg/100 g and 45.00
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mg/100 g, respectively. The polyherbal extract exhibited a
heightened flavonoid concentration of 6.18 mg QE per gram,
likely due to the synergistic interactions among various plant
extracts that enhance the extraction and stability of flavonoids
(Hassanpour and Doroudi, 2023). In contrast, the nanopoly-
herbal extract, employing nanotechnology, demonstrated a
diminished flavonoid concentration of 1.155 mg QE per gram.
The reduced concentration may stem from the intricacies of
nanoparticle formulations, where surfactants and stabilizers,
while crucial for stabilization, could interact with flavonoids
and impair encapsulation eflicacy, leading to degradation or
loss of active compounds (Puspadewi et al., 2025; Zhou et al.,
2023). The total flavonoid concentration in plant extracts ex-
hibits a robust association with antioxidant action (LLukman
et al.,, 2024). Flavonoids function as free radical scavengers
by donating electrons to neutralize these harmful molecules,
thereby reducing oxidative damage to cells. A higher flavonoid
content is generally associated with greater antioxidant poten-
tial, which can help protect the body against oxidative stress
and various related diseases (Hassanpour and Doroudi, 2023).

Table 3. Total Flavonoids

Sample Result Unit
Apium graveolens 1.85010.046 mg QFE/g extract
Centella asiatica 0.957+0.046 mg QE/g extract
Orthosipon stamineus  3.216+£0.046 mg QE/g extract
CO&?;EZ?E; of 6.18 £ 0.071 mg QE/g extract
Nanopolyherbal 1.155+ 0.025 mg QE/g extract

3.2 Formula Design

The optimization of nanosuspensions containing extracts of
celery, cat’s whiskers, and centella was carried out using the
Design of Experiment (DoE) approach, facilitated by Design
Expert (DX) software version 13. A factorial design was se-
lected for the DoE, which uses regression equations to model
the relationships between response variables and one or more
independent factors (Jankovic and Chaudhary, 2021). The
experimental design of this study included three independent
variables as main factors: Tween 80 concentration (A), chitosan
(B), and NaTPP (C). The primary response variables assessed
in the nanosuspension formulation were particle size diameter
(R1), polydispersity index (PDI, R2), and zeta potential (R3).
Comprehensive data from the factorial design are presented
in Table 4. Particle size ranged from 131 nm to 292 nm, PDI
values varied between 0.62 and 0.99, and zeta potential mea-
surements spanned from -22.74 to -32.24 mV. The smallest
particle size and lowest polydispersity index (PDI) were ob-
served in run 5, which used 6 grams of Tween 80. 25 mL of
chitosan, and 10 mL of Na-TPP. This result indicates a more
uniform particle size distribution compared to the other formu-
lations tested. This matches the study by Heinz et al. (2017)
which showed that using the right surfactants can improve the
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Figure 2. Product of Eight Formula

Table 4. Results of Particle Size, PDI, and Zeta Potential Tests on Nanosuspensions

Run Tween 80 (gr) Chitosan (mL.) Na-TPP (mL) Particle size PDI Zeta potensial
1 3 25 10 277£6.24  0.99+0.004 -26.16£0.46
2 3 25 5 204+3.60  0.69x0.005 -25.25+0.09
3 3 20 5 284+3.46 0.88+0.05  -22.78+0.025
4 6 25 5 299+9 0.98+0.005 -99.74+0.1
5 6 25 10 131+2 0.62+0.033 -23.38+0.03
6 3 20 10 285£4.58 0.89+0.048 -27.96%0.06
7 6 20 5 218+5.57 0.68+0.08 -27.84+0.147
8 6 20 10 245+8 0.77+0.04 -32.24+0.034

stability and size of particles in nanoparticle systems. The eight
nanosuspension formulations are depicted in Figure 2.

3.2.1 Evaluation of Particle Size Diameter Response (R1)
Achieving particle sizes within the nanometer range is essential
in the production of polymeric nanoparticles, making particle
size a crucial parameter. Analysis of the residuals indicates that
they generally follow a normal distribution, with only slight de-
viations. This is supported by the plot, where most data points
align closely along a straight line, suggesting normality despite
minor departures. Therefore, the conditions for conducting
the ANOVA test are met. The detailed results of the statistical
analysis for particle size are presented in Table 5 and Figure 3.
The ANOVA analysis for particle size indicated that the
model was not statistically significant, with an F-value of 0.43
and a p-value of 0.82 (p >0.05). This suggests that neither
the individual independent variables-Tween 80, chitosan, and
NaTPP-nor their interactions had a meaningful effect on par-
ticle size. The results also showed that the p-values for each
factor exceeded 0.05, confirming that variations in the con-
centrations of these components did not produce significant
changes in particle size. The lack of significance in the model
may be due to the exclusion of other influential factors or vari-

ations not accounted for in the tested variables (Akram and
Garud, 2021).

© 2026 The Authors.

3.2.2 Evaluation of Polydispersity Index Response (R2)

The polydispersity index (PDI) reflects the variability in par-
ticle sizes within a sample; for polymeric nanoparticles, this
refers to the particle diameter measured in nanometers. Lower
PDI values, approaching zero, indicate a more uniform and
well-dispersed particle size distribution (Aluani et al., 2017;
Maity et al., 2017). The evaluation of the PDI response in-
dicates that the data follow a normal distribution Figure 4,
as evidenced by the data points clustering closely around a
straight line according to the observed response values. The
ANOVA results for the PDI response revealed that the overall
model was not statistically significant (F = 135.81, P = 0.0656),
suggesting it did not adequately account for the variations in
PDI. The detailed results of the statistical analysis for parti-
cle size are presented in Table 6. However, certain individual
factors showed greater significance within the analysis. Factor
A (Tween 80) significantly impacted PDI, as indicated by a
P-value of 0.0255, demonstrating that variations in Tween 80
substantially influenced PDI changes. Although Factor B (chi-
tosan) and the interaction between A and B showed relatively
high F-values, their P-value of 0.0656 suggested they were
only marginally significant. In contrast, Factor C (NaTPP) and
the interactions AC and BC exhibited high P-values ranging
from 0.3440 to 0.7952, indicating no significant effect on PDI.
Therefore, Tween 80 was identified as the primary factor af-
fecting PDI, while the other factors and their interactions did
not reach statistical significance within the accepted threshold.
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Table 5. ANOVA Results for Particles Size Response
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Parameter ~ Sum of squares df  Mean square F-value P-value Model status
Model 2.6176 6 4362.67 87.25  0.0818 not significant
A-Tween 80 5304.50 1 5304.50 106.09 0.0616
B-Chitosan 968 1 968 19.36  0.1423
C-NaTPP 1200.50 1 1200.50 24.01  0.1282
AB 1404.50 1 1404.50 28.09 0.1187
AC 8978.00 1 8978.00 179.56  0.0474
BC 8320.50 1 8320.50 166.41 0.0493
Residual 50 1
Cor Total 26226.00 7
Table 6. ANOVA Results for PDI Response
Parameter ~ Sum of squares df Mean square F-value P-value Model status
Model 0.0917 6 0.0153 135.81 0.0656 not significant
A-Tween 80 0.0703 1 0.0703 625.00 0.0255
B-chitosan 0.0105 1 0.0105 93.44  0.0656
C-NaTPP 0.0000 1 0.0000 0.1111  0.7952
AB 0.0105 1 0.0105 93.44  0.0656
AC 0.0003 1 0.0003 2.78 0.3440
BC 0.0000 1 0.0000 0.1111 0.7952
Residual 0.0001 1 0.0001
Cor Total 0.0918 7
zn ) 8
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Figure 3. Normal Plot of Recidual, (b) Surface of Particle Size Nanosuspension

3.2.3 Evaluation of Zeta Potential Response (R3)

The ANOVA analysis of the zeta potential response indicates
that the model is statistically significant, with a p-value of
0.0391. This finding suggests that the variables included in the
model meaningfully influence zeta potential. Factor A (Tween
80) showed a p-value of 0.0797, indicating it does not have
a significant effect on zeta potential, as this value exceeds the
0.05 threshold. In contrast, Factor B (chitosan) and Factor C

© 2026 The Authors.

(Na-TPP) demonstrated significant effects, with p-values of
0.0244 and 0.0292 respectively, highlighting their important
roles in controlling nanoparticle stability.

The inclusion of Tween 80, chitosan, and sodium tripolyph
osphate (Na TPP) in nanoparticle synthesis affects the zeta
potential, reflecting the electrostatic stability of the system.
Tween 80 enhances particle dispersion by lowering surface ten-
sion, while positively charged chitosan contributes to stability
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Table 7. ANOVA Results for Zeta Potential Response
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Parameter ~ Sum of squares df Mean square F-value P-value Model status
Model 74.57 6 12.43 382.24 0.0391 significant
A-Tween 80 2.05 1 2.05 63.06  0.0797
B-Chitosan 22.08 1 22.08 679.06 0.0244
C-NaTPP 1548 1 15.48 476.27 0.0292
AB 26.75 1 26.75 822.90 0.0222
AC 0.1878 1 0.1878 4.24 0.2879
BC 8.06 1 8.06 247.91 0.0404
Residual 0.0325 1 0.0325
Cor Total 74.60 7
z . .
o : 2
ago 50 :
E 20 [ ]
z ‘: g
6
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(a)

through its interaction with negatively charged particles. Na
TPP acts as a crosslinking agent, organizing the polymer net-
work. Together, these components optimize zeta potential val-
ues, improve nanoparticle stability, and reduce aggregation-key

(b)

Figure 4. (a). Normal Plot of Recidual, (b) Surface of Zeta Potential Nanosuspension

3.3 Statistical Analysis of All Responses (R1, R2, and R3)

Statistical Analysis of All Responses is presented in Table 8.
The statistical analysis reveals that the developed models R1,
R2, and R3 demonstrate excellent fit and reliability. Specifi-

factors for effective drug delivery and applications in nanomedicine cally, the particle size model shows an R2 of 0.9981, an adjusted

(Kaur et al., 2021; Scolari et al., 2019).

The interaction between Tween 80 and chitosan (AB) was
found to be statistically significant, with a p-value of 0.0222, in-
dicating a meaningful impact on the zeta potential. In contrast,
the combined effect of Tween 80 and Na-TPP (AC) was not
significant, as shown by a p-value of 0.2879, suggesting their
joint influence on zeta potential is limited. Meanwhile, the
interaction between chitosan and Na-TPP (BC) demonstrated
significance (p = 0.0404), implying this interaction plays an
important role in modulating the zeta potential. This effect is
likely driven by electrostatic interactions between chitosan and
Na-TPP, which enhance particle stability. The results of the
ANOVA analysis for the PDI response can be seen in Table 7
while the normal plot of residuals and the 8D surface plot for
zeta potential are presented in Figure 5.

© 2026 The Authors.

R? 0f 0.9867, and a predicted R? of 0.8780, indicating that
the model accounts for nearly all variability in the data while
maintaining strong predictive power. Although the predicted
R2 is slightly lower than the adjusted R2, the difference is within
an acceptable range-less than 0.2-suggesting that the model
is robust and reliable when applied to new data. The PDI re-
sponse shows strong consistency across parameters, reflected by
an R? of 0.9988, an adjusted R? of 0.9914, and a predicted R?
of 0.9216, indicating a reliable and accurate predictive model.
Similarly, the zeta potential displays an even higher R? value
of 0.9996, with both the adjusted and predicted R? values
reaching 0.9996 and 0.9721, respectively, highlighting the
model’s excellent performance. The small difference between
the predicted R? and the original R2-less than 0.2-indicates
that the model possesses strong predictive power and impres-
sive stability. These results collectively suggest that the model
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Table 8. Statistical Analysis Results of Factorial Design on All Responses

Parameter
Respon SD Mean CV% R?value Adjusted R?2 Predicted R? Adequate precision
R1 7.07  259.50 3149  0.9981 0.9867 0.8780 30.9931
R2 0.0106 0.7863 1.85 0.9988 0.9914 0.9216 27.4654
R3 0.1803 -26.04 0.6923 0.9996 0.9996 0.9721 56.3241

performs reliably in estimating the three response variables.
The close alignment between predicted and original R? values
further implies that the model is not overfitted and is capable
of generalizing well to new, unseen data.

3.4 Determination of the Optimal Formula and Formula
Verification

Based on the analysis of experimental data and factorial design,
the optimal formulation for the polyherbals extract nanosus-
pension was identified. This formulation consists of 6 g of
Tween 80, 21 mL of chitosan, and 10 mL of NaTPP. The de-
sirability score of 0.7-relatively close to the maximum value of
1-indicates a strong alignment between the predicted outcomes
and the experimental results. This formulation is expected to
produce nanoparticles with a size of approximately 227 nm,
a polydispersity index (PDI) of 0.721, and a zeta potential of
-30.0438, reflecting favorable characteristics for nanosuspension
stability and performance.

The optimal formulation was validated using point pre-
diction analysis, incorporating both a 95% confidence interval
(CI) and a 95% prediction interval (PI). The CI reflects the
expected range for the mean of repeated measurements at a
95% confidence level, while the PI represents the range within
which individual predicted values are likely to fall, also with 95%
confidence (Weissman and Anderson, 2015). The predicted
optimal particle size was 227 nm, while the experimentally ob-
served value was 186 nm. The 95% confidence interval (CI) for
the mean ranged from 158.32 nm to 297.04 nm, and the 95%
prediction interval (PI) extended more broadly, from -97.25
nm to 552.61 nm. This wide prediction interval may reflect
variability in the formulation process, which could affect the
consistency of the resulting particle size (Ahmadi Tehrani et al.,
2019). Determination of the Optimal Formula and Formula
Verification is presented in Table 9.

3.5 Characterization Results of Particles Size, Polydispersity
Index, and Zeta Potential of Optimum Nanosuspension
Formula

The particle size diameter of the optimized formulation was

measured at 220 + 11.57 nm, which falls well within the ac-

cepted nanoparticle range of 1 to 1000 nm. The results suggest

that the components-Tween 80, chitosan, and NaTPP-play a

significant role in determining the final particle size. The char-

acteristics of the optimized formulation are presented in Table

10. The measurement process aligns with analytical standards

defined by Dynamic Light Scattering—Particle Size Analysis

(DLS-PSA). From a theoretical perspective, reducing particle

© 2026 The Authors.

size to the nanoscale can improve the bioavailability of active
compounds. Smaller particles enhance absorption within the
body and help regulate the release rate of active ingredients
from the polymeric nanoparticle delivery system (Pereira et al.,
2018).

The polydispersity index (PDI) is closely related to parti-
cle size, serving as a key indicator of particle size distribution
within a formulation. In the optimized formulation, the PDI
was measured at 0.59+0.06. This value suggests a broad size
distribution, as a PDI > 0.3 typically reflects lower homogene-
ity among particles. A higher PDI (= 0.5) indicates significant
variation in particle sizes, pointing to a non-uniform distribu-
tion. Conversely, a PDI value approaching zero implies a high
degree of uniformity, with particles exhibiting relatively con-
sistent sizes throughout the sample (Danaei et al., 2018). The
uniformity of particle distribution, or homogeneity, influences
the stability of the created nanopolymeric system and has been
shown to enhance bioavailability (Li et al., 2016).

Z.eta potential refers to the possible difference between the
surfaces of particles. The zeta potential value is related to
the push away force between nearby particles that have the
same charge in the mixture (Liu et al., 2020). Particles or
molecules with a high zeta potential tend to experience strong
repulsive forces, which help prevent aggregation and promote
greater stability in dispersion. In contrast, a low zeta potential
allows attractive forces to dominate, increasing the likelihood of
particle flocculation and eventual breakdown of the dispersion.
Therefore, a high zeta potential—whether positive or negative-
is generally desirable in formulations, as it indicates a stable
colloidal system (Németh et al., 2022).

The stability of the polyherbals extract nanosuspension was
evaluated through zeta potential analysis. A higher absolute
value of zeta potential-regardless of whether it is positive or
negative-indicates that repulsive forces between particles are
dominant over attractive forces, thereby reducing the likeli-
hood of aggregation. The predicted zeta potential was -30.08
mV, with a 95% confidence interval (CI) ranging from -31.85
to -28.31 mV, and a wider 95% prediction interval (PI) span-
ning from -38.37 to -21.79 mV. These values suggest a stable
formulation with minimal risk of particle flocculation.

The drug content of the nanosuspension was evaluated
using sinensetin as the marker compound from Orthosiphon
stamineus. The results (Table 11) demonstrated that the drug
content values from three replicates ranged from 95.90% to
98.24%, with a mean of 97.20 + 1.18% (n = 8). The observed
values closely matched the theoretical content, indicating that
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Table 9. Prediction Results and Verification Range of the Optimal Formula

. . 95% CI 95% PI1 ‘
Respon Prediction  Observation Lower  Upper Tower Upper
Particle Size 297 220 £ 11.57 158.32 297.04 -97.2484 552.606
PDI 0.72 0.59+0.06 0.62 0.83 0.233659 1.20844
Z.eta potential -30.08 -28.27+0.37 -31.85 -28.314 -38.3692 -21.798
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Table 10. Characterization of the Optimal Nanosuspension
Formula

(b)

Figure 5. (a). Normal Plot of Recidual, (b) Surface of Zeta Potential Nanosuspension

Table 11. Drug Content of Sinensetin in Polyherbal Nanosus-
pension

Particle Polvdi i« Zeta
Nanopolyherbal size O ISPEISILY potential
index

(nm) (mV)
Replication 1 236 0.55 -27.77
Replication 2 215 0.68 -28.66
Replication 3 209 0.54 -28.38

Mean+SD 2295 (.50+0.06 i
11.57 28.27+0.87

Theoretical ~ Measured

Formula drug drug Drug UContent
content content (%)
(mg) (mg)

Replicate 1 50.00 48.73 97.46
Replicate 2 50.00 47.95 95.90
Replicate 3 50.00 49.12 98.24

Mean + SD 97.20 + 1.18

the formulation method effectively preserved the majority of
the active chemical without significant degradation or loss dur-
ing the production of the nanosuspension. The increased drug
content results demonstrate the formulation approach’s stabil-
ity and reproducibility, along with the nanosuspension system’s
ability to maintain the integrity of the marker compound. The
consistency among replicate measurements further confirms
that the active chemical concentration stayed within the ex-
pected range. These findings align with prior research indi-
cating that drug content values exceeding 90% are generally
deemed acceptable for maintaining formulation quality and
therapeutic efficacy (Aldeeb et al., 2025). Thus, the nanosus-
pension developed in this study is considered pharmaceutically
sound and suitable for further pharmacological evaluation.

© 2026 The Authors.

The results of the stability test for the nanopolyherbal
formulation-including particle size, polydispersity index (PDI),
and zeta potential-are presented in Table 12. The stability
tests showed no changes in color, with sediment remaining con-
sistent throughout the storage period. Particle size gradually
increased from day 1 to day 60, likely due to agglomerate for-
mation over time. Nevertheless, the polydispersity index (PDI)
remained within an acceptable range, and although the zeta
potential exhibited a slight decline, it remained sufficiently high
to maintain strong repulsive forces between particles, which are
essential for sustaining the formulation’s stability. The results
match what Fan et al. (2012) found, showing that when stored
at low temperatures between 10°C and 25°C, the size of the
nanokitosan particles stayed small. Additionally, the research
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by Lopez-Leon et al. (2005) showed that at -10°C, the chi-
tosan nanoparticle solution was unstable, but at 5°C and 25°C,
the size of the particles grew significantly on the 7th and 15th
days.

Transmission Electron Microscopy (TEM) analysis, shown
in Figure 6, reveals that the particles in the nanosuspension
are spherical and exhibit a small, uniform size distribution.
With an approximate particle size of 184 nm, they fall within
the ideal nanometer range for nanosuspensions, supporting
enhanced solubility, controlled release of active compounds,
and increased bioavailability. The consistent particle shape also
indicates that the surfactants effectively stabilize the particles
and prevent aggregation, potentially improving the overall dis-
tribution of active ingredients throughout the nanosuspension.

Figure 6. Morphological Results of Nanopolyherbal using
TEM

We conducted the subsequent characterization test using
FTIR spectroscopy. FTIR is a rapid and precise technique that
yields information regarding the functional groups present in
the sample. This is a principal analytical technique favored for
its screening efficacy, rapidity, and cost-effectiveness. People
refer to this technique as a "molecular fingerprint” method (Ku-
mar and Pandey, 2013). FTIR analysis facilitates the identifica-
tion of functional groups in plant extracts and nanopolyherbal
formulations. As previously stated, extracts of Apium graveolens,
Centella asiatica, and Orthosiphon stamineus possess substantial
quantities of polyphenolic derivatives, including flavonoids,
which are regarded as possible bioactive chemicals with antioxi-
dant capabilities. Figure 7 illustrates a comparison of the FTIR
spectra for each plant extract, the combined extract, and the

© 2026 The Authors.
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Figure 7. F'T-IR Spectroscopy Outcomes

nanopolyherbal formulation.

The FTIR spectra of the individual extracts- Apium grave-
olens, Centella asiatica, and Orthosiphon aristatus -along with the
extract combination and polyherbal nanosuspension, exhib-
ited notable differences in peak positions and intensities. The
variances demonstrate that each sample possesses a unique
chemical composition, reflective of the specific phytochemical
constituents characteristic of each plant species. The absorp-
tion bands observed between 8832 and 8344 ¢cm™! indicate
the presence of hydroxyl (—OH) groups, commonly linked
to phenolic compounds and alcohols (Udvardi et al., 2017;
Albarakaty et al., 2023). These peaks correspond to the O-H
stretching vibrations typically observed in plant-derived sec-
ondary metabolites. Additionally, peaks identified between
1630 and 1650 cm™! can be attributed to the stretching vi-
brations of aromatic C=C bonds or carbonyl (C=0) groups.
These functional groups are frequently present in triterpenoids
and flavonoids, thereby enhancing the phytochemical com-
plexity of the samples (Nomi et al., 2024). The variations
in peak positions across samples may indicate molecular in-
teractions or structural changes, particularly in the combined
extract and nanosuspension formulations. A notable region
is detected around 1890-1892 cm™!, signifying bending vi-
brations associated with methyl (—CHg) groups or phenolic
compounds (Sugunabai et al., 2015). Peaks detected below
1100 ecm! signify C—O stretching vibrations, typically linked
to alcohol, ester, or ether functionalities. These peaks vali-
date the presence of numerous chemical functional groups
linked to antioxidant or therapeutic properties (Rohman and
Ariani, 2013). The FTIR spectra of the extract combination
and polyherbal nanosuspension exhibit notable peak shifts or
merged absorption bands relative to the individual extracts.
This spectral overlap signifies the eflicient integration and in-
teraction of numerous phytochemicals, resulting in a complex
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Table 12. Stability of Nanopolyherbal Particles at Room Temperature

Parameters Day-1 Day-15 Day-30 Day-60
color change greenish clear  greenish clear  greenish clear greenish clear
Sediment yes yes yes yes
Particle Size (nm) 220 £ 11.57 221.66+x1.41 221.93+0.25 222.60%0.57
Polydispersity Index 0.59+0.06 0.59+0.05 0.61£0.02 0.61+£0.05
Zeta Potential (mV)  -28.27+0.37  -28.86x0.55 -27.91x0.15 -27.63+0.54

assortment of bioactive molecules (Pasieczna-Patkowska et al.,
2025). Such shifts may also signify molecular compatibility or
chemical interaction among the constituent substances. The
polyherbal nanosuspension spectrum exhibits an additional
absorption peak at 2860.23 cm™!, absent in both the individual
extracts and the amalgamation of crude extracts. This unique
peak is frequently associated with isocyanate (—N=C=0) or
COyq stretching vibrations, potentially arising from chemical
modifications during nanosuspension preparation or from en-
hanced molecular interactions at the nanoscale (Chaudhari

et al., 2020).

3.6 Antioxidant Activity Assays

3.6.1 DPPH Method

The DPPH method is one of the most commonly used ap-
proaches for evaluating the antioxidant activity of a sample,
primarily due to its simplicity and cost-effectiveness. In this
method, antioxidant compounds neutralize free radicals by
donating hydrogen atoms to DPPH molecules, leading to a
measurable color change from purple to yellow. The extent of
this color shift reflects the compound’s ability to reduce DPPH,
thereby indicating its antioxidant potential (Mohammed et al.,
2016). Figures 8 and 9 display the results of antioxidant test-
ing, specifically the percentage of inhibition and ICj¢ values,
for both the extracts and the nano polyherbal formulation. In
assessing antioxidant activity, the maximum absorption wave-
length (1 max) of DPPH identified in this study was 517 nm,
which aligns well with the established range of 515 to 520 nm
reported by Mohammed et al. (2016). This wavelength was
subsequently used to determine the appropriate incubation pe-
riod and to analyze both the reference solution and the extracts.
Previous research indicates that a 80-minute incubation pe-
riod is optimal for DPPH analysis; therefore, our test solutions
were incubated for 80 minutes under dark conditions. The use
of a dark environment is critical to prevent the generation of
free radicals other than DPPH, which could interfere with the
results (Rosidi, 2020).

As the concentration of the sample solution increases, the
measured absorbance value correspondingly decreases. This
trend occurs because a higher number of antioxidant molecules
are present to neutralize the DPPH radicals (Baliyan et al.,
2022). The reduction in absorbance is therefore used to quan-
tify the capacity of antioxidant compounds to scavenge DPPH
radicals. By applying linear regression analysis, the relation-
ship between concentration and inhibition can be character-
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ized, with the ICj5( value serving as an indicator of antioxidant
potency-a lower ICj reflects stronger antioxidant activity. An
antioxidant’s effectiveness is generally indicated by a lower 1Cj5(
value. To calculate this value, we use a linear regression model
that plots sample concentration on the x-axis against percent-
age inhibition on the y-axis. The 1Cj( value is a common and
reliable measure for assessing a sample’s antioxidant capacity
(Itam et al., 2021). Specifically, we determine the 1Cj3¢ by
inputting the percentage inhibition into the regression equa-
tion as the dependent variable. A smaller ICj5( corresponds to
stronger antioxidant activity, whereas a larger value suggests
weaker activity (Rivero-Cruz et al., 2020).

The correlation coeflicients (R values) for each regression
equation were consistently reported at 0.99, indicating a very
strong relationship between percentage inhibition and extract
concentration. This high value suggests that the concentration
of the chemical accounted for 99% of the observed inhibition,
with other factors contributing only marginally. In this study,
quercetin a flavonoid well recognized for its diverse biological
activities and potent free radical scavenging properties served as
the standard reference in the antioxidant activity assays. Antiox-
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idant activity is categorized by 1Cjq values: 1Cj5¢ <560 ug/mL
denotes extreme activity; 50 pg/mL <ICj;0 <100 ug/mL indi-
cates strong activity; 100 ug/mL <ICjp <150 ug/mL reflects
moderate activity; 150 ug/mL <ICj;p <200 ug/mL signifies
weak activity; and 1Cz0 >200 ug/mL represents fragile activity.

The assessment of antioxidant activity using the DPPH
method demonstrated that the nanopolymeric formulation
containing extracts of celery, cat’s whisker, and gotu kola (Nano
polyherbals) showed enhanced antioxidant potency, with an
1C5¢ value of 41.78 + 3.064 ug/mlL. Notably, this ICj5 value
was lower than that of the extract combination without nan-
otechnology, which recorded an 1C5( of 44.93 + 2.989 ug/mlL,
indicating improved eflicacy in the nano-formulated prepara-
tion

50

40

304

IC50

204

10+

3.951

T
Quercetin Combination of

Nanoparticle
Polyherbal (E. SKP) Polyherbal (N.SKP)

Figure 9. Antioxidant Activity (IC59) by DPPH Radical
Scavenging Assay

The findings indicate that nanotechnology-based formula-
tions improve antioxidant effectiveness compared to traditional
extracts. This observation is consistent with numerous studies
demonstrating that nanotechnology can enhance the antioxi-
dant properties of compounds (Kumar et al., 2020; Pradana
etal., 2023). The enhanced antioxidant activity observed in the
Nano polyherbals formulations can be attributed to the applica-
tion of nanopolymeric technology, which improves the prepa-
ration’s stability and bioavailability, thereby facilitating more
eflicient delivery of active compounds to target tissues. More-
over, this nanotechnology offers protection to the active com-
pounds against degradation caused by environmental factors
such as oxidation, light exposure, or extreme pH conditions,
helping to preserve or potentially augment their antioxidant
capacity (Aluani et al., 2017).

3.6.2 ABTS Method
The ABTS assay evaluates antioxidant activity by measuring
the ability of antioxidants to quench the ABTS cation radi-
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cal, resulting in decolorization. ABTS is a nitrogen-centered
radical characterized by its blue-green color, which becomes
colorless upon reduction by antioxidant compounds. (Marecek
et al.,, 2017). The ABTS assay is highly light-sensitive, re-
quiring that tests be performed under dark conditions. The
loss of color is indicated by a decrease in absorbance at the
assay’s maximum wavelength. A calibration curve was gener-
ated by plotting the percentage of Trolox decolorization against
concentration, ranging from 0 to 250 ppm. The resulting re-
gression equation, y = 0.8511x - 0.2384, with an R? value
of 0.9991, demonstrates a strong linear relationship. Figures
10 and 11 present the antioxidant activity results, showing the
percentage inhibition and 1Cj( values for both the extract com-
bination and the nano polyherbal formulation. For centuries,
plants have been recognized as natural reservoirs of bioactive
compounds that provide a range of health benefits, including
antioxidant effects (Mendoncga et al., 2022). The antioxidant
qualities of plants are crucial in combating cellular damage
induced by free radicals, which can lead to the onset of nu-
merous degenerative diseases and accelerate the aging process
(Kasote et al., 2015). Amid increasing concerns over the harm-
ful effects of synthetic chemicals, there is a rising emphasis on
plant-based therapies as alternatives to support health and pre-
vent the onset of disease. Today, herbal remedies derived from
plants are integral to medical practices in many cultures world-
wide. This shift reflects a broader transformation in medicine,
highlighting the value of natural resources, with plants recog-
nized as a key source for identifying bioactive compounds for
pharmaceutical and preventive applications. Given their wide-
ranging therapeutic potentials, plants are increasingly regarded
as a sustainable foundation for developing safer and more en-
vironmentally friendly treatments (Chaachouay and Zidane,
2024). Antioxidants are molecules that mitigate oxidative dam-
age in biological systems by donating electrons to free radicals,
thereby neutralizing their harmful effects (Baliyan et al., 2022).
Free radicals are primarily associated with oxidative stress and
are produced through the interaction of oxygen with various
molecules. Once generated, these reactive species can damage
critical biological components such as DNA, proteins, and cell
membranes. Antioxidants can neutralize free radicals by re-
acting with them, thereby preventing potential harm. Plants
synthesize a wide range of secondary metabolites, many of
which function as antioxidants (Garg et al., 2019).
Antioxidants play a crucial role in protecting cells from dam-
age induced by free radicals, including reactive oxygen species
(ROS) (Yan et al., 2023). Numerous chemicals included in
herbal plants, such as phenolics, flavonoids, terpenoids, and al-
kaloids, have demonstrated eflicacy as antioxidants, capable of
scavenging free radicals (Lourenco et al., 2019). Furthermore,
plants possess intrinsic mechanisms to prevent the generation
of reactive oxygen species (ROS), including the production
of antioxidant compounds that neutralize or deactivate ROS
through both chemical and physical processes (Muchtaridi et al.,
2024). Flavonoids are widely recognized as powerful antioxi-
dants that neutralize free radicals, chelate metal ions, inhibit en-
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Figure 10. ABTS Radical Scavenging Assay of Standard Trolox,
Combination of Polyherbal and Nanoparticle Polyherbal

zymes involved in free radical generation, and boost the body’s
own antioxidant defenses. Their ability to directly scavenge
reactive oxygen species makes flavonoids particularly effective
in reducing oxidative damage. Other compounds, such as al-
kaloids and terpenoids, also contribute to antioxidant activity,
thereby strengthening the body’s protection against oxidative
stress (Hassanpour and Doroudi, 2023; Zahra et al., 2024).
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Figure 11. Antioxidant Activity (IC59) by ABTS Radical
Scavenging Assay

This study found that the 1Cj5( value of the nanopoliherbals
formulation was 28.21 ug/mL, indicating a stronger ABTS rad-
ical scavenging activity compared to the combined extract. This
outcome aligns with the research of Zahra et al. (2024) who
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indicated that the augmented antioxidant activity in crosslinked
nanoparticles is attributable to their reduced particle size, which
enhances surface area and facilitates increased absorption of
flavonoid chemicals. Furthermore, the ABTS assay revealed
stronger antioxidant activity in the nanopoliherbals formula-
tion compared to the DPPH method. This corresponds with
the findings of de Silva et al. (2023), which demonstrated that
the ABTS assay on alginate nanoparticles of Coccinia grandis
L. exhibited superior antioxidant activity relative to DPPH.
This difference could be attributed to the greater sensitivity
of the ABTS assay, which detects antioxidant activity through
multiple mechanisms, such as electron transfer and hydrogen
atom donation. Additionally, the ABTS method shows a lower
coefficient of variation compared to the DPPH assay, indicating
more consistent and reliable results (Rumpf et al., 2023).

4. CONCLUSIONS

The study demonstrated that nanosuspensions enhance the
antioxidant potency of bioactive compounds derived from
Apium graveolens, Centella asiatica, and Orthosiphon stamineus.
The nanosuspension formulated with chitosan, Tween 80, and
Na-TPP exhibited a particle size of 220 £ 11.57 nm, a poly-
dispersity index (PDI) of 0.59 + 0.06, and a zeta potential of
-28.27 + 0.87 mV, indicating improved bioavailability and ab-
sorption efficiency. Results from the DPPH and ABTS assays
indicated that the nanosuspension exhibited greater antioxi-
dant activity than the combined plant extracts. The lower ICj
values observed in both tests highlight the nanosuspension’s
enhanced capacity to neutralize free radicals. These findings
suggest that nanotechnology has the potential to improve the
antioxidant properties of bioactive compounds in medicinal
plants, thereby providing enhanced health and therapeutic ben-
efits.
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