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ABSTRACT
Eurycoma longifolia is a well-knownmedicinal plant recognized for its anticancer activity and immunomodulatory properties. Despite
its therapeutic potential, the extract has demonstrated low bioavailability, particularly due to the limited permeability of eurycomanone
in rodent studies. The objectives of the present study were to develop a niosome formulation incorporating a standardizedwater extract
of E. longifolia and to evaluate its immunomodulatory activity. Three niosome formulations containing E. longifolia extract with
diferent stabilizers were prepared using the heatingmethod andwere abbreviated based on the stabilizing agent used: Nio1, containing
sodium dodecyl sulfate (SDS); Nio2, containing α-tocopherol; and Nio3, containing phenonip. The prepared niosomes were char-
acterized for their physicochemical properties, including particle size, polydispersity index (PDI), zeta potential, pH, stability, en-
trapment efciency (EE), and in vitro drug release. All niosome formulations exhibited desirable particle size (195–493 nm), low PDI
values (0.05–0.13), and negative zeta potentials (�30.63 to �44.90mV) with pH values ranging from 7.05 to 7.55. The formulations
remained physically stable at room temperature over the 3-month storage period. EE ranged from 59.50% to 66.90%. In vitro drug
release at pH 1.2, 6.8, and 7.4 demonstrated a difusion-controlled release mechanism. An in vitro cell viability and an immuno-
modulatory assay of the niosome on the lipopolysaccharides (LPS)-induced murine macrophage (RAW264.7) cell line was evaluated.
Cytotoxicity data showed that the Nio2 formulation was less toxic towards the Vero, THP-1, and RAW 264.7 cells with IC50 values of
19.90, 22.78, and 23.87 μg/mL, respectively. Immunomodulatory assays demonstrated that Nio2 treatment signifcantly suppressed
nitric oxide release in LPS-stimulated murine macrophages. The Nio2 formulation also enhanced the phagocytic ability of THP-1 cells
towards E. coli, similar to the nonformulated E. longifolia extract. These results indicate that Nio2 could serve as efective nanocarriers
for enhancing immunomodulatory activity by activating the THP-1 cells and potentially benefting macrophage cells. In conclusion,
this study demonstrates that the niosome formulation incorporating a standardized water extract of E. longifolia was successfully
developed and exhibits potential immunomodulatory activity, supporting its further evaluation in in vivo immunomodulatory study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 | Introduction

Viral infectious diseases remain a persistent global health threat
due to the continuous emergence of new pathogens [1]. These
viruses are responsible for widespread illnesses such as in-
fuenza, HIV, measles, Zika, Chikungunya, and COVID-19, with
dengue infection continuing to rise in both incidence and se-
verity [1]. According to the World Health Organization, more
than fve million dengue cases and 5000 deaths were reported
across over 80 countries [2]. In Malaysia, dengue has become
a major public health concern, with a 1561% increase in reported
cases from 1995 to 2014 [3]. Dengue can be asymptomatic or
cause mild fever; however, in severe cases, it progresses to
haemorrhagic dengue fever, which involves vascular leakage,
bleeding, and organ dysfunction. These complications are largely
attributed to dysregulated host immune, known as a cytokine
storm, where the body releases excessive amounts of pro-
infammatory and regulatory cytokines like IL-6, IL-8, IL-10,
IL-15, TNF-α, MCP-1, and IFN-γ [4]. If uncontrolled, this im-
mune overactivation can result in systemic infammation and
multiorgan failure. Hence, modulation of excessive cytokine
production represents a critical therapeutic target for mitigating
severe dengue-associated immunopathology. Therefore, immu-
nomodulatory therapies have recently gained attention as
complementary strategies for managing viral infections, in-
cluding dengue [5].

Eurycoma longifolia, commonly known as Tongkat Ali, is
a fowering medicinal shrub native to Southeast Asia and widely
recognized in traditional medicine [6]. It has been used to treat
intermittent fever, diarrhea, and fatigue, with its roots applied for
a range of ailments including cough, dysentery, hypertension,
and bleeding [7, 8]. Pharmacological studies confrm that
E. longifolia possesses anti-infammatory, antimalarial, antiulcer,
and anticancer properties [6]. These bioactivities are linked to the
plant’s rich content of phenolics, quassinoids, alkaloids (canthin-
6-one, β-carbolines), triterpenes, neolignans, lactones, and ste-
roids [9, 10]. Among these, eurycomanone is the common
compound and is widely used as a chemical marker for extract
standardization [11]. The immune system can be regulated
by both internal and external stimuli, and immunomodula-
tors—whether synthetic or natural—help to enhance or suppress
immune functions [12]. Natural products often stimulate innate
immune responses by activating macrophages, monocytes,
neutrophils, and cytokines [13]. Herbal remedies have long been
used to reduce infammation, with quassinoids from E. longifolia
shown to contribute to its anti-infammatory potential [14, 15]. In
a study by Hien et al., an alkaloid-rich fraction (ELA) inhibited
lipopolysaccharides (LPS)-induced nitric oxide (NO) and protein
expression in vitro and in mice, demonstrating strong anti-
infammatory efects [16]. Other isolated compounds also sup-
pressed the expression of IL-6, iNOS, and NF-κB in response to
LPS, indicating action via the NF-κB pathway [17].

Despite its promising biological activities, the standardized water
extract of E. longifolia has shown low bioavailability in rodents,
which may limit its therapeutic impact as an immunomodulator
[11, 18]. To overcome this challenge, nanocarrier-based systems
such as niosomes have been proposed to improve both delivery
and bioavailability. Niosomes are vesicular carriers formed by
nonionic surfactants and cholesterol, ofering advantages like
enhanced solubility, stability, biocompatibility, and controlled

release of active compounds [19]. Recent studies have demon-
strated that niosomal delivery of plant extracts such as Garcinia
mangostana, Zingiber ofcinale, and Knema retusa enhances
biological activity while reducing cytotoxicity and improving
targeted efects [20–23]. They are known to improve pharma-
cokinetics and pharmacodynamics while also reducing systemic
toxicity by enabling site-specifc targeting [20–24]. These prop-
erties make them suitable for delivering plant-derived com-
pounds with poor water solubility. Surfactants, essential to
niosome structure, signifcantly infuence membrane fuidity,
permeability, and drug retention, which in turn afect the ef-
ciency and safety of the formulation [25, 26].

Research on niosomes encapsulating E. longifolia for immuno-
modulatory purposes is currently lacking. Therefore, this study
aims to prepare a niosomal formulation containing standardized
E. longifolia root water extract. The formulation undergoes
physicochemical characterization and stability evaluation. The
in vitro drug release and its potential immunomodulatory ac-
tivity were also evaluated.

2 | Methodology

2.1 | Chemicals and Materials

Standardized water extract of E. longifolia (root) was purchased
from Biotropic, Malaysia. The term “standardized” refers to the
consistent percentage of eurycomanone maintained in every
batch of E. longifolia root water extract produced by Biotropics.
According to the certifcate of analysis provided upon purchase,
the eurycomanone content is standardized within the range of
0.8%–1.5%. Polyoxyethylene sorbitan tristearate (Tween 60) and
sorbitan monostearate (Span 60) were purchased from Sigma-
Aldrich (St. Louis, USA). Phenonip, sodium chloride (NaCl),
cholesterol, α-tocopherol, curcumin, and PBS (pH 7.4) were
purchased from Merck (Germany). Glycerol, Dulbecco’s modi-
fed Eagle’s medium (DMEM) culture medium, fetal bovine
serum (FBS), penicillin-streptomycin (PS), 4′,6-diamidino-2-
phenylindole (DAPI), LPS, Griess reagent kit, and sodium nitrate
(NaNO3) were purchased from Fisher Scientifc (Loughborough,
USA). CellTiter-Glo cell viability assay was purchased from
Promega (Madison, USA). A phagocytosis assay kit (IgG-FITC)
was purchased from Cayman Chemical (Michigan, USA). Afri-
can Green Monkey kidney (Vero), human monocyte (THP-1),
and murine macrophage (RAW 264.7) cell lines were purchased
from the American Type Culture Collection (ATCC,
Virginia, USA).

2.2 | Characteristic of Eurycomanone From
E. longifolia and Preparation of E. longifolia Extract-
Loaded Niosome Formulations

The characteristics of eurycomanone, a major bioactive com-
pound in E. longifolia, were obtained from previously published
data [11]. Based on data, niosomes were prepared using the
heating method described by Mohamad Saimi et al. [27] with
some modifcations. Based on their particle size and physical
stability following centrifugation test, three formulations with
diferent stabilizers (as shown in Table 1) were selected for this
study, as determined from a preliminary investigation (Table S1,
Supporting Information). Initially, for the lipid phase, a combi-
nation of surfactants (Tween 60:Span 60 with a ratio of 2:1) was
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mixed using a magnetic stirrer at 800 rpm, 120°C for 5 min in
a glass Schott bottle. Cholesterol was added to the mixture and
then continuouslymixed and heated at 120°C for 30min SDSwas
added to the mixture, which was continuously mixed and heated
at 120°C, 800 rpm for 30min. Glycerol solution 3% w/w in PBS
pH 7.4 was added into the mixture dropwise while continuously
heated at 60°C for 45min.

For the remaining formulations, SDS was replaced with either α-
tocopherol or Phenonip, while all other formulation components
and preparation conditions were kept identical.

For the aqueous phase, standardized water extract of E. longifolia
0.1% (w/w) root water extract was mixed in deionized water
using a magnetic stirrer at 800 rpm for 15min. Then, the mixture
was added into the lipid phase and continuously homogenized by
a magnetic stirrer at 1000 rpm, 60°C, for 60min. Finally, the
mixture was sonicated using a probe sonicator (Qsonica, New-
town, CT, USA) for 30-s “on” and 5-s “of” for fve cycles, am-
plitude of 75%.

2.3 | Physicochemical Characterization

2.3.1 | Particle Size, Polydispersity Index (PDI) and
Zeta Potential Measurement

The dynamic light scattering (DLS) technique was utilized to
evaluate the particle size and PDI. The approach involved
scattering light at a temperature of 25°C and an angle of 173°. The
device used for this procedure was the Malvern Nano ZS90
(Malvern, USA). The niosome formulation was diluted with PBS
(1:100) and then added to the sample cell. Three measurements
were performed in triplicate. The particle size of the niosome
formulations was maintained below 500 nm, as this range is
considered desirable for oral administration due to its association
with improved gastrointestinal (GI) absorption, enhanced epi-
thelial penetration, and increased oral bioavailability [28]. The

calculation of zeta potential was performed based on the mea-
surement of the electrophoretic mobility of dispersed particles in
a charged feld.

2.3.2 | Morphology of the Formulation

Transmission electron microscopy (TEM) was used to examine
the shape of niosome by dropping a droplet of niosome solution
onto copper grids coated with carbon (400-mesh holes). Niosome
formulation at pH 7.4 diluted 1:100 with PBS. Subsequently, 1%
uranyl acetate was used to negatively stain the sample for 10min
at room temperature. The noisy sample-containing grid was
inspected using a Hitachi H-7100 transmission electron micro-
scope (Tokyo, Japan) after the excess liquid was fltered out with
flter paper.

2.3.3 | pH Measurement

The pH of the niosome formulations was measured at room
temperature using a pH meter (Mettler-Toledo, Switzerland).
The pH meter was calibrated using pH standard bufer solutions
before taking measurements. After taking three measurements
data, the average was calculated.

2.3.4 | Stability Study

Freshly prepared niosome formulations were transferred to six
centrifuge tubes and centrifuged at 4000 rpm for 15min at room
temperature (27°C) using a bench-top centrifuge. This test was
performed to assess the short-term physical stability of the for-
mulations by accelerating potential instability phenomena such
as phase separation, vesicle aggregation, or precipitation. After
centrifugation, samples were visually inspected for any signs of
creaming, sedimentation, or phase separation. Subsequently, the
formulations were stored at 27°C for up to 90 days, during which
particle size, PDI, and physical appearance (color change or
phase separation) were periodically evaluated to monitor long-
term physical stability.

2.4 | Drug Entrapment Efciency (EE)
Measurement

EE % can be determined using centrifugation of 1mL of the
formulation at 21,000 rpm for 1 h. Following centrifugation, the
niosome formulation was collected as a pellet, while the unen-
capsulated E. longifolia extract remained in the supernatant. The
supernatant and the sediment were separated and then diluted to
25mL with PBS pH 7.4, fltered using a PTFE syringe flter
(0.22 μm pore size, Membrane Solutions, Auburn, WA, USA),
and then measured using a UV–vis spectrophotometer (Beck-
man, DU 530, Fullerton, CA, USA) at ʎmax 250 nm for eur-
ycomanone. Using the following equation, the percentage of drug
entrapment in niosomes was calculated.

Entrapment efficiency % =
(Total drug  −  drug in the supernatant)

Total drug( ) × 100% . (1)

TABLE 1 | The composition of the niosome formulations.

Niosome formulation
Composition
(% w/w)

Nio1 Nio2 Nio3
Tween 60: Span 60 (2:1) 2.00 2.00 2.00
Cholesterol 1.01 1.01 1.01
3% Glycerol in phosphate bufer saline 63.06 63.06 63.06
Sodium dodecyl sulfate (SDS) 0.50 — —
α-Tocopherol — 0.50 —
Phenonip — — 0.50
Standardized water extract of
E. longifolia

0.10 0.10 0.10

Deionized water 33.33 33.33 33.33
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2.5 | In Vitro Drug Release Study

The difusion of formulations was studied using the dialysis bag
difusion technique. Cellulose membranes were soaked in the
release medium. Then, niosome formulations were placed into
the dialysis bag. Both ends of the bag were tied and then carefully
immersed in a beaker containing PBS at pH 7.4, which mimicked
the ileum’s pH condition. The elution medium was stirred using
a magnetic bar at 100 rpm. One milliliter of the receptor medium
was withdrawn at diferent time intervals (typically at 1, 2, 3, 4, 5,
6, 7, 8, 12, and 24 h) and then replaced with the same volume of
fresh media to maintain the sink conditions. These procedures
were repeated with PBS pH 6.8, which mimicked the duodenum
pH, and hydrochloric acid (HCl) pH 1.2 mimicked the stomach.
All experiments were carried out in triplicate. The selected
pH conditions were employed to refect physiological
pH variations along diferent regions of the GI tract and to
evaluate the stability and release behavior of the niosome-
encapsulated formulation during GI transit. These samples
were analyzed using a UV–vis spectrophotometer (Beckman, DU
530, Switzerland) at ʎmax 250 nm for eurycomanone. The cali-
bration curves for eurycomanone were used to determine the
cumulative percentage of eurycomanone released. The amount
of drug released from NGC was calculated using the following
equation:

drug release % =
Md × V( )

M°d
( ) × 100% , (2)

where Md is the concentration of eurycomanone released in the
receptor medium collected, measured using a UV–vis spectro-
photometer at ʎmax 250 nm, V is the volume of the release media,
and M°d is the total amount of eurycomanone loaded in the
formulation.

2.5.1 | Kinetic Release Study

The following mathematical models were used to evaluate the
kinetics and mechanism of drug release from optimized niosome
formulation: zero-order (cumulative amount of drug release
versus time, Equation (3)), frst-order (log the cumulative
amount of drug remaining versus time, Equation (4)), Higuchi
(cumulative percentage of drug release versus square root of
time, Equation (5)), Hixson–Crowell (cube root cumulative
amount of drug remaining versus time, Equation (6)), and
Korsmeyer–Peppas (log cumulative percentage of drug release
versus log time, Equation (7)). The model that best ft the drug
release data was selected based on the correlation coefcient (R2)
value obtained from the plotted graph in various models. The
model that gave the highest value was considered as the best ft
for release data.

Mt = M0 + k0t, (3)

lnM0 − Mt = lnM0 + k1t, (4)

Mt = kHt1/2, (5)

M0
1/3 − Mt

1/3 = kHCt, (6)

Mt

M∞
= kKPtn, (7)

whereM0 is the initial amount of drug in dissolutionmedia;Mt is
the amount of drug released in time t; k0, k1, kH , kHC, and kKP are
the release rate constants; Mt/M∞ is the fraction of drug release
over time; n is the release exponent indicating the mechanism;
and t is time.

2.6 | In Vitro Cytotoxicity Study

The cytotoxicity of the niosome formulations and E. longifolia
standardized water extract was assessed using the ATP lu-
ciferase assay following exposure to the African Green
Monkey kidney (Vero), human monocyte (THP-1), and mu-
rine macrophage (RAW 264.7) cell lines. On 96-well micro-
plates, 100 μL of a concentration of 5 × 103 cells per mL was
produced and seeded. Following a 72-h incubation period, the
samples were diluted and added to each well at the specifed
concentrations of 62.50, 31.25, 15.62, 7.81, 3.60, 1.95, and
0.97 μg/mL. Each well received an addition of ATP luciferase
reagent, which was then incubated for 10 min at room tem-
perature. The SPECTROstar Omega microplate reader
(Ortenberg, Germany) was used to measure the luminescent
signal. Using the following equation, cytotoxicity was defned
as the drug concentration that resulted in a 50% growth in-
hibition of the cells (IC50 value):

cell viability =
luminescence of  sample
luminescence of  control × 100% . (8)

After the determination of the percentage of cell viability was
completed, graphs of the percentage of cell viability against their
respective concentration were plotted. Three replicates of the
measurement were made.

2.7 | NO Release Assay

The inhibitory efects of test compounds on NO production,
which refect the anti-infammatory activity, were evaluated in
LPS-activated RAW 264.7 cells. The cells were seeded in a 96-well
plate at a density of 1 × 106 cells per well and incubated at 37°C
for 24 h in a humidifed atmosphere containing 5% CO2. The cells
were treated with 1 μg/mL of LPS for 24 h and continued to be
treated with the sample tested (Nio2 and E. longifolia extract) at
a concentration of 12.5 μg/mL. LPS control and curcumin-treated
stimulated cells were used as negative and positive controls,
respectively. Nitrite levels in the culturedmedia were determined
by the Griess Reagent kit (G7921; Fisher Scientifc). Briefy, cells
were dispensed into 96-well plates and 100 μL of each super-
natant was mixed with the same volume of Griess reagent (1%
sulphanilamide, 0.1% N-(1-naphthyl)ethylenediamine dihydro-
chloride, and 5% phosphoric acid) and incubated at room tem-
perature for 10min. The NO production in the assay was
determined by measuring the absorbance of the purple azo
formed after the addition of the Griess reagent to each well. A
standard curve of known concentrations of sodium nitrite
(NaNO2) was plotted and absorbance readings were measured at
550 nm using the SPECTRO star Omega microplate reader
(Ortenberg, Germany). Sodium nitrite was used as a standard to
measure the concentration of nitrite present in each well of the
microplate, whichwas defned as an indirect measurement of NO
production. The percentage of NO inhibition was calculated
relative to the LPS-induced control group, which was defned as
exhibiting 0% NO inhibition.
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2.8 | Phagocytic Ability Assay

The phagocytic ability of THP-1 cells was evaluated using
a phagocytosis assay kit (IgG-FITC, Item No. 500290; Cayman
Chemicals). The protocol of the assay followed the manufac-
turer’s instructions. The cells were seeded in a 96-well microplate
at a density of 5 × 103 cells per well and cultured overnight at
37°C to allow adherence to the plate. After treatment with 1 μg/
mL of LPS from Escherichia coli, the cells were exposed to the
sample tested (Nio2, E. longifolia extract) at a concentration of
12.5 μg/mL. Untreated and curcumin-treated stimulated cells

were used as negative and positive controls, respectively. Latex
Beads-Rabbit IgG-FITC Complex was added directly to the
culture medium at a dilution of 1:200 and incubated at 37°C for
1 h. The cells were washed twice using the supplied assay bufer.
The DAPI stain was added to each well and washed again using
a supplied bufer and further visualized using the Operetta High
Content Analysis system (PerkinElmer, USA). Phagocytic ac-
tivity was determined as the percentage of engulfed fuorescent
beads by the cell.

phagocytic ability =
number of  engulfed fluorescent beads in a cell

total number of  cells × 100% . (9)

2.9 | Statistical Analysis

All experiments were carried out in triplicate, and data are
expressed as mean� standard deviation (SD). Statistical analysis
was performed using one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc test to determine signifcant dif-
ferences between the niosome formulations. A p-value of less
than 0.05 was considered statistically signifcant.

3 | Results and Discussion

3.1 | Characterization of Erycomanone and
E. longifolia Extract–Loaded Niosome Formulation

The rationale for encapsulating the E. longifolia extract in
a niosome system is supported by the physicochemical
properties of its major active compound, eurycomanone.
According to the previously published data [11], eur-
ycomanone exhibits high aqueous solubility at both pH 5.4
and 7.4 and a low distribution coefcient, log D value (�0.35),
indicating a hydrophilic profle. Additionally, it is also re-
ported to be chemically stable across diferent pH conditions
that mimic physiological environments, including pH 2.0
(gastric), 5.0 (fed-state intestinal), and 6.5 (fasted-state in-
testinal). These characteristics suggest that eurycomanone is
well suited for encapsulation in niosomes, which can protect
hydrophilic and sensitive compounds while improving their
delivery and bioavailability. Based on these considerations,
a niosome system was selected as the vesicular platform for
this study. Niosomes, which are composed of nonionic sur-
factants, have been widely reported to efciently encapsulate
hydrophilic compounds within their aqueous core while
providing good membrane stability and formulation robust-
ness [19]. Accordingly, the formulations were optimized
through the incorporation of stabilizing agents with com-
plementary functional roles to preserve vesicle integrity and
enhance encapsulation efciency and stability.

In order to increase the therapeutic activity of standardized
E. longifolia extract due to its poor bioavailability, three niosome
formulations were synthesized according to Table 1. The stability
of the niosome formulation can be afected by the type of sur-
factant used [29]. Cholesterol is one of the important lipid
components used in niosome formulation, with the function of
stabilizing the niosome membrane and infuencing the physical

properties and structure of the niosome [30]. The selection of
SDS, α-tocopherol, and Phenonip was based on their distinct
stabilizing mechanisms, and each was evaluated in diferent
niosomal formulations to investigate their individual contribu-
tions to niosome stability. SDS was selected as a surfactant be-
cause it increases the surface charge of the niosomes, thereby
enhancing electrostatic repulsion between vesicles and im-
proving the stability of the niosome membrane structure [31]. α-
Tocopherol was incorporated to increase encapsulation ef-
ciency while providing antioxidant protection to the niosome
system, helping to preserve both the membrane components and
the encapsulated extract from oxidative degradation [25]. Phe-
nonip was included as a preservative to maintain formulation
stability during storage by reducing stability impairment of the
niosome membrane structure associated with microbial con-
tamination [32]. Overall, the use of diferent stabilizing agents in
separate formulations enabled a systematic evaluation of their
efects on the physicochemical stability and performance of the
niosomal delivery system.

3.2 | Physicochemical Characterization

3.2.1 | Particle Size, PDI, and Zeta Potential

All three niosome formulation mixtures with uniform creamy
dispersion appearance with no separation layer were observed
(Figure 1(a)). The particle sizes of Nio1, Nio2, and Nio3 were
195.57 � 4.35 nm, 221.03 � 0.986 nm, and 493.16 � 8.60 nm,
respectively, with Nio1 having the smallest particle size. The
particle size formed was infuenced by the concentration and
nature of surfactant, stabilizer, bioactive component, and
preparation method [25]. SDS in the Nio1 formulation plays
the role as a charge inducer, which can reduce molecular
aggregates formed by surfactant. It has been reported that the
addition of SDS to the formulation can reduce the particle size
of the niosome [31]. The uniformity of particle size in the
niosome mixtures is indicated by PDI values of 0.11, 0.05,
and 0.13 for Nio1, Nio2, and Nio3, respectively, as shown in
Table 2. These PDI results indicate that all three formulations
are considered to be monodispersed and stable nanocarriers.
Measurement of the PDI value can determine the degree of
polydispersity based on the width of the sample size distri-
bution in the niosome system [32]. When the PDI value is less
than 0.4, it represents a low level of aggregation profle and
a monodisperse system of niosome [33].
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The zeta potential values for the three niosome formulations
indicate that all samples possess a negatively charged surface,
which is stable against aggregation and fusion due to the en-
hanced electrostatic repulsion between particles [27]. Among the
three formulations, Nio2 exhibited the most negative zeta po-
tential value. At pH 7.4, α-tocopherol, which has a high pKa
(12–13), remains largely un-ionized and is therefore unlikely to
contribute directly to the negative surface charge. Instead, the
more negative zeta potential observed for Nio2 is likely attrib-
utable to indirect efects of α-tocopherol on bilayer organization
and surface structure, which may facilitate enhanced adsorption
of anionic species (e.g., phosphate ions from the bufer) at the
vesicle surface [34]. This interpretation is further supported by
comparative formulations in which α-tocopherol was replaced
with SDS or Phenonip, resulting in less negative zeta potential
values (�38 and �30mV, respectively), indicating that surface
charge is governed not solely by the intrinsic charge of individual
components but also by their infuence on vesicle architecture
and interfacial ion distribution. Consistent with our fndings,
nanoemulsions formulated by Dudek et al. [35] containing α-
tocopherol exhibited a negative zeta potential of approximately
�40mV, contributing to colloidal stability, but it is infuenced by
other components in the formulation rather than tocopherol
itself.

3.2.2 | Morphology

The morphology of the niosome formulations was examined
using TEM. Figure 1(b) shows that the niosome formulation
consists of spherical, large unilamellar vesicles. The variation in
texture within the vesicles likely represents the encapsulated
standardized water extract of E. longifolia. No aggregation of the
vesicles was observed in the image, suggesting good colloidal
stability under the conditions tested. The observed vesicle size
and shape are consistent with the particle size determined by
DLS for Nio2, although slightly smaller due to dehydration
during sample preparation. The broader size variation observed
in TEM compared with the narrow distribution suggested by the
0.05 PDI value may be attributed to diferences in the mea-
surement techniques. TEM visualizes individual particles in the
dried state and represents only a small portion of the sample,
while DLS measures the hydrodynamic size distribution of
particles in suspension. Sample preparation and drying during
TEM analysis may also contribute to variations in the apparent
particle size. T
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FIGURE 1 | (a) Representative of a niosome formulation containing the
standardized water extract of E. longifolia (Nio2), and its (b) TEM image.
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3.2.3 | pH Analysis

The pHvalue of the hydrationmediumof niosome formulation plays
an important role in the fabrication process and encapsulation ef-
fciency. The pH values recorded for Nio1, Nio2, and Nio3 were
7.55� 0.07, 7.35� 0.07, and 7.05� 0.07, respectively. After 90 days
of observation, no signifcant changeswere observed in the pHvalues
of all three formulations (p > 0.05), indicating good physicochemical
stability during the storage period (Figure 2). Although pH stability
alone does not represent the behavior of the formulations under GI
condition, nearly neutral pH value of the formulations indicates their
compatibility with oral administration. Asmentioned by Chang et al.
[36], the pH throughout the GI tract varies widely at the stomach to
colonwithin the range of 1–8. Under acidic gastric environments, the
stability of the niosomal vesicles may be attributed to their bilayer
structure composed of nonionic surfactants (Tween and Span) to-
gether with cholesterol. Nonionic surfactants exhibit improved
chemical stability, because they are less susceptible to hydrolysis and
oxidative degradation under harsh conditions, including acidic en-
vironments [37]. Therefore, this allows the vesicular membrane to
maintain it structural integrity when exposed to the acidic gastric
environment. Furthermore, Span contains long saturated alkyl
chains that contribute to increased bilayer rigidity, while Tween
provides steric stabilization and improves membrane fexibility. The
combined presence of these surfactants helps maintain vesicle in-
tegrity and minimize leakage of encapsulated compounds under
acidic conditions, which may contribute to the stability of the for-
mulation in the gastric environment [30].

3.2.4 | Stability Analysis

Stability of a formulation can be justifed with persistent particle
size, no phase separation or precipitation, and no color changes

observed from the formulation mixture. After centrifugation at
4000 rpm for 15min, all three niosome formulations showed
good physical stability with no phase separation and color
changes (Table 2). Further stability was achieved by storing all
three formulations at 24°C for 90 days. No phase separation and
color changes are observed for all formulations until up to 90
days. It indicates these formulations remained stable.

The particle size of all formulations showed a gradual increase
within 90 days (Figure 3(a)). The particle size of Nio1 started at
193.57 nm on Day 0 and continued to increase to 290.33 nm on
Day 90. Formulations Nio2 and Nio3 also showed an increase in
particle size from 221.03 nm to 296.93 nm and from 486.16 nm to
539.13 nm (Table 2). The PDI value of Nio1 remained constant
from 0.11 on Day 0 until 0.14 on Day 90. The Nio2 formulation
exhibited a PDI of approximately 0.04 on Day 0, which increased
to 0.24 on Day 90. In contrast, the Nio3 formulation showed
a similar pattern of data to Nio1, with an initial PDI value of 0.13
on Day 0, which gradually increased to around 0.18 by Day 90
(Figure 3(b)). These results showed that all niosome formulations
remained within the monodisperse to moderately polydisperse
range during storage. Statistical analysis using one-way ANOVA
confrmed that the changes in both particle size and PDI over
time were statistically signifcant across all formulations, with
p < 0.05.

The observed diferences in stability are closely related to the
types of surfactants used in each formulation. Nio1 contained
SDS, a surfactant that provides strong electrostatic repulsion
between vesicles, which helps to prevent aggregation and con-
tributes to long-term physical stability [27]. Nio2 incorporated α-
tocopherol, known for its lipophilic and antioxidant properties,
which can enhance bilayer rigidity and protect against oxidative
stress, thereby contributing to relatively stable size and PDI
values [38]. Overall, these fndings indicate acceptable size
uniformity and good physical stability of the niosome formula-
tions during the 90-day storage period, demonstrating that ap-
propriate surfactant selection plays a key role in ensuring long-
term niosome stability.

3.3 | EE

EE is a crucial parameter for evaluating the performance of
niosomal vesicles, as it refects the system’s ability to encapsulate
and retain the active compound. Among the tested formulations,
Nio3 exhibited the highest EE (66.90� 6.62%), followed closely
by Nio2 (65.93� 2.99%) (Table 2). In comparison, Nio1 showed
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FIGURE 2 | pH values of the niosome formulations within 90 days.
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FIGURE 3 | (a) Particle size and (b) PDI values of the niosome formulations over 90 days of storage. Data are presented as mean� SD (n= 3).
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the lowest EE% (59.50� 0.91%). However, statistical analysis
revealed that the diferences in EE among the formulations were
not statistically signifcant (p > 0.05), indicating that the choice
of surfactant did not result in a meaningful variation in drug
entrapment under the tested conditions.

3.4 | In Vitro Drug Release Analysis

After 24 h at pH 1.2, Nio1 showed the highest drug release
(68.10%), followed by Nio3 (57.68%), while Nio2 exhibited the
lowest release (48.80%) (Figure 4(a)). Similarly, at pH 6.8, Nio1
again showed the highest release (60.70%), followed by Nio3
(57.68%) and Nio2 (49.60%) (Figure 4(b)). At pH 7.4, Nio1
maintained the highest release (77.37%), followed by Nio3
(73.25%), while Nio2 remained the lowest (55.66%)
(Figure 4(c)). Statistical analysis, however, indicated that the
diferences in drug release among the three niosome formu-
lations at all tested pH values (1.2, 6.8, and 7.4) were not
statistically signifcant (p > 0.05). This may be attributed to
the similar EE of the formulations, resulting in comparable
amounts of drug available for release. The observed drug
release at physiological pH does not necessarily indicate in-
stability of the niosomes system but rather refects the sus-
tained difusion of the encapsulated compound through the
surfactant–cholesterol bilayer of the vesicles. Niosomes are

known to regulate drug permeability through their bilayer
membrane, enabling gradual release of entrapped compounds
via difusion, thereby supporting prolonged drug availability
under physiological conditions [39]. In addition, the drug
release appears to be minimally infuenced by environmental
pH, leading to parallel release trends across the formulations.
Such pH-independent drug delivery systems ensure consistent
and reliable drug release under varying pH conditions, helping
maintain uniform delivery throughout the GI tract especially
benefcial for drugs sensitive to stomach acidity or intestinal
alkalinity [40]. Similar controlled release behavior of niosomal
formulations at physiological pH has been demonstrated in
experimental studies. Study by Rezaei et al. [41] reported sus-
tained drug release from niosomes at pH 7.4 while maintaining
vesicle stability, with faster drug release occurring only under
acidic conditions. Another study by Barani et al. [42] observed
that paclitaxel-loaded niosomes exhibited a prolonged difusion-
controlled release profle at physiological pH compared to the
rapid release of the free drug. Therefore, the cumulative release
observed remains retained within the vesicles, supporting the
controlled release characteristic of the formulation and suf-
ciently stable at the physiological pH.

The correlation coefcients (R2) of various kinetic models for
eurycomanone release from the three diferent niosome
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FIGURE 4 | In vitro drug release profle of three niosome formulations at diferent pH: (a) pH 1.2, (b) pH 6.8, and (c) pH 7.4. Data are presented as
mean� SD (n= 3).
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formulations at pH 1.2, 6.8, and 7.4 are presented in Table 3. At
pH 1.2, all formulations followed the Higuchi model, indicating
a difusion-controlled release mechanism, with Nio1 exhibiting
the highest R2 value (0.9872). Similarly, at pH 6.8, the Higuchi
model remained the best ft for all formulations, with Nio1 again
showing the highest R2 value (0.982). At pH 7.4, the Higuchi
model continued to dominate, confrming a difusion-driven
release pattern, with Nio3 achieving the highest R2 value
(0.9944). The model with the R2 value closest to 1 was considered
the best-ftting release model for each formulation.

3.5 | Cytotoxicity Analysis of Niosome
Formulations

To evaluate the toxicity efects of the niosome formulations
encapsulating E. longifolia standardized water extract, the for-
mulations were exposed to Vero, THP-1, and RAW 264.7 cell
lines at an initial concentration of 62.5 μg/mL, followed by serial
dilution. As shown in Table 4, Nio2 exhibited the highest IC50
value compared to Nio1 and Nio3. Specifcally, the IC50 values for
Nio2 in the Vero, RAW 264.7, and THP-1 cell lines were 19.90,
22.78, and 23.87 μg/mL, respectively. This indicates that Nio2
required a higher concentration than the other formulations to
induce 50% cell death. A higher IC50 value suggests a broader
range of concentrations can be used before reaching 50% cell
death, thereby reducing overall toxicity. Consequently, Nio2
exhibited lower toxicity compared to the other formulations.

Previous studies by Nematollahi et al. [43] have suggested that
cholesterol components in niosome formulations can enhance
safety by reducing cytotoxicity. Additionally, the standardized
E. longifolia root water extract showed an IC50 > 62.5 μg/mL
when tested on the three cell lines, indicating that the extract
itself was less cytotoxic than the niosome formulations. Statistical
analysis revealed that the IC50 values of Nio2 were signifcantly
diferent from those of the standardized E. longifolia extract in
the Vero and THP-1 cell lines.

Although the standardized E. longifolia root water extract
exhibited lower cytotoxicity in vitro, the primary objective of
niosomal encapsulation in this study was not to reduce the in-
trinsic cytotoxicity of the extract, but to enable controlled cellular
exposure and stabilized delivery of its bioactive constituents. The
relatively higher cytotoxicity observed for the niosomal formu-
lations may refect enhanced interaction and uptake of the en-
capsulated extract at the cellular level, a phenomenon commonly
reported for vesicular delivery systems. This fnding seems to
contradict the general assumption that niosomes reduce cyto-
toxicity; however, it may be explained by the penetration of
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TABLE 3 | The correlation coefcient (R2) for diferent kinetic models of drug release at diferent pH for three niosome formulations.

Kinetic
model

Correlation coefcient (R2)
pH 1.2 pH 6.8 pH 7.4

Nio1 Nio2 Nio3 Nio1 Nio2 Nio3 Nio1 Nio2 Nio3
Zero-order 0.8483 0.9789 0.8904 0.8456 0.9283 0.807 0.8974 0.8654 0.906
First-order 0.9014 0.9817 0.9271 0.901 0.942 0.8463 0.9573 0.9212 0.9626
Higuchi 0.9872 0.9504 0.9691 0.982 0.9625 0.9626 0.989 0.9896 0.9944
Hixson–Crowell 0.8846 0.9812 0.9155 0.8838 0.9376 0.8338 0.9411 0.904 0.9474
Korsmeyer–Peppas 0.8348 0.9054 0.9243 0.8447 0.9254 0.8213 0.8235 0.8596 0.8442

TABLE 4 | IC50 values for all samples on three diferent cell lines.

Sample
IC50 (μg/mL)

Vero THP-1 RAW 264.7
Nio1 4.99 4.81 21.32
Nio2 19.90∗∗ 23.87∗∗ 22.78
Nio3 5.59 5.64 18.64
Standardized water extract of E. longifolia > 62.5∗∗ > 62.5∗∗ > 62.5

∗∗p < 0.05 compared with standardized water extract.
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mitochondrial enzyme activity–related proteins on the surface of
the niosomes, leading to enzyme denaturation and potentially
altering the cytotoxicity results [44]. Interestingly, our fndings
align with those of Sangkana et al. [45], who reported an IC50 of
32.25 μg/mL for their niosome formulation.

Importantly, the Nio2 formulation provided a sufcient safety
margin that allowed subsequent biological assays to be con-
ducted at concentrations well below its IC50 value, ensuring
biological activity while minimizing cytotoxic efects. Therefore,
the concentration of Nio2 used in subsequent assays, such as NO
release and phagocytic activity, was kept below 23.87 μg/mL to
minimize cytotoxic efects.

3.6 | Anti-Infammatory Activity (NO Inhibition)

The anti-infammatory activity of the Nio2 formulation and
E. longifolia extract was assessed using LPS-induced RAW 264.7
macrophage cells, with NO production serving as a key in-
fammatory biomarker. Excessive NO release is commonly

associated with infammatory responses, and suppression of NO
production is widely accepted as an indicator of anti-
infammatory potential. In this study, both Nio2 and
E. longifolia extract signifcantly suppressed NO production, with
inhibition rates of 47.86% and 35.33%, respectively (Figure 5).
These values are notably comparable to that of curcumin
(61.36%), a known anti-infammatory compound used as a pos-
itive control. Conversely, the LPS control group, which received
no anti-infammatory treatment, exhibited negligible NO in-
hibition, refecting a pronounced infammatory response. Sta-
tistical analysis using one-way ANOVA revealed that the
diferences in NO inhibition among the treated groups were
statistically signifcant (p < 0.05), confrming the efcacy of the
treatments.

The comparable NO inhibitory activity observed between Nio2
and the E. longifolia extract indicates that encapsulation within
a niosome carrier preserves the anti-infammatory activity of the
extract. Although the enhancement in NO inhibition following

(a) (b)

(c) (d)

FIGURE 6 | Fluorescence microscopy image of THP-1 cell after treatment with diferent samples. (a) No treatment, (b) Nio2, (c) E. longifolia extract,
and (d) curcumin. The cell nuclei are stained with DAPI (4′,6-diamidino-2-phenylindole) and appear bright blue, whereas the Latex Beads–Rabbit
IgG–FITC complex appears as green fuorescence.
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niosomal encapsulation was modest, this outcome demonstrates
that the formulation process did not compromise biological ef-
fcacy. Importantly, the intended advantage of the niosomal
delivery system in this context is not to markedly amplify short-
term in vitro anti-infammatory potency, but to provide a stabi-
lized delivery platform that enables controlled release and reg-
ulated cellular exposure of the bioactive constituents. This
fnding aligns with a previous study reporting that niosome
systems may preserve the anti-infammatory efects of bioactive
compounds in the extract [30].

In agreement with this, Chaingam et al. [10] demonstrated that
the NO inhibitory efect of E. longifolia extract increases pro-
portionally with dose, likely due to the presence of bioactive
compounds such as quassinoids and canthin-6-one alkaloids.
Similarly, Zhang et al. [31] reported that these alkaloids efec-
tively inhibit NO production by suppressing pro-infammatory
mediators. Therefore, the ability of the Nio2 formulation to
maintain NO inhibitory activity at concentrations below its IC50
highlights the role of niosomes as a delivery strategy that bal-
ances biological efcacy with controlled exposure, rather than as
a direct enhancer of intrinsic bioactivity. Collectively, the results
of this study suggest that the Nio2 formulation retains the anti-
infammatory properties of the native extract and holds promise
as a post-treatment strategy for infammatory-related conditions.

3.7 | Phagocytic Activity

The activity of phagocytic of the humanmacrophage is important
to the immune response to protect against pathogens. The efect
of niosome formulation on the phagocytic ability of THP-1 cells
toward E. coli was evaluated. Figure 6 shows the fuorescence
image of the cell obtained using a cell content imaging system.
The bright blue color represents the nucleus of the cell which is
stained by DAPI, while the bright greenish color represents Latex
Beads–Rabbit IgG–FITC complex. Thus, this bright greenish
color determined the phagocytic activity of THP-1 cells when
treated with niosome-encapsulated E. longifolia extract. When
the cells were treated with Nio2 (Figure 6(b)), the results showed

that a higher intensity of greenish color was observed compared
to the untreated sample (Figure 6(a)). A similar pattern of
greenish color intensity was present when the cells were treated
with E. longifolia extract (Figure 6(c)) and curcumin
(Figure 6(d)). The increases in the phagocytic activity of THP-1
were attributed to macrophage activation after exposure to Nio2,
E. longifolia extract, and curcumin with the percentage of
phagocytic activity values of 4.08%, 4.38%, and 4.47%, re-
spectively. In contrast, the untreated sample showed less
phagocytic activity with a value of 2.77% (Figure 7). Statistical
analysis demonstrated that the diference between Nio2 and the
untreated group was statistically signifcant (p < 0.05).

The comparable phagocytic activity observed between the Nio2
formulation and the E. longifolia extract indicates that niosomal
encapsulation preserves the immunomodulatory function of the
bioactive constituents without impairing macrophage activity.
Importantly, the absence of exaggerated or suppressed phago-
cytic responses following niosomal delivery suggests that the
formulation does not induce adverse immune overstimulation,
supporting its suitability as a controlled delivery system. These
fndings are consistent with previous reports indicating that
E. longifolia extract enhances immunomodulatory activity by
promoting the phagocytic ability of RAW 264.7 cells toward
E. coli [18].

4 | Conclusion

This study successfully developed a stable niosome formulation
containing a standardized water extract of Eurycoma longifolia.
The optimized formulation demonstrated desirable physico-
chemical properties, good storage stability, high encapsulation
efciency, and controlled, pH-independent release behavior.
Biological evaluation showed that the niosomal formulation
preserved the immunomodulatory and anti-infammatory ac-
tivities of the extract, as demonstrated by NO inhibition and
enhanced phagocytic activity in macrophage cell models.

Notably, the observed immunomodulatory and anti-
infammatory efects were comparable to those of the
E. longifolia extract, indicating that niosome formulation does
not compromise the bioactivity of the phytochemical constitu-
ents in the E longifolia extract. Rather, these fndings support the
role of niosome as a biocompatible delivery platform capable of
maintaining biological efcacy while ofering improved formu-
lation stability and controlled cellular exposure. These properties
are particularly relevant for overcoming the reported low bio-
availability of E. longifolia bioactive constituents. Therefore, the
developed niosomal formulation represents a promising delivery
strategy that warrants further in vivo investigation to confrm its
potential to enhance therapeutic performance.
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