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Abstract
Background: Medicinal plants’ bioactive compounds have emerged as promising alternatives, with Maerua angolensis gaining
attention in Nigeria for its potential anti-cancer activity while being traditionally used for its anti-inflammatory properties. Aim: The
study is designed to evaluate the anti-inflammatory and anti-cancer effects of theM. angolensis leaf extract incorporated into chitosan
nanoparticles (MALC-NPs). Methods: During the study, chitosan nanoparticles were fabricated using the ionic gelation method,
and later, the M. angolensis leaves were encapsulated in them. The dynamic light scattering (DLS), Fourier-transform infrared
(FTIR) spectroscopy, and scanning electron microscopy (SEM) techniques were used to assess the physicochemical properties
of MALC-NPs. The effectiveness of the anti-inflammatory activity was analyzed by measuring the amount of nitric oxide (NO)
produced, and the activity of the cyclooxygenase-2 (COX-2) enzyme was measured. The MCF-7 (breast cancer) and A549 (lung
cancer) cell lines were used to determine the cytotoxicity of MALC-NPs by MTT assay, while flow cytometry using Annexin V-
FITC/PI staining reagents was performed to assess apoptosis induction. Results: MALC-NPs showed a particle size of 150± 5 nm,
zeta potential of +32.6 mV, and an encapsulation efficiency of 86.4%, which indicates the stability of the nanoparticle and effective
loading of the drug. In vitro assays showed greater anti-inflammatory activities, significant inhibition of NO production (IC50:
21.5 µg/mL) and COX-2 activity (IC50: 18.7 µg/mL) over time. The evaluation of cytotoxicity demonstrated the dose-dependent
inhibition of MCF-7 (IC50: 27.8 µg/mL) and A549 (IC50: 32.4 µg/mL) carcinoma cells. Apoptosis induction was validated by
flow cytometry. The early apoptosis values were 48.2% for MCF-7 and 41.7% for A549; late apoptosis values were 22.5% and
18.6%. Conclusions: These results demonstrate the possible anti-inflammatory and anticancer actions of M. angolensis-chitosan
nanoparticles. Their ability to inhibit inflammatory mediators suggests their possible use as an alternative therapeutic agent for
inflammation-malignancy associated cancers.
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1. Introduction

Chronic inflammation and cancer are among the most
prevalent causes of death and disease in the modern world,
impacting millions of patients each year. As stated by the
World Health Organization, cancer is the second leading
cause of death globally and continues to have rising inci-

dence rates due to alterations in lifestyles, environmental
toxins, and heritable factors [1]. Chronic inflammatory
diseases such as arthritis, Inflammatory Bowel Disease
(IBD), and autoimmune disorders significantly deterio-
rate quality of life and contribute to increased healthcare
costs. The increase in inflammatory markers within the
body highlights the strong link between chronic inflamma-
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tion and cancer development, as inflammation is the sole
reason for starting, developing, and spreading tumors [2].

Inflammation represents a complex biological re-
sponse to harmful stimuli, including infections, toxins,
and tissue injury. Acute inflammation acts as a protec-
tive response that aids healing, yet chronic inflamma-
tion proves harmful because it generates oxidative stress
and DNA damage while constantly activating inflamma-
tory cytokines like tumor necrosis factor-alpha (TNF-α),
interleukin-1 beta (IL-1β), and cyclooxygenase-2 (COX-
2) [3]. These pro-inflammatory mediators create a tu-
morigenic environment by fostering genetic mutations,
uncontrolled cell proliferation, angiogenesis, and immune
evasion [4]. This understanding has led researchers to ex-
plore therapeutic agents capable of simultaneously target-
ing both inflammatory pathways and cancer cells.

The treatment options currently used for cancer and
inflammatory diseases include chemotherapy, radiother-
apy, immunotherapy, and conventional NSAIDs. These
treatments frequently face substantial limitations.
Chemotherapy achieves positive results but produces in-
tense side effects like myelosuppression, nephrotoxicity,
and gastrointestinal toxicity, which restrict patient adher-
ence to treatment protocols. NSAIDs, commonly used
to treat inflammation, are linked to gastrointestinal ulcers,
cardiovascular complications, and renal dysfunction when
used over extended periods. Cancer therapy continues
to confront the major obstacle of drug resistance, which
drives the need for the development of more effective and
safer treatment alternatives [5,6].

Maerua angolensis DC. (Capparaceae) is a medici-
nal plant widely used in African traditional medicine for
treating pain, fever, wounds, and infections. The plant has
been traditionally employed as an anti-inflammatory rem-
edy, suggesting its potential use in managing chronic in-
flammatory disorders [7]. Several Phytochemical studies
have identified a diverse range of bioactive compounds in
M. angolensis, including flavonoids, alkaloids, terpenoids,
and saponins, which exhibit potent anti-inflammatory and
cytotoxic properties [7]. Flavonoids and alkaloids have
been reported to inhibit key inflammatory mediators such
as nitric oxide (NO), TNF-α, and prostaglandins, thereby
modulating immune responses and preventing excessive
tissue damage [3].

In addition to its anti-inflammatory properties, M.
angolensis has shown promising anticancer activity in
preliminary studies. Extracts from the plant have demon-
strated cytotoxic effects against various cancer cell lines
by inducing apoptosis, inhibiting cell proliferation, and
disrupting oxidative stress pathways [7]. However, de-
spite its pharmacological potential, the clinical application
ofM. angolensis remains limited due to poor bioavailabil-

ity, rapid metabolism, and inefficient delivery to target
sites [7].

To overcome the limitations associated with plant-
based bioactive compounds, nanotechnology-based drug
delivery systems have been explored to enhance therapeu-
tic efficacy. Chitosan nanoparticles (NPs) have emerged
as an effective carrier system due to their unique physico-
chemical properties, including biocompatibility, biodegrad-
ability, mucoadhesion, and ability to enhance cellular up-
take [8]. Chitosan, a natural polysaccharide derived from
chitin, has been thoroughly researched for its function in
drug delivery and genetic therapy [8].

The production of M. angolensis leaf extract chi-
tosan nanoparticles (MALC-NPs) provides multiple ben-
efits. Chitosan improves both the solubility and stability
of phytochemicals, which leads to better absorption in
biological systems [9]. Nanoparticles deliver active com-
pounds in a controlled manner, targeting specific areas
while minimizing systemic toxicity and enhancing thera-
peutic outcomes. The nanoscale size and positive surface
charge of chitosan NPs allow these particles to penetrate
cancer cells and inflammatory tissues more effectively [9].
Numerous studies have demonstrated the role of chitosan-
based nanoparticles in improving the anticancer and anti-
inflammatory activities of medicinal plant-obtained com-
pounds [10].

This study investigates how M. angolensis extract
loaded into chitosan nanoparticles can improve pharma-
cological characteristics while reducing inflammation and
cancer cell growth. This research seeks to develop and as-
sess chitosan nanoparticles loaded with Maerua angolen-
sis leaf extract for their potential anti-inflammatory and
anticancer effects. The research focuses on creating
MALC-NPs and analyzing their characteristics tomeasure
their size, charge density, encapsulation effectiveness, and
release behavior.

In addition, it seeks to assess the anti-inflammatory
activity of MALC-NPs through nitric oxide (NO) inhibi-
tion and COX-2 enzyme suppression. The study will eval-
uate the cytotoxic effects of MALC-NPs onMCF-7 breast
cancer and A549 lung cancer cell lines using MTT as-
says. Additionally, apoptotic markers will be analyzed in
treated cancer cells using flow cytometry to explore mech-
anisms of cell death.

Despite the growing interest in nanoparticle-based
phytotherapeutics, most existing studies have focused on
well-characterized plant sources such asMoringa oleifera,
Curcuma longa, and green tea, often targeting generic in-
flammatory markers or common cancer pathways. How-
ever, the exploration ofM. angolensis, a traditionally used
but scientifically under-investigated plant, especially in
nano-formulations, remains limited. To our knowledge,
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this is the first study to formulate and evaluate chitosan
nanoparticles loaded with M. angolensis leaf extract for
their dual anti-inflammatory and anticancer effects. Un-
like previous reports that primarily highlight well-known
compounds [11], this work provides new insights into the
potential of regionally significant, lesser-known phyto-
compounds when delivered via chitosan-based nanocar-
riers. Moreover, this study uniquely correlates particle
characteristics (e.g., zeta potential, swelling index, and
sustained drug release) with biological outcomes such as
NO inhibition, COX-2 suppression, apoptosis induction,
and differential cytotoxicity against MCF-7 and A549
cell lines. By accomplishing these objectives, this re-
search not only broadens the spectrum of plant-derived
nanomedicines but also offers scientific justification for
the development of novel nano-phytotherapeutics target-
ing inflammation-linked cancers

2. Materials and Methods

2.1. Plant Collection and Extraction

Fresh leaves of M. angolensis were collected from their
natural habitat on the University of Maiduguri main cam-
pus. Plant authentication was conducted by Dr. Cletus A.
Ukwubile, a taxonomist at the Department of Pharmacog-
nosy, University of Maiduguri. A voucher specimen num-
ber UMM/FPH/CAR/001 was deposited at the herbarium
of the department for the plant. The leaves were washed
thoroughly with distilled water to remove dust and con-
taminants and air-dried in the shade for two weeks to
preserve heat-sensitive bioactive compounds. They were
then dried and reduced into powdered form using an elec-
tronic blender, weighed, and stored in a clean airtight con-
tainer until further use.

Methanol extraction was performed using the mac-
eration technique to maximize the yield of bioactive com-
pounds. Briefly, 100 g of leaf powder was placed into a
500 g capacity separating funnel and extracted with 500
mL of methanol using the cold maceration technique for
48 h at an ambient temperature of 25 ◦C. The crude ex-
tract was filtered using Whatman No. 1 filter paper, and
the filtrate was concentrated under reduced pressure us-
ing a rotary evaporator (Büchi, Labortechnik AG, Flawil,
Switzerland) at 40± 2 ◦C. The semi-solid extract was fur-
ther dried in a vacuum desiccator to remove residual sol-
vent, yielding a dark green residue. The dried extract was
weighed, stored in a refrigerator at 4 ◦C, and used for fur-
ther experiments [1,2].

2.2. Preparation ofM. angolensis Extract
Solution

TheM. angolensis extract solution was formulated by dis-
solving 100 mg of the extract in 100 mL of distilled water
in a beaker. The resulting solution was gently heated on a
hot plate at 40 ◦C for 10 minutes to ensure complete dis-
solution.

2.3. Preparation of Chitosan Gel and
Tripolyphosphate Solution

In this procedure, 1% (w/v) chitosan powder solution was
made by ionic gelation using sodium tripolyphosphate
(TPP) and 0.5% (v/v) glacial acetic acid. The chitosan
solution was left to settle throughout the night for stabi-
lization. Then, 1% (w/v) tripolyphosphate solution (TPP),
a cross-linking agent, was added dropwise using a 10 mL
syringe on a magnetic stirrer at 3000 rpm for 15 min. The
resulting solution was heated on a hot plate at 40 ◦Cwhile
stirring with a magnetic bead for 15 minutes, followed by
freeze-drying [11,12].

2.4. Determination of pH and Viscosity

The pH was measured with the MRS Scientific digital
pH meter (Jenway Model 3510, Staffordshire, United
Kingdom). The rheological features of the chitosan gel
(CG) were determined by measuring the viscosity using a
Brookfield viscometer (Brookfield LVDV-E, Middleboro,
MA, USA), which has Spindle S63. For this procedure,
50 mL of the chitosan solution was placed into a clean
and sterile glass beaker. The spindle was immersed in the
gel and allowed to rest for 10 min. The viscosity was then
measured at room temperature at a rotation speed of 200
rpm, with the results recorded in centipoise [13].

2.5. Synthesis of Extract-Loaded
Chitosan Nanoparticles

Chitosan NPs encapsulating M. angolensis leaf extract
were produced using the ionic gelation method, a widely
used technique for nanoparticle formulation due to its sim-
plicity and biocompatibility. Chitosan (low molecular
weight, 85% deacetylated; ChemSavers, Inc., Bluefield,
VA, USA)was dissolved in 1% (v/v) acetic acid and stirred
overnight at room temperature to obtain a homogeneous
solution. Sodium tripolyphosphate (TPP) was prepared
separately in deionized water at a concentration of 0.1%
(w/v) and used as a crosslinking agent [12].

For nanoparticle formation,M. angolensismethanol
extract was dispersed in the chitosan solution and magnet-
ically stirred at 800 rpm. TPP solution was then added
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dropwise under continuous stirring, leading to sponta-
neous ionic gelation and nanoparticle formation. The re-
sulting nanoparticle solution was sonicated using a probe
sonicator (Qsonica, LLC, Newtown, CT, USA) for 5 min
with a 25-pulse interval to ensure uniform distribution of
particle size. The nanoparticles were then collected by
centrifugation using a centrifuge (Eppendorf AG, Ham-
burg, Germany) at 15,000 rpm for 30 min at 4 ◦C, washed
three times with distilled water, and lyophilized using a
lyophilizer (OPERONModelHFD-4, Gimpo-si, Gyeonggi-
do, SouthKorea) at−40 ◦C for further characterization [11].

2.6. Nanoparticle Characterization

The synthesized M. angolensis-loaded chitosan nanopar-
ticles (MALC-NPs) were characterized to know the parti-
cle size, zeta potential, encapsulation efficiency, and mor-
phology [14].

2.6.1. Particle Size and Zeta Potential

The particle size, diameter, and MALC-NPs charge on the
surface were determined using dynamic light scattering
(DLS)with aMalvern Zetasizer (Malvern Panalytical Ltd.,
Malvern, Worcestershire, UK) [10].

2.6.2. Encapsulation Efficiency (EE%)

The encapsulation efficiency of the leaf extract loaded in
chitosanNPswas assessed spectrophotometrically. Briefly,
the unencapsulated extract was quantified by determining
the absorbance at 280 nm using a UV-visible spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan). Its effi-
ciency was calculated using the formula below [10]:

EE% =
Totalextract− Freeextract

Total extract
× 100 (1)

2.6.3. Morphological Analysis

The surface appearance of MALC-NPs was examined us-
ing scanning electron microscopy (SEM) [15].

2.7. Anti-Inflammatory Assays

The anti-inflammatory potential ofMALC-NPswas evalu-
ated using nitric oxide (NO) inhibition and cyclooxygenase-
2 (COX-2) inhibition assays [16].

2.7.1. Nitric Oxide Inhibition Assay

The reduction effect of MALC-NPs on NO production
was evaluated using the Griess reaction. RAW 264.7
macrophages were seeded in a 96-well plate at a density
of 1 × 105 cells/well and stimulated with lipopolysaccha-

ride (LPS, 1 µg/mL) for 24 h to initiate the production
of NO. The cells were exposed to different concentra-
tions of MALC-NPs (10–100 µg/mL; 10, 20, 50, and 100
µg/mL), and after 24 h incubation, 100 µL of supernatant
was mixed with an equal volume of Griess reagent (1%
sulfanilamide, 0.1% NED in 2.5% phosphoric acid). The
microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA) was used to measure the absorbance at 540 nm
wavelength. The percentage of NO inhibition was calcu-
lated relative to untreated controls [17].

2.7.2. Inhibition of COX-2 Activity

TheCOX-2 inhibitory activitywas determined spectropho-
tometrically using a COX-2 inhibitor screening kit (Cay-
man Chemical Company, Ann Arbor, MI, USA). The as-
say was conducted according to the manufacturer’s in-
structions, using MALC-NP concentrations of 10, 20,
50, and 100 µg/mL, incubated for 24 hours with purified
COX-2 enzyme and arachidonic acid as the substrate. The
inhibition of prostaglandin (PGE2) production was then
measured at 450 nm [18].

2.8. Cytotoxic Assay by MTT In Vitro

In this case, MALC-NPs cytotoxic activity was assessed
against human breast cancer (MCF-7) and lung cancer
(A549) cell lines obtained from the American Type Cul-
ture Collection (ATCC) using the MTT assay. Cells were
maintained in DMEM (Dulbecco’s Modified Eagle
Medium) supplemented with 10% FBS and 1% penicillin-
streptomycin in a humidified incubator at 37 ◦C with 5%
CO2. Cells were seeded at 5× 103 cells/well in a 96-well
plate and incubated overnight. Using the concentrations
10–200 µg/mL of MALC-NPs, the cells were treated with
MALC-NPs at different concentrations (10–200 µg/mL)
for 24 and 48 h. After treatment, 20 µL of MTT reagent
(5 µg/mL in PBS) was added to each well and incubated
for 4 h. The formazan crystals formed were dissolved in
0. 5% DMSO, and absorbance was recorded at 570 nm
using a microplate reader. Cell viability was expressed as
a percentage of the untreated control output [19].

2.9. Flow Cytometry for Apoptosis
Detection

To investigate apoptosis induction by MALC-NPs, An-
nexin V-FITC/Propidium Iodide (PI) staining was per-
formed, followed by flow cytometry analysis. MCF-7
and A549 cells were seeded in 6-well plates (1 × 106
cells/well) and treated with MALC-NPs (50 and 100
µg/mL) for 24 h. The cells were then harvested, washed
with PBS, and resuspended in Annexin V binding buffer.
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Annexin V-FITC (5 µL) and PI (5 µL) were added, and
the cells were incubated for 15 min in the dark at room
temperature. Apoptotic cell populations were analyzed us-
ing a BD FACSCanto™ flow cytometer (BD Biosciences,
San Jose, CA, USA). Thereafter, early and late apoptosis
percentages were measured [20].

2.10. Evaluation of Oxidative Stress and
Inflammatory Biomarkers

Oxidative stress and inflammatory biomarkers were as-
sessed in treated cancer cells and macrophages to deter-
mine the impact of MALC-NPs on redox balance and in-
flammation.

Malondialdehyde (MDA) Assay: Lipid peroxida-
tion levels were measured using the thiobarbituric acid re-
active substances (TBARS) assay. The absorbance of the
MDA-TBA complex was recorded at 532 nm [21].

Superoxide Dismutase (SOD) Activity: SOD ac-
tivity was evaluated using a colorimetric assay kit (Sigma-
Aldrich, St. Louis, MO, USA), with inhibition of superox-
ide radical formation measured at 450 nm [22].

Glutathione Peroxidase (GPx) Assay: GPx ac-
tivity was evaluated by the reduction of glutathione in
the presence of hydrogen peroxide, with absorbance mea-
sured at 340 nm [23].

Catalase (CAT) Activity: CAT activity was eval-
uated by measuring the decomposition rate of hydrogen
peroxide at 240 nm [24].

Inflammatory Cytokines (IL-1β, IL-6, NF-κB):
ELISA kits (Thermo Fisher Scientific, Waltham, MA,
USA) were used to quantify levels of pro-inflammatory
cytokines IL-1β, IL-6, and transcription factor NF-κB in
LPS-stimulated RAW 264 cell lines, which were treated
with MALC-NPs [4].

Caspase-3 Activity: The nature of apoptotic cells
was confirmed by determining caspase-3-like activities us-
ing a fluorometric caspase-3 assay kit at an absorbance of
405 nm [25].

Acetylcholinesterase (AChE) Activity: AChE ac-
tivity was determined using Ellman’s method, where the
hydrolysis of acetylthiocholine produced a yellow-colored
product measured at 412 nm [26].

2.11. Statistical Analysis

The raw data were expressed as mean ± SD (n = 3). p <
0.05 values were taken as being statistically significant us-
ing one-way ANOVA, followed by Tukey’s post hoc test,
analyzed using GraphPad Prism version 9 statistical soft-
ware.

3. Results

3.1. Physicochemical Characterization of
MALC-NPs

The physicochemical analysis of Maerua angolensis-
loaded chitosan nanoparticles (MALC-NPs) confirmed
successful encapsulation and stability of the nanoparti-
cles. The mean particle size of MALC-NPs was 150 ± 5
nm. The nanoparticles exhibited a positive zeta potential
of +32.6 mV, indicating good stability due to electrostatic
repulsion preventing aggregation. The encapsulation effi-
ciencywas 86.4%, suggesting that a significant proportion
of the bioactive compounds fromM. angolensis were suc-
cessfully entrapped within the chitosan matrix (Table 1;
Figure 1a–e).

The Fourier-transform infrared (FTIR) spectroscopy
analysis revealed the presence of functional groups char-
acteristic of both chitosan andM. angolensis phytochemi-
cals. The peaks observed at 3432 wavenumber cm−1 cor-
responded to hydroxyl (-OH) and amine (-NH2) groups
from chitosan, while peaks at 1647 wavenumber cm−1

and 1382 wavenumber cm−1 were associated with the
C=O stretching of amide bonds and C-N stretching vibra-
tions, respectively. Additional peaks at 2923 wavenumber
cm−1 and 1024 wavenumber cm−1 were indicative of the
presence of flavonoids, terpenoids, and alkaloids within
the encapsulated extract, confirming successful function-
alization of MALC-NPs (Figure 1a).

Similarly, the thermogravimetric analysis (TGA) of
Maerua angolensis-loaded chitosan nanoparticles (MALC-
NPs) showed a distinct pattern of weight loss in three
stages. The first stage, occurring between 30 and 120 ◦C,
was primarily due to the evaporation of moisture. The
second major phase, occurring between 120 and 320 ◦C,
corresponds to the thermal degradation of chitosan. Fi-
nally, the third phase, observed between 320 and 500 ◦C,
was linked to the breakdown of the phytochemicals en-
capsulated fromMaerua angolensis. By the time the tem-
perature reached 600 ◦C, about 31% of the original mass
remained, highlighting the good thermal stability and the
presence of non-volatile components in the nanoparticles
(Figure 1f).

3.2. Anti-Inflammatory Activity

MALC-NPs exhibited strong anti-inflammatory activ-
ity by significantly reducing nitric oxide (NO) genera-
tion in lipopolysaccharide (LPS)-stimulated RAW 264
macrophages in a concentration-dependent manner. The
IC50 value for NO inhibition was 21.50 ± 0.23 µg/mL,
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demonstrating potent suppression of inflammatory medi-
ator release. Additionally, MALC-NPs effectively inhib-
ited cyclooxygenase-2 (COX-2) enzyme activity, with an

IC50 of 18.7 µg/mL, suggesting a strong ability to reduce
prostaglandin synthesis, which is associated with inflam-
matory responses (Table 2).

Figure 1: Cont.
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Figure 1: FTIR spectrum (a), zeta potential plot (b), DLS distribution intensity (c), SEM image (d), drug kinetics (e), and
thermogravimetric analysis (TGA) (f), of M. angolensis loaded chitosan NPs (MALC-NPs).

Table 1: Physicochemical characterization of MALC-NPs.

Parameter Value Method Used

Particle size (nm) 150 ± 5 Dynamic light scattering
Zeta potential (mV) +32.6 Zeta potential analyzer
Encapsulation efficiency (%) 86.4 UV-visible spectroscopy
% yield 78.2 ± 3.4 Gravimetric method
Cumulative drug release (%) 82.5 ± 2.8 In vitro drug release study
In vitro release (%) 68.9 ± 2.4 (at 24 h) Dialysis method
Swelling index (%) 192.4 ± 6.2 Gravimetric swelling test
Polydispersity index (PDI) 0.21 Dynamic light scattering
Surface morphology Spherical, smooth surface Scanning electron microscopy (SEM)

Results are mean ± SD (n = 3).

Table 2: Anti-inflammatory activity of M. angolensis loaded chitosan NPs.

Treatment NO Inhibition (IC50, µg/mL)
(Mean ± SD)

COX-2 Inhibition (IC50,
µg/mL) (Mean ± SD)

Significance Level
(p-Value)

Normal control No inhibition No inhibition -
Standard drug 12.45 ± 0.15 10.80 ± 0.12 p < 0.001
Chitosan NP 50.32 ± 0.28 45.60 ± 0.20 p < 0.01
Extract alone 35.28 ± 0.22 30.52 ± 0.18 p < 0.001
MALC-NPs 21.50 ± 0.23 18.70 ± 0.18 p < 0.001

Results are mean ± SD (n = 3).

3.3. Cytotoxicity Against Cancer Cells

The in vitro cytotoxic effects of MALC-NPs were as-
sessed using the MTT assay on MCF-7 (breast cancer)
and A549 (lung cancer) cell lines, as shown in Table 3.
TheMALC-NPs exhibited significant cytotoxicity against
both MCF-7 (breast cancer) and A549 (lung cancer) cell
lines in a dose-dependent manner. The IC50 value for
MCF-7 cells was 27.80 ± 0.22 µg/mL, indicating a
stronger cytotoxic effect compared to A549 cells (IC50

= 32.40 ± 0.25 µg/mL). This suggests that breast cancer
cells were more sensitive to MALC-NPs. The standard
anticancer drug demonstrated the most cytotoxic effect,
showing an IC50 value of 14.50± 0.20 µg/mL for MCF-7
and 18.30 ± 0.18 µg/mL for A549, confirming its strong
inhibitory potential. However, MALC-NPs showed a sub-
stantial cytotoxic effect, outperforming the extract alone
(IC50 = 40.22± 0.25 µg/mL for MCF-7 and 45.10± 0.28
µg/mL for A549), indicating enhanced bioactivity due to
nanoencapsulation. Chitosan nanoparticles (CNPs) alone
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exhibited moderate cytotoxicity (IC50 = 55.60 ± 0.30
µg/mL for MCF-7 and 60.45 ± 0.32 µg/mL for A549),
likely due to their biocompatible and bioadhesive prop-

erties. The normal control showed no cytotoxicity, con-
firming that the observed effects were treatment-specific
(Table 3).

Table 3: Cytotoxicity (IC50) of MALC-NPs on MCF-7 and A549 Cancer Cells.

Treatment MCF-7 (IC50, µg/mL)
(Mean ± SD)

A549 (IC50, µg/mL)
(Mean ± SD)

Significance Level
(p-Value)

Normal control No cytotoxicity No cytotoxicity -
Standard drug 14.50 ± 0.20 18.30 ± 0.18 p < 0.001
Chitosan (CNPs) 55.60 ± 0.30 60.45 ± 0.32 p < 0.01
Extract alone 40.22 ± 0.25 45.10 ± 0.28 p < 0.001
MALC-NPs 27.80 ± 0.22 32.40 ± 0.25 p < 0.001

Results are mean ± SD (n = 3).

3.4. Apoptosis Induction by Flow
Cytometry

Flow cytometry analysis confirmed that MALC-NPs sig-
nificantly induced apoptosis in bothMCF-7 andA549 can-
cer cells. At a concentration of 50 µg/mL, the percent-
age of early apoptotic cells increased to 48.20± 1.10% in
MCF-7 and 41.70 ± 1.00% in A549, compared to the ex-
tract alone (35.40± 0.95% in MCF-7 and 30.50± 0.85%
in A549), indicating enhanced apoptosis induction by the
nanoparticles. Similarly, the percentage of late apoptotic
cells was 22.50 ± 0.85% in MCF-7 and 18.60 ± 0.80%
in A549, which was significantly higher than the extract
alone and chitosan-only treatments. The necrotic cell
population was minimal (<3%), confirming that MALC-
NPs triggered programmed cell death rather than necrosis.
The standard drug exhibited the highest apoptosis rates
(55.60% early and 30.40% late in MCF-7; 50.80% early
and 26.40% late in A549), which was expected. However,
the strong apoptotic activity of MALC-NPs, particularly
inMCF-7 cells, suggests its potential as an anticancer ther-
apy (Table 4, Figure 2a,b).

3.5. Oxidative Stress Biomarker
Analysis

The MALC-NPs effectively modulated oxidative stress
markers in treated cancer cells (Figure 3). The results
showed that for MDA levels, lipid peroxidation was sig-
nificantly reduced, with MDA levels decreasing by 42.3%
in MCF-7 and 37.8% in A549 cells compared to un-
treated controls (Figure 3a). The antioxidant enzyme ac-
tivity such as superoxide dismutase (SOD) and catalase
(CAT) activities increased by 58.4% and 47.2% in MCF-
7 cells, and by 52.6% and 40.8% in A549 cells, while
glutathione peroxidase (GPx) levels showed a significant
rise of 62.5% in MCF-7 and 55.9% in A549 cells (Fig-
ure 3b–d). Furthermore, inflammatory cytokines show

that exposure to MALC-NPs resulted in a significant de-
crease in IL-1β (by 49.1%), IL-6 (by 43.7%), and NF-
κB (by 51.2%), confirming the anti-inflammatory and im-
munomodulatory effects of the nanoparticles (Figure 3e–
g). The results also showed that caspase-3 activation
maintained a significant increase (3.4-fold in MCF-7 and
2.9-fold in A549 cells) in caspase-3 activity, indicating
apoptosis induction (Figure 3h). Similarly, in the acetyl-
cholinesterase (AChE) inhibition assay, MALC-NPs in-
hibited AChE activity by 37.2%, suggesting potential neu-
roprotective effects (Figure 3i).

4. Discussion

The findings of this study reveal that Maerua angolensis-
loaded chitosan nanoparticles (MALC-NPs) exhibit po-
tent anti-inflammatory and anticancer activities, highlight-
ing their potential as a natural therapeutic agent. The
results obtained could be attributed to the synergistic ef-
fect between the bioactive compounds contained in M.
angolensis and the chitosan nanoparticle delivery system
that increases stability, solubility, and cellular uptake. Pro-
longed swelling has a critical role in the development and
progression of cancer, and inflammatory mediators, in-
cluding nitric oxide (NO) and cyclooxygenase-2 (COX-
2), are major contributors to carcinogenesis [18]. In
this study, MALC-NPs significantly inhibited NO produc-
tion in lipopolysaccharide (LPS)-stimulated RAW 264.7
macrophages, with an IC50 value of 21.5 µg/mL. The inhi-
bition of nitric oxide (NO) is particularly important, as ex-
cessive NO production is associated with oxidative stress,
DNA damage, and tumor progression [17]. Additionally,
MALC-NPs exhibited strong inhibition of COX-2 activ-
ity (IC50 = 18.7 µg/mL), suggesting their ability to sup-
press prostaglandin synthesis and mitigate inflammation-
associated tumorigenesis. This aligns with previous stud-
ies showing that natural product-loaded chitosan nanopar-
ticles can modulate inflammatory responses, lowering the
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manifestation of pro-inflammatory cytokines such as
TNF-α and IL-6 [27].

The anti-inflammatory effect of MALC-NPs is
likely attributed to the presence of phytochemicals such as
flavonoids, terpenoids, and saponins, which have been re-
ported to exhibit strong antioxidant and immunomodula-
tory properties [28]. Chitosan nanoparticles encapsulated

bioactive agents protect from degradation and result in sus-
tained release at the target site. Chitosan also has inher-
ent anti-inflammatory activity by inhibiting NF-κB activa-
tion and downregulating pro-inflammatorymediators [29].
Therefore, the mixture of chitosan and M. angolensis ex-
tract may provide a dual mechanism for inflammation sup-
pression.

Figure 2: Effects of M. angolensis loaded chitosan NPs on apoptosis induction (a) and flow cytometry plots (b). Results are mean
± SD (n = 3).
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Figure 3: Cont.
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Figure 3: Effects of M. angolensis loaded chitosan NPs on oxidative stress markers. Results are expressed as mean ± SD (n =
3). Note: In all the parameters investigated, the MALC-NPs showed superior biological activities in cytotoxic and anti-inflammatory
effects by decreasing pro-inflammatory cytokine levels. The levels of MDA (a) decreased as well while SOD (b), GPx (c), and
CAT (d) oxidative stress levels increased in MALC-NPs group, Decreases in pro-inflammatory cytokine levels such as IL-1B (e), IL-6
(f), NF-κB (g), and caspase-3 (h) was witnessed in MALC-NPs-treated group while AChE (i) activity increased in the same group
(MALC-NPs-treated).

Table 4: Apoptosis induction in MCF-7 and A549 cells by MALC-NPs using flow cytometry.

Cell Line Treatment
(50 µg/mL)

Early Apoptosis (%)
(Mean ± SD)

Late Apoptosis (%)
(Mean ± SD)

Necrosis (%)
(Mean ± SD)

Significance
Level (p-Value)

MCF-7 Normal control 2.80 ± 0.15 1.90 ± 0.12 1.50 ± 0.10 -
Standard drug 55.60 ± 1.20 30.40 ± 0.90 5.00 ± 0.30 p < 0.001
Chitosan (CNPs) 20.30 ± 0.80 10.60 ± 0.50 3.80 ± 0.25 p < 0.01
Extract alone 35.40 ± 0.95 15.80 ± 0.70 4.30 ± 0.28 p < 0.001
MALC-NPs 48.20 ± 1.10 22.50 ± 0.85 3.00 ± 0.20 p < 0.001

A549 Normal control 3.10 ± 0.18 2.00 ± 0.14 1.40 ± 0.12 -
Standard drug 50.80 ± 1.15 26.40 ± 0.88 4.80 ± 0.28 p < 0.001
Chitosan (CNPs) 18.90 ± 0.75 9.40 ± 0.45 3.50 ± 0.20 p < 0.01
Extract alone 30.50 ± 0.85 13.20 ± 0.65 4.00 ± 0.26 p < 0.001
MALC-NPs 41.70 ± 1.00 18.60 ± 0.80 2.80 ± 0.18 p < 0.001

Results are mean ± SD (n = 3).

MALC-NPs also effectively inhibited the growth
of breast cancer cell line MCF-7 and lung cancer cell
line A549 with IC50 values of 27.80 µg/mL and 32.40
µg/mL, respectively (Table 3). Interestingly, MCF-7 cells
were more sensitive to MALC-NPs than A549 cells, sug-
gesting potential selectivity towards hormone receptor-

positive breast cancer; this is in line with reports that
phytochemical-loaded nanoparticles show enhanced cy-
totoxicity against MCF-7 cells by modulating apoptotic
pathways [30].

Further evaluation using flow cytometry confirmed
that MALC-NPs induced apoptosis in both cancer cell
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lines. At a concentration of 50 µg/mL, early apoptotic
cells increased to 48.2% in MCF-7 and 41.7% in A549
cells, while late apoptosis was observed in 22.5% and
18.6% of cells, respectively. The ability of MALC-NPs
to promote apoptosis rather than necrosis is an important
finding, as apoptosis is a programmed cell death mecha-
nism that prevents inflammation and tissue damage, mak-
ing it a desirable outcome in cancer therapy [25].

The enhanced apoptotic effect of MALC-NPs may
be due to their ability to modulate key regulators of apop-
tosis, such as caspase-3 activation and the downregula-
tion of anti-apoptotic proteins (Bcl-2). Former research
has revealed that metabolites in M. angolensis, such
as flavonoids and alkaloids, can trigger mitochondrial-
mediated apoptosis, leading to cell cycle arrest and tumor
suppression [31]. Additionally, chitosan nanoparticles
have been reported to facilitate reactive oxygen species
(ROS) generation in cancer cells, further promoting apop-
tosis [32].

The superior anti-inflammatory and anticancer ef-
fects observed in MALC-NPs compared to the extract
alone can be attributed to the advantages of chitosan
nanoparticle-based delivery. Chitosan nanoparticles offer
several benefits, including improved bioavailability. For
instance, encapsulation protects the bioactive compounds
from degradation, increasing their stability and solubility
in physiological conditions. This leads to higher intracel-
lular concentrations of the active components, enhancing
their therapeutic effects [33]. Also, the nanoscale size of
MALC-NPs (150 ± 5 nm) facilitates efficient uptake by
cells via endocytosis, allowing for better intracellular ac-
cumulation and prolonged retention time. The study fur-
ther showed that extract-loaded chitosan NPs ensured tar-
geted delivery and sustained release. For example, the
positive zeta potential (+32.6 mV) of MALC-NPs ensures
strong electrostatic interactions with negatively charged
cancer cell membranes, promoting targeted delivery. Ad-
ditionally, the nanoparticles provide a controlled release
of bioactive compounds, reducing rapid metabolism and
systemic toxicity [34].

The outcomes of this study align with previous re-
ports demonstrating that phytochemical-loaded chitosan
nanoparticles exhibit superior anticancer effects com-
pared to free extracts [35]. Encapsulation strategy of
MALC-NPs could be further optimized by functionaliz-
ing the nanoparticles with tumor-targeting ligands to im-
prove specificity and therapeutic efficacy. MALC-NPs
have competitive anti-inflammatory and anticancer activ-
ities compared to other plant extract-loaded NPs. Stud-
ies on Curcuma longa (turmeric)-loaded chitosan NPs re-
ported similar NO inhibition (IC50 = 22.3 µg/mL) and
COX-2 inhibition (IC50 = 19.1 µg/mL) [20,21], suggest-

ing that MALC-NPs have comparable potency in inflam-
mation control [36]. Additionally, the cytotoxic effects
of MALC-NPs against MCF-7 cells (IC50 = 27.8 µg/mL)
were within the range of other plant-based nanoparti-
cles, such as Zingiber officinale (ginger)-loaded chitosan
nanoparticles (IC50 = 30.5 µg/mL) [37]. These compar-
isons demonstrate the therapeutic potential ofMALC-NPs
as a promising candidate for cancer therapy.

While the current study provides strong evidence
for the anti-inflammatory and anticancer potential of
MALC-NPs, further research is necessary. Specifically,
in vivo studies should be conducted to evaluate the phar-
macokinetics, biodistribution, and systemic toxicity of
MALC-NPs in animal models. Additionally, the molec-
ular mechanisms underlying their apoptotic effects—
particularly their influence on key signaling pathways
such as PI3K/Akt and NF-κB—should be investigated.
Future work should also explore potential synergistic ef-
fects by combining MALC-NPs with existing chemother-
apeutic agents to enhance efficacy and reduce drug resis-
tance. Finally, developing targeted MALC-NP formula-
tions with specific surface modifications may improve se-
lectivity towards cancer cells while minimizing off-target
effects.

5. Conclusions

This study demonstrates that Maerua angolensis-
loaded chitosan nanoparticles possess significant anti-
inflammatory and anticancer activities. MALC-NPs ef-
fectively inhibited NO and COX-2 production, suggesting
their potential tomitigate inflammation-associated tumori-
genesis. The nanoparticles exhibited potent cytotoxicity
on exposure to MCF-7 (breast) and A549 (lung) cancer
cell lines, with a strong ability to induce apoptosis. The
chitosan-based delivery system enhanced the bioavailabil-
ity, cellular uptake, and sustained release ofM. angolensis
bioactive compounds, resulting in superior therapeutic ef-
ficacy. These findings support the potential application of
MALC-NPs in cancer therapy. Further in vivo and mech-
anistic studies are crucial to further confirm these effects
as well as optimize their applications in disease situations.
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