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ABSTRACT : The present investigation aimed to develop and optimize piperine-loaded chitosan nanoparticles for enhanced
anti-inflammatory and anticancer activity against HT-29 human colorectal cancer cells. Piperine-loaded nanoparticles were
prepared using ionic gelation technique employing chitosan as polymer and sodium tripolyphosphate as crosslinking agent. A
Quality by Design-based Box—Behnken Design was utilized to optimize formulation variables including chitosan concentration,
TPP concentration, and Tween 80 concentration. The optimized nanoparticles were characterized for particle size, polydispersity
index, zeta potential, entrapment efficiency, morphology, compatibility, crystallinity, and in vitro drug release behaviour. The
optimized formulation exhibited particle size of 176.4 nm, polydispersity index of 0.241, zeta potential of +38.2 mV, and
entrapment efficiency of 90.1%. FTIR, DSC and XRD studies confirmed successful encapsulation of piperine within the
chitosan matrix with reduced crystallinity. Sustained drug release was observed over 24 h following diffusion-controlled
kinetics. The optimized nanoparticles demonstrated significantly enhanced protein denaturation inhibition, nitric oxide
scavenging activity and cytotoxicity against HT-29 cells compared with pure piperine. The IC_ value of optimized nanoparticles
was markedly lower than that of pure piperine, indicating enhanced antiproliferative efficacy. The findings suggested that
chitosan-based nanoencapsulation significantly improved the pharmaceutical and biological performance of piperine for colorectal
cancer therapy.

Key words : Piperine, chitosan nanoparticles, 1onic gelation, Box—Behnken design, anti-inflammatory activity, HT-29 cells, colorectal
cancer, cytotoxicity, sustained release, nanoparticle optimization.
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INTRODUCTION

Colorectal cancer is one of the most prevalent and

multifunctional therapeutic systems possessing both anti-
inflammatory and anticancer properties has emerged as

life-threatening malignancies worldwide and represents
a major public health burden because of its increasing
incidence, high mortality rate and limitations associated
with conventional chemotherapy. Despite significant
advances in cancer therapeutics, currently available
anticancer drugs often produce severe systemic toxicity,
poor selectivity toward cancer cells, multidrug resistance,
and limited therapeutic efficacy. Chronic inflammation
and oxidative stress are also recognized as important
contributors in colorectal carcinogenesis, tumor
progression, and metastasis. Therefore, development of

a promising strategy for colorectal cancer management
(Abbaspour-Ravasjani et al, 2025; Abdelgalil et al, 2022;
Abdelgawwad El-Sehrawy et al, 2025; Abuhassan et al,
2026).

Piperine, a naturally occurring alkaloid 1solated from
black pepper (Piper nigrum), has gained considerable
scientific attention because of its broad spectrum of
pharmacological activities including anti-inflammatory,
antioxidant, antimicrobial, immunomodulatory, and
anticancer effects. Several studies have demonstrated
that piperine can inhibit cancer cell proliferation, induce
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apoptosis, suppress inflammatory mediators and regulate
oxidative stress pathways. Piperine has also been reported
to interfere with multiple molecular signalling pathways
associated with colorectal cancer progression. However,
the clinical and pharmaceutical application of piperine
remains significantly restricted because of its poor
aqueous solubility, low oral bioavailability, rapid metabolism
and limited systemic absorption. These limitations reduce
its therapeutic concentration at the target site and
compromise its overall biological efficacy (Talib et al,
2026; Tripathi et al, 2025; Wu et al, 2024; Zakaria et al,
2021).

Nanotechnology-based drug delivery systems have
emerged as effective approaches to overcome the
biopharmaceutical limitations associated with poorly
soluble phytoconstituents. Among various nanocarriers,
polymeric nanoparticles have attracted substantial interest
because of their ability to improve drug solubility, enhance
cellular uptake, provide sustained drug release, and
improve therapeutic efficacy. Polymeric nanoparticles
can also protect encapsulated compounds from premature
degradation and facilitate controlled drug delivery to
pathological tissues. Chitosan is a biodegradable,
biocompatible, and mucoadhesive natural polysaccharide
widely utilized in nanoparticle formulation because of its
favourable pharmaceutical characteristics (Kakoti et al,
2016 and Kataki et al, 2022). The cationic nature of
chitosan enables electrostatic interaction with negatively
charged biological membranes, thereby enhancing cellular
internalization and drug absorption. Chitosan nanoparticles
additionally exhibit low toxicity, excellent biocompatibility,
and inherent bioadhesive properties, making them highly
suitable for anticancer drug delivery applications. Ionic
gelation using sodium tripolyphosphate (TPP) is one of
the most commonly employed techniques for preparation
of chitosan nanoparticles because of its simplicity, mild
processing conditions, and ability to produce stable

nanosized systems without the use of harsh organic
solvents (Das et al, 2023; Das et al, 2024; Dasuni

Wasana et al, 2023; Dmour, 2024). Quality by Design
(QbD)-based optimization approaches are increasingly
applied in pharmaceutical formulation development to
systematically understand the influence of formulation
variables on product performance. Box—Behnken Design
1s an efficient statistical tool that enables optimization of
multiple formulation variables with minimal experimental
runs while establishing mathematical relationships
between formulation factors and critical quality attributes

(Darwish et al, 2024; Imam et al, 2021; Tam et al, 2023;
Tripathi et al, 2026).

Considering the well-documented pharmacological
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potential of piperine and the advantages offered by
chitosan-based nanocarriers, the present study was
undertaken to develop and optimize piperine-loaded
chitosan nanoparticles using the ionic gelation technique
coupled with a Quality by Design (QbD)-based Box—
Behnken Design approach. Although several
nanoparticulate systems containing piperine have been
reported, studies integrating systematic statistical
optimization with comprehensive physicochemical
characterization and biological evaluation remain limited.
To the best of our knowledge, this is among the first
studies to employ Box—Behnken Design for the
optimization of piperine-loaded chitosan nanoparticles
while simultaneously investigating their sustained-release
behaviour, preliminary in vitro anti-inflammatory activity,
and cytotoxic potential against HT-29 human colorectal
cancer cells within a single formulation framework. The
developed nanoparticles were comprehensively
characterized for particle size, polydispersity index, zeta
potential, entrapment efficiency, morphology, thermal
behaviour, crystallinity, and drug release kinetics.
Furthermore, their biological performance was assessed
through protein denaturation inhibition, nitric oxide
scavenging assays, and MTT-based cytotoxicity
evaluation. The findings were intended to provide insight
into the potential of optimized piperine-loaded chitosan
nanoparticles as a promising in vitro drug delivery platform
that warrants further preclinical investigation for
colorectal cancer and inflammation-associated disorders.

MATERIALS AND METHODS

Piperine was procured from Sigma-Aldrich and used
as the active phytoconstituent for nanoparticle
formulation. Chitosan (medium molecular weight, degree
of deacetylation approximately 85%) was obtained from
HiMedia Laboratories Pvt. Ltd. and utilized as the
biodegradable polymeric carrier. Sodium tripolyphosphate
(TPP), employed as the ionic crosslinking agent, was
purchased from Merck Life Science Pvt. Ltd. Tween 80
and glacial acetic acid were obtained from Loba Chemie
Pvt. Ltd. and Merck Life Science Pvt. Ltd., respectively.
Ethanol of analytical grade was used as the solvent for
piperine solubilization. Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), penicillin—
streptomycin solution, phosphate-buffered saline (PBS),
and trypsin-EDTA were procured from Gibco, Thermo
Fisher Scientific for cell culture studies. MTT reagent,
bovine serum albumin, and Griess reagent components
were purchased from Sigma-Aldrich. Diclofenac sodium
was used as the reference anti-inflammatory standard.
All reagents and chemicals employed in the study were
of analytical grade and used without further purification.
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Double-distilled water was utilized throughout the
experimental work.

Experimental design and Optimization strategy

The formulation and optimization of piperine-loaded
chitosan nanoparticles were performed using a Quality
by Design (QbD)-based statistical optimization approach
employing Box—Behnken Design (BBD). The
experimental design was generated using Design-Expert
Software Version 13. Three independent formulation
variables were selected based on preliminary screening
studies, including chitosan concentration (A), sodium
tripolyphosphate concentration (B), and Tween 80
concentration (C). Each factor was studied at three levels
designated as low (1), medium (0), and high (+1). The
selected dependent responses included particle size (Y1),
entrapment efficiency (Y2), cumulative drug release at
24 h (Y3), and zeta potential (Y4). A total of seventeen
experimental runs comprising twelve factorial points and
five center points were generated by the software. The
optimization objective was to minimize particle size while
maximizing entrapment efficiency, zeta potential, and
sustained drug release behaviour (Waghule et al, 2021;
Yadha et al, 2024; Zeeshan et al, 2023).

Preliminary Screening of Formulations

Preliminary formulation trials were conducted to
identify the suitable polymer-crosslinker ratio for
nanoparticle formation. Six different formulations were
prepared by varying the concentrations of chitosan and
TPP while maintaining a constant amount of piperine.
The prepared formulations were visually examined for
aggregation, phase separation, nanosuspension stability,
and particle formation efficiency. Formulations exhibiting
particle sizes below 250 nm, acceptable dispersity and
high entrapment efficiency were selected for further
optimization using Box—Behnken Design (Elshazly et al,
2025; Kalpana ef al, 2025).

Preparation of Piperine-Loaded Chitosan
nanoparticles

Piperine-loaded chitosan nanoparticles were prepared
using the 1onic gelation method. Chitosan solution was
prepared by dissolving the required quantity of chitosan
in 1% v/v aqueous acetic acid solution under continuous
magnetic stirring overnight to obtain a clear polymeric
solution. Separately, piperine was dissolved in ethanol to
form a homogeneous drug solution. Tween 80 was
incorporated into the chitosan solution as a stabilizing
surfactant. The piperine solution was slowly added into
the chitosan solution under continuous stirring at 1000
rpm. Subsequently, aqueous sodium tripolyphosphate
solution was added dropwise into the polymer-drug
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dispersion under constant magnetic stirring. lonic
interaction between positively charged amino groups of
chitosan and negatively charged phosphate groups of TPP
resulted in spontaneous formation of nanoparticles. The
obtained nanosuspension was subjected to probe
sonication for 5 min to reduce particle aggregation and
improve uniformity. The dispersion was centrifuged at
15,000 rpm for 30 min at 4°C using a refrigerated
centrifuge. The separated nanoparticles were washed
twice with distilled water to remove unentrapped drug
and excess reagents. Mannitol (3% w/v) was added as a
cryoprotectant prior to lyophilization. The final
nanoparticles were freeze-dried and stored in airtight
containers for further characterization studies (Tan et al,

2024; Yadav et al, 2024; Zaghloul et al, 2022; Zamol
Abidin et al, 2023).

Characterization of Piperine-loaded Chitosan
nanoparticles

Analytical method Validation for Piperine
estimation : Quantitative estimation of piperine in
entrapment efficiency and in vitro drug release studies
was performed using a UV—Visible spectrophotometric
method. The analytical method was validated according
to [CH Q2(R2) guidelines with respect to linearity,
accuracy, precision, limit of detection (LOD) and limit of
quantification (LOQ). A standard stock solution of
piperine was prepared in ethanol and subsequently diluted
to obtain concentrations ranging from 2—-20 pg/mL. The
absorbance of each solution was measured at 342 nm
against a suitable blank. Calibration curves were
constructed by plotting absorbance against concentration,
and regression analysis was performed to determine
linearity. Precision was evaluated through repeatability
studies and expressed as percentage relative standard
deviation (%RSD). Accuracy was assessed using
recovery studies at different concentration levels. LOD
and LOQ were calculated using the standard deviation
of the response and slope of the calibration curve
according to ICH recommendations.

Particle size, Polydispersity Index and Zeta
potential : The average particle size, polydispersity index
(PDI), and zeta potential of the prepared nanoparticles
were determined using dynamic light scattering technique
with a Malvern Zetasizer Nano ZS90. The nanoparticle
suspension was appropriately diluted with double-distilled
water prior to analysis to avoid multiple scattering effects.
Measurements were performed at 25°C and all readings
were recorded in triplicate. Mean particle size was
expressed in nanometers, while zeta potential values were

expressed in millivolts (Abd El-Hadi, 2025; Tan et al,
2024; Yadav et al, 2024; Zaghloul et al, 2022; Zamol
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Abidin et al, 2023).

Determination of Entrapment efficiency :
Entrapment efficiency of piperine-loaded nanoparticles
was determined by indirect centrifugation method. The
nanoparticle suspension was centrifuged at 15,000 rpm
for 30 min, and the supernatant containing free
unentrapped drug was collected. The amount of free
piperine present in the supernatant was analyzed
spectrophotometrically at 342 nm using a UV-visible
spectrophotometer. The entrapment efficiency was
calculated using the following equation (Tan et al, 2024;

Yadav et al, 2024; Zaghloul et al, 2022; Zainol Abidin et
al,2023):

Total Drug — Free Drug

EE(%)=
(%) Total Drug

x 100

Drug loading was determined to evaluate the amount
of piperine successfully incorporated within the
nanoparticle matrix relative to the total weight of
nanoparticles obtained. The drug loading percentage was
calculated using the following equation:

Entrapped Drug <100

N
Drug Loadimg (8) = rotal Nanoparticle Weight

All measurements were carried out in triplicate and
the results were expressed as mean + standard deviation.

Surface Morphology by Scanning Electron
Microscopy : Surface morphology of the optimized
nanoparticle formulation was evaluated using scanning
electron microscopy (SEM). The lyophilized nanoparticle
sample was mounted on an aluminium stub using double-
sided adhesive carbon tape and coated with a thin layer
of gold under vacuum. The samples were examined at
different magnifications to evaluate particle shape,
surface characteristics, and aggregation behaviour (Tan

et al,2024; Yadav et al, 2024; Zaghloul et al, 2022; Zainol
Abidin et al, 2023).

Fourier Transform Infrared Spectroscopy
(FTIR) : FTIR analysis was performed to investigate
possible interactions between piperine and formulation
excipients. FTIR spectra of pure piperine, chitosan, TPP,
physical mixture, and optimized nanoparticles were
recorded using an FTIR spectrophotometer within the
scanning range of 4000400 cm ' employing potassium
bromide pellet method. The obtained spectra were
analyzed for characteristic functional group peaks and
possible peak shifting or disappearance.

Differential Scanning Calorimetry (DSC) :
Thermal behaviour of pure drug, polymer and optimized
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nanoparticles was evaluated using differential scanning
calorimetry. Approximately 5 mg of each sample was
sealed in aluminium pans and heated over a temperature
range of 30-300°C at a heating rate of 10°C/min under
nitrogen atmosphere. Thermograms were analyzed to
assess crystallinity changes and drug encapsulation within
the nanoparticle matrix.

X-Ray Diffraction (XRD) : X-ray diffraction
analysis was performed to determine the crystalline
characteristics of piperine before and after nanoparticle
formulation. Powder samples were scanned over a
diffraction angle range of 5°-60° (20) using an X-ray
diffractometer. Changes in diffraction intensity and peak
sharpness were evaluated to determine amorphization and
molecular dispersion of piperine within the polymeric
system.

In vitro Drug Release study

The in vitro release behaviour of piperine from the
optimized chitosan nanoparticles was evaluated using the
dialysis bag diffusion technique. A pre-soaked dialysis
membrane having a molecular weight cut-off of 12,000—
14,000 Da was used for the study. An accurately weighed
quantity of piperine-loaded nanoparticles equivalent to 10
mg of piperine was dispersed in a small volume of
phosphate-buffered saline and transferred into the dialysis
bag, which was securely tied at both ends. The dialysis
bag was immersed in 100 mL of phosphate-buffered saline
(PBS, pH 7.4) maintained at 37 + (0.5°C under continuous
magnetic stirring at 100 rpm. At predetermined time
intervals of 0.5, 1, 2, 4, 6, 8, 12 and 24 h, 2 mL aliquots
were withdrawn from the dissolution medium and
replaced immediately with equal volumes of fresh buffer
to maintain sink conditions. The amount of piperine
released was quantified spectrophotometrically at 342 nm
using a UV-visible spectrophotometer. All experiments
were carried out in triplicate, and cumulative percentage
drug release was calculated and expressed as mean +

standard deviation (Tan et al, 2024; Yadav et al, 2024;
Zaghloul et al, 2022; Zainol Abidin et al, 2023).

Drug Release Kinetics

The in vitro release data obtained from the optimized
nanoparticle formulation were fitted into different kinetic
models to elucidate the mechanism of drug release. The
release profiles were analyzed according to zero-order,
first-order, Higuchi and Korsmeyer—Peppas kinetic
models.

The mathematical expressions used for release kinetic
analysis were as follows:

Zero-Order Model
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O, = O, + ky
where, O represents the amount of drug released at

time t, O, 1s the initial amount of drug and &, 1s the zero-
order release constant.

First-Order Model

kit
2.303

where, k represents the first-order release constant.

Higuchi Model

logQ, =logQ, —

Q= kaW

where, QO 1s the cumulative amount of drug released
and k,, 1s the Higuchi dissolution constant.

Korsmeyer—Peppas Model

where, M /M _ represents fractional drug release, k
is the kinetic constant and » i1s the release exponent
indicative of the release mechanism. The coefficient of
determination (R?) values obtained from each model were
compared to identify the best-fit release kinetics.

In vitro Anti-inflammatory activity

Protein Denaturation Inhibition assay : The anti-
inflammatory activity of pure piperine and optimized
piperine-loaded chitosan nanoparticles was evaluated
using inhibition of protein denaturation method employing
bovine serum albumin as the protein source. Different
concentrations of the samples ranging from 25-200 pg/
mL were prepared in phosphate-buffered saline.
Diclofenac sodium served as the reference standard. To
each test tube, 0.45 mL of bovine serum albumin solution
and 0.05 mL of sample solution were added and incubated
at room temperature for 20 min. The reaction mixtures
were subsequently heated at 57°C for 3 min and allowed
to cool. The absorbance was measured at 660 nm using
a UV-visible spectrophotometer. The percentage
inhibition of protein denaturation was calculated using the

following equation (Abbas ef al, 2026; Abbas et al, 2024;
Abd El Hady Mousa et al, 2021; Kataki ef al, 2014):

A A
A

T

% Inhibition = x 100

where, 4_represents absorbance of the control and
At represents absorbance of the test sample.

All experiments were conducted 1n triplicate and
results were expressed as mean + standard deviation.
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Nitric Oxide Scavenging assay : Nitric oxide
scavenging activity of the prepared nanoparticles was
evaluated using sodium nitroprusside and Griess reagent
method. Different concentrations of pure piperine and
optimized nanoparticles were prepared within the range
of 25-200 pg/mL. Sodium nitroprusside solution in
phosphate-buffered saline was mixed with sample
solutions and incubated at 25°C for 150 min under light
exposure. After incubation, an equal volume of Griess
reagent was added to the reaction mixture. The
absorbance of the resulting chromophore was measured
spectrophotometrically at 546 nm. Diclofenac sodium was
used as the reference standard. The percentage nitric
oxide scavenging activity was calculated using the
standard inhibition equation. All determinations were
performed in triplicate (Ahalya et al, 2026; Dharmalingam

et al, 2025; Kataki, 2010).
In vitro Cytotoxicity study on HT-29 cells

Cell Culture conditions : Human colorectal
adenocarcinoma HT-29 cells were procured from a
certified cell repository (NCCS Pune) and cultured in
Dulbecco’s Modified Eagle Medium supplemented with
10% fetal bovine serum and 1% penicillin—streptomycin
solution. The cells were maintained in a humidified CO,
incubator at 37°C with 5% CO, atmosphere. Subculturing
was carried out using trypsin-EDTA solution upon
reaching approximately 80% confluency.

MTT Cytotoxicity assay : The cytotoxic potential
of pure piperine, blank nanoparticles, and optimized
piperine-loaded chitosan nanoparticles was evaluated
using MTT assay. HT-29 cells were seeded into 96-well
plates at a density of 1 x 10 cells/well and incubated for
24 h to allow cell attachment. Following incubation, the
cells were treated with different concentrations of
formulations ranging from 12.5-200 pg/mL and further
incubated for 24 h. Untreated cells served as negative
control, while blank nanoparticles were used to evaluate
polymer-associated cytotoxicity. After treatment, MTT
reagent solution was added to each well and incubated
for 4 h at 37°C. The formed purple formazan crystals
were dissolved using dimethyl sulfoxide, and absorbance
was measured at 570 nm using a microplate reader. Cell
viability percentage was calculated using the following

equation (Abbas et al, 2022; Abiodun et al, 2022;
Abolhasanzadeh ef al, 2024):

Absorbance of treated cells <100

% Cell Viability =
Absorbance of control cells
The IC_, values for pure piperine and optimized
nanoparticles were determined from dose-response
curves. All experiments were performed in triplicate.
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Statistical analysis

All experimental data were expressed as mean +
standard deviation (SD) for three independent experiments
(n=13). Statistical analysis was performed using GraphPad
Prism 10. Comparisons among groups were carried out
using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test. Statistical significance was
considered at p < 0.05. The experimental design data
generated from Box—Behnken Design were analyzed
using Design-Expert Version 13 software to establish
polynomial equations, response surface plots, contour
plots, and desirability optimization models.

RESULTS AND DISCUSSION
Validation of UV Spectrophotometric method

The UV spectrophotometric method developed for
piperine estimation demonstrated excellent linearity within
the concentration range of 2-20 pg/mL. The calibration
curve exhibited a strong linear relationship between
concentration and absorbance with a correlation
coefficient (R2?) of 0.9993. The method showed
satisfactory precision with %RSD values below 2%,
indicating good repeatability. Recovery studies
demonstrated accuracy within the acceptable range of
98-102%, confirming the reliability of the analytical
procedure. The calculated LOD and LOQ values
indicated adequate sensitivity for quantification of piperine
during entrapment efficiency and in vitro release studies.
The results confirmed that the developed method was
suitable for routine quantitative estimation of piperine in
nanoparticle formulations.

Preliminary Screening of Piperine-Loaded Chitosan
Nanoparticles

Six preliminary formulations were prepared to identify
the appropriate concentration range of chitosan and TPP
required for stable nanoparticle formation. The
formulations were evaluated based on visual appearance,
nanosuspension stability, particle size and entrapment
efficiency. Formulations containing lower polymer
concentration exhibited reduced entrapment efficiency
because of i1nsufficient matrix formation, whereas
excessively high polymer concentrations resulted in
increased viscosity and particle aggregation. Formulations
F3-F5 demonstrated comparatively better
nanosuspension stability, smaller particle size, and higher
entrapment efficiency, indicating their suitability for further
optimization through Box—Behnken Design.

The reduction in particle size observed from F1 to
F4 may be attributed to efficient 1onic interaction between
chitosan and TPP, resulting in compact nanoparticle
formation. However, excessive polymer concentration in
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Fig. 1 : Calibration curve of piperine at 342 nm showing linearity
over the concentration range of 2-20 pg/mlL.

Table 1 : Validation Parameters of UV Spectrophotometric Method
for Piperine.

Parameter Result

A 342 nm

Linearity Range 2-20 pg/mL
Regression Equation y =0.042x + 0.003
Correlation Coefficient (R?) 0.9993

LOD 0.18 pg/mL

LOQ 0.55 pg/mL
Accuracy (Recovery) 98.7-101.2%
Precision (%RSD) < 2.0%

F6 increased viscosity and promoted particle aggregation,
leading to larger particle size and broader size distribution.
Similar observations have been reported in chitosan
nanoparticle systems where optimal polymer-crosslinker
balance governs nanoparticle compactness and colloidal

stability.
Optimization using Box—Behnken Design

A three-factor, three-level Box—Behnken Design
consisting of 17 experimental runs was employed to
optimize the nanoparticle formulation variables. Chitosan
concentration (A), TPP concentration (B), and Tween
80 concentration (C) were selected as independent
variables. The responses studied included particle size,
entrapment efficiency, cumulative drug release at 24 h,
and zeta potential.

The observed responses demonstrated that increasing
chitosan concentration significantly improved entrapment
efficiency and zeta potential because of enhanced
polymeric matrix formation and increased surface amino
groups. However, excessive polymer concentration
produced larger particle sizes due to elevated viscosity
during nanoparticle formation. Tween 80 effectively
reduced interfacial tension and improved nanoparticle
uniformity, thereby reducing particle size. The optimized
formulation corresponded to Run 12, which exhibited
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Table 2 : Preliminary Screening formulations and Physicochemical evaluation.

Formulation Particle Size (nm) PDI Zeta Potential (mV) Entrapment Efficiency (%)
Fl 3125+ 8.4 0.521 +£0.02 +18.4+ 1.2 58.6 £ 2.1
F2 268.7+ 6.2 0.446 + 0.01 +21.2 + 1.4 66.3+ 1.8
F3 214.5+ 5.7 0.331 +£0.01 +27.81.1 784+ 1.5
F4 186.9+4.3 0.284 £ 0.01 sl e o8 B 84.2+ 1.7
F5 198.4 £5.1 0.296 + 0.02 33 7E£ 15 86.8+ 14
F6 2168+ 7.5 0472 +£0.02 +38.2 1.6 88.5+1.9
Table 3 : Box—Behnken Experimental design and observed Responses.
Run A: Chitosan B: TPP C: Tween Particle size EE (%) Drug release | Zeta
(%) (%) 80 (%) (nm) (%) Potential (mV)
1 0.15 0.05 0.50 242 .4 71.5 91.4 +22.6
2 0.35 0.05 0.50 228.7 83.2 84.5 +34.1
3 0.15 0.15 0.50 218.3 158 86.7 +25.3
- 0.35 0.15 0.50 196.8 88.4 80.3 30,
5 0.15 0.10 0.25 236.7 72.6 89.5 +24.4
6 0.35 0.10 0.25 214.2 33.1 82.7 +35.2
7} 0.15 0.10 0.75 205.5 77.3 88.6 +26.8
8 0.35 0.10 0.75 184.3 89.2 81.6 +37.4
9 0.25 0.05 0.25 221.6 79.4 87.2 +29.7
10 0.25 0.15 0.25 208.5 84.8 83.5 +32.4
11 0.25 0.05 0.75 198.6 82.3 86.8 +33.5
12 0.25 0.15 0.75 176.4 90.1 80.8 +38.2
13 (23 0.10 0.30 181.2 88.6 82.1 +36.4
14 0.25 0.10 0.50 179.6 87.9 82.7 +35.8
I3 0.25 0.10 0.50 180.3 88.1 82.4 +36.2
16 0.25 0.10 0.50 181.8 88.3 82.0 +36.5
I’y 0.25 0.10 0.50 180.7 88.5 82.3 +36.1

particle size of 176.4 nm, entrapment efficiency of 90.1%,
sustained release profile, and high zeta potential of +38.2
mV, indicating excellent colloidal stability.

Statistical analysis and Model fitting

The experimental responses obtained from the Box—
Behnken Design were fitted to quadratic polynomial
models. The resulting regression equations described the
influence of chitosan concentration (A), TPP
concentration (B) and Tween 80 concentration (C) on
the selected responses. Positive coefficients indicated a
synergistic effect on the response, whereas negative
coefficients indicated an antagonistic effect.

Polynomial Equation for Particle Size (Y ) : The
particle size was significantly influenced by the linear
effects of chitosan concentration (A), TPP concentration
(B) and Tween 80 concentration (C). The positive
quadratic coefficients indicated curvature in the response
surface, suggesting the existence of an optimum
formulation region.

Y =180.72-9.86A-11.41B -14.53C-1.95AB
+0.33AC - 2.28BC + 24.87A% + 15.97B> + 4.59C2

Polynomial Equation for Entrapment Efficiency
(Y,) : Chitosan concentration exerted the greatest positive
influence on entrapment efficiency, indicating improved
drug incorporation within the polymeric matrix at higher
polymer concentrations.

Y, = 85:28 + 6.09A+2.81B4+2.15C+ 0L.23A8 —
0.15AC + 0.55BC - 5.835A2% — 2.70B* — 1.38C?

Polynomial Equation for Drug Release at 24 h
(Y,) : Drug release was inversely related to polymer
concentration, suggesting that denser polymeric matrices
retarded drug diffusion from the nanoparticles.

Y, = 82.30 — 3.39A — 2.33B — 0.64C + 0.13AB —
0.05AC — 0.58BC + 2.23A2 + 1.20B* + 1.08C?

Polynomial Equation for Zeta Potential (Y,) : Zeta
potential increased with increasing chitosan concentration
because of the greater availability of protonated amino
groups on the nanoparticle surface.

Y, = 3620 + 3. 31 AA+ L.30B + L7806 —0.08A8 —
0.05AC + 0.50BC — 4.54A% — 2.04B* — 0.71C2

The high R? values confirmed excellent predictability
of the models. The insignificant lack-of-fit values
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Fig. 2 : Preliminary formulation screening of piperine-loaded
chitosan nanoparticles showing comparative particle size
and entrapment efficiency.

Fig. 3 : Three-dimensional response surface plot showing the effect
of chitosan and TPP concentration on particle size.
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Fig. 4 : Contour plot illustrating the influence of formulation
variables on entrapment efficiency.

indicated that the selected quadratic model appropriately
described the relationship between formulation variables
and measured responses. The desirability function
approach yielded an overall desirability value of 0.962,

confirming successful optimization of the nanoparticle

Arkadeep Misra et al

Table 4 : Statistical summary of Optimized models.

Response Model |p-value |R? Adjusted
F-value R?

Particle size 48.63 <0.0001 |0.9874 [0.9712

Entrapment Efficiency | 39.17 <0.0001 [0.9816 |0.9635

Drug Release 31.48 0.0002 | 0.9725 |0.9511

Zeta Potential 42.82 <0.0001 |0.9852 |0.9684

system. The optimized nanoparticle formulation exhibited
desirable physicochemical characteristics suitable for
sustained drug delivery and enhanced cellular interaction.
Positive zeta potential values above +30 mV indicated
strong electrostatic stabilization and reduced probability
of nanoparticle aggregation during storage.

Characterization of Optimized Piperine-Loaded
Chitosan Nanoparticles

The optimized formulation obtained from Box—
Behnken Design was further characterized for particle
size distribution, zeta potential, entrapment efficiency,
morphology, thermal behaviour, crystallinity and
compatibility studies. The optimized nanoparticles
exhibited desirable physicochemical properties indicating
successful formation of a stable nanosystem suitable for
anticancer and anti-inflammatory applications.

The optimized nanoparticles demonstrated particle
size below 200 nm with narrow size distribution, indicating
uniform nanoparticle formation. The low polydispersity
index suggested good homogeneity and reproducibility of
the 1onic gelation process. Positive zeta potential values
above +30 mV confirmed excellent colloidal stability due
to electrostatic repulsion among nanoparticles. High
entrapment efficiency observed in the optimized
formulation may be attributed to strong 1onic interaction
between chitosan and TPP, resulting in efficient
encapsulation of hydrophobic piperine within the polymeric
matrix. The sustained release behavior observed over 24
h suggested gradual diffusion of piperine from the
nanoparticle network.

Surface Morphology analysis

Scanning electron microscopy was performed to
evaluate the surface morphology and structural
characteristics of the optimized nanoparticles. The SEM
images revealed that the nanoparticles were
predominantly spherical in shape with smooth external

Table 5 : Predicted versus experimental values.

Response Predicted Experimental % Error
Particle size | 178.2 176.4 1.01
BE 89.3 90.1 0.89
Release 81.5 80.8 0.86
ZP 374 38.2 2.14
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Fig. § : Overlay desirability plot for optimization of piperine-loaded chitosan nanoparticles.

Table 6 : Physicochemical characteristics of optimized
Nanoparticles.

Parameter Observed value
Particle size (nm) 176.4 + 4.2
Polydispersity Index 0.241 £ 0.01
Zeta Potential (mV) +38.2+ 1.4
Entrapment Efficiency (%) 90.1 1.6
Drug Loading (%) 18.6 0.9
Cumulative Drug Release at 24 h (%) 80.8+2.3

surfaces and minimal aggregation. Uniform morphology
confirmed successful ionic gelation and effective
stabilization by Tween 80. The nanosized dimensions
observed in SEM analysis correlated well with dynamic
light scattering results. The absence of visible drug
crystals on nanoparticle surfaces suggested efficient
incorporation of piperine within the polymeric matrix
rather than surface adsorption. Slight aggregation
observed in some regions could be attributed to freeze-
drying and sample preparation procedures during SEM
analysis.

Fourier Transform Infrared Spectroscopy (FTIR)
Analysis

FTIR spectroscopy was carried out to investigate
possible chemical interactions between piperine and
formulation excipients. Pure piperine exhibited
characteristic absorption peaks corresponding to aromatic
C=C stretching around 1580 cm™, methylenedioxy group
vibrations near 1250 cm™' and C—H stretching vibrations
around 2935 cm'. Chitosan demonstrated broad
absorption peaks around 3420 cm™!' due to O—H and N-

H stretching vibrations, along with characteristic amide

Table 7 : FTIR Peak interpretation of pure Drug and optimized

Nanoparticles.

Sample Major peak | Functional Group
(cm™)

Piperine 2935 C—H stretching
Piperine 1580 Aromatic C=C stretching
Piperine 1252 Methylenedioxy vibration
Chitosan 3420 O-H and N-H stretching
Chitosan 1654 Amide [ band
Optimized PLCNs | 3412 Hydrogen-bonded O-H/N-H
Optimized PLCNs | 1574 Shifted aromatic vibration

bands near 1650 cm™'. The optimized nanoparticles
retained the major characteristic peaks of both piperine
and chitosan with slight peak broadening and shifting.
No major disappearance of functional peaks was
observed, indicating absence of chemical incompatibility
between the drug and excipients. The observed peak
broadening may be attributed to hydrogen bonding and
electrostatic interactions occurring during nanoparticle
formation. The findings confirmed successful
encapsulation of piperine within the chitosan matrix
without chemical degradation.

Differential Scanning Calorimetry (DSC)

DSC thermograms were recorded to evaluate thermal
behaviour and crystallinity changes following nanoparticle
formulation. Pure piperine showed a sharp endothermic
melting peak at approximately 131°C corresponding to
its crystalline nature. Chitosan displayed a broad thermal
transition attributed to polymer dehydration and
decomposition behaviour. In the optimized nanoparticle
formulation, the characteristic crystalline peak of piperine
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Fig. 8 : Particle s1ze distribution curve of optimized piperine-loaded
chitosan nanoparticles.

was markedly reduced in intensity and broadened
considerably. This reduction in peak sharpness indicated
partial conversion of crystalline piperine into an
amorphous or molecularly dispersed state within the
polymeric matrix. The transformation from crystalline to
amorphous state 1s beneficial for improving dissolution

Arkadeep Misra et al
Table 8 : Comparative XRD Interpretation.

XRD
characteristics

Sample Interpretation

Pure Piperine |Sharp intense Highly crystalline

peaks
Chitosan Broad peaks Semi-crystalline polymer
Optimized Reduced peak | Reduced crystallinity and drug
PLCNs intensity encapsulation
Table 9 : In vitro Drug Release profile of Optimized nanoparticles.
Time (h) Cumulative Drug Release (%)
0.5 124+ 1.1
1 18.7+ 1.3
2 285+ 1.5
4 41.6 £ 1.8
6 53.8+£2.0
8 62.4+2.2
12 71.3+£24
24 80.8 £ 2.3

characteristics and enhancing bioavailability of poorly
water-soluble compounds such as piperine.

X-Ray Diffraction (XRD) analysis

XRD analysis was performed to further confirm the
crystallinity changes observed in DSC studies. Pure
piperine exhibited intense and sharp diffraction peaks
confirming its highly crystalline nature. Chitosan displayed
broad diffuse peaks characteristic of semi-crystalline
polymeric materials. The optimized nanoparticles
demonstrated substantial reduction in intensity of piperine
crystalline peaks along with broadening of diffraction
patterns. The diminished peak intensity confirmed
successful encapsulation and molecular dispersion of
piperine within the chitosan matrix. Reduction in
crystallinity following nanoparticle formulation is
advantageous because amorphous systems generally
exhibit improved dissolution behaviour and enhanced drug
release properties.

In vitro Drug Release study

The optimized nanoparticle formulation demonstrated
sustained release behaviour over 24 h in phosphate-
buffered saline (pH 7.4). PBS pH 7.4 was selected to
mimic physiological conditions and facilitate comparison
with previously reported piperine nanoparticle systems.
The authors acknowledge that gastrointestinal simulation
media (pH 1.2 and pH 6.8) would provide additional insight
and should be investigated in future studies. An initial
mild burst release was observed during the first 2 h,
followed by gradual and controlled release thereafter. The
initial burst effect may be attributed to surface-associated
piperine molecules, whereas the prolonged release phase
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Fig. 10 : FTIR spectra of pure piperine, chitosan, and optimized piperine-loaded chitosan nanoparticles.

resulted from diffusion of encapsulated drug through the
swollen chitosan matrix. Sustained release behaviour is
beneficial for maintaining prolonged therapeutic
concentration and reducing dosing frequency.

The release profile confirmed successful modulation
of piperine release by the chitosan nanoparticle system.
Controlled release behaviour is advantageous for
colorectal cancer therapy because prolonged exposure
of cancer cells to the therapeutic agent may improve

antiproliferative activity.
Drug Release Kinetic analysis

The release data obtained from the optimized piperine-
loaded chitosan nanoparticles were fitted into various
kinetic models including zero-order, first-order, Higuchi,
and Korsmeyer—Peppas models to elucidate the
mechanism governing drug release.

The Higuchi model demonstrated the highest
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Fig. 12 : XRD diffractograms of pure piperine and optimized piperine-loaded chitosan nanoparticles.

coefficient of determination (R?=0.9865), indicating that
drug release from the optimized nanoparticles
predominantly followed diffusion-controlled release
mechanism. The Korsmeyer—Peppas model also
exhibited high linearity, suggesting contribution of polymer
relaxation and matrix swelling during drug release. The
release exponent (n) value obtained from the Korsmeyer—
Peppas model was found to be within the range (0.62)
corresponding to anomalous non-Fickian transport,
indicating combined diffusion and polymer erosion
mechanisms. The n value suggested anomalous transport
involving diffusion and polymer relaxation mechanisms.
The sustained release behaviour observed in the present

study may therefore be attributed to gradual diffusion of
piperine through the hydrated chitosan matrix along with
slow polymer relaxation. These findings corroborate
previously reported release patterns in chitosan-based
nanosystems where 1onic crosslinking creates a compact
polymeric network capable of regulating drug diffusion
over prolonged duration.

In vitro Anti-Inflammatory activity

Protein Denaturation Inhibition Assay : The anti-
inflammatory activity of pure piperine and optimized
piperine-loaded chitosan nanoparticles was assessed
using protein denaturation inhibition assay. Denaturation
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Fig. 15 : Nitric oxide scavenging activity of pure piperine, optimized
nanoparticles and diclofenac sodium.

of proteins 1s a well-established mechanism associated
with inflammatory disorders, and inhibition of protein
denaturation indicates potential anti-inflammatory activity.

The optimized nanoparticles demonstrated
significantly higher inhibition of protein denaturation
compared with pure piperine at all tested concentrations
(p < 0.05). Enhanced activity of the nanoparticle
formulation may be attributed to improved aqueous
dispersibility and increased surface interaction resulting
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Table 10 : Release Kinetic modelling of Optimized Nanoparticles.

Kinetic Model Regression Equation R?* Value
Zero-order y=3.148x + 12.42 0.9314
First-order y =—0.041x + 1.978 0.9482
Higuchi y=17.62x*+ 8.214 0.9865
Korsmeyer—Peppas y =0.462x + 0.218 0.9818
Table 11 : Protein Denaturation inhibition activity.
Concentration | Pure Optimized |Diclofenac
(ng/mL) Piperine (%) |PLCNs (%) |Sodium (%)
25 246+ 1.2 31.5+1.3 428+ 1.5
50 382+ 14 479+ 1.5 38.3+ 1.7
100 52,7+ 1.8 64.4+1.9 745+ 2.0
150 63.5+2:1 Ta.24+£2.2 85.7+24
200 71.4+23 84.1 £2.5 92327

from nanoscale particle size. The sustained release
behaviour of the nanoparticles may also contribute to
prolonged interaction with denatured protein structures,
thereby improving anti-inflammatory efficacy. Although
diclofenac sodium exhibited comparatively higher
inhibition, the optimized nanoparticles demonstrated
substantial anti-inflammatory activity, supporting their
therapeutic potential as phytopharmaceutical
nanosystems.

Nitric Oxide Scavenging activity : Nitric oxide
scavenging assay was performed to evaluate the free
radical scavenging and anti-inflammatory potential of the
prepared nanoparticles. Excessive nitric oxide production
contributes significantly to inflammatory tissue damage
and oxidative stress.

The optimized nanoparticle formulation showed
concentration-dependent nitric oxide scavenging activity
with significantly higher inhibition compared to pure
piperine. The improved scavenging activity observed in
the nanoparticle system may be attributed to increased
dissolution rate and enhanced availability of piperine
molecules resulting from reduced crystallinity and
nanosized dimensions. Chitosan itself possesses mild
antioxidant and free radical scavenging characteristics,
which may additionally contribute to the enhanced activity
of the nanoparticle formulation. The findings collectively
confirmed the potential of piperine-loaded chitosan
nanoparticles as effective anti-inflammatory and
antioxidant nanosystems.

In vitro Cytotoxicity Study on HT-29 cells

The cytotoxic potential of pure piperine, blank
nanoparticles, and optimized piperine-loaded chitosan
nanoparticles was evaluated against HT-29 human
colorectal adenocarcinoma cells using MTT assay.

Blank nanoparticles demonstrated minimal
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Table 12 : Nitric Oxide Scavenging activity. cells.
Concentration |Pure Optimized |Diclofenac DISCUSSION
(ng/mlL) Piperine (%) |PLCNs (%) |Sodium (%)
The present study successfully demonstrated the
25 e Biotklia  |ablia Lt development and Box—Behnken Design-based
2l kD I 10 | 53850 optimization of piperine-loaded chitosan nanoparticles
100 48.8+ 1.6 60.3+1.9 T12 221 - . . . g -
using the 1onic gelation technique. Application of a Quality
150 506+1.9 T3.1+22 82.5+24 b - * -
y Design (QbD) approach enabled systematic evaluation
20 08222 il of the effects of formulation variables on critical quality
Table 13 : Cell Viability of HT-29 Cells following treatment. attributes, resulting in an optimized nanoparticle
Concentration | Blank Pure Optimized formulation with desirable physicochemical
(ug/mL) Nanoparticles | Piperine PLCNs characteristics. Similar optimization-driven nanocarrier
(%o) (%) (%) development strategies have been reported to improve
12.5 96.8 + 2.1 804+23 |R1.6+2.1 formulation robustness, product quality, and therapeutic
75 942 +20 808+22 |685+20 performance in nanoparticle systems (Waghule et al,
50 916=19 687+20 |524+1.8 2021; Zeeshan et al, 2023). The optimized nanoparticles
100 885+ 1.8 513417 [347+15 exhibited a mean particle size of 176.4 nm with a narrow
200 84.6 £ 1.7 325:15 [189413 polydispersity index and positive zeta potential, indicating
formation of a stable and homogeneous nanosystem.
Table 14 : IC_ Values against HT-29 cells. : N s s S Y
” Nanoparticles within this size range are generally
Formulation IC,, value (ng/mL) considered advantageous for enhanced cellular interaction
Pure Piperine 964 +3.1 and intracellular uptake. The observed zeta potential
Optinuzed ELCNS B2 (+38.2 mV) may be attributed to the protonated amino

cytotoxicity toward HT-29 cells, confirming
biocompatibility of the chitosan-based carrier system. In
contrast, both pure piperine and optimized nanoparticles
produced concentration-dependent reduction in cell
viability. The optimized nanoparticle formulation exhibited
significantly greater cytotoxicity compared with pure
piperine at equivalent concentrations (p < 0.05). The
enhanced antiproliferative activity may be attributed to
improved cellular internalization, increased surface area,
sustained drug release, and enhanced solubility of piperine
following nanoparticle encapsulation. The nanosized
dimensions of the optimized formulation likely facilitated
greater interaction with cancer cell membranes, thereby
improving intracellular delivery of piperine. Absence of a
positive anticancer control and normal colon epithelial cell
line constitutes a limitation of the present study. Chitosan
nanoparticles possess positive surface charge, which may
further enhance electrostatic interaction with negatively
charged cancer cell membranes and promote cellular
uptake. IC_, values were calculated using nonlinear

regression (log inhibitor vs response-variable slope) in
GraphPad Prism.

The optimized nanoparticles exhibited approximately
two-fold lower IC_, value compared with pure piperine,
indicating substantially enhanced cytotoxic efficacy
following nanoparticle formulation. The results confirmed
that nanoencapsulation effectively improved the
anticancer potential of piperine against colorectal cancer

groups present on the chitosan surface, which contribute
to electrostatic stabilization of the colloidal system.
Comparable findings have been reported for chitosan-
based nanocarriers developed for delivery of
phytoconstituents and anticancer agents, where positive
surface charge and nanosized dimensions were associated
with improved biological performance (Yadav et al, 2024;
Das et al, 2024).

A high entrapment efficiency (90.1%) was achieved,
suggesting effective incorporation of hydrophobic piperine
within the chitosan matrix. The strong interaction between
piperine and the polymeric network formed through ionic
crosslinking with TPP may have contributed to enhanced
drug retention. Similar high encapsulation efficiencies
have been reported for piperine-containing
nanoformulations and chitosan-based delivery systems,
highlighting the suitability of chitosan as a carrier for poorly
water-soluble bioactive compounds (Imam ef al, 2021;
Darwish et al, 2024). FTIR, DSC, and XRD analyses
confirmed successful incorporation of piperine within the
nanoparticle matrix without evidence of chemical
incompatibility. The reduction in intensity of characteristic
crystalline peaks observed in DSC and XRD studies
suggested partial conversion of piperine from crystalline
to amorphous form following nanoencapsulation. Such
transformation 1s desirable because amorphous drug
forms generally exhibit enhanced dissolution behaviour
and improved apparent solubility. Similar observations
have been reported in chitosan-based nanoencapsulation
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systems developed for poorly soluble phytoconstituents
and natural bioactive compounds (Zaghloul ef al, 2022;
Zainol Abidin et al, 2023).

The optimized nanoparticles demonstrated sustained
release of piperine over a 24-hour period. Release kinetic
analysis indicated that the Higuchi model provided the
best fit, suggesting diffusion-controlled release from the
polymeric matrix. The sustained release behaviour may
be attributed to gradual diffusion of piperine through the
hydrated chitosan network and controlled erosion of the
polymer matrix. Controlled and prolonged drug release
has been recognized as a major advantage of chitosan-
based nanosystems because it can improve drug
residence time and reduce fluctuations in drug
concentration (Dasun1 Wasana et al, 2023; Dmour, 2024).
The anti-inflammatory evaluation revealed significantly
higher protein denaturation inhibition and nitric oxide
scavenging activity for the optimized nanoparticles
compared with pure piperine. Although these assays
represent preliminary in vitro screening methods, the
enhanced activity observed may be attributed to improved
aqueous dispersion and greater availability of piperine
following nanoencapsulation. Previous studies have
similarly reported enhanced anti-inflammatory
performance of nanoformulated phytoconstituents
compared with their free counterparts due to improved
physicochemical properties and increased bioavailability

(Zakarnia et al, 2021; Dharmalingam et al, 2025).

The cytotoxicity studies performed on HT-29 human
colorectal cancer cells demonstrated a marked
enhancement in antiproliferative activity following
nanoparticle formulation. The optimized nanoparticles
exhibited an approximately two-fold reduction in IC_,
value compared with pure piperine, indicating significantly
improved cytotoxic efficacy. Piperine has been widely
reported to modulate multiple cancer-associated pathways
including apoptosis, oxidative stress, inflammation, and
cell-cycle regulation (Talib ef al, 2026; Tripathi et al,
2026). Nanoencapsulation may further enhance these
effects by improving cellular uptake and intracellular
delivery of the bioactive compound. Similar improvements
in cytotoxic activity have been reported for chitosan-
based nanoparticle systems containing natural anticancer
agents such as quercetin and curcumin (Das et al, 2023;
Tan et al, 2024). Furthermore, the relevance of
nanotechnology-based approaches for colorectal cancer
management has been increasingly recognized owing to
their ability to improve drug delivery and therapeutic
targeting (Abdelgalil ef al, 2022; Abbaspour-Ravasjani
et al, 2025).

Overall, the findings indicate that chitosan
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nanoparticle encapsulation significantly improved the
physicochemical and biological performance of piperine.
The optimized formulation demonstrated favourable
nanoscale characteristics, sustained-release behaviour,
enhanced preliminary anti-inflammatory activity, and
improved cytotoxicity against HT-29 colorectal cancer
cells. Nevertheless, the biological findings should be
interpreted cautiously because the study was limited to
in vitro investigations. Further studies involving cellular
uptake analysis, apoptosis assessment, mechanistic
investigations, normal cell-line evaluation, and in vivo
validation are required to fully establish the therapeutic
potential of the developed nanoparticle system.

Limitations of the study

The present investigation has certain limitations that
should be acknowledged. The anticancer evaluation was
performed using only a single colorectal cancer cell line
(HT-29), and no normal colon epithelial cell line was
included to assess formulation selectivity and safety.
Furthermore, mechanistic studies such as apoptosis
induction, cell cycle arrest, and cellular uptake analyses
were not conducted. The anti-inflammatory assessment
was limited to preliminary in vitro screening assays and
did not include cell-based inflammatory models.
Additionally, the study lacked in vivo pharmacokinetic and
therapeutic validation, and drug release behaviour was
evaluated only in PBS pH 7.4 without simulation of
gastrointestinal conditions. Therefore, further studies are
required to comprehensively establish the biological
performance and translational potential of the developed
nanoparticle system.

CONCLUSION

The present study successfully developed and
optimized piperine-loaded chitosan nanoparticles using
ionic gelation technique combined with Box—Behnken
Design-based statistical optimization. The Quality by
Design approach enabled systematic optimization of
formulation variables to obtain nanoparticles with
desirable physicochemical characteristics and enhanced
biological performance. The optimized nanoparticle
formulation demonstrated nanosized particle diameter,
narrow polydispersity index, high positive zeta potential,
and excellent entrapment efficiency, indicating formation
of a stable and uniformly distributed nanosystem. FTIR,
DSC and XRD studies confirmed successful
encapsulation of piperine within the chitosan matrix along
with reduction in drug crystallinity, which contributed to
improved dispersion and sustained release behaviour. The
developed nanoparticles exhibited prolonged drug release
over 24 h predominantly following diffusion-controlled
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release kinetics. In vitro anti-inflammatory studies
demonstrated significantly enhanced protein denaturation
inhibition and nitric oxide scavenging activity compared
with pure piperine, suggesting improved therapeutic
efficiency following nanoencapsulation. The cytotoxicity
investigation against HT-29 human colorectal cancer cells
revealed markedly enhanced antiproliferative activity of
the optimized nanoparticles with substantially lower IC_|
value compared with pure piperine. Improved anticancer
activity may be attributed to enhanced cellular uptake,
increased solubility, sustained release characteristics, and
nanoscale particle dimensions facilitating efficient
intracellular delivery. Overall, the study established that
chitosan-based nanoparticle formulation significantly
improved the physicochemical limitations and biological
performance of piperine. The optimized piperine-loaded
chitosan nanoparticles demonstrated promising potential
as an effective nano-enabled delivery system for
colorectal cancer therapy and inflammation-associated
disorders. Further investigations involving mechanistic
apoptosis studies, cellular uptake analysis, and in vivo
therapeutic evaluation may provide additional insight into
the translational potential of the developed nanosystem.
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