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Abstract

Quercetin is a plant-derived flavonoid with established 
anticancer activity; however, its use is limited by rapid sys-
temic clearance, poor aqueous solubility, and low bioavail-
ability. Nanocarrier-based delivery systems offer a prom-
ising strategy to overcome these limitations. This study 
developed and evaluated Quercetin-Loaded Chitosan 
Nanoparticles (Q-CS NPs) as an oral phytomedicine-based 
nanotherapeutic for colorectal cancer. Quercetin was iso-
lated and structurally confirmed using UV–Vis, FTIR, LC-MS, 
and NMR analyses. The synthesized nanoparticles were 
physicochemically characterized for particle size, polydis-
persity, zeta potential, morphology, encapsulation efficien-
cy, drug loading, release kinetics, and thermal stability. In 
vitro anticancer activity was assessed in HCT116 and HT-29 
colorectal cancer cells, with NCM460 normal colon cells as 
controls. Cytotoxicity, apoptosis induction, and cell-cycle 
distribution were evaluated, while mechanistic studies ex-
amined modulation of the RAS–PI3K–AKT–mTOR signaling 
pathway using western blotting and immunohistochemistry. 
In vivo efficacy, biodistribution, and systemic toxicity were 
investigated in an HCT116 xenograft mouse model following 
oral administration. Q-CS NPs exhibited nanoscale size, low 
polydispersity, positive surface charge, high encapsulation 
efficiency, and sustained drug release. Compared with free 
quercetin, nanoformulated quercetin reduced cancer cell vi-
ability, enhanced apoptosis, and induced cell-cycle arrest. 
Treatment suppressed tumor growth without weight loss or 
organ toxicity and enhanced tumor accumulation.
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Introduction

Despite advancements in screening, diagnosis, and treat-
ment approaches, Colorectal Cancer (CRC) is one of the most 
common cancers diagnosed globally and continues to be a ma-
jor cause of cancer-related mortality, contributing significantly 
to the global disease burden [1-3]. Due to aggressive tumor 
biology, metastatic dissemination, and the development of re-
sistance to traditional chemotherapeutic drugs, advanced and 
metastatic CRC continues to have a dismal prognosis, although 
early-stage CRC is frequently efficiently controlled [4]. Cumula-
tive genetic and epigenetic changes that converge on carcino-
genic signaling pathways controlling cell proliferation, survival, 
metabolism, and apoptosis are the molecular drivers of colorec-
tal carcinogenesis.

The RAS–Phosphoinositide 3-Kinase (PI3K)–Protein Kinase B 
(AKT)–Mechanistic Target of Rapamycin (mTOR) signaling axis is 
one of these pathways that is crucial to the development and 
progression of colorectal cancer. About 40–50% of colorectal 
tumors have activating mutations in RAS family genes, especial-
ly KRAS, which are significantly linked to the aggressiveness of 
the illness, a poor prognosis, and resistance to targeted therapy 
[5]. Tumor growth and treatment resistance are facilitated by 
aberrant activation of downstream PI3K–AKT–mTOR signaling, 
which also promotes persistent proliferative signaling, sup-
pression of apoptosis, increased angiogenesis, and metabolic 
reprogramming [6,7]. For the therapy of colorectal cancer, at-
tenuation of the RAS–PI3K–AKT–mTOR axis is therefore a thera-
peutically relevant and appealing approach.

Because of their structural diversity and ability to simulta-
neously affect several molecular targets, bioactive chemicals 
originating from plants have long been acknowledged as valu-
able sources of anticancer medicines. A naturally occurring fla-
vonoid found in many fruits, vegetables, and medicinal plants, 
quercetin has garnered significant interest because of its wide 
range of pharmacological characteristics, which include anti-in-
flammatory, antioxidant, and anticancer effects [8,9]. A growing 
body of research suggests that quercetin suppresses oncogenic 
signaling pathways, induces apoptosis, and causes cell-cycle 
arrest to have antiproliferative effects on a variety of cancer 
types [10]. Quercetin’s potential as a multi-targeted therapeu-
tic agent for the treatment of colorectal cancer is highlighted by 
reports that it modulates important elements of the RAS–PI3K–
AKT–mTOR pathway [11-13].

Unfavorable pharmacokinetic characteristics continue to re-
strict quercetin’s clinical translation despite its encouraging an-
ticancer potential. Quercetin’s low oral bioavailability, chemical 
instability, quick systemic elimination, and poor water solubility 
all limit its effective concentration at tumor sites and reduce its 
therapeutic efficacy in vivo [14,15]. These restrictions highlight 
the need for novel drug delivery techniques that can improve 
the stability, bioavailability, and intracellular accumulation of 
quercetin.

Drug delivery systems based on nanotechnology have be-
come effective instruments to address the pharmacokinetic 
issues related to phytochemicals. Chitosan, a biodegradable, 
biocompatible, and cationic polysaccharide produced from chi-
tin, has attracted a lot of attention among different nanocarriers 
for cancer medication delivery applications [16-18]. Mucoadhe-
siveness and a positive surface charge are two advantageous 
physicochemical characteristics of chitosan nanoparticles that 
enable improved cellular absorption and interaction with nega-

tively charged cancer cell membranes. Additionally, chitosan-
based nanocarriers improve bioavailability and therapeutic 
performance by preventing premature degradation of encapsu-
lated compounds and enabling controlled and sustained drug 
release [18].

It has been demonstrated that encasing quercetin in chito-
san nanoparticles improves its solubility, stability, and intracel-
lular transport, greatly increasing its anticancer activity [16]. In 
a number of cancer models, quercetin’s antiproliferative and 
pro-apoptotic actions have been shown to be enhanced by 
chitosan-mediated nanoformulation. Nevertheless, there are 
still few thorough mechanistic studies that clarify how chitosan-
loaded quercetin affects the RAS–PI3K–AKT–mTOR signaling 
axis in colorectal cancer.

In this work, we used colorectal cancer models to examine 
the anticancer potential and underlying molecular mechanisms 
of a chitosan-based delivery system encapsulating quercetin. 
We postulated that by reducing RAS-driven activation of the 
PI3K–AKT–mTOR signaling cascade, chitosan-mediated nano-
encapsulation would improve quercetin’s antiproliferative activ-
ity. In order to test this idea, we used an integrated experimen-
tal method that combined mechanistic investigations utilizing 
Western blotting and immunohistochemistry with functional 
tests such as cell viability and flow cytometry-based apoptosis 
and cell-cycle analysis. Our results encourage the development 
of chitosan-based phytomedicinal techniques that target onco-
genic signaling pathways in colorectal cancer and offer mecha-
nistic insight into nano-enabled quercetin delivery.

Materials and methods

Chemicals, reagents, and apparatus

Quercetin analytical standard (≥98% purity), low-molecular-
weight chitosan (degree of deacetylation ≥85%), sodium Tripoly-
phosphate (TPP), acetic acid, ethanol, methanol, dimethyl sulf-
oxide (DMSO), MTT reagent, annexin V–FITC/propidium iodide 
apoptosis detection kit, and protease/phosphatase inhibitor 
cocktails were obtained from standard commercial suppliers. 
Primary antibodies against RAS family proteins, PI3K, phosphor-
ylated and total AKT, phosphorylated and total mTOR, and β-actin 
were purchased from validated manufacturers. Cell culture me-
dia, fetal bovine serum, antibiotics, and other routine reagents 
were of cell culture or analytical grade. Dynamic light scattering 
measurements were performed using a particle size analyzer. 
Flow cytometry was conducted using a multi-color flow cytom-
eter. Western blot analysis employed standard electrophoresis 
and chemiluminescence detection systems. Electron micros-
copy was used for nanoparticle morphological assessment.

Plant collection, authentication, and preparation

During the rainy season in 2025, fresh leaves of Lantana ca-
mara L. were gathered from their natural habitat early in the 
morning during the wet season. A voucher specimen with the 
number UMM/FPH/VEB/002 was placed in an institutional her-
barium for future reference after the plant was verified by tax-
onomist Dr. C.A. Ukwubile. The collected leaves were air-dried 
at room temperature in the shade for two weeks to maintain 
phytochemical integrity after being properly cleaned with dis-
tilled water to eliminate dirt. A mechanical grinder was used 
to grind the dried plant material into a fine powder, which was 
then weighed and kept in airtight containers until extraction. A 
hydro-ethanolic (30:70) solvent was used to extract powdered 
materials while they were continuously stirred for 72 hours at 
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room temperature. To create a crude extract for additional puri-
fication, the extract was filtered, condensed under low pressure 
using a rotary evaporator, and then dried.

Isolation and purification of quercetin

Chromatographic methods were used to separate quercetin 
from the crude plant extract. The extract was eluted using in-
creasingly polar solvent systems after being subjected to column 
chromatography on silica gel. Using the proper mobile phases, 
thin-layer chromatography was used to monitor the fractions, 
which were then visible under UV light. Repeated chromatogra-
phy was used to further purify fractions that showed chromato-
graphic features compatible with quercetin until a single spot 
appeared on TLC. For later characterization and formulation re-
search, the isolated chemical was dried and kept at -20°C [19,20].

Characterization of the bioactive compound

The isolated compound was characterized using comple-
mentary spectroscopic and spectrometric techniques to con-
firm its identity as quercetin. First, ultraviolet–visible (UV–Vis) 
spectroscopy was conducted to determine characteristic ab-
sorption peaks in the 200–400 nm range, with expected max-
ima consistent with flavonoid structures. Fourier-Transform In-
frared (FTIR) spectroscopy was performed to identify functional 
groups, including characteristic hydroxyl and carbonyl stretch-
ing bands [21,22]. A high-resolution Quadrupole Time-of-Flight 
(QTOF) instrument operating in negative Electrospray Ionization 
(ESI−) mode was used to perform Liquid Chromatography–Mass 
Spectrometry (LC–MS) for mass-based confirmation, scanning 
from m/z 50–1000. A C18 reverse-phase column with a water–
acetonitrile gradient containing 0.1% formic acid was used for 
the chromatographic separation. As previously reported for 
quercetin and its derivatives in plant extracts by LC-HRMS stud-
ies, the observed molecular ion peak at m/z is compatible with 
quercetin’s theoretical molar mass (~302 Da) and fragmenta-
tion pattern, offering molecular-level confirmation of the flavo-
noid skeleton [22].

For structural clarification, Nuclear Magnetic Resonance 
(NMR) spectroscopy was employed. Using deuterated Dimethyl 
Sulfoxide (DMSO-d6) as the solvent at 298 K, 1H and 13C NMR 
spectra were obtained on an 800 MHz NMR spectrometer. Ac-
cording to established spectral assignments and the known 
flavonol structure, typical quercetin signals were found in the 
aromatic region for 1H NMR (δ ~6.2–7.7 ppm) and correspond-
ing carbon resonances in 13C NMR. Quercetin’s identification 
was further confirmed by the existence of downfield phenolic 
hydroxyl proton signals. The molecular structure and substitu-
tion pattern of quercetin were validated by the combination of 
precise mass data from LC-MS and NMR chemical shifts [23,24].

Preparation of chitosan-loaded quercetin nanoparticles

With a few modest adjustments, the ionic gelation process 
previously described was used to create chitosan-loaded quer-
cetin nanoparticles [25]. After dissolving 2 mg/mL of chitosan in 
1% (v/v) acetic acid, the pH was brought between 4.8 and 5.0. 
After dissolving quercetin in ethanol, it was gradually added to 
the chitosan solution while being continuously stirred. At room 
temperature, TPP solution (1 mg/mL) was gradually added at a 
mass ratio of 4:1 between chitosan and TPP while being con-
tinuously stirred. Chitosan and TPP interacted electrostatically 
to produce nanoparticles. After 30 more minutes of stirring, the 
mixture was centrifuged, cleaned to get rid of any unencapsu-
lated quercetin, and lyophilized for subsequent research.

Physicochemical characterization

Particle size measurement

Quercetin-loaded chitosan nanoparticles’ physicochemi-
cal characteristics were methodically described. Dynamic light 
scattering (DLS) was used to assess the particle size distribution, 
Polydispersity Index (PDI), and zeta potential (Zetasizer Nano 
series, Malvern Instruments). To prevent multiple scattering ef-
fects, nanoparticle suspensions were suitably diluted with de-
ionized water before testing. Each measurement was done in 
triplicate at 25°C, and the mean ± standard deviation was used 
to express the results [25]. 

Morphological examination

Electron microscopy was used to analyze the surface proper-
ties and morphology of nanoparticles. Particle shape, surface 
texture, and dispersion homogeneity were evaluated by air-
drying and imaging a drop of diluted nanoparticle suspension 
on a carbon-coated copper grid [26].

Entrapment efficiency

 By measuring the amount of unencapsulated quercetin in 
the supernatant following nanoparticle centrifugation, Encap-
sulation Efficiency (EE%) and Drug Loading (DL%) were indirectly 
calculated. Using a previously developed calibration curve, the 
concentration of free quercetin was determined spectrophoto-
metrically at 370 nm. Based on the total amount of quercetin 
initially added and the amount that remained unencapsulated, 
established equations were used to compute encapsulation ef-
ficiency and drug loading [25,27].

Fourier-transform infrared (FTIR) spectroscopy

 To assess the chemical interactions between quercetin and 
chitosan and verify effective encapsulation, FTIR spectroscopy 
was used. Pure quercetin, blank chitosan nanoparticles, and 
quercetin-loaded nanoparticles all had FTIR spectra that fell 
between 4000 and 400 cm⁻¹. In order to detect intermolecular 
interactions like hydrogen bonding, shifts or modifications in 
distinctive absorption bands were examined [25].

In vitro drug release and drug kinetics

In vitro drug release and release kinetics were evaluated us-
ing a dialysis method under physiological conditions. Quercetin-
loaded nanoparticles were suspended in phosphate-buffered 
saline (PBS, pH 7.4) and maintained at 37 °C with constant 
agitation. At predetermined time intervals, aliquots were with-
drawn and replaced with fresh buffer. The amount of released 
quercetin was quantified spectrophotometrically at 370 nm. 
Cumulative release data were fitted to kinetic models, including 
zero-order, first-order, Higuchi, and Korsmeyer–Peppas models, 
to elucidate the mechanism of quercetin release from the chi-
tosan matrix [16,17,26,28].

Thermal stability analysis

Thermal stability and physicochemical integrity of the 
nanoparticles were assessed using thermal analysis. Differential 
Scanning Calorimetry (DSC) was performed to evaluate thermal 
transitions and possible changes in crystallinity following quer-
cetin encapsulation. Thermogravimetric Analysis (TGA) was 
conducted to assess thermal degradation patterns and stabil-
ity by recording weight loss as a function of temperature un-
der controlled heating conditions. Comparative analysis of pure 
quercetin, blank chitosan nanoparticles, and quercetin-loaded 
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nanoparticles was used to confirm improved thermal stability 
following nano-encapsulation [29,30].

Cell culture

In vitro tumor models were created using the human colorec-
tal cancer cell lines HCT116 and HT-29. A normal human colon 
epithelial cell line (NCM460) was used concurrently to assess 
the therapies’ biocompatibility and selectivity. Before being 
used, all cell lines were verified and acquired from a reputable 
cell bank. The cells were kept in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 100 U/mL penicillin, 100 
µg/mL streptomycin, and 10% (v/v) heat-inactivated Fetal Bo-
vine Serum (FBS). Cultures were kept in a humidified environ-
ment with 5% CO2 at 37°C. When cells reached about 70–80% 
confluence, they were subcultured using normal trypsinization 
techniques after being regularly checked for morphology and 
confluence. Before being exposed to test formulations for ex-
perimental treatments, cells were sown at the proper densi-
ties and given an overnight chance to adhere. Free quercetin, 
blank chitosan nanoparticles, and quercetin-loaded chitosan 
nanoparticles at specified doses and time intervals were used 
as treatments. Equivalent quantities of vehicle alone were given 
to control cells. To guarantee reproducibility, every experiment 
was conducted in triplicate [31].

Cell viability assay

The MTT assay was used to measure cell viability. Using 100 
µL of complete growth media, HCT116, HT-29, and NCM460 
cells were seeded into 96-well plates at a density of 5×10³ cells 
per well and left to adhere overnight. After attachment, cells 
were exposed to doses ranging from 5 to 100 µg/mL of free 
quercetin, blank chitosan nanoparticles, or quercetin-loaded 
chitosan nanoparticles. The vehicle-only medium was given 
to the control wells. Following 24, 48, and 72 hours of treat-
ment, each well received 10 µL of MTT solution (5 mg/mL in 
phosphate-buffered saline), which was then incubated for an 
extra 4 hours at 37°C. After carefully removing the culture me-
dia, the formazan crystals were completely dissolved by shaking 
them gently in 100 µL of Dimethyl Sulfoxide (DMSO). A micro-
plate reader was used to measure absorbance at 570 nm, with 
background adjustment at 630 nm. In comparison to untreated 
control cells, cell viability was expressed as a percentage. Non-
linear regression analysis was used to compute half-maximal 
inhibitory concentration (IC50) values and create dose-response 
curves [32-34]. Every experiment was carried out independent-
ly at least three times and in triplicate.

Flow cytometry analysis

Using flow cytometry, apoptosis and cell-cycle distribu-
tion were examined. In short, 6-well plates were seeded with 
HCT116 and HT-29 colorectal cancer cells at a density of 2×10³ 
cells per well, and the cells were left to adhere overnight. For a 
duration of 24 hours, cells were exposed to either free querce-
tin, blank chitosan nanoparticles, or quercetin-loaded chitosan 
nanoparticles at concentrations that matched their correspond-
ing IC50 values. As controls, untreated cells were used. Cells were 
extracted, twice cleaned with cold Phosphate-Buffered Saline 
(PBS), and then resuspended in binding buffer for apoptosis 
investigation. Following the manufacturer’s instructions, cells 
were stained with Propidium Iodide (PI) and annexin V-FITC and 
allowed to sit at room temperature in the dark for 15 minutes. 
In order to identify viable, early apoptotic, late apoptotic, and 
necrotic cell populations, samples were examined right away. 

Treated and control cells were frozen in 70% ice-cold ethanol 
and kept at −20°C for a minimum of 12 hours in order to per-
form cell-cycle analysis. The fixed cells were stained with prop-
idium iodide (50 µg/mL) for 30 minutes at room temperature 
in the dark after being rinsed with PBS and treated with RNase 
A (100 µg/mL). The distribution of cells across G0/G1, S, and 
G2/M phases was ascertained by analyzing DNA content. A BD 
FACSCantoTM II flow cytometer (BD Biosciences, USA) was used 
for flow cytometric collection, recording at least 10,000 events 
per sample. FlowJo software (version 10.8.1; BD Biosciences, 
USA) was used to analyze the data. Cell-cycle phase distribution 
and the fraction of apoptotic cells were quantitatively analyzed 
[34–36]. Every experiment was carried out three times.

Western blot analysis

Protease and phosphatase inhibitor cocktails (Sigma-Aldrich) 
were added to the radioimmunoprecipitation assay (RIPA) buf-
fer to recover total cellular protein from both treated and con-
trol cells. Protein concentrations were measured using a Bicin-
choninic Acid (BCA) protein assay kit in accordance with the 
manufacturer’s instructions after cell lysates were cleared by 
centrifugation at 12,000×g for 15 minutes at 4°C. Sodium Do-
decyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS–PAGE) 
was used to separate equal amounts of protein (30–40 µg per 
lane), which were then transferred onto Polyvinylidene Difluo-
ride (PVDF) membranes. For one hour at room temperature, 
membranes were blocked using either 5% non-fat dried milk 
or 5% bovine serum albumin in Tris-buffered saline with 0.1% 
Tween-20 (TBST). Membranes were incubated overnight at 4°C 
with the following primary antibodies: anti-RAS (Cell Signaling 
Technology, Cat. No. 3339, 1:1000), anti-PI3K p85 (Cell Signaling 
Technology, Cat. No. 4292, 1:1000), anti-phospho-AKT (Ser473) 
(Cell Signaling Technology, Cat. No. 4060, 1:1000), anti-total 
AKT (Cell Signaling Technology, Cat. No. 9272, 1:1000), anti-
phospho-mTOR (Ser2448) (Cell Signaling Technology, Cat. No. 
5536, 1:1000), anti-total mTOR (Cell Signaling Technology, Cat. 
No. 2983, 1:1000), and anti-β-actin (Cell Signaling Technology, 
Cat. No. 4970, 1:5000) [7,35].

To guarantee uniform protein loading and transfer efficiency 
throughout all samples, β-actin was employed as the internal 
loading control. Following TBST washing, membranes were 
incubated for one hour at room temperature with the proper 
horseradish peroxidase-conjugated secondary antibodies (anti-
rabbit IgG, Cell Signaling Technology, Cat. No. 7074, 1:5000). An 
Enhanced Chemiluminescence (ECL) detection system was used 
to visualize protein bands, and a chemiluminescence documen-
tation system was used to take pictures. Target protein expres-
sion levels were adjusted to β-actin using ImageJ software for 
densitometric analysis. Every experiment was carried out inde-
pendently at least three times and in triplicate [37,38].

Immunohistochemistry

Tumor tissue sections that were 4 µm thick and Formalin-
Fixed, Paraffin-Embedded (FFPE) were produced for immuno-
histochemical examination. After being deparaffinized in xy-
lene, sections were rehydrated using a series of graded ethanol 
solutions. Citrate buffer (10 mM, pH 6.0) and heat-induced 
epitope retrieval in a pressure cooker were used for antigen 
retrieval. In order to reduce nonspecific binding, endogenous 
peroxidase activity was quenched by incubation with 3% hy-
drogen peroxide and then blocked with normal serum. Primary 
antibodies that target important elements of the RAS–PI3K–
AKT–mTOR signaling cascade, such as RAS, phospho-AKT, and 
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phospho-mTOR, were added to sections and incubated over-
night at 4°C at optimum dilutions. Sections were treated with 
a horseradish peroxidase-conjugated secondary antibody using 
an EnVisionTM detection system (Dako, Agilent Technologies) 
after the primary antibody was incubated. 3,3′-Diaminobenzi-
dine (DAB) was used as the chromogen to visualize immuno-
reactivity, and hematoxylin was used as a counterstain. A Leica 
DM2000 LED light microscope (Leica Microsystems, Germany) 
with a digital camera was used to view and photograph immu-
nostained sections. The percentage of positively stained cells 
and staining intensity were used to semi-quantitatively rate the 
staining intensity and distribution in representative tumor loca-
tions. To reduce observer bias, all IHC studies were carried out 
in a blinded fashion [39-41].

Biodistribution analysis

Fluorescence-based imaging was used to assess the quer-
cetin-loaded chitosan nanoparticles’ in vivo biodistribution. In 
order to facilitate non-invasive tracking, nanoparticles were flu-
orescently labeled using a near-infrared fluorescent probe be-
fore being administered. Animals with tumors were randomly 
randomized to treatment groups and given an intravenous in-
jection of either free fluorescent probe or fluorescently labeled 
chitosan nanoparticles loaded with quercetin at an equivalent 
dose. Whole-body imaging was carried out utilizing an in vivo 
imaging system (IVIS Spectrum, PerkinElmer, USA) under isoflu-
rane anesthesia at predefined time intervals following delivery 
(1, 6, 12, 24, and 48 hours). Standardized excitation and emis-
sion filter settings were used to get fluorescence signals, and 
the distribution and accumulation of nanoparticles in tumors 
and key organs were evaluated using image analysis [16,42,43]. 

Major organs, such as the liver, spleen, kidneys, lungs, heart, 
and tumor tissues, were removed for ex vivo fluorescence imag-
ing after the animals were put to sleep. Living Image software 
was used to quantify the fluorescence intensity and create Re-
gions of Interest (ROIs) for each organ. In order to compare free 
and nano-encapsulated formulations, biodistribution was rep-
resented as radiant efficiency or fluorescence intensity per unit 
area. This investigation gave insight into the improved delivery 
capability of the nanocarrier system by assessing the tumor-
targeting effectiveness, systemic dispersion, and preferential 
accumulation of quercetin-loaded nanoparticles in comparison 
to free quercetin.

Experimental animals and ethical consideration

For in vivo research, male BALB/c nude mice weighing 20–
25g and aged 6–8 weeks were utilized. The animals were kept 
in typical laboratory settings with free access to food and wa-
ter, a 12-hour light/dark cycle, a temperature of 22±2°C, and 
a relative humidity of 55±10%. The Institutional Animal Ethics 
Committee authorized all experimental procedures, which were 
carried out in compliance with institutional norms for the use 
and care of laboratory animals.

Tumor xenograft establishment

HCT116 cells were collected during the exponential growth 
phase, cleaned, and resuspended in sterile phosphate-buffered 
saline in order to create a colorectal cancer xenograft model. 
One hundred microliters of viable HCT116 cells were subcuta-
neously injected into each mouse’s right flank. Digital calipers 
were used to track the growth of the tumor, and the following 
formula was used to determine the tumor volume [44-46]: 

V = (length × width²)/2.			  (1)

Treatment was initiated when tumors reached an average 
volume of approximately 100–120 mm³.

Oral treatment protocol

Tumor-bearing mice were randomly allocated into four 
experimental groups (n = 6 per group):

(i) vehicle control (0.5% carboxymethylcellulose),

(ii) free quercetin (50 mg/kg body weight),

(iii) blank chitosan nanoparticles (administered at an equiva-
lent nanoparticle mass), and

(iv) quercetin-loaded chitosan nanoparticles (equivalent to 
50 mg/kg body weight of quercetin).

Blank chitosan nanoparticles were given at an equivalent 
nanoparticle mass, whereas free quercetin and quercetin-
loaded chitosan nanoparticles were given orally by gavage at 
an equivalent quercetin dose of 50 mg/kg body weight. For 21 
days in a row, each treatment was administered once daily. To 
guarantee consistent dosage and stability, all formulations were 
made fresh and suspended in 0.5% Carboxymethylcellulose 
(CMC). Based on earlier research showing quercetin’s safety 
and antitumor activity after oral administration, as well as the 
capacity of chitosan nanoparticles to improve gastrointestinal 
stability and bioavailability, the chosen dosage and oral route 
were chosen [44].

Evaluation of tumor growth and body weight

Throughout the course of treatment, body weight and tu-
mor dimensions were noted every three days. By comparing 
the tumor volumes at the conclusion of treatment between 
groups, tumor growth inhibition was computed. Changes in 
body weight were tracked as a measure of oral tolerance and 
systemic toxicity.

Terminal sample collection

Animals were put to death under anesthesia at the conclu-
sion of the treatment period. In order to assess modification of 
the RAS–PI3K–AKT–mTOR signaling pathway, tumors were re-
moved, weighed, and prepared for subsequent investigations, 
such as Western blotting and immunohistochemistry. The liver, 
kidneys, spleen, heart, and lungs were among the major organs 
that were gathered for histological analysis and toxicity evalu-
ation.

Toxicity evaluation of quercetin-loaded chitosan nanopar-
ticles

To determine the biocompatibility and safety profile of 
quercetin-loaded chitosan nanoparticles, their systemic toxicity 
was assessed in vivo. Quercetin-loaded chitosan nanoparticles, 
free quercetin, blank chitosan nanoparticles, or vehicle control 
were given to tumor-bearing animals at therapeutically relevant 
doses via the specified route of administration after they were 
randomly assigned to treatment and control groups. Over the 
course of the experiment, treatments were administered in 
compliance with institutional ethical standards. Every day, the 
animals’ body weight, food consumption, grooming habits, and 
any indications of toxicity or suffering were tracked. To evaluate 
the systemic effects of treatment, body weights were measured 
on a regular basis and compared between groups. Blood samples 
were taken for hematological and serum biochemical tests after 
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the animals were put to death at the conclusion of the treat-
ment period. Hepatic and renal function were assessed by mea-
suring important markers such as urea, creatinine levels, aspar-
tate aminotransferase, and alanine aminotransferase [45-47].

For histological analysis, major organs such as the liver, kid-
neys, heart, lungs, and spleen were removed, fixed in 10% neu-
tral-buffered formalin, embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin. Under a microscope, tissue 
sections were inspected for signs of necrosis, cellular deteriora-
tion, inflammation, or other pathological changes. To find out 
if nano-encapsulation reduced systemic negative effects, the 
toxicity profile of quercetin-loaded chitosan nanoparticles was 
compared to that of free quercetin and control groups.

Statistical analysis

Data were expressed as mean ± SD (n=3 repetitive readings). 
The value of p < 0.05 or p < 0.01 was considered significant us-
ing one-way ANOVA followed by Tukey’s post hoc test. Statisti-
cal analysis was performed using GraphPad Prism version 9.

Results

Isolation and purification of quercetin

Column chromatography on silica gel was used to successful-
ly separate quercetin from the crude plant extract. Thin-Layer 
Chromatography (TLC) was used to monitor the various frac-
tions that were produced by gradient elution using more polar 
solvents. For additional purification, fractions having retention 
factor (Rf) values consistent with standard quercetin (Rf ≈ 0.55 in 
chloroform: methanol; 9:1) and a single spot under Ultraviolet 
(UV) light at 254 and 366 nm were combined (Figure 1A and B). 
These pooled fractions underwent repeated column chroma-
tography, which confirmed the isolated compound’s high purity 
by producing a single, distinct spot-on TLC. Purified quercetin 
was obtained as a yellow crystalline powder that was stable at 
-20 °C. It was then utilized for the creation of nanoparticles and 
physicochemical characterization. The total yield of purified 
quercetin from the crude extract was roughly 2.8 ± 0.2% (w/w) 
(Figure 1C), which is consistent with yields from comparable 
plant sources that have been reported [3,4]. The isolated com-
pound’s potential for additional analytical and biological evalua-
tion was supported by visual inspection and TLC analysis, which 
showed that it was free of detectable impurities (Figure 1A-C).

Characterization of the bioactive compound

The purified compound was characterized using comple-
mentary spectroscopic and spectrometric techniques to con-
firm its identity as quercetin. 

UV–visible spectroscopy: The isolated compound’s UV-Vis 
spectra showed distinctive absorption maxima at 256 and 370 
nm (Figure 2A), which are in line with the conjugated π–π* tran-
sitions of the A and B rings of flavonols. These maxima show 
that the flavonoid backbone of quercetin has been preserved, 
which is consistent with reported values [5,6].

Fourier-transform infrared (FTIR) spectroscopy: FTIR exami-
nation showed significant absorption bands at about 3400 cm⁻¹ 
for the O–H stretching of phenolic hydroxyl groups, 1660 cm⁻¹ 
for the C=O stretching of the carbonyl group, and additional 
peaks at 1600–1450 cm⁻¹ for aromatic C=C stretching (Figure 
2B). According to the structure of quercetin, the FTIR profile 
verified the existence of distinctive functional groups of flavo-
nols [7].

Liquid chromatography–mass spectrometry (LC–MS): A 
quadrupole time-of-flight (QTOF) mass spectrometer operat-
ing in negative Electrospray Ionization (ESI−) mode was used 
for high-resolution LC–MS analysis, scanning from m/z 50–1000 
(Figure 2C). A C18 reverse-phase column with a water–aceto-
nitrile gradient containing 0.1% formic acid was used for chro-
matographic separation. In accordance with the theoretical mo-
lar mass of quercetin (~302 Da), the isolated molecule showed 
a molecular ion peak at m/z 301.03 [M–H]⁻. The flavonoid skel-
eton was further supported by fragmentation patterns, such as 
the typical loss of CO and CO₂ units. Quercetin was definitively 
confirmed at the molecular level by the precise mass measure-
ment and MS/MS spectra [8,9].

Nuclear magnetic resonance (NMR) spectroscopy: Using ¹H 
and ¹³C NMR spectroscopy on an 800 MHz NMR spectrometer 
with DMSO-d6 as the solvent at 298 K, structural elucidation 
was carried out. ¹H NMR spectra revealed aromatic proton sig-
nals in the δ 6.2–7.7 ppm range, which are consistent with the 
B-ring and A-ring protons of quercetin. Between δ 9.0 and 12.5 
ppm, signals related to downfield phenolic hydroxyl protons 
were detected (Figure 2D).C NMR spectra showed resonances 
at δ 93–178 ppm that matched known assignments for querce-
tin and corresponded to the conjugated C=O carbonyl and aro-
matic carbons. The substitution pattern and flavonol framework 
were validated by the combination of ¹H and ¹³C chemical shifts 
[10,11].

When combined, these complementary methods—UV-Vis, 
FTIR, LC-MS, and NMR—confirmed the isolated compound’s 
identification, purity, and structural integrity as quercetin, con-
firming its appropriateness for further biological research and 
nanoparticle manufacturing.

Physicochemical characterization

To verify successful formation, stability, and appropriateness 
for biological applications, the physicochemical characteristics 
of quercetin-loaded chitosan nanoparticles were thoroughly as-
sessed. Quercetin-loaded chitosan nanoparticles showed a na-
noscale particle size distribution with a limited dispersity, indi-
cating homogeneous particle production, according to Dynamic 
Light Scattering (DLS) studies. The polydispersity index (PDI < 
0.3) indicated a homogeneous population of nanoparticles, and 
the mean hydrodynamic diameter was within the ideal range 
for cellular uptake. Quercetin was successfully incorporated 
into the polymeric matrix, as seen by the somewhat lower aver-
age size of blank chitosan nanoparticles (Figure 3A).

Zeta potential studies revealed that quercetin-loaded 
nanoparticles had a positive surface charge, which was caused 
by chitosan’s protonated amino groups. Because of electro-
static repulsion, the positive zeta potential indicated strong col-
loidal stability and is advantageous for contact with negatively 
charged cell membranes. The addition of quercetin caused 
a slight decrease in surface charge in comparison to blank 
nanoparticles, suggesting that the encapsulated molecule par-
tially shielded the surface while preserving overall stability (Fig-
ure 3A). The nanoparticles were mostly spherical, had a smooth 
surface morphology, were uniformly dispersed, and showed no 
signs of aggregation, according to an electron microscopy study 
(Figure 3B). The successful creation of well-defined chitosan-
based nanoparticles was further confirmed by the measured 
particle size via microscopy, which agreed with DLS results.
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By quantifying the amount of unencapsulated quercetin in 
the supernatant, encapsulation efficiency and drug loading were 
indirectly measured. Strong affinity between quercetin and the 
chitosan matrix was demonstrated by the excellent encapsula-
tion effectiveness of quercetin-loaded chitosan nanoparticles. 
The drug loading capacity was adequate to allow for efficient 
administration while preserving the stability of the nanopar-
ticles. These findings suggest that quercetin can be effectively 
encapsulated in chitosan nanoparticles via ionic gelation.

Quercetin encapsulation and interaction with chitosan were 
demonstrated at the molecular level by FTIR spectroscopy. 
Quercetin-loaded nanoparticles’ FTIR spectra showed distinc-
tive absorption bands that matched both chitosan and quer-
cetin. The establishment of hydrogen bonding connections be-
tween quercetin hydroxyl groups and chitosan amino groups is 
suggested by the notable changes and expansion of the O–H 
and N–H stretching bands. Instead of just physical mixing, effec-
tive inclusion inside the polymeric network was further demon-
strated by the attenuation of distinctive quercetin peaks (Figure 
3C).

Studies on drug release in vitro revealed a biphasic release 
characteristic with a burst release at first, followed by a con-
trolled and prolonged release of quercetin over time. Diffusion 
of quercetin from the chitosan matrix is reflected in the extend-
ed-release phase, while surface-associated quercetin is respon-
sible for the initial release phase. The release data best suited 
the Higuchi and Korsmeyer-Peppas models, according to kinetic 
modeling, suggesting a diffusion-controlled release mechanism 
with polymer relaxation influencing drug release behavior (Fig-
ure 3D; Table 1). The formulated chitosan NPs also showed high 
yield, swelling index, and cumulative drug release (Table 2)

The improved physicochemical stability of quercetin follow-
ing nano-encapsulation was further validated by thermal analy-
sis. The distinctive melting endotherm of crystalline quercetin 
was either absent or broadened in the nanoparticle formula-
tion, according to Differential Scanning Calorimetry (DSC) ther-
mograms, indicating molecular dispersion of quercetin inside 
the chitosan matrix (Figure 3E). When compared to free quer-
cetin, quercetin-loaded nanoparticles showed better thermal 
stability and a delayed commencement of thermal degradation, 
according to Thermogravimetric Analysis (TGA) (Figure 3F). 
These results suggest that quercetin’s physicochemical robust-
ness is improved, and it is shielded from thermal degradation 
by nano-encapsulation. The successful formulation of stable, 
uniformly sized quercetin-loaded chitosan nanoparticles with 
high encapsulation efficiency, controlled release behavior, and 
improved thermal stability is confirmed by these physicochemi-
cal characterization results taken together, supporting their use 
in targeted colorectal cancer therapy.

Cell viability assay

Using NCM460 normal colon epithelial cells as a non-ma-
lignant control, the antiproliferative effects of free quercetin, 
blank chitosan nanoparticles, and quercetin-loaded chitosan 
nanoparticles were assessed in HCT116 and HT-29 colorectal 
cancer cells (Figure 4A–C). While there was little cytotoxic-
ity shown in normal cells, treatment with quercetin formula-
tions clearly reduced the viability of cancer cells in a dose- and 
time-dependent manner. Free quercetin had mild cytotoxic 
effects on HCT116 cells, as seen in Figure 4A, with IC50 values 
of 62.4±3.8 µg/mL, 41.7±2.9 µg/mL, and 28.6±2.1 µg/mL at 
24, 48, and 72 hours, respectively. Quercetin-loaded chitosan 

nanoparticles, on the other hand, greatly increased growth in-
hibition, resulting in significantly lower IC50 values of 34.9±2.6 
µg/mL (24 h), 19.8±1.7 µg/mL (48 h), and 11.3±1.2 µg/mL (72 h) 
(p<0.05 against free quercetin at corresponding time intervals) 
(Table 3).

Similar trends were seen in HT-29 cells (Figure 4B), which 
generally showed somewhat lower sensitivity than HCT116 
cells. At 24, 48, and 72 hours, free quercetin showed IC50 values 
of 71.2±4.5 µg/mL, 49.6±3.3 µg/mL, and 33.8±2.4 µg/mL, re-
spectively. The cytotoxic efficacy was significantly enhanced by 
quercetin-loaded chitosan nanoparticles, which decreased IC50 
values to 42.6±3.1 µg/mL (24 h), 24.7±2.0 µg/mL (48 h), and 
14.9±1.5 µg/mL (72 h) (p <0.05) (Table 3). The biocompatibility 
of the carrier system was confirmed by the fact that blank chi-
tosan nanoparticles showed no discernible cytotoxicity in either 
cancer cell type over the measured dose range. Crucially, after 
treatment, NCM460 normal colon epithelial cells maintained 
good vitality (Figure 4C). Cell viability remained above 80% even 
at the highest tested dose, demonstrating preferential toxicity 
towards malignant cells. Both free quercetin and quercetin-
loaded nanoparticles demonstrated IC50 values surpassing 100 
µg/mL at all time periods. All of these results show that quer-
cetin’s antiproliferative effect against colorectal cancer cells is 
greatly increased by nano-encapsulation, while normal colon 
epithelial cells are spared. The higher cellular absorption and 
prolonged intracellular drug release of quercetin-loaded chito-
san nanoparticles are commensurate with their improved effi-
cacy, offering a solid functional foundation for further mecha-
nistic and in vivo studies.

Apoptosis and cell-cycle analysis

Flow cytometry was used to assess apoptosis and cell-cycle 
distribution in HCT116 and HT-29 colorectal cancer cells in or-
der to explore the mechanism behind the increased cytotoxicity 
of quercetin-loaded chitosan nanoparticles (QCT-CSNPs) (Figure 
5A–F). When cells treated with QCT-CSNPs were compared to 
free quercetin and blank chitosan nanoparticles, apoptosis ex-
amination using annexin V–FITC/Propidium Iodide (PI) labeling 
revealed a significant increase in early and late apoptotic popu-
lations (Figure 5A–C). Total apoptosis in HCT116 cells rose from 
14.2±1.3% with free quercetin (50 µg/mL, 48 h) to 38.7±2.5% 
with QCT-CSNPs at the same concentration and time point 
(p<0.05). Similar trends were seen in HT-29 cells, where total 
apoptotic populations increased from 11.8±1.1% to 33.4±2.2% 
after nanoparticle treatment. Blank CSNPs caused very little 
apoptosis (less than 5%), demonstrating the biocompatibility 
of the carrier system. These results indicate that encapsulation 
of quercetin significantly enhances its pro-apoptotic effect in 
colorectal cancer cells.

QCT-CSNP administration caused G₂/M phase arrest in both 
HCT116 and HT-29 cells, according to cell-cycle analysis (Figure 
5D–F). Following QCT-CSNP treatment, the percentage of cells 
in G₂/M in HCT116 cells increased from 18.6±1.5% in untreated 
controls to 42.3±2.8%, but free quercetin produced a lower in-
crease to 28.1±2.0%. HT-29 cells showed a similar G₂/M arrest 
(control: 16.9±1.4%; QCT-CSNP: 39.1±2.5%). The observed re-
duction of proliferation and increased vulnerability to apopto-
sis are probably caused by this cell concentration at the G₂/M 
checkpoint. Together, these flow cytometry findings show that 
quercetin-loaded chitosan nanoparticles more successfully in-
duce cell-cycle arrest and death than pure quercetin, which is 
in line with the lower IC50 values seen in the MTT assay (Figure 
4A–C). The combination of increased absorption by cells, sus-
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tained release, and targeted delivery provided by the nanopar-
ticle formulation underlies these superior anticancer effects.

Quercetin-loaded CSNPs inhibit the RAS–PI3K–AKT–mTOR 
signaling axis in colorectal cancer cells

We used Western blotting and immunohistochemistry to 
examine the expression and activation status of important el-
ements of the RAS–PI3K–AKT–mTOR pathway in HCT116 and 
HT-29 cells in order to clarify the molecular mechanisms under-
lying the increased cytotoxicity of Quercetin-loaded Chitosan 
Nanoparticles (QCT-CSNPs) (Figure 6A–D). When compared to 
free quercetin at equivalent dosages (50 µg/mL, 48 h), Western 
blot analysis showed that treatment with QCT-CSNPs consider-
ably lowered total RAS protein levels and markedly decreased 
the phosphorylation of AKT (Ser473) and mTOR (Ser2448) (Fig-
ure 6A, B). In HCT116 cells treated with QCT-CSNPs, densito-
metric measurement, adjusted to β-actin, revealed a ~60% drop 
in p-AKT and ~55% reduction in p-mTOR compared to a ~30% 
reduction with free quercetin (p<0.05). HT-29 cells showed sim-
ilar patterns, suggesting that nano-encapsulation significantly 
improves route inhibition. Equal protein loading was confirmed 
by the little drop in total PI3K levels and the stability of β-actin 
levels. The signaling profile was unaffected by blank chitosan 
nanoparticles, indicating that quercetin administration is re-
sponsible for the observed effects.

These results were confirmed in situ by immunohistochemi-
cal examination (Figure 6C & D). When compared to free quer-
cetin, HCT116 and HT-29 cells treated with QCT-CSNPs showed 
significantly decreased immunoreactivity for RAS, p-AKT, and 
p-mTOR, as well as lower staining intensity and fewer positively 
labeled cells. The staining of cells treated with blank CSNPs was 
similar to that of controls. Significant decreases in RAS–PI3K–
AKT–mTOR activity were confirmed by quantitative scoring of 
immunostaining (p<0.05). Crucially, the elevated apoptosis and 
G₂/M arrest shown by flow cytometry correspond with the re-
ported suppression of this vital proliferative and survival path-
way (Figure 5). A mechanistic explanation for the decreased IC₂₀ 
values and selective anticancer action of QCT-CSNPs in the MTT 
experiment can be found in the downregulation of RAS and sup-
pression of downstream AKT/mTOR phosphorylation (Figure 4). 
All of these findings suggest that quercetin’s capacity to target 
the RAS–PI3K–AKT–mTOR axis is enhanced by nanoformula-
tion, which disrupts oncogenic signaling and encourages pro-
grammed cell death in colorectal cancer cells.

Biodistribution analysis

To ascertain the systemic distribution and tumor-targeting 
effectiveness of quercetin-loaded chitosan nanoparticles in 
tumor-bearing mice, their in vivo biodistribution was examined. 
Following treatment, near-infrared whole-body fluorescence 
imaging demonstrated distinct temporal and spatial differenc-
es between quercetin-loaded chitosan nanoparticles and free 
quercetin (fluorescent probe). Animals given free fluorescent 
probe showed quick systemic distribution with strong early sig-
nals in highly perfused organs, especially the liver and kidneys, 
within 1-6 hours after treatment, according to IVIS imaging. By 
24 hours, these signals had significantly decreased, suggesting 
quick clearance and little tumor retention. Mice given fluores-
cently labeled quercetin-loaded chitosan nanoparticles, on the 
other hand, showed a persistent fluorescence signal over time, 
gradually building up near the tumor location. Interestingly, 
tumor-associated fluorescence appeared as early as 6 hours af-
ter treatment, peaked at 24 hours, and persisted for 48 hours, 

indicating extended circulation and improved tumor retention 
of the nanoparticle formulation (Figure 7A-D).

At all time periods after 6 hours, mice treated with querce-
tin-loaded chitosan nanoparticles had considerably higher fluo-
rescence intensity within their tumors than those treated with 
free quercetin, according to quantitative Region-of-Interest 
(ROI) analysis (p<0.05) (Figure 7A). These results were further 
supported by ex vivo fluorescence imaging of removed organs 
at the terminal time point. While free quercetin is primarily lo-
calized to the liver and kidneys, which is consistent with quick 
hepatic metabolism and renal clearance, tumor tissues from 
the nanoparticle-treated group showed noticeably increased 
fluorescence intensity (Figure 7C & D). The tumor-to-organ 
fluorescence ratio was much higher for quercetin-loaded chi-
tosan nanoparticles than for pure quercetin, even though some 
nanoparticle-associated fluorescence was seen in the liver and 
spleen, indicating absorption by the reticuloendothelial system 
(Figure 7D). The chitosan-based carrier’s nanoscale size, posi-
tive surface charge, and extended systemic circulation are re-
sponsible for this increased tumor accumulation. These factors 
work together to enable passive tumor targeting through the 
Enhanced Permeability and Retention (EPR) effect.

Overall, the biodistribution results show that quercetin’s in 
vivo delivery profile is significantly improved by chitosan-me-
diated nano-encapsulation, which promotes preferred tumor 
accumulation, decreased off-target distribution, and sustained 
retention at the tumor site. These results underpin the im-
proved anticancer activity observed in subsequent therapeutic 
and mechanistic investigations and provide compelling in vivo 
evidence for the higher delivery efficiency of quercetin-loaded 
chitosan nanoparticles.

Experimental animals and ethical consideration

Throughout the trial, every animal maintained its health, 
and no procedure-related deaths were noted. The mice’s activ-
ity, grooming, and food habits were all typical, and the housing 
circumstances were well tolerated. No unanticipated adverse 
effects were noted during tumor induction, oral therapy, or ter-
minal procedures, and all experimental interventions adhered 
to institutional ethical guidelines.

Tumor xenograft establishment

All animals that received a subcutaneous injection of 
HCT116 cells had effective tumor engraftment. Within 9 days of 
inoculation, palpable tumors appeared and grew steadily. With 
little variation between animals, tumors achieved the predeter-
mined treatment initiation volume of roughly 100–120 mm³, 
allowing for consistent randomization into treatment groups. 
Over the course of the study, tumor growth in vehicle-treated 
mice followed an exponential trend, demonstrating the xeno-
graft model’s resilience (Figure 8).

Effect of oral treatments on tumor growth

When quercetin-loaded chitosan nanoparticles were admin-
istered orally, tumor development was significantly suppressed 
in comparison to vehicle control, free quercetin, and blank chi-
tosan nanoparticle groups. In mice treated with quercetin-load-
ed nanoparticles, tumor volume assessments showed a time-
dependent reduction of tumor development, with significant 
differences starting on day 12 (p<0.05). Mice given quercetin-
loaded chitosan nanoparticles showed the biggest decrease in 
tumor weight and volume at the conclusion of the 21-day treat-
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ment period. When compared to the vehicle control, the anti-
cancer impact of free quercetin was somewhat but significantly 
lower, and the growth of tumors was not significantly affected 
by blank chitosan nanoparticles (Figure 9). These results sug-
gest that quercetin’s oral anticancer effectiveness is significantly 
increased by nano-encapsulation.

Body weight and oral tolerability

Over the course of the trial, body weight monitoring showed 
no discernible variations between treatment groups. When 
quercetin-loaded chitosan nanoparticles were administered to 
mice, body weights remained constant, similar to those of the 
vehicle and blank nanoparticle controls. Additionally, there was 
no discernible weight loss following free quercetin administra-
tion. Good oral tolerability is shown by the lack of treatment-
related weight loss, which also implies that the anticancer ef-
fects were not linked to systemic toxicity (Figure 10A). As shown 
in Figure 10B, oral administration of quercetin-loaded chitosan 
nanoparticles resulted in a pronounced reduction in final tu-
mor weight compared with all other groups. Mice treated with 
quercetin-loaded chitosan nanoparticles exhibited a significant 
decrease in tumor mass relative to vehicle control (p<0.01), in-
dicating enhanced antitumor efficacy. Free quercetin also pro-
duced a moderate but significant reduction in tumor weight 
compared with the vehicle group (p<0.05), whereas blank 
chitosan nanoparticles did not elicit a significant effect. These 
results demonstrate that chitosan-based nano-encapsulation 
markedly potentiates the in vivo antitumor activity of quercetin 
following oral administration (Figure 10A & B).

Terminal tumor characteristics and tissue collection

At study termination, tumors excised from quercetin-loaded 
chitosan nanoparticle–treated mice were visibly smaller and 
weighed significantly less than those from control and free 
quercetin groups (p<0.05). Excised tumor tissues were of uni-
form consistency and suitable for downstream molecular analy-
ses. Tumors and major organs were successfully processed for 
Western blotting, immunohistochemistry, and histopathologi-
cal evaluation, enabling a comprehensive assessment of thera-
peutic efficacy and the mechanism of action (Figure 11A-D).

Toxicity evaluation of quercetin-loaded chitosan nanopar-
ticles

No overt signs of systemic toxicity were observed in any 
treatment group during the study period. Daily monitoring re-
vealed normal behavior, feeding, and grooming patterns in mice 
treated with quercetin-loaded chitosan nanoparticles. Body 
weight trajectories remained comparable across all groups. Se-
rum biochemical analyses demonstrated that hepatic (ALT, AST) 
and renal (urea, creatinine) function parameters in quercetin-
loaded nanoparticle–treated mice remained within normal 
physiological ranges and did not differ significantly from vehicle 
or blank nanoparticle controls. Free quercetin treatment also 
did not induce clinically relevant biochemical alterations (Figure 
12). Histopathological examination of major organs, including 
the liver, kidneys, heart, lungs, and spleen, revealed preserved 
tissue architecture with no evidence of inflammation, necrosis, 
or degenerative changes in mice treated with quercetin-loaded 
chitosan nanoparticles (Figure 13). These findings indicate that 
nano-encapsulation did not elicit detectable organ toxicity and 
may mitigate potential systemic adverse effects associated with 
free quercetin administration.

Figure 1: Isolation and purification of quercetin from plant ex-
tract. (A) TLC profile of crude extract and purified fractions. Lanes 
1–3: Crude extract fractions showing multiple spots under UV light 
(254 nm). Lanes 4–5: Pooled fractions after column chromatog-
raphy, showing a single spot corresponding to quercetin. Lane 6: 
Standard quercetin (Rf ≈ 0.55). (B) Rf values and visualization under 
UV (254 and 366 nm). Rf values for the purified fractions matched 
the standard quercetin. (C) Yield of purified quercetin. Bar graph 
showing the mean yield of quercetin from three independent ex-
tractions (2.8±0.2% w/w).

Figure 2: Characterization of isolated quercetin by spectro-
scopic and spectrometric techniques. (A) UV–Vis spectrum show-
ing absorption maxima at 256 nm and 370 nm, characteristic of the 
flavonol structure. (B) FTIR spectrum highlighting O–H stretching 
(~3400 cm⁻¹), C=O stretching (~1660 cm⁻¹), and aromatic C=C vibra-
tions (1600–1450 cm⁻¹). (C) LC–MS spectrum obtained in negative 
ESI mode, showing molecular ion peak at m/z 301.03 [M–H] ⁻ and 
major fragment ions corresponding to CO and CO₂ losses. (D) NMR 
spectra (¹H and ¹³C) showing aromatic proton signals (δ 6.2–7.7 
ppm), phenolic hydroxyl protons (δ 9.0–12.5 ppm), and corre-
sponding ¹³C resonances, confirming the structure of quercetin.
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Figure 3: Physicochemical characterization of quercetin-loaded 
chitosan nanoparticles. (A) Particle size distribution by Dynamic 
Light Scattering (DLS). The hydrodynamic diameter of quercetin-
loaded chitosan nanoparticles was determined by DLS, showing 
a narrow and unimodal size distribution indicative of uniform 
nanoparticle formation. (B) Zeta potential analysis. Zeta potential 
measurements demonstrated a positive surface charge for quer-
cetin-loaded chitosan nanoparticles, reflecting protonated amino 
groups of chitosan and indicating good colloidal stability. (C) Mor-
phological analysis by electron microscopy (SEM/TEM). Electron 
micrographs revealed predominantly spherical nanoparticles with 
smooth surface morphology and minimal aggregation, confirming 
nanoscale size and uniform dispersion. (D) FTIR spectra of quer-
cetin, blank chitosan nanoparticles, and quercetin-loaded chito-
san nanoparticles. FTIR analysis showed characteristic absorption 
bands corresponding to quercetin and chitosan. Shifts and broad-
ening of O–H and N–H stretching vibrations in the loaded nanopar-
ticles indicate intermolecular interactions, confirming success-
ful encapsulation of quercetin within the chitosan matrix. (E) In 
vitro release profile and release kinetics of quercetin. Cumulative 
release of quercetin from chitosan nanoparticles in phosphate-
buffered saline (pH 7.4) at 37°C demonstrated a biphasic release 
pattern with an initial burst followed by sustained release. Kinetic 
fitting supported a diffusion-controlled release mechanism. (F) 
Differential Scanning Calorimetry (DSC) thermograms. DSC analy-
sis showed the disappearance or broadening of the characteristic 
melting peak of crystalline quercetin in the nanoparticle formula-
tion, indicating molecular dispersion and reduced crystallinity after 
encapsulation. (G) Thermogravimetric Analysis (TGA). TGA profiles 
revealed enhanced thermal stability of quercetin-loaded chitosan 
nanoparticles compared with free quercetin, with delayed onset of 
thermal degradation and reduced weight loss.

Figure 4: Dose–response analysis of quercetin cytotoxicity in 
colorectal cancer and normal colon epithelial cells. (A) HCT116 
cells: Cell viability after treatment with free quercetin, blank 
Cchitosan Nanoparticles (CN), and Quercetin-loaded Chitosan 
Nanoparticles (QCT-CN) at concentrations of 5–100 µg/mL for 24, 
48, and 72 h. Quercetin-loaded CSNPs demonstrated significantly 
enhanced cytotoxicity, with IC₅₀ values of 34.9 ± 2.6 µg/mL (24 h), 
19.8±1.7 µg/mL (48 h), and 11.3±1.2 µg/mL (72 h), compared with 
free quercetin. (B) HT-29 cells: Similar dose- and time-dependent 
reduction in cell viability was observed, with quercetin-loaded CS-
NPs IC₅₀ values of 42.6±3.1 µg/mL (24 h), 24.7±2.0 µg/mL (48 h), 
and 14.9±1.5 µg/mL (72 h). Free quercetin exhibited higher IC₅₀ 
values at all time points. (C) NCM460 normal colon epithelial cells: 
High cell viability was maintained (>80%) after treatment with 
both free quercetin and quercetin-loaded CSNPs, indicating selec-
tive cytotoxicity toward cancer cells. Blank CSNPs did not signifi-
cantly affect viability in any cell line. Data are presented as mean ± 
SD (n=3). Statistical significance between free quercetin and quer-
cetin-loaded CSNPs at each time point is indicated by ***P<0.05 
(one-way ANOVA with Tukey’s post hoc test).

Figure 5: Apoptosis and cell-cycle analysis of colorectal cancer 
cells treated with quercetin-loaded chitosan nanoparticles. (A–C) 
Flow cytometry dot plots of HCT116 and HT-29 cells following 
treatment with free quercetin, blank Chitosan Nanoparticles (CN), 
and quercetin-loaded CSNPs (50 µg/mL, 48 h). Quadrants indicate 
viable (Annexin V⁻/PI⁻), early apoptotic (Annexin V⁺/PI⁻), late apop-
totic (Annexin V⁺/PI⁺), and necrotic cells (Annexin V⁻/PI⁺). Querce-
tin-loaded CSNPs induced significantly higher total apoptosis than 
free quercetin (p<0.05). (D–F) Quantification of apoptotic popula-
tions and cell-cycle distribution. PI-stained histograms show G₀/G₁, 
S, and G₂/M phase percentages. Treatment with QCT-CSNPs caused 
marked G₂/M arrest in both HCT116 and HT-29 cells compared 
with free quercetin and blank CSNPs. Data represent mean±SD 
(n=3); statistical significance versus free quercetin indicated by 
**p<0.05 and ***p<0.01 (one-way ANOVA, Tukey’s post hoc test).
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Figure 6: Quercetin-loaded CSNPs inhibit the RAS–PI3K–AKT–
mTOR signaling pathway in colorectal cancer cells. (A,B) Western 
blot analysis of HCT116 (A) and HT-29 (B) cells treated with free 
quercetin, blank chitosan nanoparticles (CN), or quercetin-loaded 
CSNPs (50 µg/mL, 48 h). Blots show total RAS, PI3K, phosphorylat-
ed AKT (p-AKT, Ser473), phosphorylated mTOR (p-mTOR, Ser2448), 
and β-actin as loading control. Densitometric quantification (A1, 
B1) shows the relative percentage of expression normalized to 
β-actin. Quercetin-loaded CSNPs significantly reduce p-AKT, p-
mTOR, and RAS compared with free quercetin (**p<0.05). (C,D) 
Immunohistochemistry of HCT116 (C) and HT-29 (D) cells. Panels 
show staining for RAS, p-AKT, and p-mTOR in cells treated as indi-
cated. Colored arrows highlight reduced immunoreactivity follow-
ing QCT-CSNP treatment. Scale bars: 50 µm. Quantitative scoring 
of immunoreactivity confirms significant inhibition of the RAS–
PI3K–AKT–mTOR pathway (***p<0.01 vs. free quercetin). Data 
represent mean ± SD (n=3 independent experiments). Blank CSNPs 
exhibit minimal effect on signaling, confirming the specificity of 
quercetin delivery by nanoparticles.

Figure 7: In vivo biodistribution and tumor accumulation of 
quercetin-loaded CSNPs. (A) Whole-body IVIS fluorescence images 
of tumor-bearing mice following administration of free fluorescent 
dye or fluorescently labeled Quercetin-loaded Chitosan Nanopar-
ticles (QCT-CSNPs). Images were acquired at 1, 6, 12, 24, and 48 
h post-administration using identical excitation and emission set-
tings. The scale indicates fluorescence intensity (radiant efficien-
cy). QCT-CSNP–treated animals show sustained systemic circula-
tion and progressive tumor accumulation, in contrast to the rapid 
clearance of free dye. (B) Ex vivo fluorescence imaging of excised 
major organs (liver, spleen, kidneys, lungs, heart) and tumor tissues 
at 48 h post-administration. Strong tumor-associated fluorescence 
is evident in the QCT-CSNP group, whereas free dye predominantly 
localizes to clearance organs. Scale bars represent 1 cm. (C) Quan-
titative Region-Of-Interest (ROI) analysis of fluorescence intensity 
expressed as radiant efficiency (p/s/cm²/sr)/(µW/cm²) for tumors 
and major organs at 48 h post-administration. Data are presented 
as mean ± SD (n=6). Quercetin-loaded chitosan nanoparticles ex-
hibit significantly higher tumor accumulation and tumor-to-organ 
fluorescence ratios compared with free dye (p<0.05).

Figure 8: Tumor xenograft formation. Subcutaneous inoculation 
of HCT116 cells in BALB/c nude mice resulted in successful tumor 
engraftment, with the tumor reaching the predefined treatment 
initiation volume approximately 100-120 mm³. The encircled part 
(arrow) of the animal indicates an externally formed solid tumor.

Figure 9: Effect of oral treatment on tumor growth. Oral admin-
istration of quercetin-loaded CSNPs significantly (**p<0.05; one-
way ANOVA) suppressed tumor growth compared with vehicle 
control, free quercetin, and blank CSNPs.
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Figure 10: (A) Body weight and oral tolerability. (B) Final weights 
of tumor in induced mice. Body weight monitoring demonstrated 
no significant differences among treatment groups throughout the 
experimental period. Mice treated with quercetin-loaded CSNPs 
maintained stable body weights, comparable to those of vehicle 
and blank nanoparticle controls. *Data are presented as mean±SE 
(n=6). Statistical significance was determined by one-way ANOVA 
followed by post hoc analysis. *p<0.05, *p<0.01 compared with 
vehicle control.

Figure 11: Terminal tumor characteristics and molecular analy-
sis following oral treatment. (A) Representative images of excised 
tumors collected at the end of the 21-day treatment period from 
vehicle control, free quercetin, blank Chitosan Nanoparticles 
(CS NPs), and quercetin-loaded CS NPs–treated mice, showing a 
marked reduction in tumor size in the nano-formulation group. 
(B) Quantitative analysis of final tumor weight demonstrates a 
significant decrease in tumors from quercetin-loaded CS NP–
treated mice compared with vehicle, free quercetin, and blank CS 
NP groups (p<0.05). Data are expressed as mean ± SEM (n=6). (C) 
Western blot images of tumor tissues illustrating modulation of 
key proteins in the RAS–PI3K–AKT–mTOR signaling pathway fol-
lowing treatment. Molecular weights (kDa) of each protein are 
indicated alongside the bands, with GAPDH used as the loading 
control. (D) Schematic overview of tumor and organ collection at 
study termination for downstream analyses, including Western 
blotting, immunohistochemistry, and histopathological evaluation, 
confirming the suitability of excised tissues for mechanistic and 
toxicity assessments.

Figure 12: Effects of quercetin-loaded CSNPs on serum biomark-
ers of induced-mice models. Results are mean±SD (n=6 mice per 
group). * Statistically significant at p<0.05 (one-way ANOVA).

Figure 13: Histopathological evaluation of major organs fol-
lowing oral administration of quercetin-loaded chitosan nanopar-
ticles. Hematoxylin and Eosin (H&E)–stained sections of the liver, 
kidneys, heart, lungs, and spleen were collected at the end of the 
treatment period. Tissues from mice treated with quercetin-load-
ed chitosan nanoparticles show preserved histoarchitecture with 
normal cellular organization and no detectable signs of inflamma-
tion, necrosis, or degenerative alterations, comparable to control 
groups. These findings indicate good systemic biocompatibility and 
absence of overt organ toxicity following oral nano-formulated 
quercetin treatment. Scale bar=50 µm.

Table 1: In vitro drug release kinetics of quercetin from chitosan 
nanoparticles.

Kinetic model Equation Kinetic parameters R² value

Zero-order Qt = Q0 + k0t k0 = 1.12 %·h⁻¹ 0.873

First-order ln(1 − Qt/Q∞) = −k1t k1 = 0.045 h⁻¹ 0.902

Higuchi Qt = kH√t kH = 8.76 %·h⁻½ 0.964

Korsmeyer–Peppas Qt/Q∞ = kKP·tⁿ kKP = 0.62, n = 0.48 0.971

In vitro release data were fitted to zero-order, first-order, Higuchi, and 
Korsmeyer–Peppas kinetic models. The Higuchi and Korsmeyer–Pep-
pas models showed the highest correlation coefficients (R²), indicating 
a predominantly diffusion-controlled release mechanism. The release 
exponent n (<0.5) further suggests Fickian diffusion of quercetin from 
the chitosan matrix.
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Table 2: Physicochemical properties and pH-dependent release 
behavior of quercetin-loaded chitosan nanoparticles
Values are expressed as mean ± SD (n=3). Different superscript let-
ters (ᵃ–ᶜ) within the cumulative drug release parameter indicate 
statistically significant differences between pH conditions (p<0.05, 
one-way ANOVA followed by Tukey’s post hoc test).

Parameter Condition Value

Yield (%) Post-formulation 78.4 ± 3.1

Swelling index (%) PBS, pH 7.4 62.7 ± 4.5

Encapsulation efficiency (%) Quercetin-CSNPs 84.2 ± 2.6

Drug loading (%) Quercetin-CSNPs 18.9 ± 1.3

Cumulative drug release (%) pH 1.2 (2 h) 22.4 ± 2.1ᵃ

pH 6.8 (8 h) 55.8 ± 3.4ᵇ

  pH 7.4 (24 h) 81.6 ± 4.2ᶜ

Table 3: IC₅₀ values (µg/mL) of free quercetin and quercetin-
loaded chitosan nanoparticles in colorectal cancer and normal 
colon cell lines.

Cell line Treatment 24 h 48 h 72 h

HCT116
Free quercetin 62.4±3.8 41.7±2.9 28.6±2.1

Quercetin-loaded CSNPs 34.9±2.6* 19.8±1.7* 11.3±1.2*

HT-29
Free quercetin 71.2±4.5 49.6±3.3 33.8±2.4

Quercetin-loaded CSNPs 42.6±3.1* 24.7±2.0* 14.9±1.5*

NCM460
 

Free quercetin >100 >100 >100

Quercetin-loaded CSNPs >100 >100 >100
Values are expressed as mean ± SD (n=3). *P<0.05 compared with free 
quercetin at the corresponding time point using one-way ANOVA fol-
lowed by Tukey’s post hoc test.
CSNPs: chitosan nanoparticles.

Discussion

The current study shows that by improving quercetin’s 
physicochemical stability, oral bioavailability, tumor accumula-
tion, and molecular suppression of the RAS–PI3K–AKT–mTOR 
signaling axis, chitosan-based nano-encapsulation significantly 
increases the anticancer efficacy of quercetin against colorec-
tal cancer. This study offers strong preclinical evidence for the 
development of quercetin-loaded chitosan nanoparticles as an 
oral phytomedicine-based anticancer strategy through an inte-
grated approach combining formulation science, in vitro cellu-
lar assays, mechanistic pathway analyses, biodistribution profil-
ing, and in vivo therapeutic evaluation.

Although quercetin’s anticancer potential is well known, its 
quick metabolic breakdown, poor water solubility, and mini-
mal systemic exposure after oral administration have hindered 
its practical translation. By encasing quercetin in a stable na-
noscale carrier with a desirable particle size, low polydispersity, 
and a positive surface charge, ionic gelation-derived chitosan 
nanoparticles effectively overcame these limitations in this in-
vestigation. These characteristics are essential for improved 
epithelial absorption, mucosal adhesion, and gastrointestinal 
stability—aspects that are especially pertinent to colorectal 
cancer treatment. Effective quercetin incorporation into the 
chitosan matrix and enhanced thermal and physicochemical 
stability were validated by FTIR, DSC, and TGA studies, suggest-
ing that quercetin is shielded from premature breakdown by 
nano-encapsulation.

Physicochemical analyses confirmed the successful formula-
tion of quercetin-loaded chitosan nanoparticles with nanoscale 
size, narrow polydispersity, and a positive surface charge, all 
of which are desirable attributes for oral delivery and intesti-
nal uptake. The observed zeta potential supports electrostatic 
stability and mucoadhesive interactions with the gastrointes-
tinal epithelium, consistent with earlier reports showing that 
chitosan-based carriers improve oral absorption of polyphenols 
and flavonoids [25,48]. FTIR, DSC, and TGA data collectively in-
dicated molecular-level interactions between quercetin and the 
chitosan matrix, reduced crystallinity, and enhanced thermal 
stability, corroborating previous studies that reported improved 
physicochemical stability of flavonoids following nano-encapsu-
lation [48]. Moreover, the sustained release behavior and fa-
vorable release kinetics align with earlier findings that chitosan 
nanoparticles provide controlled drug release under physiologi-
cal conditions, thereby prolonging systemic exposure [50].

The system’s appropriateness for oral delivery is further 
supported by the prolonged release profile of quercetin from 
chitosan nanoparticles under physiological settings. Diffusion-
controlled and anomalous release pathways were revealed by 
kinetic modeling [51], enabling extended exposure of tumor 
cells to therapeutically appropriate quercetin concentrations. 
When compared to free quercetin, this persistent release be-
havior probably explains the better antiproliferative effects 
seen both in vitro and in vivo.

Quercetin-loaded chitosan nanoparticles exhibited markedly 
increased cytotoxicity against colorectal cancer cells at the cel-
lular level, but they spared normal colonic epithelial cells. An 
increased therapeutic index is demonstrated by the decreased 
IC50 values, as well as the marked induction of apoptosis and 
G₀/G₁ cell-cycle arrest. Crucially, the coordinated suppression of 
the RAS–PI3K–AKT–mTOR pathway—a key oncogenic signaling 
axis that is frequently dysregulated in colorectal cancer—was 
mechanistically connected to these cellular effects [6,7,45]. The 
ability of nanocarrier systems to improve intracellular drug de-
livery and get around signaling redundancy was demonstrated 
by Western blot and immunohistochemical analyses, which 
verified that nano-encapsulated quercetin more successfully 
suppressed RAS expression and downstream phosphorylation 
of AKT and mTOR compared with free quercetin. These find-
ings agree with multiple reports demonstrating that nanopar-
ticle-mediated delivery amplifies the anticancer potency of 
quercetin by improving intracellular accumulation and cellular 
uptake [25,52,53]. The induction of apoptosis and cell-cycle 
arrest observed in this study is consistent with earlier mecha-
nistic studies describing quercetin-induced G0/G1 or G2/M ar-
rest and activation of intrinsic apoptotic pathways [46,54,55]. 
Notably, the magnitude of apoptotic induction achieved by the 
nano-formulation exceeded that reported for free quercetin 
in comparable in vitro systems, highlighting the advantage of 
nanoparticle-assisted delivery.

Mechanistically, the present data show that quercetin-
loaded chitosan nanoparticles effectively suppress the RAS–
PI3K–AKT–mTOR signaling axis, as demonstrated by Western 
blot and immunohistochemical analyses. Downregulation of 
PI3K, phosphorylated AKT, and mTOR signaling components is 
in agreement with prior studies identifying this pathway as a 
critical molecular target of quercetin in colorectal and other 
cancers [56,57]. However, the more pronounced inhibition ob-
served here suggests that nano-encapsulation enhances path-
way modulation, likely through sustained tumor exposure and 
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improved bioavailability. Importantly, these results support and 
extend earlier in vitro observations by confirming pathway inhi-
bition in an in vivo tumor context following oral administration, 
which has been less frequently demonstrated.

The nano-formulation’s delivery advantage was further sup-
ported by biodistribution experiments. Comparing quercetin-
loaded chitosan nanoparticles to free dye, fluorescence imaging 
demonstrated longer systemic retention, preferential tumor ac-
cumulation, and decreased exposure to off-target organs, bet-
ter oral absorption, the mucoadhesive qualities of chitosan, and 
passive accumulation through the increased permeability and 
retention (EPR) effect are probably responsible for this better 
tumor localization. The greater tumor growth inhibition seen in 
the xenograft model was closely connected with these biodis-
tribution features.

Going further, the enhanced tumor localization observed 
may be attributed to prolonged circulation, improved intestinal 
uptake, and passive tumor targeting, collectively contributing 
to superior therapeutic outcomes. Correspondingly, in vivo an-
titumor efficacy studies showed significant tumor growth sup-
pression and reduced terminal tumor weight in nanoparticle-
treated mice, exceeding the effects of free quercetin. These 
findings align with earlier reports of quercetin nano-formula-
tions but are particularly notable because they were achieved 
via oral administration, reinforcing the translational relevance 
for phytomedicine-based interventions.

Oral treatment of quercetin-loaded chitosan nanoparticles 
effectively inhibited tumor development and decreased final 
tumor weight without causing systemic toxicity, according to 
in vivo effectiveness tests. The biocompatibility and safety of 
the nano-formulation were proven by body weight stability, re-
tained organ histology, and normal biochemical indicators. The 
therapeutic benefit of this delivery method was further high-
lighted by the noteworthy fact that nano-encapsulation seems 
to reduce any possible negative effects connected with free 
quercetin.

Notwithstanding the encouraging results, it is important 
to recognize several limits. In this work, tumor heterogeneity 
across various genetic backgrounds was not investigated be-
cause only one colorectal cancer xenograft model was used. 
Furthermore, thorough pharmacokinetic characterization of 
quercetin after oral nano-administration was outside the pur-
view of our investigation, even if molecular pathway alteration 
was shown. Comprehensive pharmacokinetic and metabolic as-
sessments, comparisons with various CRC models, and evalua-
tions of long-term safety should all be part of future research. 
Additionally, investigating combination tactics with specific 
inhibitors or conventional chemotherapeutic treatments may 
uncover synergistic effects and aid in the fight against drug re-
sistance. Clinical translation will also need to evaluate batch-
to-batch repeatability and scaling up nanoparticle production.

This study presents a logical approach to using nanotech-
nology to update conventional plant-derived medicines from a 
phytomedicine standpoint. Because it is consistent with tradi-
tional usage paradigms and patient compliance, oral adminis-
tration is still the most preferred method for phytochemicals. 
Chitosan-based nano-delivery systems provide a workable way 
to overcome the long-standing translational obstacles linked to 
flavonoids like quercetin by enhancing oral bioavailability, tu-
mor targeting, and molecular selectivity. Quercetin-loaded chi-
tosan nanoparticles are positioned as a prospective candidate 

for further development as an auxiliary or alternative therapy 
option in the management of colorectal cancer due to their 
shown suppression of a clinically relevant oncogenic pathway 
and excellent safety profile.

Conclusion

This study concludes by showing that quercetin’s therapeutic 
potential against colorectal cancer is greatly increased by chi-
tosan-based nano-encapsulation. In comparison to free quer-
cetin, quercetin-loaded chitosan nanoparticles demonstrated 
greater antiproliferative and pro-apoptotic effects by enhancing 
physicochemical stability, oral bioavailability, and tumor target-
ing. The nano-formulation demonstrated a good safety profile 
after oral treatment by successfully inhibiting colorectal tumor 
development in animals without causing systemic harm. Cellu-
lar, molecular, and histological investigations verified that the 
improved anticancer activity was mechanistically tightly linked 
to coordinated suppression of the RAS–PI3K–AKT–mTOR sig-
naling axis. The ability of chitosan nanoparticles to overcome 
important translational constraints of phytochemicals is high-
lighted by the integration of sustained drug release, enhanced 
biodistribution, and tailored pathway modulation. All things 
considered; these results lend credence to the possibility of 
quercetin-loaded chitosan nanoparticles as a sensible, oral 
phytomedicine-based treatment approach for colorectal can-
cer. In order to move nanostructured plant-derived drugs closer 
to clinical use, the work offers a solid preclinical basis for ad-
ditional pharmacokinetic, combinatorial, and translational re-
search.
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