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erapeutic potential of catechin
against Ehrlich carcinoma and mitigating oxidative
stress in the liver employing chitosan polyaspartate
as nanodelivery vehicles

Mohammad Y. Alfaifi,ab Mustafa R. Abdulbaqi,c Wesam Abd El-Fattah,d Ali A. Shati,ab

Serag Eldin I. Elbehairi,ab Reda F. M. Elshaarawy, ef Waleed M. Serag *e

and Yasser A. Hassangh

This study aims to design and develop new chitosan polyaspartate nanovehicles (CPANVs) to enhance the

targeting delivery and bioavailability of catechin (CAT). Thus, augmenting its anticancer efficacy against

Ehrlich ascites carcinoma (EAC) in the peritoneal cavities of Swiss albino mice and without impairing the

liver or its functions. Initially, CAT@CPANVs were synthesized through double emulsification followed by

ionotropic gelation processes, and the physicochemical and morphological characteristics of this

nanoformulation were investigated. Thereafter, the in vivo studies were performed on four equally

divided groups of sixty Swiss albino female mice: control (G1), drug group (G2, CAT@CPANVs-treated),

positive control (G3, EAC-bearing), and therapeutic (G4, EACs plus CAT@CPANVs). Noteworthy, EAC-

bearing mice treated with CAT@CPANVs showed reduced levels of S100A14, Angptl-2, AST, ALT,

cholesterol, LDL-cholesterol, triglyceride, MDA, TNF-a, and caspase 3 and elevated levels of GSH, CAT,

superoxide dismutase (SOD), albumin, total protein, and Bcl2. These findings indicate that CPANVs

exhibit chemotherapeutic and chemopreventive actions with remarkable capabilities to reduce the

viability and volume of EACs. Additionally, biochemical, immunohistochemical, and histological

investigations showed that CAT@CPANVs can enhance liver tissue by maintaining redox balance and

minimizing oxidative stress.
1. Introduction

Ehrlich ascites carcinoma cells (EACs) are widely used to
simulate cancer effects on host health. Studies show EACs cause
signicant health impacts in mice, including renal toxicity and
DNA damage, shown by elevated urea and creatinine levels and
oxidative stress. Intraperitoneal EAC injection causes rapid
cancer cell proliferation, leading to ascites tumors and systemic
effects like liver inammation.1 Notably, EACs have been linked
a'a, P. O. Box 960, Abha, Saudia Arabia

, Biology Department, Abha 9004, Saudi

armacy, Al-Naji University, Baghdad, Iraq

ce, Imam Mohammad Ibn Saud Islamic

11432, Saudi Arabia

ce, Suez University, 43533 Suez, Egypt.

ukturchemie, Heinrich-Heine Universität

Pharmacy, Al-Kitab University, Kirkuk

eutical Technology, Faculty of Pharmacy,

, Gamasa, Egypt

47382
to an imbalance in redox state and lower levels of antioxidant
enzymes, highlighting the oxidative stress caused by these
cells.2

Catechin (CAT), a polyphenolic avonoid that occurs natu-
rally in many plants, has attracted enormous interest in recent
years because of its multiple very valuable biological proper-
ties.3 Among these properties, the antioxidant, anti-
inammatory, and antimicrobial capabilities of catechin
make it a really interesting compound for potential use in the
prevention and treatment of a host of different kinds of
diseases, chiey cancer, but also cardiovascular disorders and
neurodegenerative conditions like Alzheimer's disease.4,5

Because of its great therapeutic potential, scientists are very
interested in guring out how to use catechin more successfully
for various kinds of medicinal treatments. However, the
biomedical utility of catechin is hampered by very poor
bioavailability and poor pharmacokinetics, meaning that cate-
chin is not very soluble in water and is not very stable in solu-
tion.6 Nonetheless, several strategies have been attempted to
boost the bioavailability andmedicinal effectiveness of catechin
including nanoencapsulation, forming complexes with other
substances, and modifying catechin's structure.7 Investigating
© 2025 The Author(s). Published by the Royal Society of Chemistry
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opportunities to broaden catechin bioavailability and improve
therapeutic efficacy could help researchers tap into the
biomedical potential of these compounds, pushing trans-
formative, catechin-based therapeutics closer to the clinic.

The emerging eld of nanomedicine has turned to explore
many nanoparticulate systems for targeted and efficient drug
delivery.8 Among them, chitosan–polyaspartate nanoparticles
(CPANPs) have received considerable attention for their poten-
tial to enhance the therapeutic efficacy and safety prole of
various biomedical applications, due to their biocompatibility
and biodegradability, as well as their ability to be made func-
tionally diverse.9 Chitosan was chosen to make new nano-
carriers for a number of important reasons, such as being
biocompatible and biodegradable, which means they are not
very toxic. The most useful thing about it is that it has a positive
charge, which makes the nanocarriers stick strongly to nega-
tively charged cancer cells and mucosal tissues. This gives the
catechin inside more time to be absorbed. Also, because it is
cationic, it can easily form complexes with polyanionic poly-
mers like polyaspartate. This creates a strong polyelectrolyte
complex that keeps the drug from breaking down too soon and
allows for a controlled, long-lasting release prole.10 The
advantages of CPANPs include their ability to encapsulate
a wide range of therapeutic agents, protect them from degra-
dation, and facilitate targeted delivery to specic sites within
the body, thereby reducing systemic side effects and improving
patient outcomes.9 Furthermore, the mucoadhesive properties
of chitosan enable these nanoparticles to adhere to mucosal
surfaces, prolonging the residence time of the delivered thera-
peutic agents and enhancing their absorption. Despite these
advantages, there exist opportunities for enhancement, partic-
ularly in terms of optimizing the nanoparticles' stability, scal-
ability, and targeting specicity. For example, 5-uorouracil (5-
Fu) was nanoencapsulated with CPANPs, leading to a substan-
tial improvement in the medicine's ability to affect carcinoid
tumors in nude mice.11 In another study, CPANPs were
synthesized using ionotropic gelation technique to create
a vehicle suitable for the encapsulation of hydrophilic drugs,
with the objective of targeting the effective treatment of tuber-
culosis.12 A recent study investigated the development of tea
polyphenol-loaded CPANPs (TP@CPANPs) incorporated into
polyvinyl alcohol (PVA) nanobers to enhance the shelf life of
fruits. This packaging system offers a viable approach for the
intelligent regulation of active substance release for food pres-
ervation.13 As research continues to elucidate the properties and
potential applications of CPANPs, these versatile delivery
systems hold signicant promise for advancing the eld of
nanomedicine and improving human health outcomes.

Considering these noteworthy facts, the current study aimed
to improve CAT's stability, bioavailability, pharmacokinetics,
and pharmacodynamics by encasing it in chitosan poly-
aspartate nanodelivery vehicles (CPANVs) to fabricate CAT@C-
PANVs. By encapsulating CAT within CPANVs, this study
leverages benets of both components. The novelty lies in using
CPANVs, which enhance catechin's solubility and stability while
potentially synergizing its anticancer activity through targeted
© 2025 The Author(s). Published by the Royal Society of Chemistry
delivery and sustained release, augmenting cytotoxic effects
against EACs and mitigating oxidative stress in the liver.
2. Material and methods
2.1. Chemicals and instrumentations

Specications for these chemical and instrumentations used in
this work were provided in the SI.
2.2. Preparation of CAT-loaded CPANVs

The CAT-loaded CPANVs (CAT@CPANVs) were synthesized
using a modied version of the previously adapted methods,14,15

with a slight modication. Briey, 10 mL of an aqueous 2.0 mg
mL−1 CAT solution (prepared in DI water) was combined with
20 mL of the pre-prepared PAA solution (2.0 mg mL−1) under
vigorous magnetic stirring. Subsequently, the CAT/PAA mixture
was incrementally introduced into the LMC solution (6.0 mg
mL−1, 25 mL) while maintaining vigorous magnetic stirring at
25 °C and pH 6.0, until the formation of dense turbidity, indi-
cating the formation of CAT@CPANVs. The self-assembled
nanoparticles were continuously stirred for an extra 30 min.
Aer centrifuging the CAT@CPANVs at 13 000 rpm for 15min at
room temperature, the loaded nanovehicles were washed three
times with phosphate buffer and then with MQW to eliminate
any unincorporated CAT. The CAT@CPANVs were subsequently
re-dispersed in 10 mL of DIW and ultrasonicated for 5 min in an
ice bath to achieve a uniform dispersion. This dispersion was
then freeze-dried over 72 hours, and the resulting CAT@C-
PANVs were stored at −18 °C.
2.3. Entrapment efficiency and loading capacity of CAT in
CAT@CPANVs

The CAT@CPANVs' entrapment efficiency (EE) and loading
capacity (LC) was determined by sonicating a 5 mg sample of
the nanovehicles with 1 mL of ethanol for one minute, followed
by centrifugation at 13 000 rpm. A UV-visible spectrophotom-
eter set at 425 nm16 was used to estimate the free CAT aer the
supernatant was collected and kept at 4 °C. A series of standard
ethanolic CAT solutions of serial concentrations between 200
and 1000 mg mL−1 were used in order create a standard curve.
The following formula (eqn (1)) and (eqn (2)) were employed to
express the EE:

EE% ¼ amount of CAT in supernatant

initial amount of CAT
� 100 (1)

LC% ¼ total CAT� CAT in supernatant

massCPANVs

� 100 (2)
2.4. In vitro release kinetics

The dialysis method was applied to study the in vitro release of
CAT from CAT@CPANVs using a dialysis method as described
in the SI. The cumulative CAT release from CAT@CPANVs was
calculated employing formula (eqn (3)):
RSC Adv., 2025, 15, 47366–47382 | 47367
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OR% ¼
Xt

t¼0

released CAT amount

original CAT amount
� 100 (3)

Aer that, numerous kinetic models, such as zero order,
rst-order, second-order, Higuchi, and Korsmeyer–Peppas
equations, were used to examine the in vitro release results.17

2.5. In vivo studies

Comprehensive details regarding these studies, including
animal sampling and grouping, tumor sampling, response dose
curve, experimental design, LD50 and EACs viability determi-
nation, and life span, are provided in the SI.
2.6. Biochemical investigation

2.6.1. Apoptotic and brotic markers. S100A14 and
angiopoietin-like protein 2 (Angptl2) levels in serum were esti-
mated using solid-phase sandwich ELISA (Glory Science Co.,
Ltd, USA).

2.6.2. Liver functions test. The colorimetric diagnostic kit
methods Abcam (USA) were to used determine albumin,18 total
protein,19 aspartate aminotransferase (AST), and alanine
aminotransferase (ALT) levels in serum samples.20

2.6.3. Lipid prole test. The lipid prole parameters
including total cholesterol,21 LDL, VLDL and HDL,22 as well as
triglyceride23 were estimated in serum using the colorimetric
diagnostic kit methods Abcam (USA).

2.6.4. Antioxidants. The activities of antioxidant enzymes,
reduced (GSH),24 catalase (Cat),25 and superoxide dismutase
(SOD)26 were measured calorimetrically in liver tissues using
manufacturer's procedure (BioVision, Inc. USA).

2.6.5. Lipid peroxide. The malondialdehyde (MAD) level
was measured in liver tissues by colorimetric assay (BioVision,
Inc. USA).27

2.6.6. Detection of caspase-3 and Bcl2. The levels of
caspase-3 and Bcl2 were evaluated by solid-phase sandwich
ELISA in liver tissues (Abcam, USA).
2.7. Immunohistochemical investigations

TNF-a was detected immunohistochemically using liver blocks.
Sections were treated with 0.3%H2O2 in PBS and 10% goat serum
in PBST for 30 min each. They were then treated with rabbit anti-
TNF-a (Leader in Biomolecular Solutions for Life Science). A
semi-quantitative study of immunohistochemical staining and
protein expression, using the Histo-score approach, calculated
the proportion and degree of positive cells. To get the H-score, we
multiply fractions by scores and sum them.

2.8. Histopathologic examination

According to Layton et al.,28 for microscopic analysis, the liver
tissues of every rat were removed and kept for a day in 10%
neutral buffered formalin. Aer being dehydrated in progres-
sively higher alcohol concentrations, they underwent xylene
renement and paraffin immobilization. Hematoxylin-Eosin
(H&E) was used to stain the paraffin blocks aer they had
47368 | RSC Adv., 2025, 15, 47366–47382
been cut into 5 mm tissue slices. A light microscope (Olympus
BX53, Japan) was used to study the morphological changes in
the liver tissues.

2.9. Estimation of apoptosis

Apoptotic cell death in liver tissues was quantitatively assessed
using an eBioscience Annexin V-FITC/Propidium Iodide (PI)
apoptosis detection kit (Thermo Fisher Scientic) in accordance
with the manufacturer's instructions. Fresh liver tissue was
used to create cell suspensions. Aer cell collection, the cells
were washed twice for ten minutes at 4 °C using 100 mL of PBS.
Next, 100 mL of binding buffer and 5 mL of Annexin V-FITC were
added to each well. Aer 10 minutes of incubation at room
temperature, 400 mL of PBS was added. Prior to inspection, the
cells were stained with PI. To ascertain the level of apoptosis,
the stained cells were analyzed by ow cytometry (BD FACS-
Canto II, BD Biosciences, USA) within an hour of staining.

2.10. Statistical analysis

We used SPSS for Windows v 26.0 (Armonk, NY: IBM Corp.) for
data analysis. Data normality was examined using Shapiro–Wilk
test. Descriptive data were expressed as means ± SDs. Groups
were compared using unidirectional ANOVAs with post hoc
Bonferroni Tests for pairwise comparisons. Signicance was
evaluated at P < 0.05.

3. Result and discussion
3.1. Synthesis protocol

The self-assembly process for the synthesis of catechin-loaded
chitosan–polyaspartate nanovehicles (CAT@CPANVs) is out-
lined in Scheme 1. Low molecular weight chitosan (LMC) and
poly-L-aspartic acid (PAA) are the two key components of the
core–shell nanostructure. Nanovehicles are formed mainly
through spontaneous assembly driven by complementary elec-
trostatic interactions between the positively charged amine
groups (–NH3

+) of chitosan and the negatively charged carbox-
ylate groups (CCO−) of PAA, forming a stable polyelectrolyte
complex. The assembled supramolecules create a three-
dimensional nanoscale framework that features effective
binding sites, such as the carboxylate groups of polyaspartate
and the hydroxyl and amine groups of chitosan, for encapsu-
lating drugs.

CAT, a polyphenolic avonoid with multiple hydroxyl
groups, is incorporated into the nanovehicle network through
a combination of H-bonding and electrostatic interactions. The
structure of catechin is rich in hydroxyl groups, which allow for
extensive H-bonding with two components of the nanovehicle,
chitosan and PAA. These form strong H-bonds with catechin
because they have carbonyl, amine, and other functionalities
that hydrogen bond very well with hydroxyl groups. In addition,
CAT has ionizable phenolic groups that can engage in electro-
static interactions with the positively charged amine groups (–
NH3

+) of chitosan. This stabilizing interaction occurs because
the energetics of such an interaction is favorable for both
catechin and the polymer.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration for the preparation of CAT-loaded chitosan–polyaspartate nanovehicles (CAT@CPANVs).
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3.2. Physicochemical and morphological characterization

3.2.1. FTIR. The FTIR spectra CAT-loaded chitosan–poly-
aspartate nanovehicles (CAT@CPANVs) and their nascent
precursors are presented in Fig. 1A. The spectra clarify the
molecular interactions that occur during the formation of the
nanovehicle and its subsequent loading of CAT. LMC's spec-
trum shows broad and intense absorption centered at
3360 cm−1, attributed to overlapping O–H and N–H stretching
vibrations. Peaks near 2900 cm−1 (C–H stretching), 1652 cm−1

(amide I: C]O stretching), 1570 cm−1 (N–H bending), and
1070 cm−1 (C–O–C stretching) are also seen. These peaks are
characteristic of the chitosan's backbone.29 Conversely, the PAA
spectrum shows prominent bands at 3430 cm−1, which corre-
spond to the stretching vibrations of N–H and O–H bonds, and
within the region of 1712–1651 cm−1, which are associated with
the carbonyl stretching vibrations of the carboxylic acid and
amide I groups. Moreover, bands at 1589 and 1400 cm−1 could
be designated as the asymmetric and symmetric stretching
vibrations of the carboxylate group.30

When LMC and PAA are physically mixed, slight spectral
shis and broadenings are noticed, especially for the stretches
that occur around the spectral regions associated with the
carboxyl and hydroxyl groups. These shis and broadening
effects suggest that the interaction between LMC and PAA is not
just a simple mixing of two components. Rather, these are
interactions involve the formation of hydrogen bonds and some
ionic interactions.31 On contrast, the spectrum of CPANVs
shows more pronounced changes, which include the broad-
ening and shiing of the O–H/N–H stretching band, and
a decrease in the intensity of the COO− bands. The spectrum of
© 2025 The Author(s). Published by the Royal Society of Chemistry
CPANVs reveals more pronounced changes, broadening and
shiing the O–H/N–H stretching band, and the COO− bands
show decreased intensity. These changes indicate that the ionic
interactions of CPANVs are stronger than that of LMC and PAA
in the solution state and that the amino groups of LMC and the
carboxyl groups of PAA may forming amide bonds, thus con-
rming that the amino and carboxyl groups serve as the basic
building blocks for the self-assembly of CPANVs.32 This
assembly was driven by complementary electrostatic and H-
bonding interactions. Once CAT is encapsulated, i.e., CAT@C-
PANVs, the spectrum exhibits a bunch of additional features
that comes from the polyphenolic structure of CAT. More
specically, the characteristic CAT peaks that were observed at
1620 cm−1 and 1513 cm−1, corresponding to aromatic C]C
skeletal vibrations of the avonoid ring system.33 Additionally,
there are a slight shi and broadening of the band associated
with hydroxyl group vibration, as in the 3400 cm−1 region,
which implies that there might be some H-bonding between
CAT and the polymeric matrix.34 Pure CAT shows sharp
absorption bands in the range of 1256–1117 cm−1, which
correspond to C–O stretching in phenolic and alcoholic groups.
But in the spectrum of CAT@CPANVs, these same bands appear
to be broadened and dampened, suggesting that there are some
kind of molecular interactions going on between the CAT and
the CPANVs at the “nanocarrier” level.
3.3. Zeta potential and particle size distribution

Fig. 1B presents the zeta potential (ZP) histogram of CAT@C-
PANVs, revealing a sharp, monomodal distribution centered at
approximately +35.12 mV. This positive charge boosts
RSC Adv., 2025, 15, 47366–47382 | 47369
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Fig. 1 (A) FTIR spectra of CAT-loaded chitosan polyaspartate nanovehicles (CAT@CPANVs) and their precursors: low molecular weight chitosan
(LMC), catechin (CAT), polyaspartic acid (PAA), and LMC/PAA physical mixture. (B) Zeta potential (ZP) and (C) particle size distribution (PSD)
histograms of CAT@CPANVs.
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mucoadhesion and interaction with cellular membranes that
carry a negative charge. A zeta potential with a magnitude
greater than 30 mV (i.e., a value more positive than +30 mV or
more negative than −30 mV) is generally considered indicative
of sufficient electrostatic repulsion to ensure good colloidal
stability, which is essential for guaranteeing the long-term
dispersion stability of the system in aqueous media.35–37 The
high ZP value and its narrow range indicate that the CAT@C-
PANVs possess outstanding colloidal stability, which is attrib-
uted to strong electrostatic repulsion that prevents the particles
from agglomeration. Interestingly, the ZP of the new nano-
formulation levels out all previously reported CAT-loaded
chitosan-based nanoformulations, which exhibit ZPs ranging
between +24.0 and +33.5 mV.14,33,38

On the other hand, the particle size distribution (PSD) of
CAT@CPANVs (Fig. 1C) reveals a narrow and monomodal
distribution of nanoparticles. Most of the particles fall within
the 70–120 nm range, with an average hydrodynamic diameter
(HDD) of 95.86 ± 11.89 nm and a polydispersity index of 0.31 ±

0.02. This indicates that they possess a well-dened size, char-
acteristic of nanovehicles. This size range is benecial for
pharmaceutical applications because NPs of sizes <200 nm di-
splayed an enhanced permeability and retention effect in tumor
tissues. They also show improved cellular uptake through
mechanisms of endocytosis.39 Furthermore, the narrow
47370 | RSC Adv., 2025, 15, 47366–47382
distribution indicates high reproducibility and minimal poly-
dispersity in our formulations; both factors are important for
consistent biological performance and regulatory compliance.
3.4. Morphological characteristics

The CAT@CPANVs' surface morphology and its nanoscale
architecture were investigated using scanning electron micros-
copy (SEM, Fig. 2A) and transmission electron microscopy
(TEM, Fig. 2B). The SEM image shows moderately rough and
textured surface resulting from the aggregation of the primary
nanovehicles during the drying process, which is a good indi-
cation of successful formation of nanoparticles and anchoring
of CAT molecules within the chitosan–polyaspartate matrix.
With possible ramications for mechanical characteristics and
drug retention within the structure, these structures imply that
the nanovehicles are not only porous but also capable of
adequately stabilizing the trapped CAT molecules within the
polymeric matrix.40 Notable, the clustering, observed in the new
nanovehicles, is typical of chitosan-based nanosystems due to
interparticle interactions and matrix cohesion.41,42

TEM offers evenmore detailed investigation into the internal
structure and dimensions of nanovehicles. They are spherical
particles with well-dened, sharp boundaries are clearly visible
and show a narrow size distribution, with diameters that are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) SEM microimage and (B) TEM nanoimage of CAT@CPANVs.
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mainly in the range of 35–89 nm. This range is lower than that
obtained from the DLS measurements (70–120 nm) and
supports the appearance of monodisperse nanoparticles.
Several aspects of nanoparticle characterization can be
responsible for the discrepancy between the CAT@CPANV
particle sizes determined by DLS measurements and TEM
imaging. TEM makes it possible to directly view dried nano-
particles, enabling previously unheard-of accuracy in size and
shape measurements. In contrast, DLS is used to measure the
hydrodynamic diameter of a variety of suspended particles,
including the particle itself and the hydration layer. Because of
this, the larger size DLS measurement can somewhat be
accounted for by the hydration layer, in addition to potential
aggregation, or the swelling of the particle in an aqueous
environment.43 Furthermore, the polydispersity of the sample
can also contribute to this discrepancy. DLS is far more sensi-
tive to the larger particles present in the system; therefore, it
skews the size distribution towards larger values. Signicantly,
the TEM micrograph showed no signs of aggregation or fusion,
serving to bolster the already conrmed strong electrostatic
stabilization implied by the high positive zeta potential.
3.5. Storage stability of TPs#CDCS

The stability of CAT@CPANVs during short-term storage was
investigated by analyzing its principle physicochemical prop-
erties including particle size and PDI over a period of 1 week.
Mimicking physiological environment former was maintained
at room temperature (25 °C) in PBS buffer pH (7.4). Fig. S1 (SI)
indicates the physical stability during storage of the nano-
formulation. The average HD did not change, remaining around
95.89 nm for the study group on day 0 and being about
105.47 nm on day 7 (small, statistically non-signicant differ-
ence). This value of PDI was low, which implied a uniform
distribution of particle size and free from large aggregation and
damage. This physical stability stems from the high positive
zeta potential of the nanocarriers, imparting strong electrostatic
repulsion between particles, which is a critical attribute for
formulation in nanomedicine. These results indicate that
CAT@CPANVs nanoformulation is a physiochemically stable.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.6. Encapsulation efficiency and loading capacity

The amphiphilic characteristics of the formulation, combined
with the PAA–chitosan structure, resulted in substantial drug
entrapment, as demonstrated by the loading capacity of CAT by
CPANVs and the encapsulation efficiency of 85.26 ± 7.79% and
15.56 ± 0.9%, respectively. CPANVs enhance encapsulation
through electrostatic interactions and restrict drug diffusion,
while the PAA core provides a hydrophilic environment
conducive to CAT encapsulation. The crosslinking of PAA
strengthens the network, thereby reducing drug diffusion both
during and aer formation.44 Overall, the high EE and LC ach-
ieved support the CPANVs platform's capacity as an efficient
nanocarrier for catechin and other pharmacological agents.
3.7. Release kinetics

The release behavior of CAT from CAT@CPANVs was studied at
pH 7.4 and 5.5 at 37 °C for 24 h. As shown in Fig. 3A, release was
faster and more extensive at pH 5.5 compared to pH 7.4. An
initial burst release occurred within 2 h at both pH values, with
55% CAT released at pH 5.5 and 45% at pH 7.4, likely from CAT
near the surface or loosely bound in the chitosan shell. Aer
this burst, release slowed, controlled by CAT diffusion through
the chitosan–PAA matrix. A sustained release continued for 24
hours, reaching ∼84% at pH 5.5 and ∼75% at pH 7.4.

The enhanced release under acidic conditions occurs
through protonation of chitosan's amino groups, increasing
swelling and polymer dissolution for faster drug diffusion. This
pH-responsive behavior suits tumor-targeted delivery, where
environments are more acidic than normal tissues, aligning
with previous chitosan nanocarrier studies. Wu et al. docu-
mented pH-sensitive CAT release from chitosan–TPP nano-
particles, showing higher release at pH 6.5 compared to pH
7.4.45 Tang et al. showed that catechin in chitosan-poly(g-glu-
tamic acid) (g-PGA) nanocarriers exhibited greater release in
acidic media, enhancing intracellular availability in cancer
cells.14 The controlled release ensures prolonged CAT avail-
ability, improving efficacy and reducing dosing frequency. The
release at physiological pH limits drug leakage during circula-
tion, enhancing the nanocarrier's stability and targeting.
RSC Adv., 2025, 15, 47366–47382 | 47371
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Fig. 3 (A) In vitro cumulative release profile of catechin (CAT) from CAT@CPANVs at 37 °C, over 24 h under simulated physiological (pH 7.4) and
mildly acidic (pH 5.5) conditions. (B and C) Kinetic model fitting parameters for the in vitro release of CAT from CAT@CPANVs under different pH
conditions.
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To elucidate CAT release from CAT@CPANVs, data were
analyzed using ve models: pseudo-rst order, pseudo-
second order, Higuchi, Elovich, and Korsmeyer–Peppas, at
pH 7.4 and 5.5, to identify the best model (Fig. 3 B and C),
Table 1). The pseudo-rst order model showed the best t,
with R2 = 0.9981 at pH 5.5 and R2 = 0.9973 at pH 7.4, sug-
gesting CAT release is primarily concentration-dependent and
diffusion-controlled. The pseudo-second order model also
showed strong t (R2 = 0.99149 at pH 5.5 and 0.995579 at pH
7.4), indicating CAT-matrix interactions may play a secondary
role. The Korsmeyer–Peppas model showed moderate t (R2 =

0.9671 at pH 5.5 and 0.9646 at pH 7.4), with diffusion expo-
nent values below 0.45 (n = 0.1976 and 0.1878), indicating
Fickian diffusion as the primary release mechanism.46

Although the Elovich model also provided a good t with R2

values around 0.98, it was slightly less effective than the rst-
order model, implying that its use is more suitable for the
initial stages of desorption. Overall, the release kinetics of
47372 | RSC Adv., 2025, 15, 47366–47382
CAT from CAT@CPANVs are best described by the pseudo-
rst order model, supported by Fickian diffusion mecha-
nisms, with pH-dependent acceleration under acidic
conditions.
3.8. Effects of CAT@CPANVs on mice

3.8.1. Median LD50. To assess its acute toxicity, CAT@C-
PANVs was injected intrapertonially to determine its median
LD50. There were no harmful effects at any concentrations (1–
100 mg kg−1) employed. Thus, CAT@CPANVs treatment is safe
up to 100 mg kg−1.

3.8.2. Lifespan prolongation. The administration of
CAT@CPANVs to mice resulted in a signicant increase in the
therapeutic group's life span, with a 38.89% extension
compared to the positive control group, thereby demonstrating
the efficacy of CAT@CPANVs treatment in prolonging the
average lifespan of the animals.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic model fitting parameters for the in vitro release of CAT
from CAT@CPANVs under different pH conditions

Model Parameter pH = 5.5 pH = 7.4

Pseudo-rst order CR (%) 83.52263 75.67774
k1 (min−1) 1.00798 0.91836
R2 0.99811 0.99733

Pseudo-second order CR (%) 89.60265 81.4859
k2 (g mg−1 min−1) 0.01505 0.015839
R2 0.99149 0.995579

Higuchi Kh (mg g−1) 22.83968 20.27375
R2 0.83029 0.80369

Elovich a (g mg−1 min−1) 452.54889 456.27845
b (mg g−1) 0.07155 0.06546
R2 0.98007 0.080988

Korsmeyer–Peppas Kkp (g mg−1 min−1) 50.2127 46.46746
n 0.1976 0.18777
R2 0.9671 0.96461

Fig. 4 Therapeutic impacts of CAT@CPANVs on the (A) EAC cell count (d
of pro-apoptotic/fibrotic markers (S100A14 (ng ml−1) and Angptl-2 (ng m
serum alanine aminotransferase (U dl−1), and (G) activity of serum aspart
peritoneal injection (IPJ) of normal saline; G2 (drug group) received IP ad
positive group) was administered EACs (2.5 ×106 cells/mice) by IPJ on
15 mg kg−1 daily for 10 days after EAC injection.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.9. Impacts of CAT@CPANVs on EAC

3.9.1. Dose–response CuCate. Ehrlich carcinoma was
clearly suppressed in a dose-dependent manner by CAT@C-
PANVs in Swiss albino mice, as illustrated in Fig. 4A. The dose–
response cuCate showed a non-linear pattern. CAT@CPANVs
achieved maximum tumor suppression at a dose of 15 mg kg−1,
where the EAC cell count declined dramatically to nearly 40 ×

106 cells. Doses below this level (2.5–10 mg kg−1) produced the
curious effect of enhancing tumor proliferation, while a dose of
20 mg kg−1 again showed paradoxical effects and appeared to
be too much in terms of CAT's tumor-promoting (or at least not
inhibiting) effects. The most direct interpretation of these
results is that CAT has a very precise range of effective doses and
would have to be given with a great deal of precision to achieve
any tumor-tracking (or at least tumor-holding) effects.

3.9.2. Impact on the number of EAC and quantity. In
Fig. 3B, the group receiving 15 mg kg−1 of CAT@CPANVs
ose–response cuCate), (B) Ehrlich volume and EAC cell count, (C) levels
l−1)), (D) total protein (g dl−1), (E) conc. of albumin (g dl−1), (F) activity of
ate aminotransferase (U dl−1). G1 (control) was given 10 days of intra-
ministration of CAT@CPANVs (15 mg kg−1) daily for 10 days. G3 (EAC-
the initial day; G4 (therapeutic group) CAT@CPANVs were given IP at

RSC Adv., 2025, 15, 47366–47382 | 47373
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showed a remarkable decrease in both the average EAC volume
and the number of viable cells, in contrast to the positive group
with untreated tumors. Notably, the positive group had an
average EAC volume of 4.55 ± 0.58 mL, as shown in Fig. 4B,
while in the therapeutic group, it fell by −93.85% to 0.28 ±

0.14 mL (p < 0.05). In the EAC group, the average number of
EACs was 168.83 ± 6.98 (106) cells. However, as shown in
Fig. 4B, this number fell by 83.02% to 28.67 ± 12.54 (106) cells.
These ndings demonstrate the exceptional anti-tumor effec-
tiveness of CAT when administered through PAA–chitosan
nanovehicles, likely due to enhanced bioavailability, increased
cellular uptake, and targeted action at the tumor site.

3.9.3. S100A14 level. High doses of S100A14 cause ROS
generation and apoptosis. Thus, exogenous S100A14 triggers
apoptosis or cell growth at different doses through RAGE liga-
tion.47 S100A14 is higher in liver brosis patients than healthy
individuals and increases as disease progresses.48 S100A14
increases p53, which prevents cell division.49

S100A14 levels showed signicant differences between study
groups. Group (G3) had the highest mean value (83.3 ± 0.41),
followed by group (G4) with 55.4 ± 0.13), while groups (G2) and
(G1) had the lowest values (34.08 ± 0.23) and (33.84 ± 0.51),
respectively. Compared to control, percentage change was
higher in the positive group (147%), therapeutic group (64%)
and marginally higher in the drug group (0.7%) (Fig. 4C). These
ndings align with previous reports showing S100A14 is
expressed in human cancers and regulates biological processes
like apoptosis and proliferation.50 S100A14 was found to trigger
cell proliferation and metastasis by activating the MAPK
pathway.51

3.9.4. Angiopoietin-like protein 2 (Angptl2) level. Angptl2
increases inammatory cytokines, macrophage inltration in
adipose tissue, and vascular inammation in transgenic mice.52

Increased adipose tissue and circulatory inammation, associ-
ated with Angptl2, play a signicant role in NAFLD pathophys-
iology.53 According to Tian et al.,54 Angptl2 stimulates
angiogenesis, oxidative stress, apoptosis, inammation, and
brotic remodelling. There are signicant differences between
groups in Angptl2 levels. The positive group (G3) showed
highest values (28.3 ± 0.22), followed by G4 (17.2 ± 0.13) and
drug G2 group (8.71 ± 0.23). The control group (G1) had lowest
values (8.68 ± 0.32). Compared to control, changes were higher
in positive group by 226%, therapeutic group (98%) and drug
group (0.35%) (Fig. 4C). These ndings are consistent with the
previous results show that the serum Angptl2 level accurately
differentiates between patients with malignancies and healthy
controls, and relates to tumour progression.55
3.10. Liver function tests

3.10.1. Impact of CAT@CPANVs on total protein. Total
protein testing aids liver problem diagnosis by measuring liver
function. Total plasma protein production can be affected by
illnesses, while liver dysfunction oen shows reduced TSP
levels.56 Total protein and albumin values in EACs groups are
signicantly lower (p < 0.001) than drug and negative control
groups, as shown in Fig. 4. The G4 group exhibits greater
47374 | RSC Adv., 2025, 15, 47366–47382
signicance compared to the EACs group. Our ndings showed
a signicant difference (F = 68.43, P < 0.001) in total protein
content between groups. The drug-treated group (G2) recorded
the highest value of 6.1 ± 0.08, followed by G1 with 5.83 ± 0.11,
and G4 with 5.35 ± 0.14. EAC group (G3) had 5.11 ± 0.08. Drug
group showed a 27.1% rise, while positive control and thera-
peutic groups decreased by −7.8% and −3.3% compared with
control (Fig. 4D). Between the EACs group and the treated mice
group, there was no discernible difference in the serum total
protein concentration.57

3.10.2. Impact of CAT@CPANVs on the albumin.
Regarding albumin, variations existed between groups (F =

79.82, P < 0.001). The disparities between groups were
substantial. Group 2 had the highest mean value (3.38 ± 0.03),
followed by (G1) group (3.17 ± 0.02) and (G4) group (2.96 ±

0.05), while (G3) group had the smallest amount (2.42 ± 0.05).
The positive group fell by −29.5% compared with control, the
therapeutic group increased by 23.6%, while the drug group
decreased by 7.1% (Fig. 4E). The EAC bearing positive control
group showed a considerable decrease in serum albumin.57

3.10.3. Impact of CAT@CPANVs on aminotransferase. The
most biochemical parameters commonly used for hepatic
injury are AST and ALT.58 Hepatic injury such as liver necrosis
and inammation may be the cause of the EAC-bearing mice's
high elevation in ALT and AST activity.

3.10.4. Impact of CAT@CPANVs on ALT activity. Regarding
the ALT activity with control, there is signicant difference
between groups under study (F = 60.97, P < 0.001). With the
positive group (G3), the high mean value was noted (21.12 ±

1.11) followed therapeutic group (G4) (11.95 ± 0.3) and control
group (G1) (11.53 ± 0.18) while drug group (G2) had the lowest
value (11.34 ± 0.32). By contrast to the control, the drug group
saw a reduction of −1.67%, but the positive group (81.20%) and
therapeutic groups (6.93%) showed an increase in percentage
change (Fig. 4F).

3.10.5. Impact of CAT@CPANVs on AST activity. The study
groups differ signicantly from one another in terms of the
AST activity (F = 553.49, P < 0.001). The (G3) group's high
mean level (47.1 ± 0.33) then in (G4) group (26.2 ± 0.55). The
(G2) group (15.11 ± 0.18) and the (G1) group had smallest
amount (15.08 ± 0.03). In contrast to the control, the
percentage change was signicantly higher in the therapeutic
group (73.44%) and positive group (212.42%), but only
slightly higher in the drug group (0.16%) (Fig. 4G). These
results are consistent with a prior study,59 which shows that
there is a highly signicant difference between the serum
activities of ALT and AST in the mice in the EACs group and
the control group. These results corroborate earlier studies60

that indicated signicant increases in serum ALT and AST
activity in mice bearing EACs as compared to the normal
group due to the induction of organ failure and metabolic
disturbance caused by Ehrlich cell inoculation. These results
corroborate earlier studies61 that showed tumour mice had
elevated liver enzyme levels, which are associated with cell
damage, but that these markers returned to nearly normal
following treatment with CAT that was shown to have a hep-
atoprotective effect.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.11. Impact of CAT@CPANVs on lipid prole

Fig. 5A–C depicts the signicant modulation of lipid prole
parameters among the experimental groups following the
administration of CAT@CPANVs treatment.

3.11.1. Impact of CAT@CPANVs on total cholesterol.
Notably, total cholesterol levels exhibited signicant variation
among the studied groups (F = 1919.47, P < 0.001) (Fig. 5A). The
EAC-bearing mice (G3) demonstrated a marked elevation in
total cholesterol levels (242.35 ± 1.42 mg dL−1), likely attribut-
able to tumor-induced dyslipidemia and hepatic dysfunction. In
contrast, the therapeutic administration of CAT@CPANVs (G4)
resulted in a reduction of cholesterol levels to 139 ± 1.72 mg
dL−1, representing a substantial 42.6% decrease compared to
the EAC group. This cholesterol-lowering effect was even more
pronounced in the drug-only group (G2), which exhibited the
lowest levels (101.43 ± 0.36 mg dL−1), lower than the normal
control (G1: 107.66 ± 1.84 mg dL−1), suggesting a potential
preventive lipid-regulating capability of CAT@CPANVs in
healthy systems. The cholesterol increases in the G3 group
amounted to a 115% rise relative to G1, underscoring the
signicant metabolic disturbance caused by EAC, while G4
effectively mitigated this rise to only 28.9% above normal.

3.11.2. Impact of CAT@CPANVs on triglyceride levels. The
triglyceride levels exhibited a consistent trend across the groups
studied (F = 58.72, P < 0.001) (Fig. 5A). G3 demonstrated the
highest triglyceride concentration at 231.87 ± 8.81 mg dL−1,
aligning with the concept of metabolic reprogramming in
cancer. Treatment with CAT@CPANVs in G4 signicantly
reduced triglyceride levels to 160.44 ± 1.75 mg dL−1, repre-
senting a 30.8% decrease. In contrast, G2 recorded a level of
156.31 ± 0.79 mg dL−1, which is comparable to the normal
control group (G1: 148.91 ± 0.93 mg dL−1). The therapeutic
group thus exhibited only a 7.5% increase compared to the
controls, as opposed to a 55% increase obseCated in the positive
EAC group, indicating a substantial normalization of lipid
metabolism following treatment.

3.11.3. Impact of CAT@CPANVs on HDL level. Importantly,
the levels of high-density lipoprotein (HDL) “good cholesterol”
were signicantly elevated in the treated groups (F = 134.45, P <
0.001) (Fig. 5B). G4 exhibited the highest HDL levels (67.95 ±

3.01 mg dL−1), representing a substantial 38.3% improvement
over the control group (G1: 49.1 ± 0.83 mg dL−1) and
a remarkable 152% increase compared to the EAC group (G3:
26.93 ± 0.53 mg dL−1). G2 also demonstrated elevated HDL
level (63.85 ± 0.99 mg dL−1), suggesting that CAT@CPANVs can
enhance cardioprotective lipid fractions in addition to miti-
gating tumor-associated dyslipidemia.62

3.11.4. Impact of CAT@CPANVs on VLDL level. For very-
low-density lipoprotein (VLDL), which is associated with
triglyceride transport and oen elevated in hepatic stress or
cancer, there are noteworthy differences between the groups
under study (F = 59.08, P < 0.001). The positive group (G3) di-
splayed the elevated mean value (46.1 ± 1.74 mg dL−1) followed
by therapeutic group (G4) (32.2 ± 0.17 mg dL−1), while drug
group (G2) (31.11 ± 0.31 mg dL−1). The control group (G1)
group had lowest value (29.66 ± 0.21 mg dL−1). The percentage
© 2025 The Author(s). Published by the Royal Society of Chemistry
change was higher in G2 group with 4.53%, EAC group with
55.14%, and G4 group with 8.08% when compared to G1 group
(Fig. 5B). This suggests effective suppression of tumor-induced
hepatic lipogenesis by CAT@CPANVs.

3.11.5. Impact of CAT@CPANVs on LDL level. The level of
low-density lipoprotein (LDL), a critical indicator of atherogenic
and inammatory potential, exhibited signicant differences
among the groups (P < 0.001) (Fig. 5B). The EAC group (G3)
demonstrated the highest LDL value (163.3 ± 2.95 mg dL−1),
indicating substantial lipid derangement attributable to tumor
burden. Treatment with CAT@CPANVs in G4 resulted in
a signicant reduction of LDL to 40.2 ± 6.4 mg dL−1, repre-
senting a 75.4% decrease compared to G3. In contrast, G2 and
G1 maintained low LDL levels at 14.5 ± 0.67 and 23.2 ± 1.95 mg
dL−1, respectively.

These results show that CAT@CPANVs have a strong anti-
cancer effect and signicantly restore lipid homeostasis in mice
with EAC. The potential of this nanoplatform in cancer treat-
ment and prevention of metabolic consequences is highlighted
by its dual control of tumor development and lipid dysregula-
tion. Notably, these results are consistent with a prior study,59

which shows that the serum levels of HDL, VLDL, LDL,
cholesterol, and triglycerides in the EACs group of mice are
signicantly higher than those in the control group and lower
aer treatment. In the current study, tumor-bearing mice had
higher serum levels of VLDL, LDL, triglycerides, and cholesterol
than mice that received therapeutic treatment. The tumour
cells' high energy consumption may be the cause of the elevated
serum levels of these lipid indicators in the tumor-bearing
animals. As a consequence, these cells improve the process of
lipolysis from adipose tissues and other organs, such as the
spleen and liver, increasing the majority of the serum lipid
prole, while the weights of the liver and spleen have signi-
cantly decreased, there has also been a highly substantial
decrease in the overall amount of lipid in the liver tissue.63
3.12. Antioxidants activity of CAT@CPANVs

In cancer care, oxidative stress plays a crucial role in tumour
growth, maintenance, and prevention. Because tumor cells
actively create oxygen and lack proper oxidation–reduction
control, oxidative stress occurs in tumor-bearing conditions.64

Oxidative stress is a causal factor in the toxicology of major
therapeutic chemotherapies.65 Oxidative stress was shown by
elevated malondialdehyde (MDA), a lipid peroxidation byprod-
uct. GSH, CAT, and SOD are key antioxidant system effectors
that scavenge reactive oxygen species (ROS) to protect cells.64

Results show that the positive group had higher malondi-
aldehyde (MDA) levels and lower antioxidant protein compared
to controls.66

3.12.1. Impact of CAT@CPANVs on GSH level in liver
tissue. Details for GSH activity (mg g−1 tissue) were given, as
seen in Fig. 5C. The GSH activity values in the EACs groups are
signicantly lower (p < 0.001) than in the drug and negative
control groups. In terms of GSH activity, the therapeutic group
has a much higher level than the EACs group. The GSH level in
liver tissue varies signicantly between the groups under
RSC Adv., 2025, 15, 47366–47382 | 47375
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Fig. 5 Therapeutic impacts of the CAT@CPANVs on the levels of: (A) cholesterol and triglyceride, (B) HDL and VLDL, LDL, (C) GSH and Cat, (D)
SOD and MDA (mg g−1 tissue). G1 (control) was given 10 days of intraperitoneal injection (IPJ) of normal saline; G2 (drug group) received IP
administration of CAT@CPANVs (15mg kg−1) daily for 10 days. G3 (EAC-positive group) was administered EACs (2.5×106 cells per mice) by IPJ on
the initial day; G4 (therapeutic group) CAT@CPANVs were given IP at 15 mg kg−1 daily for 10 days after EAC injection.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 1
0:

22
:2

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
investigation (F = 5.71, P < 0.001). The control groups (G1) had
the highest mean value (3.44 ± 0.16), followed by the drug
group (G2) (3.23 ± 0.17) and the therapeutic group (G4) (3.05 ±

0.17). Positive group (G3) had lowest value (2.22 ± 0.42). As
compared to the control, the drug control showed a substantial
drop in percentage change (−5.61%), followed by the positive
group (−34.30%) and the therapeutic group (−8.98%).

3.12.2. Impact of CAT@CPANVs on the catalase activity in
liver tissues. The catalase activity data (in mg g−1 tissue) are
shown, as illustrated in Fig. 5C. When the EACs groups are
compared to the drug and negative control groups, their cata-
lase activity values are signicantly reduced (p < 0.001). As far as
catalase activity is concerned, the therapeutic group signi-
cantly outperforms the EACs group. The degree of Catalase
activity in liver tissue varies signicantly between the groups
under investigation (F = 136.23, P < 0.001). The drug groups
(G2) had the highest mean value (1.9 ± 0.02), followed by
control group (G1) (1.86 ± 0.01) and (G4) group (1.71 ± 0.01),
47376 | RSC Adv., 2025, 15, 47366–47382
(G3) EAC group had lowest value (1.11 ± 0.04). Only drug group
had a rise in percentage change (2.51%), whereas the positive
control saw a signicant decline (−38.82%), and the treatment
group saw a signicant decrease (−7.85%) when compared to
the negative control.

3.12.3. Impact of CAT@CPANVs on SOD in liver tissues.
The information for SOD activity (mg g−1 tissue) is given, as
seen in Fig. 5D. In comparison to drug and control groups, the
EACs groups exhibit signicantly decreased SOD activity values
(p < 0.001). Regarding SOD activity, the treatment group exhibits
a signicant increase in comparison to the EACs group. The
SOD level in liver tissue varied signicantly between the groups
under investigation, according to the liver results (F = 136.23, P
< 0.001). The drug group (G2) had the highest mean value (1.93
± 0.04) then (G1) group (1.87 ± 0.02) and (G4) group (1.71 ±

0.03), the EAC (G3) group had the smallest amount (1.15 ±

0.05). When comparing the percentage change to the control
group, the drug group showed the only rise (2.51%), while the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effects of different treatments on the levels of caspase 3 (Pg
mg−1 tissue) and Bcl2 (ng mg−1 tissue) in all tested groups.
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positive control showed a substantial reduction (−38.82%), and
the therapeutic group showed a signicant decline (−7.85%).

3.12.4. Impact of CAT@CPANVs on malondialdehyde
(MDA) in liver tissue. The results regarding MDA values (in mg
g−1 tissue) are given, as Fig. 5D illustrates. The MDA readings in
the EACs groups are signicantly greater (p < 0.001) than in G2
and G1 groups. In terms of MDA values, G4 group exhibits lower
signicance than the EACs G3 group. The MDA level in liver
tissue varied signicantly between the groups under investiga-
tion, according to the liver results (F = 30.69, P < 0.001). In the
positive group, the high mean value was noted (G3) (77.15 ±

3.72) followed by therapeutic group (G4) (48.01± 1.95) while the
drug group (G2) (44.45 ± 2.32) and control group (G1) had
lowest value (43.2 ± 231). With respect to the negative control,
the percentage change was lower in drug group (−0.27%),
higher in the therapeutic group (6.35%) and higher in the
positive group (72.54%). The present ndings corroborate
previous research,67 which identied reduced levels of GSH,
CAT, and SOD activity, alongside elevated MDA levels in EAC-
bearing mice. This is consistent with earlier studies68 that re-
ported diminished CAT and SOD activity and increased MDA
levels in EAC-bearing mice. Additionally, prior investiga-
tions59,61 have demonstrated that mice with EAC exhibit higher
MDA levels and reduced GSH and SOD activity. The recent study
suggests that CAT@CPANVs can improve liver function by
increased values of SOD, GSH, CAT, and decrease of MDA.
CAT@CPANVs have the potential to prevent liver damage. This
study indicates that CAT@CPANVs can enhance liver function
by elevating the levels of GSH, CAT, and SOD, while decreasing
levels of MDA. CAT@CPANVs have the potential to prevent liver
injury. Moreover, the present study revealed a signicant
decrease in GSH levels in the blood of tumor-bearing mice.
Reduced glutathione is vital to the body's antioxidant defences
since it is an important cofactor for antioxidant enzymes.69

Lipid peroxidation is elevated due to the depletion of GSH
reseCates, which normally have the ability to moderate the
amount of lipid peroxidation. The glutathione-related enzymes
employ glutathione during oxidative stress to detoxify peroxides
that are created due to elevated lipid peroxidation.70 Low MDA
levels imply that there is inhibition of lipid peroxidation.71 As
a result, there was less MDA visible aer treatment with
CAT@CPANVs, which prevented cellular damage. Cells need
both enzymatic and non-enzymatic antioxidants to get rid of
free radicals. It has been proposed that the deciencies in
activities of SOD, CAT, and GSH in tumor-bearing mice may be
due to activity decreased in the mitochondria. The current study
suggests that CAT@CPANVs may increase GSH levels.

3.12.5. Impact of CAT@CPANVs on caspase 3 and Bcl2 in
liver tissue. Levels of caspase 3 and Bcl2 in EAC G3 group were
greater in the recent work when compared to G1 and G2 groups
(Fig. 6). The ndings align with those of a different research
discovered that in comparison to the normal control group, EAC
inoculation resulted in a large increase in hepatic caspase 3 and
a considerable decrease in hepatic Bcl2 levels.72 Given recent
results, Badr El-Din et al.73 reported that mice inoculated with
Ehrlich ascites carcinoma showed notable differences in the
expression of apoptotic regulators (activation of caspase-3,
© 2025 The Author(s). Published by the Royal Society of Chemistry
upregulation of proapoptotic proteins Bax and p53, down-
regulation of the antiapoptotic protein Bcl-2, and decreased Bcl2:
Bax ratio). The therapeutic group's elevated Bcl2 and decreased
caspase 3 levels suggested a reduction in liver apoptosis.
3.13. Immunohistochemical analysis

Immunohistochemical analyses demonstrated that liver tissue
slices from the negative control group had considerably
moderate levels of TNF-a immunoreactivity (Fig. 7A), but the
drug group's liver tissue only had mild expression of TNF-
a (Fig. 7B). Comparing liver sections from the positive EACs
control group to those from the control group, the former di-
splayed noticeably greater levels of TNF-a immunoreactivity in
the liver tissue (Fig. 7C). In contrast to the control group, liver
slices from the therapeutic group of mice displayed nearly mild
levels of TNF-a immunoreactivity (Fig. 7D).

According to Yoo et al.74 and Ankoma-Sey et al.,75 cancer cells
stimulate angiogenesis by secreting more angiogenic growth
factors like TNF-a, VEGF, PIGF, and TGF-b in addition to other
cytokines. Because of these recently developed capillaries,
angiogenic factors and cytokines that have already been
produced enter the portal vein and circulatory system, eventu-
ally arriving in the liver where they bind to particular receptors
to trigger a variety of signal transductions. The characteristics of
hepatic inammation and brosis are mediated by hepatic
stellate cells, Kupffer cells, and mast cells, and ultimately, liver
injury are further activated as a result of this pathological
occurrence.76 On the other hand, other chemokines that are
expressed when these hepatic stellate cells are activated are also
in charge of stimulating angiogenesis, inammation, and
brosis.77 Compared to the G1 group, the G3 group's mice's liver
slices displayed noticeably more TNF-a immunoreactivity in the
liver tissue. However, a slightly higher amount of TNF-a was
found in liver sections from mice in the treatment group
compared to the control group, suggesting a reduction in liver
inammation.
3.14. Impact of CAT@CPANVs on liver histology

Microscopic image of liver sections in the control group (G1)
demonstrating a typical conguration of hepatic cords with
RSC Adv., 2025, 15, 47366–47382 | 47377
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Fig. 7 Under a microscope, TNF-a expression in liver sections can be seen as follows: (A) the control group with moderate TNF-a cytoplasmic
staining reaction; (B) the drug group with mild TNF-a cytoplasmic staining reaction in the hepatic tissue; (C) the EACs positive group with strong
TNF-a cytoplasmic staining reactivity in the hepatic tissue; and (D) the therapeutic group with nearly mild TNF-a cytoplasmic staining reaction in
the liver tissue. 20 mm is the scale bar.
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normal portal regions, sinusoids, and central vein as displayed
in (Fig. 8A). The drug group (G2)'s liver sections exhibit
improved hepatic tissue histology and decreased cellular
ltrates (black arrow heads), as seen in (Fig. 8B). As seen in
(Fig. 8C), liver sections from the EAC group (G3) displayed
multifocal areas of hepatocytes coagulative necrosis (black
Fig. 8 The following are the magnification levels for an image of the liver
the G3 EAC tissue, and (D) the G4 tissue: both high (X:400 bar 50) and l

47378 | RSC Adv., 2025, 15, 47366–47382
arrows), portal brosis (blue arrows), and inammation (yellow
arrows), along with enormous EAC cell aggregation mixed to
mononuclear cells in portal areas (black arrow heads). The
histology of the hepatic tissue has improved in the liver sections
of therapeutic group (G4), as seen in (Fig. 8D).
histology under a microscope in (A) the G1 tissue, (B) the G2 tissue, (C)
ow (X:100 bar 100).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

This study demonstrated how CAT@CPANVs offers a workable
platform for application in themedical eld. The CAT@CPANVs
nanoformulation was created by encapsulating CAT with
CPANVs. Strong H-bonding interactions between the OH groups
of the phenolic compounds' chitosan chain and the lipid matrix
were responsible for the nanoformulation's exceptional physi-
ologic stability. Furthermore, CPANVs demonstrated a high
percentage of CAT loading content, encapsulation effectiveness,
and pH-dependent CAT release properties. The in vivo trial
shows that this unique technique provides an affordable way to
preseCate the medicine aer it is encapsulated by CPANVs,
allowing for a more targeted and extended release of the drug,
lowering the volume and count of EAC, and enhancing liver
functions. Lipid prole can be enhanced by CAT@CPANVs.
Based on biochemical, immunohistochemical, and histological
studies, the special CAT@CPANVs agent improved liver tissues
without causing any discernible side effects. Histology shows
that the liver tissue that was treated with CAT-QCNP is now
better. The histopathology of the liver tissue treated with
CAT@CPANVs demonstrates improvement. This can be ach-
ieved by decreasing apoptosis and recovering antioxidant
properties, which eradicate oxidative stress and maintain the
health of the liver's blood vessels.
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