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Breast cancer is the most prevalent cancer in women worldwide and a major contributor to cancer-related
death. It has been established for decades that natural bioactive compounds are a crucial source for de-
veloping novel anticancer drugs. However, their poor targeting, limited solubility and bioavailability, and
instability hinder the effectiveness of treatment. With advancements in nanotechnology, nanomedicine
delivery systems have emerged as viable approaches to enhance drug bioavailability and therapeutic ef-
fectiveness, with natural polymer-based drug carriers gaining significant attention for breast cancer treat-
ment. Chitosan’s distinct physicochemical characteristics, biocompatibility, and low immunogenicity make
it a popular choice for carrier materials in nanomedicine delivery systems. Their desired qualities include
the extent of chemical modification, controlled drug release, surface flexibility, non-toxicity, enhanced sta-
bility, cellular uptake, anticancer drug solubility, modulation of release kinetics, and biodistribution. This
review aims to illustrate current concerns regarding breast cancer treatment, highlighting the untapped
potential of natural bioactive compounds while promoting the latest developments of using chitosan-
based nanocarriers to deliver natural bioactive compounds. Finally, this review spotlights the limitations
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of existing research and the futuristic prospects in this emerging field.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Breast cancer remains one of the foremost prevalent malig-
nant tumors in women globally, and it has drawn more atten-
tion from the medical and public health communities. Accord-
ing to the American Cancer Society, it will impact the lives of
around 316,950 people with invasive breast cancer, and approxi-
mately 59,080 new cases of ductal carcinoma in situ will be di-
agnosed. It has been projected that in 2025, 42,170 women will
lose their lives to breast cancer. Currently, hormone therapy, ra-
diation, chemotherapy, surgery, and a combination of these are
the available treatment options for breast cancer [1,2]. However,
these conventional therapy approaches have several adverse con-
sequences; surgery and radiotherapy are extremely intrusive pro-
cedures with poor specificity. Chemotherapy has serious side ef-
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fects since the drugs are harmful to healthy cells that are growing
[3]. In addition, the lack of a targeting mechanism, rapid systemic
metabolism, and poor bioavailability of conventional dosage forms
have all been associated with poor therapeutic efficacy [4]. More-
over, drug inactivation and efflux of drugs from cancer cells are
caused by multi-drug resistance (MDR), in which the target devel-
ops structural and functional resistance, which is another drawback
of traditional chemotherapy drugs that might lead to treatment
failure [5]. As a result, research into safer, less harmful, and more
efficient treatments for people with breast cancer is always press-
ing. During the last few decades, natural products have grown in
popularity as active ingredients because synthetic drugs have un-
desirable qualities and adverse effects.

Natural bioactive compounds have gained more attention for
treating breast cancer because of their safe toxicological profile in
comparison to synthetic chemotherapeutic drugs in recent years
[6]. Natural bioactive compounds are secondary metabolites de-
rived from marine species, fungi, microbes, and plants. Several
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studies have indicated that they have important anticancer ef-
fects through apoptosis induction, stopping the proliferative cell
cycle of cancer cells, preventing cancer cell migration and inva-
sion, and inhibiting angiogenesis [7]. Notably, 85 (49%) of the
175 anticancer molecules released between 1981 and 2014 came
from natural sources and their derivatives [8]. Additionally, specific
bioactive compounds can improve the body’s immune response,
which advances cancer immunotherapy and has indirect anticancer
benefits. Recently, natural products have been utilised as mod-
ulators of multidrug resistance and sensitisers for chemotherapy
and radiation therapy. The most studied natural bioactive com-
pounds for breast cancer treatment are polyphenols, alkaloids, ter-
penoids, saponins, glycosides, etc. [9,10]. For example, by targeting
cyclin-dependent kinases (CDKS), flavopiridol, a semi-synthesised
flavonoid derivative derived from rohitukine, suppresses cell cycle
progression and cell proliferation [11]. As a result, natural bioac-
tive compounds open the door for novel advancements in low-cost,
highly effective natural therapies that improve breast cancer pa-
tients’ quality of life and survival duration.

Despite their promise, the poor tumor targetability, high gas-
trointestinal instability, poor aqueous solubility, and low systemic
bioavailability of many anticancer natural bioactive compounds
significantly restrict their treatment efficiency [12]. For example,
when given intravenously to rats, curcumin exhibits a half-life of
11137 £1.620h and a Cpax of 16.25040.596 ng/mL [13]. The phys-
ical barriers in the human body, including the gastrointestinal (GI)
tract, blood-brain barrier, endothelial lining of blood vessels, and
mucosa, are difficult to pass through due to their size and hy-
drophobic nature. Besides, they are broken down by enzymes in
the digestive tract [14]. For instance, the efficiency of quercetin is
decreased by its rapid breakdown by stomach acid or digestive en-
zymes [15]. In addition, natural compounds like shikonin and pacli-
taxel harm healthy tissues [16,17]. Therefore, introducing nanocar-
riers to encapsulate or conjugate these bioactive compounds may
be an innovative approach to improve their bioefficacy by affect-
ing their solubility, rate of absorption, and GI stability. Several
nanoparticle systems developed using biomaterials loaded with an-
ticancer drugs have been approved by the United States Food and
Drug Administration (USFDA) or currently in clinical trials [18]. In
the twenty-first century, these bio-nanocarriers have evolved into
an international frontier field because they are biocompatible and
highly effective at activating immune reactions in the human body.
These are evidently due to the multiple benefits that nanocarri-
ers provide over free drugs and conventional dosing forms. The
benefits of the nanocarrier system include multiple drug loading,
site-specific delivery, controlled and extended drug release, longer
circulation half-life, minimal non-specific cell uptake, etc. [19,20].
With the development of the administration of drugs, numerous
nanocarriers have been developed using natural polymeric mate-
rials. Chitosan-based nanocarriers are among the most promising
nanocarriers for delivering chemotherapeutic or anti-tumor drugs
[21,22].

Chitosan is a polymeric nanocarrier that has been employed
and is considered safe for human use. The USFDA subsequently ap-
proved chitosan polymer due to its biocompatible and biodegrad-
able properties and continuous release mechanism [23]. In
addition to its many other biological functions, chitosan also acts
as an immune-adjuvant, osteoblast accelerator, anti-angiogenic,
anti-inflammatory, haemostatic, anti-microbial, anti-tumor, and
connective gum tissue regenerator [24,25]. The amine and hydroxyl
functional groups of chitosan’s backbone allow easy modification
to change the substance’s stability, solubility, bioactivity, and
mucoadhesion [26]. To increase the stability and loading efficiency
of the drugs, the amine groups might be functionalised with other
compounds [27]. Novel nanocarriers based on chitosan have been
developed for the targeted delivery of drugs, demonstrating their
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potential to enhance the results of breast cancer treatments. For
instance, nanoparticles containing chitosan provide versatility in
surface modification, which facilitates tumor targeting. It exhibits
surface flexibility and is configurable at the nanoscale, which
enhances stability and makes it compatible with numerous anti-
cancer drugs [28]. Additionally, it reduces unwanted side effects
and shields the drugs from enzymatic destruction. These charac-
teristics make chitosan-based nanocarriers ideal for encapsulating
naturally occurring bioactive substances and boosting their anti-
breast cancer therapeutic potential [29]. For example, Baksi et al.
formulated the quercetin-loaded chitosan nanoparticles that
demonstrated a sustained release profile (67.28%) over 12h [30].
Similarly, the oral bioavailability of curcumin increased by 9.5-fold
when delivered using N-carboxymethyl chitosan (NCC)-coated
solid lipid nanoparticles (SLN) compared to a curcumin solution
[31]. The MDA-MB-231 cells exhibited a 3-6-fold higher uptake
efficiency of chitosan-coated Fe30, magnetic nanocomposites (NC)
than free curcumin [32].

This review primarily highlights recent breakthroughs in chi-
tosan nanocarrier-based delivery systems for natural bioactive
compounds such as berberine, curcumin, quercetin, resveratrol,
epigallocatechin-3-gallate (EGCG), with a focus on enhancing ther-
apeutic efficacy and safety for breast cancer treatment, emphasis-
ing the use of chitosan-based nanoparticles, liposomes, SLN, mi-
celles, and other nano-drug delivery approaches. Additionally, the
challenges and future perspectives for chitosan-based nano carri-
ers for treating breast cancer have been addressed. To the best
of our knowledge, no comprehensive review particularly highlights
the application of chitosan-based nanocarriers to deliver naturally
occurring bioactive compounds in breast cancer treatment.

2. Limitations of conventional treatment strategies

Several noteworthy developments in tumor biology research
have been reported recently, yet conventional treatments are
still incorporated. Fig. S1 (Supporting information) illustrates the
challenges that conventional therapy confronts. Currently, breast
cancer can be treated with chemotherapy, radiation treatment,
hormone therapy, and surgery [33]. The primary form of therapy
is surgery, removing the tumor and surrounding diseased tissues.
The recurrence of cancer after a few years, because of cancer cells
that were removed, is the sole risk associated with lumpectomy
[34]. After surgery, radiation therapy is another local treatment
that kills breast cancer cells by exposing them to high-energy
radiation [35]. Multiple studies have demonstrated that while
short-term radiation exposure during radiation therapy affects
and kills breast cancer cells, long-term radiation exposure can
raise the risk of dying from ischaemic heart failure. The primary
challenge in traditional treatment is chemotherapeutic drug re-
sistance brought on by the cancer cells’ increasing potential [36].
Drug-resistant cancer cells’ intracellular efflux and p-glycoprotein
expression stopped the chemotherapeutics from penetrating the
cells. Drug resistance during tumor formation may also prevent
the chemotherapy drugs from killing the cancer cells by apoptosis.
Several adverse effects, including myeloid leukaemia and neopla-
sia, are brought on by alkylating drugs. Additionally, it has been
shown that several patients have infertility following gonadotox
injections. Additional adverse effects, including dry mouth, water
retention, digestive issues, dental issues, and emotional challenges,
have been reported with standard therapy [37].

3. Potential natural bioactive compounds to combat breast
cancer

Molecular biology and tumor biology have advanced rapidly,
altering anti-cancer treatment approaches. Since time immemorial,
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natural bioactive compounds have been an essential source of ther-
apeutic options to cure ailments, and recently, they have gained
popularity as a possible breast cancer treatment alternative. More
than 5000 distinct natural bioactive compounds have reportedly
been identified in grains, fruits, and vegetables [38]. Polyphenols,
alkaloids, terpenoids, anthraquinones, etc., are the various natural
bioactives extensively studied for their anticancer potential. They
demonstrate anti-migration, anti-proliferative, anti-metastatic,
anti-invasive, and anti-angiogenic properties. An increasing body
of research has shown that natural bioactives can effectively target
breast cancer and stop its growth by altering cellular signalling
pathways [39]. Additionally, it has been demonstrated that phy-
toconstituents cause breast cancer cells to undergo apoptosis via
a variety of pathways. They can restrict tumor growth and cancer
spread by inducing cell death in cancer cells by activating pro-
teins that facilitate apoptosis and blocking molecules that hinder
it. These substances can also cause cell cycle disruption, which
results in cell cycle arrest and further prevents cancer cells from
proliferating [40]. The ability of bioactive compounds to combat
drug resistance, a frequent problem with traditional treatments, is
another important feature of their use in the treatment of breast
cancer. Targeting the tumor microenvironment (TME) and breast
cancer stem cells (CSCs), which are essential for the initiation,
spread, and resistance to treatment of cancer, has proven to be
a promising use for natural bioactives. By blocking self-renewal
pathways like Wnt/B-catenin, Hedgehog, and Notch, which limit
the cells’ capacity to replicate, phytoconstituents attack CSCs in
several ways [41]. They not only target CSCs but also alter the
TME, which is made up of fibroblasts, immune cells, blood vessels,
and extracellular matrix [42]. By stimulating cytotoxic T cells
and natural killer cells and suppressing immunosuppressive cells
such as regulatory T cells and myeloid-derived suppressor cells,
phytochemicals improve the immune response [43]. Furthermore,
they limit the function of cancer-associated fibroblasts in the
invasion and metastasis of cancer cells by inhibiting them.

A variety of natural compounds were assessed by Islam and his
team, who confirmed their effectiveness compared to conventional
breast cancer treatments [44]. They observed that these com-
pounds could enhance outcomes and lower mortality from breast
cancer, and that developing these natural products could eventu-
ally lead to the disease’s cure. For example, curcumin has become
one of the phytochemicals that has been studied the most in the
treatment of breast cancer, as curcumin causes radiation protec-
tion, chemosensitisation, and cell death. According to reports, cur-
cumin’s regulatory effect on breast cancer apoptosis and prolifer-
ation involves blocking fatty acid synthase. The MDA-MB-231 and
MCF-7 breast cancer cell lines had a half maximal inhibitory con-
centration (ICsg) value of 75umol/L for curcumin. Also, quercetin’s
anticancer properties are mostly attributed to its suppression of
oncogenic kinases and control of pertinent signalling pathways. For
instance, in MDA-MB-231 cells, quercetin downregulated p53 and
stopped the cell cycle in the G2/M phase at a dosage of 7pug/mL
[45]. According to recent studies, changing the structure is a prac-
tical way to boost quercetin’s bioavailability. The three quercetin
derivatives, which are QD1, QD2, and QD3 that Lewifska et al. syn-
thesised, significantly enhanced the removal of senescence brought
on by the apoptotic drug etoposide, along with the downregula-
tion of p27, interleukin-1 beta (IL-18), IL-8, and heat shock pro-
tein 70 (HSP70) [46]. EGCG inhibits oxidative stress, inflamma-
tion, angiogenesis, apoptosis, and metastasis through a variety of
biological and pharmacological actions. Wei et al. demonstrated
that EGCG influenced glucose metabolism in a time-dependent and
dose-dependent manner, reducing the proliferation of 4T1 cells
and causing cell death within 24h [47]. Additionally, EGCG re-
duced the tumor weight of breast cancer, lactate and glucose lev-
els, and vascular endothelial growth factor (VEGF) expression in
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a dose-dependent manner in the in vivo breast cancer model. In
addition to these phytoconstituents, several promising anticancer
drugs have been discovered, including derivatives of camptothecin
(CPT). The treatment of tumors has seen the application of a ris-
ing variety of CPT derivatives. Semi-synthetic CPT derivatives, such
as topotecan and irinotecan, for instance, have been authorised to
treat advanced breast cancer. The anti-cancer properties of CPT
derivatives are demonstrated by their excellent specificity for tar-
geting deoxyribonucleic acid (DNA) topoisomerase I (TOP1) [48].
Fig. S2 (Supporting information) shows various phases of develop-
ment for natural bioactives’ anticancer potential against breast can-
cer [49]. The figure provides a pathway from natural compounds to
cancer treatment alternatives and describes the development pro-
cess of bioactive compounds as possible anticancer agents.

3.1. Mechanism of action in natural bioactive compounds

Natural bioactive compounds have shown an incredible ability
to target breast cancer cells in several in vitro and in vivo stud-
ies. Significant bioactive compounds with anti-cancer properties,
including berberine, curcumin, quercetin, resveratrol, EGCG, and
others, have been found because of extensive research into the
effectiveness of natural bioactives for the prevention and treat-
ment of breast cancer. Table S1 (Supporting information) provides
an overview of some important natural bioactive compounds.
They exhibit anti-cancer potential by regulating several signalling
pathways and apoptotic mechanisms (Fig. 1). Their primary
mechanisms include suppression of DNA synthesis, angiogenesis,
metastasis, induction of cell death, heightened susceptibility to
chemotherapy, immune function control, and drug resistance
reversal. The genetically controlled process of planned cell death
is called apoptosis. The extrinsic (death receptor) and internal
(mitochondrial) pathways are the two well-known processes that
trigger apoptosis [50]. The B-cell lymphoma 2 (Bcl-2) signalling
pathway and the Fas/FasL signalling pathway are significant intrin-
sic and extrinsic mechanisms, respectively. Fas is a crucial death
receptor located on the cell surface that, upon binding to its ligand
FasL, triggers the activation of the death receptor pathway, leading
to apoptosis. After passing the apoptotic signalling through the
downstream caspase, it ultimately triggers apoptosis. Pro-apoptotic
(Bax, Bak) and anti-apoptotic (Bcl-2, Bcl-XL) proteins make up
the Bcl-2 family of proteins. For example, Kaempferol, curcumin,
and resveratrol efficiently block Bcl-2 family proteins and cause
apoptosis. Quercetin is a well-studied natural substance with
anti-cancer effects linked to apoptosis in breast cancer. Fas, FasL,
and Bax are upregulated in MCF-7 and MDA-MB-435 cells, while
Bcl-2 is dose-dependently decreased. A cell cycle, which is divided
into phases Gy, S, Gy, and M, is the complete process from the
end of one division to the subsequent one. The primary cell cycle
machinery that drives the cell cycle forward is processed in the
nucleus and consists of cyclins and their catalytic partners, CDKS.
To regulate the essential cell cycle mechanisms, they produce the
cyclin-CDK complexes. Many naturally occurring compounds made
from plants could stop the advancement of the cell cycle, which ul-
timately leads to the death of tumor cells. For instance, cell growth
is inhibited by EGCG administration, which causes cell cycle arrest
in the G{/S or G,/M phase of MCF-7 cells. Quercetin can stop
the cell cycle and induce apoptosis in breast cancer cells at the
S phase.

Additionally, the potential of natural products to prevent breast
cancer cells from invading and spreading has been the subject of
much research. Matrix metalloproteinases (MMPs) are essential for
physiological and pathological processes. MMPs such as MMP-2
and MMP-9 are intimately associated with the invasion and migra-
tion of tumor cells inside the TME [51]. For instance, resveratrol
decreased breast cancer cell migration and invasion via inhibiting
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Fig. 1. Molecular-level mechanism of action of natural bioactive compounds to prevent breast cancer.

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) sig-
nalling, which in turn downregulated MMP-2. Through inhibiting
MMP-9-related signalling pathways, kaempferol inhibited the
invasion of MCF-7 and MDA-MB-231 cells. Epithelial-mesenchymal
transition (EMT) is an essential step in the metastasis of breast
cancer, in addition to the critical role that MMPs play in the inva-
sion and migration of breast cancer [52]. During the EMT process,
downregulated E-cadherin and increased vimentin and N-cadherin
cause the invasion of breast cancer cells. The development of new
blood vessels from preexisting vascular tissue and their interaction
with pro-angiogenic growth factors is known as pathological
angiogenesis, and it is one of the characteristics that sets cancer
apart. Tumor cells produce a class of cytokines called VEGFs, which
are important modulators of pathological angiogenesis and are
triggered by growth factors, oncogenes, and hypoxia stimulation.
Vascular endothelial growth factor receptor 1 (VEGFR-1), VEGFR-2,
and VEGFR-3 are significant angiogenesis targets. For example, by
blocking VEGF synthesis and preventing VEGF from interacting
with breast cancer receptors, luteolin demonstrated anti-cancer
properties by preventing angiogenesis [40].

Moreover, autophagy is necessary for breast cancer tumor cells
to survive. It could cause one of two cell survival or death path-
ways, which would either encourage or prevent the growth of tu-
mors [53]. Mechanistic target of rapamycin complex 1 (mTORC1),
along with Unc-51-like kinase 1(ULK1), mATG13, and FIP200,
which is the commonly recognized sensor to trigger autophagy.
mTORC1 and ULK1 are directly regulated by AMP-activated protein
kinase (AMPK) [54]. Many cellular processes are modulated by the
PI3K/AKT/mTORC1 signalling pathway, which is inhibited by nat-
ural products [55]. Breast cancer cell proliferation was impacted
by ginsenosides RK1 and luteolin, which inhibited the PI3K sig-
nalling pathway and controlled autophagy. A crucial gene in the
development of autophagosome membranes is Beclin-1 (BECN1).
Autophagy is controlled through its interaction with autophagy-
related 14 (ATG14) [56]. When Beclin-1 is downregulated, au-
tophagy activity and level decrease, and breast cancer cells become
more invasive [57]. Berberine is a naturally occurring substance
that stimulates autophagy by upregulating Beclin-1. The schematic
illustration of the autophagy and apoptosis mechanisms against
breast cancer is shown in Fig. 2.

3.2. Drawbacks of natural bioactive compounds

Natural bioactive compounds have become a popular alter-
native therapy choice worldwide in recent decades. Even in the
United States, the United Kingdom, and the European Union, where
the USFDA and the European Medicines Agency (EMA) extensively
enforce laws for the safety assessment of pharmaceuticals and
nutraceuticals, around 80% of the world’s population depends on
natural remedies for primary healthcare. They are regarded as in-
novative therapeutic agents for breast cancer since these selective
bioactive compounds are affordable, widely accessible, and effec-
tive with minimal side effects. Given that oral administration is the
most popular method, most traditional formulations of bioactive
compounds have low bioavailability. The literature reported that
natural products have a low melting point, a short biological half-
life, poor absorption, and low water solubility [58]. Additionally,
natural medicinal compounds may be quickly eliminated by a fast
metabolism or destroyed by an acidic gastrointestinal environment.
These substances have challenges passing across the mucosa, Gl
tract, blood vessel endothelium, and blood-brain barrier with effi-
ciency [59]. However, there is no established validation procedure
or evidence of the clinical use of natural bioactives in breast cancer
treatment, which is one of the main drawbacks of this therapy.

The quality of natural components plays a major role in the
effectiveness and safety of herbal medicines. Both extrinsic fac-
tors related to proper herbal collection procedures, such as plant
selection, cultivation, and environmental conditions, and intrin-
sic ones associated with genetics, determine the quality of herbal
medicines. As a result, evaluating them for thorough quality checks
of natural products is quite challenging. However, because there is
a lack of regulations governing natural remedies, there is an inad-
equate amount of information regarding their safety, and no long-
term safety profile. Furthermore, it is challenging to accurately
identify and gather drugs for treatment due to the lack of taxo-
nomical understanding among herbal drug makers. Therefore, the
lack of therapy at the site of action would restrict the herbal bioac-
tive’s potency. Alternatively, seeking the desired pharmacological
response by boosting the dose may result in unfavourable toxici-
ties. It can occasionally become questionable when drugs exhibit
effective mechanistic effects in vitro cell culture models but fail
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to produce the expected impact in the target environment in vivo
at the appropriate dosage [60]. For example, plant alkaloids called
paclitaxel and docetaxel, which are taxane-based drugs, might re-
sult in hypersensitivity reactions that include redness, itching, and
dyspnoea. Despite being thought to be safer than synthetic drugs,
natural bioactives still need to be studied to determine the ideal
dosage for treatment to be a more successful choice. Research has
indicated that upon absorption, polyphenols undergo three differ-
ent conjugation processes within the body: Methylation, sulfation,
and glutaronidation. Other reports on natural drugs suggest the in-
clusion of harmful ingredients that could cause consumers to ex-
perience genotoxicity and cellular toxicity.

The fact that bioactive compounds exhibit a biphasic dose re-
sponse is another important characteristic. As a result, several nat-
urally active ingredients are researched and referred to as hormetic
compounds since they exhibit markedly varied effects at various
dosages. For instance, resveratrol has demonstrated differing ef-
fects in malignant and healthy cells at low and high dosages. Cur-
cumin, quercetin, genistein, and numerous other bioactive com-
pounds exhibit nonmonotonic dosage responses in various cancer
cell lines. Considering these problems with natural components,
multidisciplinary approaches are used more frequently to safely
and efficiently provide natural bioactives. The challenges involved
in administering antibiotic drugs through natural bioactive com-
pounds have encouraged the development of novel drug carriers,
especially those based on nanotechnology, known as nanocarriers.
This suggests that using nanocarriers to combine bioactive sub-
stances with another anticancer drug is a more successful way to
treat breast cancer than using bioactive compounds alone.

4. Rationality of chitosan-based nanocarrier in breast cancer
treatment

The naturally occurring mucopolysaccharide chitosan, which
is made up of N-acetylglucosamine and D-glucosamine units, is
obtained by deacetylating chitin. The degree of polymerisation
and acetylation is a key factor in regulating the structural and
functional characteristics used in nanocarrier engineering. The
presence of the main amino group in the chemical structure
of chitosan gives it a cationic character in contrast to other
biodegradable polymers. This primary amine group also gives
the nanocarriers important mechanistic characteristics, such as
enhanced permeability, transfection, mucoadhesion, and controlled
drug release [61]. In addition to all of this, chitosan may result in
decreased toxicity and immunogenicity. The reactive amino and

hydroxy groups give chitosan a variety of useful properties, includ-
ing metal chelation, gel formation, antioxidant, anti-inflammatory,
anti-angiogenic, anti-cancer, and antibacterial properties [62].

Regarding tumor targeting, chitosan-based nanocarriers are far
more effective than many experimental polymeric nanoparticles.
The main mechanism of tumor targeting is the special feature of
pH-responsive drug delivery, since the pH of the tumor location
is marginally lower than the physiological pH [63]. A natural ben-
efit of chitosan nanoparticles as a novel drug delivery method is
their mucoadhesive qualities. This results in a longer retention pe-
riod for the chitosan-based nanocarriers at the intended location
[64]. Chitosan nanoparticles are also more likely to be absorbed by
tumor cells when there is a longer circulation time and greater cel-
lular penetration because of the protonation of the amino group in
an acidic environment [65]. Chitosan also greatly increases para-
cellular permeability because it can get across the tight junctions
of epithelial cells. Since chitosan targets the defective and frag-
mented vascular system of tumor tissues, it also exhibits decreased
reticuloendothelial system absorption because of its smaller parti-
cle size [66]. Chitosan particularly targets hyperactive receptors in
breast cancer cells, such as human epidermal growth factor recep-
tor 2 (HER2) and oestrogen receptors, to disrupt genes linked to
tumor growth and drug resistance while facilitating the movement
of siRNA and mRNA, two nucleic acids [67].

Chitosan’s surface has undergone several changes, such as
thiolation or PEGylation, to achieve certain drug delivery benefits.
The thiolation of chitosan provides a triggered drug release profile,
mechanical strength, and swelling behaviour. By chemically adding
carboxymethyl and quaternary ammonium groups, chitosan can be
made more soluble in water. The most prevalent modification of
all the chitosan derivatives is acylated chitosan. Organic acids and
their derivatives were modified by the acylation reaction of chi-
tosan, improving biocompatibility. These characteristics are essen-
tial to chitosan’s performance as a carrier material in drug delivery
systems [68]. Since they provide absorption-mediated transcytosis
and are a great vehicle for delivering anti-cancer treatments, chi-
tosan has been used as a coating agent over several nanocarriers
that operate as cationic ligands. Furthermore, chitosan’s regen-
erative characteristics aid in tissue repair and wound healing for
patients recovering from mastectomy or other breast cancer treat-
ments; they may improve tissue regeneration, encourage collagen
production, and aid in recovery after radiation or surgery. Chitosan
compounds exhibit great promise in the treatment of breast cancer
through several functions, such as the induction of apoptosis and
the prevention of cell proliferation [69]. As hydrophobic natural
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compounds are poorly absorbed and metabolised before reaching
tumor sites. These hydrophobic substances are encapsulated in
chitosan nanoparticles, which increase their water dispersibility by
making them nano-sized particles [22].

Several nanocarriers, including microspheres, sponges, rods,
micelles, emulsions, membranes, and nanoparticles, can be syn-
thesised with chitosan and employed to carry drugs. The literature
provides several published methods for developing chitosan-based
nanocarriers. These techniques are precipitation, coacervation,
emulsion cross-linking, and ionic gelation. A readily adjustable
site with a high potential for cancer theragnostic development is
present in chitosan. Overall, chitosan-based nanocarriers enhance
the solubility, bioavailability, and specificity of natural bioactive
compounds in breast cancer therapy, offering a promising avenue
for developing safer and more effective anticancer treatments.
Table S2 (Supporting information) presents a comparative analysis
between the chitosan-based nanocarrier and conventional delivery
methods for breast cancer.

4.1. Drug encapsulation and release mechanisms

Bioactive compounds encapsulation wusing chitosan-based
nanocarriers is a state-of-the-art pharmaceutical research approach
offering significant advancements in drug delivery systems. Chi-
tosan’s properties make it an ideal material for drug encapsulation
because they enable more controlled and targeted drug release,
improved therapeutic efficacy, and higher drug solubility. Using
the ionic gelation process, positively charged chitosan interacts
with negatively charged counterions such as sodium sulphate or
tripolyphosphate to form chitosan nanoparticles [70]. When a non-
solvent is added during nanoprecipitation, chitosan is precipitated
from a solvent, producing nanoparticles. As part of the emulsion
cross-linking process, chitosan in an oil-in-water emulsion system
is cross-linked using the proper cross-linking agent. These methods
allow for the incorporation of both hydrophilic and hydrophobic
drugs into chitosan nanoparticles, offering flexibility in the devel-
opment of drug delivery systems for a range of drugs. The distinct
release mechanisms exhibited by chitosan-based nanoparticles and
nanocarriers dictate the controlled distribution of encapsulated
drugs or active ingredients. These processes are influenced by the
environment, the composition of the contained payload, and the
physicochemical properties of the nanoparticles. Understanding
these release pathways is crucial for improving drug delivery
strategies and tailoring nanoparticles for specific therapeutic
applications. One of the primary release mechanisms observed in
chitosan-based nanoparticles is diffusion-controlled release. This
method states that the encapsulated drugs or molecules are re-
leased from the nanoparticles by a diffusion process brought on by
concentration gradients [71]. A few examples of factors that signif-
icantly affect diffusion rate are particle size, porosity, and polymer
density. By adjusting the degree of deacetylation or adding pH-
sensitive moieties, chitosan-based nanoparticles’ pH sensitivity can
be adjusted by researchers to alter drug release kinetics for precise
administration to tissues or cell types. Enzyme-mediated release
is another crucial method that chitosan-based nanoparticles use.
Two examples of enzymes found in bodily fluids that may de-
grade chitosan enzymatically are chitinases and lysozymes. When
chitosan nanoparticles contact these enzymes and progressively
break down, the encapsulated payload is released. This method
has been specifically researched in drug distribution to capitalise
on the presence of certain enzymes in disease areas [72].

4.2. Surface modification approaches

Surface modification of chitosan-based nanocarriers is cru-
cial for optimising their properties for drug delivery applications.
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Nanoparticles can have their surface modified with a range of lig-
ands, targeting moieties, or coatings to improve their stability, bio-
compatibility, and accurate interactions with target cells or tissues
[73]. One of the main strategies for enhancing the targeting of
chitosan-based nanoparticles is the conjugation of specific ligands
on their surface [74]. The process of attaching ligands such as ap-
tamers, peptides, antibodies, or small molecules to a nanoparticle’s
surface is called ligand conjugation [75]. These ligands can attach
themselves specifically to biomarkers or overexpressed receptors
on the surface of target cells or tissues. Chitosan-based nanopar-
ticles can be coated with pH-sensitive materials that change their
charge or solubility in response to pH variations. Given the some-
what acidic pH of TME, the coating may encourage the breakdown
of nanoparticles, leading to medication release and enhanced cel-
lular absorption [76]. This pH-responsive action reduces drug loss
in circulation and enhances treatment outcomes by enabling con-
trolled drug release at the intended site. The surface charge of
nanoparticles can be altered by introducing charged polymers or
altering the pH during nanoparticle formation. To boost cellular
uptake, negatively charged cell membranes may interact with posi-
tively charged nanoparticles. On the other hand, negatively charged
nanoparticles may interact with positively charged regions on tar-
get cells or tissues to enable site-specific delivery [77].

4.3. Applications and therapeutic efficacy

Pharmaceutical firms can employ these nanoscale carriers in a
variety of ways to improve the efficacy of treatments and deliver
drugs exactly where they are required. For the transportation of
bioactive compounds, we look at some of the primary applications
of chitosan-based nanocarriers. When drugs are encapsulated in
chitosan nanoparticles, they are protected against enzyme degra-
dation and harsh physiological conditions, which increases stability
and bioavailability [78]. Furthermore, chitosan nanoparticles might
aid in controlling drug release, allowing for accurate and prolonged
drug administration. This is advantageous for drugs that require
prolonged therapy or have short half-lives. This controlled release
method keeps the drug concentration at the target area steady and
efficient, with fewer doses and potential side effects [79]. By en-
hancing their selectivity and accumulation in tumor tissue, active
targeting strategies, such as functionalising chitosan nanoparticles
with tumor-specific ligands, enhance therapeutic outcomes with
decreased systemic toxicity [80]. It is anticipated that continued
research and development in this field will eventually result in in-
novative and efficient drug delivery methods. Multifaceted chitosan
nanocarrier drug delivery is shown in Fig. 3.

5. Natural bioactive compounds delivery via chitosan-based
nanocarrier for breast cancer treatment

Since 1959, applying chemistry, materials science, engineering,
and biology to nanotechnology has suggested a multidisciplinary
strategy that has effectively expanded its biomedical science and
healthcare research fields. The USFDA has authorised the commer-
cialisation of over 100 nano-formulations over the past few years.
Any anticancer formulation must aim for a prolonged, tumor-
specific drug action with the least amount of systemic toxicity pos-
sible. Certain drugs have cytotoxic effects during delivery, mak-
ing the use of nanocarriers in drug delivery systems necessary.
Potential natural bioactive compounds administration via nano-
drug delivery systems has emerged as a research hotspot in recent
years. For efficient drug administration in the system, nanocarriers
such as liposomes, dendrimers, micelles, hydrogel, metal nanopar-
ticles, mesoporous polymers, and even protein-drug conjugates are
employed. Chitosan-based nanocarriers exhibit improved stability,



G.P. Sahoo, TK. Rajwar, J. Halder et al.

OH

NH; ':
=5 Ho. 1 %
Ho J 1 L
NH: |I 1 o
OH 1 I
&

Chinese Chemical Letters 37 (2026) 111797

Dissolution rate

Bioavailability

1 Specificity

\ Chitosan

Stability )

Biological properties )

Antiom o M

Biodegrability Chitosan Nanoparticle lonic
Biocompatibility Anti-inflammatory Tydrophobic molecules Chitosan Micelle Self-assembly
Non-toxic Anti-angi is Hydrophilic Chitosan Liposome Emulsification
Surface Modification Anti-oxidant Chitosan Hydrogel Nanoprecipitation
Mucoadhesive. Chitosan:Nanofiber Solvent evaporation

Spray drying
Microemulsion

Fig. 3. Multifaceted chitosan nanocarrier drug delivery.

Extract/pure

OH
Vo | . Ak
T— ~0 Ho = i
| Ho: A%
0
+ NH: Hydrogel <=
3 * :

I CHITOSAN I

Y N

NATURAL BIOACTIVE
COMPOUNDS

Natural bioactive
compounds loaded
chitosan
nanocarrier

Nanostructured Nanoparticles
lipid carriers

Nanocomposites  Solid Lipid \ a4 \)
i el \ \
Nanoparticles " \ . \\

BREAST
CANCER

Nano emulsions  Liposomes

NANOCARRIERS

Fig. 4. Schematic illustration of several chitosan nanocarriers with natural bioactive compounds for safer and more effective breast cancer treatment.

bioavailability, and targeted therapeutic effects when encapsulat-
ing these compounds. In the following sections, we will be dis-
cussing the various types of chitosan nanocarriers (Fig. 4) that
have been developed, each with unique characteristics and applica-
tions. Therefore, it is believed that the developing nanotechnology
science presents a remarkable, game-changing chance to improve
cancer diagnosis and therapy significantly. Table 1 [81-131] sum-
marizes the different applications of chitosan-based nanocarriers
for the treatment of breast cancer.

5.1. Chitosan-based nanoparticles

Nanoparticles have revolutionised the treatment of breast can-
cer by offering novel approaches to immune system activation, tar-
geted delivery of drugs, and avoiding drug resistance [132]. Chi-
tosan nanoparticles have numerous characteristics that make them
appropriate for application in nanomedicine, such as stability, im-
munogenicity, biodegradability, biocompatibility with live tissue,
and the absence of harmful byproducts. Several functional groups,
including amino and hydroxyl groups, allow chitosan nanoparti-
cles to crosslink with polyanionic polymers to develop nanopar-

ticles [133]. Furthermore, the presence of reactive amino and hy-
droxyl groups makes it easier to modify the surface to bind
with the imaging agent and targeting ligand and to form ionic
bonds with the biological membrane [134]. These nanoparticles
efficiently encapsulate bioactive compounds such as curcumin,
quercetin, berberine, enhancing their solubility and stability. Chi-
tosan nanoparticles are responsive to various stimuli, including pH,
temperature, light, and magnetic fields, to release the encapsulated
drugs in a regulated way [135]. Chitosan nanoparticles, therefore,
hold significant promise for improving cancer patients’ quality of
life and therapeutic results [136]. The curcumin, a naturally oc-
curring substance with well-established anticancer effects that is
constrained by low bioavailability and poor water solubility, was
loaded into chitosan nanoparticles to develop a smart drug deliv-
ery system for targeted breast cancer therapy. They showed con-
siderable tumor suppression in vivo in mouse models and dramat-
ically enhanced anticancer efficacy in vitro against breast cancer
cells. Effective tumor targeting was validated by imaging, and tox-
icity evaluations showed a good safety profile with no appreciable
negative effects on blood parameters or major organs [82]. In an-
other study, quercetin was loaded into chitosan nanoparticles with
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Table 1
Chitosan-based nanocarrier for the delivery of different natural bioactive compounds for breast cancer treatment.
Natural Nanocarrier Preparation method Cell line Anticancer mechanism Outcome Ref.
bioactive
compound
Curcumin Folate-chitosan Self-assembling process MCE-7 Induces apoptosis pH-dependent sustained drug [81]
nanoparticle release, significant reduction
in the viability, and enhanced
tumor-site delivery
Chitosan nanoparticles Ionic gelation method MDA-MB-231 Inhibited PI3K and AKT Significant inhibition of cell [82]
activation and VEGF and viability, enhanced therapeutic
osteopontin (OPN) efficacy, excellent tumor
expression in the cells targeting abilities
Chitosan-protamine lonic gelation method MCF-7 Reduction of cell viability, Enhancing cellular uptake and  [83]
nanoparticles nuclear factor-kappa B retention, suppressing
(NF-kB), tumor necrosis inflammatory signalling,
factor-a (TNF-«¢), and IL-6  promoting apoptosis
levels, downregulated the
expression of the Bcl-2
Selenium-chitosan NC Ionic-gelation 4T1 Reduced cell proliferation =~ pH-dependent release, greater  [84]
rate tumor and metastasis
reduction in mice
Chitosan-coated liposomes Thin-film hydration MCEF-7 ROS-mediated apoptosis Controlled drug delivery, [85]
higher encapsulation
efficiency, stronger
growth-inhibition
Chitosan-coated liposomal  Thin-film hydration MCF-7 Significantly inhibits the Sustained drug delivery, [86]
hydrogels growth of MCF-7 cells, excellent tumoricidal effect,
inducing apoptosis effective cellular uptake
Polycaprolactone-chitosan ~ Coaxial electrospinning MCF-7, 4 T1 Significant cytotoxicity, pH-responsive and sustainable  [87]
core-shell nanofibers tumor growth suppression release, remarkable anti-tumor
efficacy, localised delivery
Chitosan/starch/MoS; NC Hydrothermal method & MCF-7 Induces apoptosis pH-responsive release, strong [88]
double emulsion anticancer activity
Chitosan/carbon quantum  Double emulsion method MCF-7 Cell viability was pH-sensitive release, [89]
dots/Fe;03 NC drastically decreased, significant cytotoxicity
inducing apoptosis
Chitosan-loaded SLN Cold dilution of MCEF-7, Inhibition of the Increasing intracellular [90]
microemulsion MDA-MB-231 AKT/IKKa-B/NF-kB axis retention, reducing ROS,
significantly reduced tumor
growth and mass
Chitosan-based Emulsification coating 4T1 Reducing cell viability pH-dependent drug release, [91]
nanoemulsions improved anti-tumor activity,
reduced organ toxicity
Fe;04/chitosan/agarose Double emulsion MCF-7 High apoptosis Sustained drug delivery, strong  [92]
nanoemulsion tumor cell apoptosis, and
minimal side effects
Quaternized chitosan Electrospinning 4T1 Excellent anticancer Controlled release profiles, [93]
derivative nanofibers activity strong cytotoxicity against
cancer cells
Chrysin Alginate-chitosan hydrogel Ionic gelation T47D Induce apoptosis, G2/M Reduce the viability, enhance [94]
causes arrest of the cell the anticancer drug delivery
cycle system
Quercetin Chitosan nano micelles Ultrasound method MCF-7 Inducing apoptosis pH-responsive release, [95]
promotes cellular uptake,
enhances inhibitory effect on
tumor cells
Chitosan, halloysite, and Water in oil in water MCF-7 Induces apoptosis pH-responsive release, [96]
graphitic-carbon nitride emulsification process significant cytotoxicity against
hydrogel cancer cells
Chitosan functionalized Chemical precipitation MCF-7 Induced apoptosis via Sustain release, enhance [97]
copper oxide nanoparticles increased p53 gene, anticancer, antioxidant activity
increased both cytochrome
and caspase-3 levels
Ultrasonication MCF-7 Induces apoptosis pH-dependency and controlled  [98]
Fe, 05 /chitosan/montmorillonite release, decrease side effects
NC
DEAE-chitosan Ionic gelation MCF-7 Induces apoptosis Controlled and sustained drug  [99]
nanoparticles release, synergistic effect on
the control of cell viability
CS/PVP/y -alumina NC Double oil-in-water MCF-7 Significant cytotoxicity, Controlled release, excellent [100]
hydrogel emulsification method enhanced apoptosis drug loading, and anticancer
activity
Chitosan nanoparticles Ionic gelation method MCF-7 Induces apoptosis Sustained release, stronger [101]

antioxidant effects, significant
cytotoxic activity

(continued on next page)
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Table 1 (continued)
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Natural Nanocarrier Preparation method Cell line Anticancer mechanism Outcome Ref.
bioactive
compound
Amphiphilic chitosan Self-assembling process MCE-7 Induce apoptosis pH-sensitive release, [102]
nanoparticles biocompatible platform for
targeted quercetin delivery
Chitosan-functionalized Chemical co-precipitation =~ MCF-7 More cell cytotoxicity on Good loading efficiency and [103]
Fe;04 magnetic cell lines, more improved anticancer activity
nanoparticles antiproliferative activity
Chitosan-coated zein Nanoprecipitation and MCF-7 Apoptosis induction Enhancing effect of the dual [104]
nanoparticle hydrogel ionic crosslinking release system, increased
composite cytotoxic action by 20.7-fold
Oleyl chitosan NC Self-assembly MDA-MB-231 Significant cytotoxicity Enables dual imaging (MRI [105]
and CT) plus therapeutic
(anticancer) functions,
significant anti-cancer effect
on tumor cell lines
Curcumin and  Quaternary Dialysis method MCF-7, Increase cell cycle arrest in pH-responsive drug release, [106]
quercetin ammonium-chitosan MDA-MB-231 the G2/M phase, inducing  enhanced uptake, and
nano-micelles apoptosis anticancer activity
Sorafenib and Aptamer and folic Emulsion MCF-7 Caspase-9 and P53 gene pH-sensitive control release, [107]
quercetin acid-targeted solvent-evaporation expression were increased, high targeting specificity, and
chitosan-poly reduction was observed synergistic effectiveness
lactic-co-glycolic acid for Bcl-2 expression
Naringenin Chitosan nanoparticles Ionic gelation method MDA-MB-231 Increase in intracellular Reduced cell viability, cell [108]
ROS levels induces proliferation
apoptosis and increases
the activation of
procaspase-3
Chitosan and dextran Complex coacervation MCF-7 Significant cytotoxic Achieved high loading of [109]
sulfate nanoparticles technique activity naringenin, enhanced
chemotherapy efficacy, and
reduced dose-related side
effects
Naringin Chitosan-coated Double-emulsion MCF-7 Apoptosis induction Sustained release profiles, [110]
poly(lactic-co-glycolide) solvent-evaporation synergistic anticancer effects,
nanoparticles technique enhanced cytotoxicity against
cancer cells
CGC Chitosan nanoparticle with Ionic gelation MCF-7 Excellent inhibitory effect ~ Excellent colloidal stability, [111]
folic acid on breast cancer cells showing good
cytocompatibility
Chitosan-coated Sonication method MCF-7 Induced apoptosis, Improved sustained release, [112]
nanoliposomes inhibited MCF-7 cell higher intracellular EGCG
proliferation levels, enhancing cellular
uptake and anticancer activity
Genistein Chitosan-coated Ethanol injection method MCF-7 Enhanced cytotoxicity Excellent drug loading, [113]
nanoliposomes controlled release, enhanced
absorption, potent antioxidant,
and anticancer effects
Chitosan nanoparticles Ionic-crosslinking method ~ MCF-7 Enhanced cytotoxicity, Sustained release, enhancing [114]
greater apoptosis, and synergistic anticancer activity
reduction in cell viability
Berberine Chitosan-zinc oxide Ionic gelation MCF-7 Elevated ROS levels, Induce cell-cycle arrest and [115]
nanoparticles inducing apoptosis in the activate the apoptotic
sub-G1 phase, caspase-8 pathways
and caspase-9 in MCF-7
cells significantly
increased, Bcl-2 gene was
reduced, increased Bax
gene expression
Curcumin and  Zein-chitosan Anti-solvent precipitation =~ MDA-MB-231 Induced elevated cytotoxic pH-sensitive drug release, [116]
berberine nanoparticles method effect, and apoptosis with  increased cellular uptake,
significant inhibition of stronger anticancer efficiency
IL-8 pro-inflammatory
cytokines
Piperine Chitosan-coated liposomes Thin-film hydration MCF-7 Enhanced growth Controlled release, better [117]
inhibitory effects in MCF-7 permeability, and enhanced
cells anticancer effects
Chitosan-based microgels Inverse miniemulsion 4T1 Exhibited high cytotoxicity Enhances solubility, delivery [118]
polymerization efficiency, intracellular release,
and anticancer activity
Curcumin with  Chitosan-zein and Fe;04 Anti-solvent precipitation =~ MCF-7 Significant synergistic Higher drug release, targeted [119]

piperine

nanoparticles

and layer-by-layer
deposition

cytotoxicity against MCF-7
cells

delivery, strong synergistic
anticancer effects

(continued on next page)
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Natural Nanocarrier Preparation method Cell line Anticancer mechanism Outcome Ref.
bioactive
compound
Chitosan and zein Electrospraying MDA-MB-231 AKT-1, IL-6, Bcl-2 revealed Robust anticancer activity and [120]
nanoparticles decreased expression molecular suppression of
tumor-promoting pathways
Camptothecin Chitosan-based Emulsification MCF-7, BALB/c  Significant cytotoxicity, Extended drug release, strong  [121]
nanoemulsion mice facilitated passive antimicrobial activity, and
targeting promoted fibroblast
proliferation
Glycol chitosan Dialysis method MDA-MB-231 Significant antitumor Sustained release, high [122]
nanoparticles effects and high tumor efficiency, improved stability
targeting ability
Kaempferol Chitosan/silver NC Green synthesis MDA-MB-231 Significant in vitro Strong anticancer activity and  [123]
cytotoxic effects, induction effective antibacterial
of apoptosis properties
Chitosan-based Hot homogenization MDA-MB-468 Stopped cells in Sub G1, Improve cellular uptake, boost  [124]
nanostructured lipid method significant in vitro the efficacy of paclitaxel in
carriers cytotoxic effects breast cancer cells
Resveratrol Chitosan nanoparticles Ionic gelation method MDA-MB- 231  Increased Bcl-2-associated  Sustained release, stronger [125]
x (BAX), BAX/Bcl-2 ratio, anti-proliferative effects,
P53 expressions, reduced stimulated intrinsic apoptotic
Bcl-2, and upregulated pathway
caspases 3, 8, and 9
Chitosan-based injectable Nanoprecipitation method = MCF-7 Decrease in cancer cell Strong synergistic efficacy, [126]
in situ forming hydrogels viability localized, minimally invasive
treatment
Chitosan nanoparticles Ionic gelation method MDA-MB-231 Increased Beclin-1, ATG-5, Higher anticancer effect and [127]
ATG-7 expression stimulated autophagy
Luteolin Chitosan-based Melt emulsification MDA-MB-231,  Enhanced dose and Sustained release, higher [128]
nanostructured lipid ultrasonication technique MCF-7 time-dependent antioxidant activity, and
carriers cytotoxicity higher intestinal permeation
Chitosan/alginate-Fe304- Layered encapsulation MCF-7, Significantly enhanced Targeted, sustained delivery, [129]
nanoparticle MDA-MB-231 cytotoxicity and enhanced anti-breast
cancer activity
Chrysin Chitosan-based liposomes  Thin film hydration and MCF-7 Strong cytotoxic potential ~ Exhibited improved stability [130]
electrostatic deposition and controlled release
technique behavior, a 5-fold increase in
chrysin bioavailability
Zataria Chitosan-based Mild emulsification MCF-7, T47D, Induces apoptosis, Controlled delivery, stability, [131]
multiflora nanoemulsion MDA-MB-231 generates ROS, and and triggering multiple cancer

triggers mitochondrial cell death pathways
membrane

permeabilization

enhanced drug release properties and encapsulation efficiency us-
ing the ionic gelation process. The ICsy value of the prepared
nanoparticle was substantially lower than that of free quercetin in
the in vitro cytotoxicity assay. When mice were treated with the
prepared formulation, their antioxidant potential was noticeably
higher than that of the free quercetin-treated group. Therefore, it
could be a different kind of chemopreventive strategy to counteract
cytotoxic conventional chemotherapeutics [30]. Ramya Devi et al.
fabricated naringenin-incorporated chitosan nanoparticles through
the ionic gelation method. When the drug carrier was adminis-
tered to breast cancer cells, fluorescence pictures revealed a rise in
reactive oxygen species (ROS) levels, which may trigger apoptosis.
Western blot was used to assess the activity of caspase-3, and the
results indicated that, in comparison to free naringenin, the higher
concentration of the drug carrier had enhanced procaspase-3 ac-
tivation [108]. A pH-responsive nanocarrier that delivers quercetin
has been developed with amphiphilic chitosan polymers. The graft-
ing agent used was 2-chloro-N,N-diethylethylamine hydrochlo-
ride (DEAE). When compared to free drugs, the study found that
quercetin-loaded nanocarriers had a noticeably greater inhibitory
effect on the growth of MCF-7 cells. Remarkably, the cancer cells
were likewise inhibited by the blank nanoparticles. The additional
positive charges of DEAE groups, which gave chitosan nanoparti-
cles pro-apoptotic effects, can be used to explain this. The drug

10

release at lower pH was substantially faster than at physiological
pH, according to the study [99]. Folate receptor upregulation in nu-
merous cancer cell types, particularly breast cancer, makes folate
receptor targeting a well-known method for enhancing the speci-
ficity and effectiveness of anticancer medicines. The study found
that encapsulating curcumin into chitosan nanoparticles might be
a promising therapeutic formulation for the treatment of breast
cancer. Using the ionic gelation method, the nanoparticles were
prepared, and the optimised curcumin-chitosan nanoparticles were
found to be suitable for drug delivery since their size was sig-
nificantly smaller than 150nm. After 74 days, no discernible ag-
glomeration was seen, indicating the great stability of the prepared
nanoparticle, according to an analysis of their long-term colloidal
stability. By enhancing cellular absorption, folate conjugation en-
ables the nanoparticles to target cancer cells that overexpress fo-
late receptors [81].

Metal and magnetic chitosan nanoparticles have emerged as
promising platforms in breast cancer therapy because of their spe-
cial characteristics, which combine the biocompatibility of chitosan
with the improved functionality offered by metal or magnetic
cores. By enabling the regulated release of drugs in response to ex-
ternal stimuli, such as magnetic fields, these nanoparticles present
the potential to achieve targeted drug delivery, reduce systemic
toxicity, and enhance therapeutic outcomes. The magnetic algi-
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nate/chitosan delivery system was modified to include curcumin
to increase its cytotoxicity and bioavailability against MDA-MB-231
cells. Electrostatic forces have been used to apply chitosan and al-
ginate to magnetic nanoparticles. The absorption was substantially
higher with an external magnetic field than with free curcumin.
The nanocarriers’ small size and strong water solubility may be
the reason for the increased uptake of the nanoformulation when
compared to the free drug. On the other hand, curcumin will form
large aggregates that are more challenging to internalise because of
its poor solubility in aqueous solutions. The MTT test revealed that,
in comparison to free drugs, drug-loaded carriers exhibited notice-
ably more cytotoxicity towards MDA-MB-231 cells [32]. Addition-
ally, Elsayed et al. investigated the synergistic anti-cancer activity
of quercetin with chitosan functionalised copper oxide nanoparti-
cles both in vitro and in vivo. In contrast to copper oxide nanopar-
ticles and quercetin, the in vitro data demonstrated the strong an-
ticancer activity of the drug delivery system. The treatment caused
apoptosis by upregulating the p53 gene, stopping the cell cycle,
and raising the amounts of caspase-3 and cytochrome c, which
ultimately resulted in the death of breast cancer cells [97]. Zare
et al. developed a new functionalised Fe30,4 nanoparticle using chi-
tosan for delivering quercetin. When compared to quercetin-free
magnetic nanoparticles, quercetin-loaded magnetic nanoparticles
demonstrated higher toxicity against MCF-7 cells. Also, quercetin
encapsulation into the prepared nanoparticle can help with mag-
netically guided drug delivery to tumor tissues and imaging ap-
plications [103]. Chitosan-coated iron oxide loaded with curcumin
and piperine was developed by combining layer-by-layer deposi-
tion with anti-solvent precipitation. The nanocarrier showed an in-
triguing degree of pH sensitivity, releasing curcumin and piperine
more quickly at the extracellular pH of surrounding tumors (6.5)
than in normal tissues (7.4). They further demonstrated a notable
synergistic cytotoxicity against MCF-7 cells in the MTT experiment
when compared to other groups. These findings show that dual-
drug loaded polymeric magnetic nanoparticles have potential for
treating cancer cells specifically [119]. Bulatao et al. fabricated al-
ginate iron oxide/chitosan nanoparticles loaded with luteolin. To
address the challenges of delivering luteolin for a successful ther-
apy of breast cancer, they have employed Fe;04 as a magnetic-
responsive method to localise the delivery of luteolin with the help
of a permanent magnet. The optimised drug delivery system was
biocompatible and showed a 4-fold increase in cytotoxicity against
breast cancer MCF-7 cells when exposed to a permanent magnet,
indicating the possibility of using this drug delivery system as a
magnetically targeted delivery system for breast cancer. Accord-
ing to the study, covering Fe304 with chitosan and alginate is cru-
cial for maintaining the nanoparticle’s stability and mechanical in-
tegrity [129].

Chitosan can be used as a drug carrier with various surface
chemistries to coat its surface. In a study, quercetin was encapsu-
lated into novel pH-sensitive self-assembled amphiphilic chitosan
nanoparticles to provide a drug delivery mechanism. The find-
ings demonstrated that at an acidic pH of 5.0, the payload release
is greater than at a pH level of 7.4. After encapsulation, the re-
sults also showed that quercetin inhibits MCF-7 cell metabolism.
Nanoparticles aggregated on the cell surface, although few were
internalised, according to cellular uptake assays. The hemocom-
patibility tests indicate that the nanoparticles have appropriate
blood compatibility for biological uses [102]. In another study,
CPT was readily encapsulated using a dialysis technique into hy-
drophobically modified glycol chitosan nanoparticles to improve
drug stability and tumor targeting in cancer treatment. Subcuta-
neously implanting MDA-MB231 human breast cancer xenografts
in nude mice demonstrated the prepared nanoparticles’ strong an-
ticancer effects as well as their ability to target tumors. In aqueous
conditions, the prepared nanoparticles generated nanoscale self-

1
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aggregates and demonstrated a week-long sustained release of CPT
[122].

5.2. Chitosan-coated liposomes

The liposome, a closed spherical structure formed by a phos-
pholipid bilayer in an aqueous medium, was initially identified by
Dr. A.D. Bangham in 1965. The potential of liposomes to encapsu-
late both hydrophilic and hydrophobic drugs led to substantial re-
search on their usage. Liposomes preserve the lead compound from
deterioration and lessen the toxicity associated with drugs, mak-
ing them a preferred option for drug delivery systems. Its stability
in colloidal solution, biodegradability, and biocompatibility make it
an excellent candidate for a drug carrier [137]. A liposome is typi-
cally a spherical vesicle made up of one or more phospholipid bi-
layers that can be derived from either plants or animals. Incorpo-
rating chitosan into the surface of liposomes enhances their abil-
ity to interact with the negatively charged membranes of cancer
cells, prolongs their circulation time, and permits pH-responsive,
controlled drug release [138]. Additionally, chitosan-modified lipo-
somes show enhanced internalisation by cancer cells, which makes
them appealing for the targeted administration of herbal medicinal
substances in breast cancer treatment [139]. Several natural bioac-
tives have been effectively added to liposomal systems modified
with chitosan to treat breast cancer.

For example, the therapeutic application of curcumin, a natu-
rally occurring substance with well-established anti-inflammatory
and anticancer effects, is restricted by its low water solubility and
bioavailability. The study uses lipid bilayer-based spherical vesicles
called liposomes as curcumin transporters to get around these re-
strictions. For added durability, improved cellular absorption, and
sustained drug release, these liposomes are additionally coated
with chitosan, a biocompatible and biodegradable polymer. Addi-
tionally, chitosan coating of nanoliposomes allowed for a greater
growth-inhibitory effect on MCF-7 breast cancer cells as well as a
higher loading efficiency of curcumin (88% for coated liposomes
against 65% for non-coated liposomes) [85]. Clinical use of EGCG
is limited due to its poor stability and low absorption under phys-
iological circumstances. The study uses nanoliposomes, which are
tiny, lipid-based vesicles, as delivery vehicles to encapsulate and
shield EGCG, enhancing its solubility, stability, and cellular uptake
to overcome these difficulties. The MCF7 cells’ cellular EGCG con-
tent and nanoliposome absorption were both markedly increased
by this drug delivery system. At concentrations of 10 mmol/L or
less, it dramatically reduced MCF7 cell viability and caused apop-
tosis in the cells. This research may provide a foundation for the
application of delivery systems mediated by biodegradable and
biocompatible nanoparticles to improve the stability, solubility,
bioavailability, and payload of chemopreventive drugs [112].

Sharma et al. developed a liposomal carrier coated in chitosan
and containing exemestane and genistein using the ethanol in-
jection method that would be administered orally to treat breast
cancer. The sustained release pattern using the Korsmeyer-Peppas
model was determined to be the best-fitting model with Fickian
diffusion in the in vitro release studies. In comparison to the un-
coated liposomes, the produced chitosan-coated liposomes demon-
strated increased % cytotoxicity and improved antioxidant activity.
When compared to the plain drugs, the MTT assay demonstrated
improved cytotoxicity of the chitosan-coated nanoliposomes, indi-
cating improved drug penetration and bioavailability within cells
[113]. Imam et al. intended to assess and prepare liposomes coated
with piperine and chitosan for oral administration. Compared to
pure piperine, the chitosan-coated liposomes had comparable an-
tioxidant activity and strong mucoadhesive properties. Addition-
ally, as compared to pure piperine, chitosan-coated liposomes had
improved efficacy in lowering the ICsy in MCF7 cells [117]. Desh-
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mukh et al. encapsulated chrysin in liposomal form, utilising the
electrostatic deposition approach, for protection and additional
bioavailability improvement. To protect chrysin from degradation
and improve its biocompatibility, biocompatible and biodegrad-
able biological macromolecules, called chitosan and soy lecithin,
were employed. These molecules form a polymeric nanoshell. An
in vivo pharmacokinetic investigation demonstrated that the pre-
pared liposomes’ relative bioavailability increased by more than
five times. The outcomes of the in silico molecular docking inves-
tigation showed that two polymers interacted electrostatically. Ac-
cording to the current study, chitosan may shield and encapsulate
chrysin, ultimately increasing both its cytotoxicity and bioavailabil-
ity [130].

5.3. Chitosan-coated SLN

To enhance drug delivery methods and drug targeting in the
human body, SLN, colloidal carriers, emerged in 1991. Surfactants,
lipid matrix, and sometimes co-surfactants are used to develop
SLN. The nanoparticles are referred to as SLN because the lipid
matrix solidifies at physiological temperatures. One of the crucial
factors in creating SLN is choosing the right lipids for the solid
core. The structure of lipids may undergo polymorphic changes
during the recrystallisation process following the synthesis of SLN.
This alteration in lipid crystal structure can alter the size or form
of the particle, result in drug expulsion, and reduce the effective-
ness of drug entrapment. Three main mechanisms, passive, active,
and codelivery, are used by SLN to administer drugs during cancer
treatment. Blood vessels formed at tumor locations are utilised
by SLN in the passive process, as was previously mentioned.
The fast angiogenesis process causes the epithelium of these
blood vessels to typically be discontinuous. The permeability and
availability of SLN to the target tumor locations are increased by
these 100-800 nm gaps between epithelial cells. Furthermore, the
lymphatic system of tumor tissues typically develops poorly, which
increases the collection and retention of SLN at the tumor site
[140]. It exploits the overexpression of transporters and receptors
on cancer cells in the active process. After that, the surface of the
nanoparticles is altered to make them more specific to certain
cancer cells, which can help lessen the negative effects of anti-
cancer treatment on patients. For the treatment of breast cancer,
chitosan-coated SLNs have synergistic benefits when paired with
herbal bioactive substances. Chitosan’s positive charge increases
the stability of nanoparticles, promotes cellular uptake, extends
systemic circulation, and allows for targeted distribution to tumor
tissues through enhanced permeability and retention (EPR) effects
[141,142]. Although herbal substances with strong anticancer
properties, including curcumin, quercetin, and berberine, have low
bioavailability, poor solubility, and volatility. These phytochemicals’
solubility is greatly increased, their breakdown is prevented, and
their targeted distribution to breast cancer cells is made easier by
encapsulating them in chitosan-modified SLNs. Baek et al. fabri-
cated NCC-coated curcumin-loaded SLN to improve bioavailability
and prevent curcumin’s rapid release in an acidic environment. In
simulated gastric fluid, the NCC-SLN showed reduced burst release,
whereas in simulated intestinal fluid, sustained release was noted.
Additionally, NCC-SLN showed enhanced cellular uptake and cyto-
toxicity on MCF-7 cells. Compared to curcumin solution, NCC-SLN
was found to have a 6.3-fold higher lymphatic absorption and a
9.5-fold better oral bioavailability. These findings imply that NCC-
SLN may be a successful oral curcumin administration method
[31]. In another study, curcumin was also loaded into SLN with chi-
tosan coating, boosting cellular absorption, stability, and uniform
water dispersibility. In Pgp-expressing triple-negative breast cancer
(TNBC), curcumin-loaded SLNs increased the intracellular retention
and toxicity of doxorubicin 5-10 times more effectively than free
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curcumin. Reductions in intracellular ROS, resulting in suppression
of the AKT/IkB kinase alpha-beta (IKKwo-B)/NF-kB axis, and de-
creased transcriptional activation of the Pgp promoter by p65/p50
NF-kB were the causes of the effect. These findings imply that dox-
orubicin and curcumin-loaded SLNs combined therapy is a safe and
efficient way to treat Pgp-mediated chemoresistance in TNBC [90].

5.4. Chitosan nanostructured lipid carriers

The second generation of lipid-based nanocarriers, known as
nanostructured lipid carriers (NLC), emerged to get around the
drawbacks of SLNs. NLCs are composed of a mixture of liquid
and solid lipids, including ethyl oleate and glyceryl tricaprylate,
whereas SLNs are composed of solid lipids. Advanced features of
NLC make them an effective nano-carrier, including their ability
to deliver drugs in a controlled, sustained manner, a high en-
trapment efficiency, and biocompatibility with biological systems.
Surface modification using chitosan has been thoroughly inves-
tigated to further enhance the targeting, stability, and therapeu-
tic efficacy of NLC. Chitosan is very helpful for delivering herbal
bioactives in breast cancer therapy because of its positive surface
charge and bioadhesive qualities, which can improve the mucoad-
hesion, cellular absorption, and circulation time of NLCs [143]. In a
study, chitosan-coated NLC encapsulated with luteolin were devel-
oped by employing the melt emulsification ultrasonication method.
When NLCs were coated with chitosan, the zeta potential, encap-
sulation efficiency, and particle size all increased noticeably. Addi-
tionally, the prepared nanocarrier system attained a slow-release
rate of luteolin during the 24-h research period. In addition, com-
pared to uncoated and pure luteolin, the prepared nanocarrier sys-
tem demonstrated dose- and time-dependent cytotoxicity against
breast cancer cells as well as statistically increased antioxidant
capability. The developed nanocarrier system offers superior mu-
coadhesive nanoformulations to address the difficulties of lute-
olin for better distribution and therapeutic effectiveness against
breast cancer [128]. Aghazadeh et al. developed kaempferol loaded
into NLCs to promote paclitaxel-dependent apoptosis, cytotoxic-
ity, and effectiveness in breast cancer cells. In conjunction with
NLCs loaded with kaempferol, paclitaxel may increase the syner-
gistic anticancer behaviour by suppressing cancer cell cycle arrest
in Sub G1 arrest, blocking apoptotic signalling, and downregulat-
ing the levels of its anti-apoptotic Bcl-2 family genes. When all
outcomes are considered, co-treating breast cancer with paclitaxel
and kaempferol-loaded NLCs as an adjuvant can result in a better
effective treatment [124].

5.5. Chitosan NC

NC is a multi-component material in which one or more
constituents have at least one nanoscale dimension(s). A polymer
of chitosan with particles that are typically smaller than 100 nm
is referred to as chitosan NC. As a result, this composite retains
exceptional qualities of both the polymer and nanoparticles. For
many years, chitosan, a naturally occurring polymer, has been
employed in biological applications. However, researchers have
mostly viewed chitosan NC as an emergent species. Furthermore,
they may be efficiently loaded with relatively high concentrations
of drugs and enzymes to develop a stable and biocompatible
nanoscaled medium because of their extremely wide surface areas
[144]. By improving their solubility, stability, and bioavailability,
the addition of herbal substances like curcumin, thymoquinone,
and berberine to chitosan-based NC has demonstrated great
promise in the treatment of breast cancer. The study developed
curcumin-loaded selenium-chitosan NC and reported their in-
hibitory effect on tumor-bearing mice and 4T1 cell lines. At pH
5.5, the cumulative proportion of curcumin released from NC
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was almost 1.8 times greater than at pH 7.4. When compared
to pure curcumin, the in vitro cytotoxicity study conducted on
4T1 cells demonstrated that the developed drug delivery system
significantly decreased the rate of cell growth. Furthermore, the in
vivo investigation verified that they outperformed net curcumin in
terms of tumor volume reduction. More significantly, histological
research showed that they had a stronger inhibitory effect on
tumor growth and liver metastasis than free curcumin. Thus,
this drug delivery system may hold promise for future tumor
management given its pH-dependent release, enhanced inhibitory
impact on tumor cells, and exceptional effectiveness in the ani-
mal model [84]. Omrani et al. formulated a nanocarrier made of
chitosan, starch, and molybdenum disulphide that was used to
cure breast cancer in MCF-7 cells. Drug loading and trapping were
found to have respective efficiencies of 46.5% and 87.25%, which
are respectable numbers in comparison to prior investigations.
The prepared NC has a 94% cell survival rate, indicating its high
biocompatibility and lack of toxicity. When compared to the pre-
pared NC, the early apoptosis rate of free curcumin dropped from
20.1% to 4.9%, indicating that the curcumin was properly loaded
in the nanocarriers. Due to its non-toxicity and pH sensitivity, this
nanocarrier is crucial for delivering drugs and medical applications
[88].

Ahmadi et al synthesised the NC of Fe,03/chitosan/
montmorillonite incorporating curcumin for targeted delivery
of drugs in the treatment of breast cancer. The drug’s loading and
encapsulation efficiencies in the prepared drug delivery system
were determined to be roughly 57% and 94%, respectively, for
quercetin. The Weibull kinetic model was followed by the release
profile of quercetin in various media, which showed pH depen-
dence and controlled release of the NC. By using the MTT assay
and flow cytometry, the drug delivery system’s biocompatibility
with MCF-7 cells was demonstrated [98]. Hemalatha et al. devel-
oped the NC based on quercetin that has theranostic potential.
Quercetin NC showed efficacy as a contrast agent for computed to-
mography (CT) phantom images and magnetic resonance imaging
(MRI), respectively. The bioimaging capabilities of iron oxide and
gold nanoparticles, as well as the intrinsic cytotoxic capability of
quercetin, were retained in the quercetin-loaded NC. The findings
show that quercetin NC has a strong anti-cancer effect on tumor
cell lines and can be employed as a dual modality contrast agent
for both MRI and CT [105].

5.6. Chitosan-coated nanoemulsions

Nanoemulsions are colloidal dispersions of two immiscible lig-
uid phases; depending on their categorisation, they can be cate-
gorised as either water-in-oil or oil-in-water emulsions. Addition-
ally, the emulsifying agent stabilizes by lowering the surface ten-
sion between two incompatible phases. An ideal emulsifying agent
can quickly absorb at the interface and lessen steric hindrance,
thus lowering interfacial tension. Researchers and users alike find
this nanoemulsion platform intriguing and appealing due to its
nanometric size and large surface area, notable thermodynamic
stability, with a simple preparation method. Compared to tradi-
tional administration methods, these formulations are known to
generate greater efficacy and can be administered by a variety of
routes. Over the years, research on drug delivery systems based
on nanotechnology has increased because of their demonstrated
benefits as superior drug carriers over traditional cancer therapy
methods [145]. Nanoemulsions coated with chitosan were inves-
tigated for passive medication delivery to breast tumors. To sta-
bilise the formulation of the nanoemulsion, chitosan is utilised.
Targeting efficacy, circulation half-life, and solubility are all im-
proved by the produced chitosan-coated nanoemulsion. As chi-
tosan encouraged oil phase fragmentation and homogeneous glob-
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ule dispersion, it seemed to be more polydisperse [146]. Encapsu-
lated hydrophobic bioactive chemicals are well transported by the
hydrophobic core. This reduced size increases the drug’s solubil-
ity and stability, which facilitates absorption at the site of con-
tact. For example, because nanoemulsion has more surface area
for binding sites available for the enzyme reaction, its digestion
rate is higher than that of conventional emulsions. Furthermore,
the nanoemulsion encapsulation method prolongs the drug’s half-
life in the bloodstream, lessening side effects and plasma fluc-
tuations. Natesan et al. formulated a chitosan-stabilised CPT na-
noemulsion to increase CPT’s effectiveness in addressing breast
cancer. When tested against MCF-7 cancer cells, the nanocarrier
system had a consistent droplet size distribution, prolonged drug
release, acceptable haemolytic potential, considerable cytotoxicity
(178 £4.3 ng/mL), and minimal DNA damage to lymphocytes. An
in vivo biodistribution research using 4T1-breast tumor xenograft
BALB/c mice revealed that, in comparison to the non-stabilised
nanoemulsion, this nanocarrier system passively targeted breast
cancer with 2495.22 +£174.66ng/gm of CPT. Passive targeting of
developing it may therefore offer a viable strategy for effective
treatment of breast cancer [121]. Salehi et al. developed Zataria
Multiflora essential oil loaded into chitosan nano-emulsification
against breast cancer. The results showed that the prepared for-
mulation enhances the rate at which breast cancer cells are in-
hibited from proliferating, as demonstrated by MTT, morpholog-
ical alterations, DNA fragmentation, and flow cytometry studies.
Exposure to the formulation causes DNA damage, apoptosis, ROS
production, and mitochondrial membrane permeabilisation with-
out endangering healthy cells [131]. A study was conducted to de-
velop a chitosan-stabilized nanoemulsion for the administration of
methotrexate and curcumin. The MTT test showed that the drug
delivery system outperformed both the free drugs and bare for-
mulation in lowering the cell viability of 4T1 cells. Furthermore,
mice that received treatment showed a 2.6-fold decrease in rela-
tive tumor volume when compared to the group that received no
drug treatment. The produced nanostructures had a more signif-
icant inhibitory effect on tumor growth and lung metastasis than
free drugs, according to histopathological investigations. Free drugs
caused severe damage to the liver, kidney, lung, and spleen, but no
discernible toxicity was seen in the animals taking this drug de-
livery system. Overall, this may show promise in the treatment of
breast cancer due to its pH-dependent drug release, enhanced anti-
tumor efficacy, and decreased organ toxicity [91]. To provide an
improved drug loading capacity, prolonged release, and apoptotic-
inducing effects of the anti-cancer drug, the study sought to load
curcumin into a double emulsion of Fe;0,4/chitosan/alginate and
create a pH-responsive drug delivery system. Curcumin’s release
profile from the nanocarrier showed a pH-responsive, prolonged
release, preventing overdosage and reducing adverse effects. Ulti-
mately, a high apoptosis percentage from flow cytometry analysis
demonstrated that the effect of the developed drug delivery sys-
tem on MCF-7 cell lines had been programmed, and the cytotoxic-
ity of the generated NC led to the conclusion that the nanocarrier
is biocompatible [92].

5.7. Chitosan-based nanofibers

Chitosan-based nanofibers are a flexible and promising plat-
form for the targeted and controlled administration of natural
bioactive substances in the treatment of breast cancer. The most
popular method of developing these nanofibers is electrospinning,
which yields fragile fibres with superior porosity, high surface
area-to-volume ratios, and adjustable mechanical characteristics
[147-149]. Introducing natural compounds such as curcumin,
quercetin, and paclitaxel into chitosan nanofibers has demon-
strated better anticancer activity, stability, and prolonged drug
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release. Chitosan’s natural bioadhesive and biocompatible quali-
ties enable the nanofibers to adhere to tumor tissues efficiently,
increasing the therapeutic agent’s localised concentration while
reducing systemic side effects. Using the coaxial electrospinning
technique, Rakhshani et al. developed a pH-sensitive core-shell
nanofiber made of polyethylene oxide-chitosan/polycaprolactone-
chitosan. Curcumin (hydrophobic anti-cancer) and doxorubicin
hydrochloride (hydrophilic anti-cancer) have been inserted into
the shell and core sections of the produced pH-sensitive coaxial
nanofibers, respectively. According to the findings of the in vitro
release investigation, pH had a significant impact on the release
of doxorubicin hydrochloride and curcumin from the produced
nanofibers. According to the MTT experiment, the two drugs’ com-
bined effects on MCF-7 cell inhibition showed that the 1:5 ratio
had the strongest synergistic impact, with a combination index of
0.00492. The developed pH-sensitive core-shell nanofibers showed
exceptional anti-tumor activity, according to the findings of in vivo
investigations [87]. Curcumin, a natural drug, and polyvinyl alcohol
were successfully used to produce a new quaternized chitosan
derivative that was electrospun. The produced nanofibers exhibit
outstanding anticancer efficacy against 4T1 breast cancer cells,
according to the MTT assay results, and have no harmful effects
on healthy cells [93].

5.8. Chitosan-based micelles

Micelles are spherical nanostructures aimed at first-line tech-
nology to deliver hydrophobic ingredients. This is because their
specified molecular architectures have made manufacturing them
easier than with other formulations. Micelles are made up of
water-soluble surface-active agents, which are compounds with a
hydrophilic head and a hydrophobic tail. The amphiphilic charac-
ter of the colloid causes it to aggregate and self-assemble at higher
concentrations, which allows micelles to form. The amphiphilic
character of the colloid causes the micelles to aggregate and self-
assemble as the concentration rises. Typically consisting of 50-200
monomers, micelles have a hydrophilic surface and a hydrophobic
interior [150]. Herbal chemotherapeutic drugs generally are highly
toxic, have a short half-life, and are water-insoluble. Utilizing the
polymeric micelle platform for cancer-targeted drug delivery is ex-
pected to enhance the solubility and half-life of chemotherapeu-
tic drugs. For therapeutic or imaging applications, the hydropho-
bic cores of the micelles aid in the delivery of non-polar drugs.
The pH-responsiveness of chitosan micelles is one of their main
benefits. To reduce systemic side effects, micelles disintegrate in
the acidic TME and release their payload at the cancer site. Addi-
tionally, chitosan micelles can be designed to carry several herbal
agents or herbal-drug combinations simultaneously, providing an-
ticancer effects that work in concert [151]. As nanocarriers for the
effective delivery of natural bioactives that are poorly soluble in
water, chitosan-based micelles have drawn more attention in the
treatment of breast cancer. A study focused on MDR mitigation
and intracellular drug accumulation in quercetin based on chitosan
and citrate anhydride pH-responsive nano-micelles to formulate an
efficient delivery system, especially for MDR cancer cells. Doxoru-
bicin and quercetin were released at higher rates at pH 4.5 than at
pH 7.4. Most significantly, the prepared nanomicelles exhibited the
ability to break free from lysosomes and quickly release quercetin
and doxorubicin into the cytoplasm, which improved their ability
to suppress tumor cells, particularly MCF-7. The findings demon-
strated the nanomicelles’ great potential for tumor therapy linked
to multidrug resistance [95]. In another study, to develop safe
and stable curcumin-loaded nano-micelles with excellent selec-
tivity and targeting of the tumor cell lines, a study described
the synthesis of a quercetin-quarternized chitosan combination. In
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comparison to pure curcumin, the curcumin-loaded nano-micelles
demonstrated improved internalisation, decreased toxicity to nor-
mal cardiomyocytes, increased cell cycle arrest at the G2/M phase
of the breast cancer cell lines, and induced apoptosis with high in-
tensity [106].

5.9. Chitosan-based hydrogel

"Hydrogen" describes a three-dimensional (3D) structure com-
posed of hydrophilic polymers. The advantages of hydrogel in-
clude its regulated drug release, drug-loading capacity, biodegrad-
ability, and biocompatibility. After being implanted, the hydro-
gel has been found to have no immunostimulatory activity and
no harmful systemic effects on the body [152,153]. Chitosan is a
great matrix for hydrogel formation because of its intrinsic bioac-
tivity, mucoadhesiveness, biodegradability, and natural biocompat-
ibility [154]. Researchers have improved the solubility, stability,
and targeted distribution of chitosan hydrogels by adding herbal
substances like resveratrol, chrysin or curcumin. This has reduced
systemic side effects and increased therapeutic efficacy. The pH-
sensitive or thermo-responsive designs of these devices allow for
site-specific and regulated release of drugs in response to the
acidic environment of tumor tissues. Incorporating bioactive com-
pounds from plants into chitosan hydrogel matrix also creates op-
portunities for combination therapy, such as co-loading chemother-
apeutics with herbal antioxidants to lessen side effects and drug
resistance. In a study, the liposomes that contained curcumin were
subsequently coated with thiolated chitosan to develop the lipo-
somal hydrogels. The thermosensitive hydrogels had in situ in-
jectable capability; they gelled rapidly at 37 °C and were fluidic
at room temperature. According to the cytotoxicity test, the lipo-
somal hydrogels exhibited good cytocompatibility; however, after
curcumin was encapsulated, MCF-7 cells were significantly inhib-
ited and died after 72 h. The prepared gel prevented breast can-
cer recurrence following tumor resection and tissue healing in the
gel group, according to the in vivo breast cancer recurrence experi-
ment. The outcomes demonstrated that the drug-loaded liposomal
hydrogels had a strong tumoricidal effect both in vitro and in vivo,
and could continuously administer curcumin [86]. In another study,
an investigation into the anticancer effects of chrysin and curcumin
loaded into the alginate-chitosan hydrogel on T47D breast cancer
cells. The hydrogels of the prepared formulation could considerably
decrease vitality and trigger apoptosis. Furthermore, G2/M stops
the cell cycle in the cell lines [94]. For the first time, injectable
in situ forming hydrogels based on ionotropically crosslinked chi-
tosan that include resveratrol and dopamine-reduced graphene ox-
ide were developed. The developed hydrogels demonstrated good
cytocompatibility, appropriate physicochemical characteristics, in-
jectability, and in situ gelation. The prepared hydrogel-mediated
chemo-photothermal therapy impact reduces the viability of can-
cer cells to 31% [126].

Overall, chitosan-based delivery systems present a diverse
toolkit for enhancing the therapeutic performance of natural bioac-
tive compounds in breast cancer treatment. Nanoparticles offer
precise targeting and improved intracellular delivery; hydrogels
provide localized, sustained release; liposomes enhance encapsu-
lation efficiency and biocompatibility; and nanofibers support im-
plantable delivery. Each formulation leverages the intrinsic proper-
ties of chitosan, such as its biodegradability, cationic nature, and
tumor-targeting potential, to overcome key limitations of natu-
ral compounds, including poor solubility and low bioavailability.
The tailored application of these systems holds great promise for
maximizing anticancer activity while minimizing adverse effects in
breast cancer therapy.
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6. Clinical progress in chitosan-based nanocarriers for breast
cancer treatment

Chitosan-based nanocarriers are gaining attention as promis-
ing candidates for the clinical management of breast cancer,
owing to their excellent biocompatibility, biodegradability, and
potential for targeted drug delivery [155]. Despite extensive pre-
clinical evidence demonstrating the efficacy of chitosan-based
nanocarriers in enhancing natural anticancer agents’ delivery and
therapeutic performance, their clinical translation in breast cancer
treatment remains limited. For example, a phase II, double-blind,
randomised, controlled clinical study assessed how well a formu-
lation of chamomile microparticles coated with chitosan prevented
radiodermatitis in patients with breast cancer receiving radiation
therapy [156]. With its innovative, natural approach to reducing
radiation-induced skin damage in patients with breast cancer, this
trial demonstrates the clinical promise of chitosan-based delivery
systems in supportive cancer therapy. Additionally, another clinical
trial (NCT02967146) assessed the safety and anti-adhesive prop-
erties of Mediclore®, a thermosensitive hydrogel made of gelatin,
chitosan, and poloxamer, in patients having their axillary lymph
nodes removed for breast cancer. It demonstrated better shoulder
mobility after surgery and a decrease in the size of adhesions,
indicating that it could be a useful anti-adhesive agent in breast
cancer surgery. However, challenges such as batch reproducibility,
regulatory approval, and scale-up for clinical use persist. Contin-
ued efforts in optimizing formulation, enhancing biocompatibility,
and conducting large-scale trials are essential for translating these
promising carriers into effective clinical tools for breast cancer
management.

7. Challenges

There is growing interest in using drug carriers based on chi-
tosan for the treatment of breast cancer. Nevertheless, there are
currently few clinical trials conducted for the use of natural bioac-
tives loaded in chitosan nanocarriers for breast cancer prevention
and therapy, despite their effectiveness and the scientific commu-
nity’s strong interest in them. Even though nanotechnology has
shown promise for boosting the bioavailability of natural com-
pounds and avoiding many of the drawbacks of conventional breast
cancer therapy, the use of optimised nanoformulations faces sev-
eral obstacles necessary for preclinical and clinical trials, includ-
ing industrial production, ensuring the long-term stability of nan-
otherapeutics, physiological barriers, safety concerns, and regula-
tory issues. The drug discovery pipeline is a lengthy and costly
process that includes pre-clinical and clinical trials, chemical iso-
lation, characterisation, and biological activity assessment. Accord-
ing to a recent US Securities and Exchange Commission report, the
median cost of creating a single cancer drug was $648.0 million.
Additionally, it is estimated that pharmaceutical companies must
develop 8.5 drugs before receiving one authorised drug, which
might take up to 11-12 years on average, due to all the difficul-
ties encountered during the drug development process [157,158].
Translating laboratory-scale manufacturing to large-scale, cost-
competitive, and safe production is one of the requirements for in-
troducing nanotherapeutics into the pharmaceutical market. Com-
plex and sophisticated formulations, nanomedicines rely heavily on
their physicochemical characteristics (particle size, surface charge,
shape, and hydrophobicity) for clinical use [159]. The pharmacolog-
ical activity and toxicological profile of nanomaterials can be influ-
enced by the notable variations in pharmacokinetic processes that
occur when introduced into living organisms. Predicting the in vivo
performance trends of many nanomaterial kinds is therefore an
enormous problem, as each nanoparticle may have unique pharma-
cokinetic qualities that depend on its physicochemical attributes.
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Chitosan is especially suitable for treating breast cancer be-
cause of its biological characteristics that prevent angiogenesis and
metastasis. Chitosan is poorly soluble in neutral and alkaline pH;
it is difficult to fabricate electrospun nanofibers from pure chi-
tosan; increasing chitosan acetylation increases toxicity; and in-
creased Mw of chitosan has detrimental effects on cells. As an ex-
ample, the current situation lacks a standard operating procedure,
improved in vivo models, and safety variables to assess the harmful
and hazardous impacts of nanoparticles. Several issues, including
the lack of data on interspecific chemical variety and non-standard
herbal plants, have limited the use of nanoparticle technology in
natural medicine. Among the many considerations that need to be
made at this point, the worldwide availability of the plants that
will be utilised for the phytofabrication of the nanoparticles should
be carefully considered. Seasonal growth, geography, and extrac-
tion technology all influence the bioactive components of herbal
extracts, which limit how often nano-herbal formulations may be
made [160]. The effective way to administer nanoparticles is an-
other problem, and there is a lack of information on how they are
absorbed and metabolised in the gastrointestinal tract [161]. After
administration, a major problem is the biological fate and clear-
ance of chitosan nanoparticles. Scalability and reproducibility is-
sues with chitosan nanoparticle manufacture present another dif-
ficulty. Additionally, large-scale synthesis of chitosan nanoparticles
made by ionic gelation is hampered by batch-to-batch variability
[162]. The greatest worry is the potential for long-term toxicity
from extended exposure and buildup, which would become an is-
sue in the long run and be challenging to examine. On the other
hand, their large surface area and small size could interact with bi-
ological systems, leading to bioaccumulation and long-term safety
issues. The absence of regulatory guidelines for nanotherapeutics
is another potential obstacle to the development of nanomedicines
for clinical use.

8. Future perspective

A noteworthy development in the administration of natural
bioactives is the incorporation of chitosan nanoparticles into breast
cancer treatment. These technologies provide a substantial im-
provement over conventional treatments by utilising their capacity
to target specific cancer cells, regulate release rates, and improve
drug solubility. Additionally, the facilities and strategies that will
be used for the phytofabrication of nanoparticles should be adapt-
able enough to enable rapid change between sources as necessary.
Future research should also investigate the synthesis and charac-
terisation of new natural drugs derived from microorganisms and
plants using improved screening techniques. To develop health-
promoting pharmaceuticals, such as anti-cancer ones, regulatory
bodies such as the FDA and the World Health Organisation must
have a close connection and collaboration with the pharmaceuti-
cal industry globally. Before clinical usage, chitosan nanoparticle-
based treatments must undergo extensive safety testing. Immune
responses, systemic toxicity, and off-target effects should all be
evaluated in preclinical research [163]. International standardis-
ation of the assessment of natural extract composition, efficacy,
safety, and quality, as well as regulatory procedures and approval,
is therefore necessary. Additionally, large-scale clinical trials and
commercialisation need the manufacture of chitosan nanoparticles
in a scalable and repeatable manner. Cancer treatment diagnosis,
monitoring, and evaluation could be completely transformed by
chitosan nanoparticle delivery systems with state-of-the-art imag-
ing and diagnostic techniques. In a nutshell, it can be noted that
the development of nanotechnology has made significant advance-
ments in improving the therapeutic effects of phytoconstituents
by delivering them more precisely, which can then minimise the
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toxicity and complications associated with multidrug resistance
[164,165].

Future applications of nanotechnology can be expanded by re-
ducing the cost-benefit ratio. As studies continue, these nanoparti-
cle systems may be further optimised, and novel combinations and
formulations may be investigated, eventually leading to safer and
more effective treatments for breast cancer that will enhance pa-
tient outcomes and quality of life. To develop targeted drugs, it is
necessary to identify specific targets of active ingredients, which
calls for extensive research and financial investments. Encourage-
ment for collaboration among scientists, physicians, and pharma-
ceutical firms to expedite the development and advancement of
natural bioactive-based treatments for breast cancer.

9. Conclusion

This review systematically addresses how natural bioactives are
potentially encapsulated in chitosan nanocarriers for the preven-
tion and treatment of breast cancer. Nowadays, a lot of chemother-
apy drugs are being used in breast cancer treatments; however,
their clinical use is limited by the possibility of adverse effects
and multidrug resistance brought on by a lack of selectivity and
sensitivity. Therefore, to halt the disease’s progression, it is im-
perative to develop more effective and targeted methods of ther-
apy. Natural bioactive compounds have shown great promise in
the development of new pharmaceuticals because of their varied
biological activity, multiple targets, minimal toxicity and adverse
effects, and widespread availability. However, most of them have
off-target effects, limited systemic bioavailability, poor stability,
and poor solubility, which significantly limit their potential uses.
A next-generation therapeutic approach is needed to overcome
these constraints. This can be accomplished through pharmaceu-
tical nano-drug delivery devices, which have caught researchers’
attention. Notably, chitosan-based novel nanocarrier systems offer
suitable approaches for the treatment of breast cancer and yield
noticeably superior results in terms of tumor growth suppres-
sion. Chitosan-formulated nanoparticles and their derivatives, with
their biocompatible, biodegradable, mucoadhesive, anti-microbial,
anti-tumor, trapping, and permeation enhancement characteristics,
have proven to be an excellent backbone material of nanopar-
ticulate carriers for anticancer drug administration. Considering
this, this study offers a comprehensive review of every aspect
of delivering phytochemicals through chitosan-based nanocarriers
for the treatment of breast cancer. Researchers have been able
to enhance the therapeutic effect of base vehicles by integrating
several activities because of their multipotentiality. Even though
these drug carriers have not been successfully translated into
clinical settings, chitosan-based nanocarriers are under investiga-
tion and hold promise for the development of innovative thera-
peutic strategies for the treatment of breast cancer in the near
future.
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