International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

How Effective are Key Phytocompound Carrying
Polysaccharide Nanocarriers as Anti-Breast
Cancer Therapy! A Comprehensive Review of the
Literature

Deena Elsori', Pratibha Pandey?, Safia Obaidur Rab?, Ahmed M Alharbi®, Samir Sahoo?,
Shivam Pandey6, Manish Srivastava7, Sorabh Lakhanpals, Mohd Saeed 9, Fahad Khan®'®

IFaculty of Resilience, Rabdan Academy, Abu Dhabi, United Arab Emirates; 2Research and Innovation Cell, Rayat Bahra University, Mohali-140301,
Punjab, India; 3Department of Clinical Laboratory Sciences, College of Applied Medical Sciences, King Khalid University, Abha, Saudi Arabia;
“Department of Medical Laboratory Science, College of Applied Medical Sciences, University of Ha'il, Hail, Saudi Arabia; *Department of General
Medicine, IMS and SUM Hospital, Siksha ‘O’ Anusandhan (Deemed to Be University), Bhubaneswar, Odisha, 751003, India; 6School of Applied and Life
Sciences, Uttaranchal University, Dehradun, India; ’Department of Endocrinology, National Institute of Medical Sciences, NIMS University Rajasthan,
Jaipur, India; 8School of Pharmaceutical Sciences, Lovely Professional University, Phagwara, Punjab, India; 9Department of Biology, College of Science,
University of Hail, Hail, Saudi Arabia; '°Center for Global Health Research, Saveetha Medical College and Hospital, Saveetha Institute of Medical and
Technical Sciences, Chennai, Tamil Nadu, India

Correspondence: Fahad Khan, Email fahadintegralian@gmail.com

Abstract: Breast cancer continues to be one of the most perilous diseases globally due to the challenges in identifying cost-effective
and targeted targets for effective treatment strategies. In response to these unmet demands, much research has focused on investigating
the anti-breast cancer properties of natural compounds due to their multi-target modes of action and favorable safety profiles.
Numerous extracts of medicinal plants, essential oils, and natural bioactive substances have exhibited anticancer properties in
preclinical breast cancer models. Nonetheless, the clinical utilization of therapies based on natural chemicals is constrained by
challenges such as inadequate solubility and permeability. Innovative drug delivery systems utilizing nanoparticles are currently being
investigated as adaptable solutions to overcome these limitations. Polysaccharide-based nanoparticles exhibit promising biodegrad-
ability and biocompatibility, making them suitable for targeted drug delivery systems among the diverse nanocarrier types. Many
polysaccharide nanocarriers, including chitosan, hyaluronic acid, cellulose, starch, and complex polysaccharides, have been shown to
enhance the bioavailability and therapeutic effectiveness of phytocompounds. This review examines the anticancer properties of
phytocompounds and polysaccharide nanocarriers in breast cancer before focusing on the use of polysaccharide-based nanocarriers to
deliver phytocompounds for the treatment of breast cancer.
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Introduction

Breast cancer is a frequently diagnosed malignancy that affects approximately 2—2.5 million women globally each year."
Breast cancer (BC) is characterized by the unregulated growth and spread of cells originating from the breast and
adjacent tissues. It comprises of many subtypes, each of which is distinguished by a diverse array of clinical outcomes.
An effective strategy for cancer prevention and therapy requires a comprehensive understanding of this variability.>
According to the World Health Organization (WHO), 170,000 women in India are projected to be affected by breast
cancer, representing a 14% increase in the nation’s total cancer incidence.” Although significant advancements have been
made in understanding the molecular mechanisms of malignancy and the implementation of molecular-targeted ther-
apeutics, breast cancer continues to be highly frequent and fatal worldwide.” Premature breast cancer is generally
managed with lumpectomy, partial or total mastectomy, radiation, and other adjuvant medicines, particularly cytotoxic
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chemotherapy and immunotherapy, which are notably linked to adverse effects, toxicities, and harm to healthy cells.® To
address these limitations, multiple research domains have concentrated on innovative diagnostic, preventive, and
therapeutic approaches.”* Consequently, various natural and chemical substances have been proposed for medicinal
purposes. More than half of these anticancer medications are derived from natural sources, particularly substances
originating from plants.”'° Phytocompounds have attracted the attention of cancer researchers because of their ability to
complement regular drug dosages with minimal damage. Various herbs and their bioactive constituents play important
roles in multiple cancer therapies.'' Recent preclinical and clinical studies have shown that various phytocompounds
such as curcumin, hesperetin, rutin, EGCG, and naringenin, individually or in conjunction with other compounds or
chemotherapeutic drugs, exhibit potential anticancer efficacy against breast carcinoma. These phytocompounds are
associated with antiproliferative effects, apoptosis induction, anti-inflammatory properties, anti-angiogenic activity, anti-
invasive and metastatic capabilities, cell cycle regulation, tumor suppression, and targeting of cancer stem cells in breast
cancer.'>"?

Notwithstanding the encouraging preclinical results, the physicochemical characteristics of these phytocompounds
typically result in inadequate stability, water solubility, and bioavailability, which may impede their clinical
utilization.'*'> Moreover, the clinical utilization of essential oils has been impeded by their significant volatility,
pronounced susceptibility to environmental factors, poor stability, and high lipophilicity.'®'” Promising efforts have
been made to address these constraints, particularly with the implementation of nanocarriers based drug delivery
systems.'®!? Innovative anticancer systems have the potential to decrease toxicity, enhance therapeutic drug levels and
bioaccessibility, and specifically target malignant tissues and cells directly. The primary aim in creating innovative drug
delivery systems for targeted drug administration is to address the aforementioned significant limitations.
Nanotechnology offers numerous advantages in treatment through site-specific drug delivery and targeted administration
of precise medications in a regulated manner. Nanomedicine is pivotal in the advancement of precise therapies and drug
formulations, as well as in the controlled release of drug delivery systems.”*' The use of drug nanocarriers for
therapeutic delivery presents a promising and innovative strategy to enhance cancer nanotherapy, owing to the unique
advantages of nanocarriers in optimizing systemic circulation and therapeutic index while minimizing cytotoxic effects
on normal cells.*** Nanomaterials have garnered significant interest because of their potential to address limitations in
cancer immunotherapy, particularly in breast cancer.”* 2’ These nanoparticles can deliver and release various agents to
specific locations, such as antigen-presenting cells (APCs), while maintaining outstanding structural integrity in serum.
The encapsulation of antigens and immunostimulatory substances into nanoparticles, along with their efficient transport
to lymph nodes by APCs, has been shown to significantly enhance T- and B-cell responses compared to soluble antigens
and adjuvants.”® Research has been conducted using various cancer models to examine nanoparticle-based immunother-
apy. For example, melittin-lipid nanoparticles, a new nanomaterial for melanoma immunotherapy, were recently
introduced.”® The integration of immunomodulatory polysaccharides derived from natural herbs into nanocomposites
has been shown to activate dendritic cells and increase cytokine production, as well as the proliferation of CD4+ and
CD8+ T cells. Furthermore, the combination of these nanoparticles with the chemotherapeutic agent doxorubicin
significantly reduced 4T1 tumor growth and lung metastasis while exhibiting no apparent toxicity.>

Nonetheless, there are still significant issues with drug delivery related to the biosafety and biocompatibility of
nanocarrier-based delivery systems. Consequently, it is imperative to create secure nanocarriers for the delivery of
phytocompounds. Nanoparticle carriers generated from polysaccharides exhibit remarkable features. Polysaccharides
exhibit superior mucoadhesion, facilitate evasion from the reticuloendothelial system (RES), and exhibit anti-
inflammatory characteristics.>' They can also be chemically manipulated to incorporate characteristics, such as tumor
cell internalization and thermoresponsiveness.’*>* Polysaccharides, including Hyaluronic Acid (HA) and Chondroitin
Sulfate, have inherent receptor-targeting qualities, particularly directing their action towards CD44 overexpressing tumor
cells.** Ulvan exhibits a significant affinity for P-selectin receptors, whereas polysaccharides from Angelica sinensis and
pullulan show considerable potential for liver localization.>>-*® Furthermore, polysaccharides from Gracilaria lemanei-
formis have demonstrated significant efficacy towards avB3 integrin, which is upregulated in glioma cells.*’ Their
nanoparticles exhibit favorable surface characteristics, including substantial surface area, effective drug loading capacity,
affinity for ligands and small molecules, surface charge, and hydrophilicity. These characteristics render them stable,
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targetable, and capable of modulating drug biodistribution. Consequently, polysaccharides have advantageous structural
qualities that establish them as an exemplary foundational material for the construction of nanocarriers based delivery
system.”®

The key highlight of this review is to investigate the anticancer properties of polysaccharide-based phytocompound
nanoparticles in relation to breast cancer. This study examined novel strategies in nanomedicine for breast cancer,
focusing on active targeting and biomedically pertinent polysaccharide nanoparticles, including chitosan, hyaluronic acid,
cellulose, starch, and complex polysaccharide nanoparticles. While numerous researchers have focused on the manu-
facturing of polysaccharide nanoparticles, only a limited number have reported the anti-cancer properties of these
nanoparticles in relation to breast cancer.>*~° Polysaccharide nanoparticles hold great promise for future clinical imaging,
diagnosis, and treatment. Ultimately, all of this knowledge will aid in the logical development of safe and biocompatible
nanoparticles to fight severe diseases like cancer that were previously incurable, enhancing the healthcare system for
present and future generations.

Phytocompounds as Chemopreventive Agents in Breast Cancer
Phytocompounds or phytochemicals confer several health benefits by directly interacting with key molecular and cellular
targets, or by indirectly stabilizing conjugates that influence metabolic pathways.*® Liao et al (2013) reported that herbal
compounds can effectively serve as adjuvants to conventional chemotherapy to overcome negative effects such as
nausea, fatigue, mucositis, and anemia associated with conventional treatments such as chemotherapy.*' Numerous
studies have demonstrated that various phytocompounds exhibit anticancer activity and can serve as treatment modalities
through multiple mechanisms**** (Figure 1).

One of the most significant strategies for controlling uncontrolled proliferation of breast cancer cells is the induction
of apoptosis. Evidence indicates that natural products play a significant role in breast cancer treatment by inducing
apoptosis. Over the past two decades, natural products have been extensively utilized in preclinical studies on breast
cancer because of their abundant natural sources, safety, and effective therapeutic potential.*>**® Several apoptosis-linked
pathways, including PI3K/AKT, MAPK, and p53, can be targeted to stimulate apoptosis in breast cancer cells.*’**
Natural products represent a significant resource for identifying potent drug molecule for the treatment of breast cancer.
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Figure | Different mechanism associated with phytocompounds based chemoprevention in breast cancer.
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Epigenetic disruption is predominantly observed alongside genetic alterations during the initial development and
progression of cancer. Epigenetic modifications alter the cellular phenotype without altering the underlying DNA
sequence. The mechanisms include DNA methylation, primarily at cytosines (resulting in 5-methylcytosine) adjacent
to guanines (CpG dinucleotides), as well as acetylation, methylation, phosphorylation, and ubiquitination of histones and
noncoding RNAs or miRNAs that influence mammalian gene expression.*’ In breast carcinoma, aberrant histone
modifications are linked to epigenetic shutdown of tumor suppressor genes and genome destabilization.>
Accumulating data indicated that phytocompounds, including secondary metabolites, may control epigenetic events
and reverse epigenetic alterations prior to cancer onset.”'** Phytochemicals reportedly influence epigenetic modifications
by regulating key transcription elements, kinases, and growth factor receptor-mediated pathways, resulting in apoptotic
induction, cell cycle arrest, and restoration of tumor suppressor genes.”> Chlebowski’* demonstrated the effective
anticancer properties of tamoxifen and certain aromatase inhibitors, such as exemestane and anastrozole, in lowering
down the breast cancer incidence in clinical trials. Nonetheless, some medications such as tamoxifen have positive side
effects, which increases the risk of endometrial cancer. In contrast to synthetic drugs, phytocompounds exhibit
considerable anticancer efficacy in breast cancer therapy, demonstrating reduced side effects and cytotoxicity in
preclinical studies.’® Part of the cytochrome P450 enzyme family, aromatase, is a membrane-bound protein that causes
the transformation of testosterone to estradiol (E2) and androstenedione to estrone (El), and is crucial for the
manufacture of estrogen.’® Recent studies have indicated that phytocompounds possess a chemical structure analogous
to estrogen and can modify aromatase expression by directly suppressing its activity.>’ Furthermore, evidences were
indicated that phytocompounds have also demonstrated antitumor activities by targeting the arachidonic acid pathway,
including the metabolic regulatory enzymes phospholipase A2s, cyclooxygenases, and lipoxygenases.® Numerous
studies have indicated that the arachidonic acid pathway is pivotal in both inflammation and cancer.’® A strong
correlation was observed between elevated COX-2 levels and adverse prognosis, invasion, and proliferation of breast
cancer cells.°” Ranger et al reported a positive link connection between the COX-2 expression levels and distant
metastasis in breast cancer.’' In light of this, research was conducted, and it was ultimately shown that inhibiting
COX-2 might reduce the metastatic activity of breast cancer cells in a mouse model.”> Several phytocompounds,
including lycopene, curcumin, ginsetin, and apigenin, have been documented to decrease the formation of metabolic
products thus being regarded as strong therapeutic options against breast cancer.’

In addition to their chemotherapeutic potential, some phytocompounds exhibit chemosensitizing effects in preclinical
settings.®® Chemosensitization is a crucial clinical approach aimed at enhancing the effectiveness of chemotherapeutics
by reducing dose-limiting effects, optimizing drug transport and activation, and overcoming chemoresistance in malig-
nancies. Various mechanisms of chemoresistance in breast carcinoma have been recognized, which sufficiently hinder
drug transport to and absorption within the cancer cell to achieve therapeutic effects.®* In breast cancer, combined
chemotherapy procedures are employed to overcome drug resistance. However, clinical trials are also exploring
chemosensitization strategies, including nutritional and exercise interventions, alongside novel and repurposed FDA-
approved pharmacotherapies. Phytochemicals that exhibit chemosensitization potential include ursolic acid, betulinic
acid, rutin, resveratrol, curcumin, and genistein.®>®” Nevertheless, they have multiple drawbacks such as nonspecific
targeting, poor water solubility, and restricted therapeutic efficacy. An alternative approach involves employing biopo-
lymeric nanocarriers, such as polysaccharides, which can provide effective targeted therapy when coupled with natural
anticancer agents (phytocompounds).

Emerging Trends of Polysaccharide Nanoparticles in Cancer Therapy

Polysaccharides are carbohydrate polymers composed of many identical and/or distinct monosaccharide components (C,
(H,0),) linked by glycosidic linkages. Natural polysaccharides serve as abundant, renewable, sustainable, and eco-
friendly biopolymers derived from various natural resources, including animals, plants, algae, and microbes.*®¢
Typically, based on the principles of building block chemistry and modification methods, these polysaccharides display
various chemical structures, including branched or linear forms, different charge states (neutral, negative, or positive
charge), variable chemical makeup (a or B-glycosidic bonds), and a broad range of molecular weights. It is believed that

about 90% of the substantial carbohydrate material in nature is employed in the synthesis of natural polysaccharides.”
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Cellulose, starch, and chitin were the predominant and essential polysaccharides, respectively. Polysaccharides are
a highly attractive choice for pharmaceutical and biomedical purposes because of their structural chemical variety,
physicochemical and biological properties, safety, strong chemical reactivity, biological compatibility, and biodegradable
properties. Their biological features and uses are enhanced by their low toxicity profile and excellent biocompatibility
and biodegradability, while immunogenicity is dependent on particular structures.”'

A variety of natural and manufactured water-soluble polymers have been chemically conjugated with medicinal
molecules.”? Pharmacokinetic studies on drug-conjugating polysaccharides have demonstrated the significance of natural
and sustainable polymers as effective drug delivery methods. In addition to synthetic water-soluble polymers, natural
polymers such as chitosan, hyaluronic acid, dextran, and cellulose exhibit significant potential as drug carriers.”® The
conjugation of hydrophobic doxorubicin (DOX) with an acid-cleavable hydrazone link produced DOX-chitosan nano-
conjugates that exhibited pH-sensitive drug release.”* The research demonstrated that the chitosan-DOX conjugates with
an acid-cleavable hydrazone link were stable at neutral pH and disintegrated at pH 5.0, thereby facilitating the release of
DOX into cervical cancer HeLa cells. The prodrug nanoparticles were rapidly absorbed, demonstrating their potential for
use in tumor-targeted therapeutics, resulting in significant accumulation and deposition of doxorubicin in HeLa cells.”
Basic carbohydrates, such as dextran, have been purportedly employed for the recombination of pharmaceuticals.
Bacterial strains, such as Leuconostoc and Streptococcus, generate substantial quantities of dextran polysaccharides,
encompassing both primary and secondary categories of dextran that provide potential therapeutic conjugation sites using
specialized methodologies.”®”” The chemical modification of these materials purportedly enables selective and more
efficient drug administration to tumors, according to the major amine and hydroxyl groups present in the chitosan
framework.”® Skorik et al employed chitosan-based nanoparticles as nanocarriers to deliver of paclitaxel (PTX) and
docetaxel (DTX). The drug-loaded succinyl and glutaryl chitosan nanoparticles exhibited significant cytotoxicity against
gastrointestinal cell lines, hence enhancing their anticancer efficacy relative to free medicines.”” The revised carbox-
ymethyl chitosan-based nanoparticles loaded with DOX and utilizing a tumor-homing ligand (3-carboxyphenylboronic
acid) exhibited enhanced accumulation and penetration in mice with H22 lung metastases. This substantially diminished
the mass of the H22 metastatic lung tumor by the enhanced infiltration and aggregation of nanoparticles at the tumor
site.*” D-Glucuronic acid repeats and d-N-acetylglucosamine disaccharides combine to form hyaluronan through B-1,4-
and B-1,3-glycosidic bonds.®' The hyaluronate framework consists of hydroxy and carboxyl groups conjugated to various
medicinal compounds. Due to steric hindrance and the low reactivity of carboxyl groups, straight conjugation is not
favored.®*®** HA-derived compounds, including functional head groups such as hydrazine, exhibit enhanced reactivity
and drug conjugation effectiveness. HA derivatives requiring the substitution and functionalization of carboxylic acids
exhibit enhanced drug loading while maintaining minimal modification of the polysaccharide structure.** Paclitaxel
(PTX) exhibited increased loading and less product toxicity than free PTX in conjugation with HA-deoxycholic acid
linked to bio-reducible cysteamine. The binding properties of the drug persisted, even after considerable replenishment.
Various techniques have been reported to address the limited solubility of HA in traditional organic solvents, which
impedes cytotoxic conjugation reactions.®> These procedures encompass the utilization of polar solvent-water combina-
tions, polyethylene dimethyl ether nanocomplexation, and ion formulations of long-chain aliphatic cations.®® The use of
HA-drug conjugates provides specific targeting of upregulated CD44 receptors.®” HA-conjugated products such as HA-
epirubicin, HA-mitomycin C, HA-butyrates, and HA-paclitaxel have significant efficacy in drug delivery. The histone
deacetylase inhibitor exhibits increased apoptotic activity, leading to decreased in vivo tumor burden and suppression of
in vitro cell proliferation upon conjugation with HA.®® The application of N, N'-dicyclohexylcarbodiimide (DCC) and
cholic acid derivatives has facilitated the modification of sucrose and poly(d, I-lactic-co-glycolic acid) (PLSGA) via
crosslinking. This signifies a promising advancement in a regulated drug delivery system for drugs with limited aqueous
solubility.*” Various applications of composite hydrogels made from polysaccharides, such as chitin, chitosan, and
nanocellulose have provided precise drug delivery systems, improved regenerative medicine, tissue engineering,
wound care dressings, and water purification absorbents.’® Chitin composites can be synthesized into spherical nanogels
by incorporating rhodamine 123 dye, which enhances medication dispersion and has potential in tissue engineering.”'"*
Polysaccharides conjugated to folate and fluorescent characteristics exhibit an optimum medication loading and release
profile, indicating possible uses for gene therapy targeting specific sites, including malignant cells.”> Recent
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advancements in the development of wound treatment solutions utilizing pectin in conjunction with cellulose and
microfibrillated cellulose have yielded promising in vivo results. The results from animal models were promising;
however, additional experimental studies were necessary for clinical success. Pectin serves as a medication carrier in
therapeutic sprays for drug delivery. A pectin-based nasal spray formulation containing fentanyl alleviates cancer
discomfort and enhances chemotherapy efficacy.”*

Polysaccharide-Specific Delivery Mechanisms

Site-targeted drug administration should be considered during chemotherapy planning to maximize the therapeutic
efficacy and minimize side effects. Nanotechnology-based approaches facilitate site-targeted drug delivery for physicians
and researchers while also offering significant opportunities to investigate novel paths that can influence prognosis,
diagnosis, and therapy. In the context of potent phytocompounds for breast cancer treatment, solubility and bioavail-
ability present significant challenges; however, these issues may be mitigated through nanoparticle formulations.?**>°7
Currently, the therapeutic utilization of most nanoformulations depends on the accumulation of tumor nanoparticles
through passive trans-endothelial pathways from blood vessels to tumor tissue, mostly via increased permeability and
retention (EPR) mechanisms. Nonetheless, EPR-based formulations have many drawbacks, including nonspecific
dispersion, inadequate tumor accumulation, and the heterogeneity of cancers and patients. Researchers have focused
on evaluating updated nanoformulations with active targeting capabilities, including ligand-based cancer-targeting and
stimuli-responsive drug delivery systems.”® Ligand-based targeting is accomplished by modifying the surfaces of
nanocarriers with ligands that specifically engage with receptors or antigens overexpressed on tumor cells. This method
augments the affinity of nanocarriers for cancer cell surfaces, thereby facilitating drug penetration. Furthermore, the
absence of these receptors or antigens in normal cells inhibits nonspecific absorption in healthy cells and tissues. Tumor
microenvironment (TME)-responsive delivery systems provide an on-demand drug release profile in response to
alterations in the TME physiological characteristics, which are distinct from those of healthy tissues.”” TME is defined
by acidic pH, hypoxia, enzymatic changes, modified redox conditions, increased reactive oxygen species (ROS),
enhanced glutathione, adenosine triphosphate, and inflammatory mediators.**

Numerous nanoscale drug carriers effectively address these challenges and transport medications to target locations,
thereby minimizing side effects. To circumvent the side effects of chemotherapy, researchers have developed a number of
drug delivery methods, one of which is based on polysaccharides that specifically target cancer cells by active or passive
targeting.'®*'** Polysaccharides are safe, biodegradable, and hydrophilic biopolymers that can be readily chemically
modified to enhance bioavailability and stability for the delivery of medicines to cancer tissues. Various polysaccharides,
including chitosan, hyaluronic acid, alginates, cyclodextrin, dextran, guar gum, cellulose, and pectin, have been utilized
in drug delivery systems for cancer therapy.'®>''° Figure 2 and Table 1 summarizes the augmented antitumor efficacy of
various phytocompounds based polysaccharide nanocarriers in breast cancer. The following section emphasizes the latest
advancements in polysaccharide-based phytocompound nanocarriers for breast cancer therapy.

How Chitosan is Acting as A Suitable Nanocarrier?

Chitosan is a naturally occurring cationic polysaccharide that is extensively used in biomedical research. Chitosan is the
primary derivative of chitin, located in the cell walls of fungi, mollusk shells, and exoskeletons of crustaceans. Chitosan
is derived through the deacetylation of chitin under specific conditions, with a degree of deacetylation ranging from 60%
to 100%. The molecular weight of commercially sourced chitosan ranges from 3,800 to 20,000 Daltons.'***'** Chitosan
is a natural polysaccharide with limited solubility in water, although it dissolves in low pH solutions. Altered variants of
chitin, including carboxymethyl chitin, sulfated glycol chitin, and fluorinated chitin, have been developed to enhance its
aqueous solubility."** Numerous chemical modifications have been implemented to produce various chitosan derivatives
for controlled drug delivery systems.'**'*” Chitosan exhibits antibacterial, antibiotic, and anticoagulant characteristics,
and accelerates wound healing. Low molecular weight chitosan inhibits tumor growth and exhibits antitumor action with
reduced toxicity to normal proliferating cells.'**'*” Consequently, low-molecular-weight chitosan (LMWC) can elicit
synergistic effects when used as a drug carrier. The cytotoxic effects of chitosan derivatives have been documented in
several cancer cell lines, including MCF-7, HeLa, and HEK293 tumor cell lines."*® Chitosan nanoparticles have attracted
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Figure 2 Enhanced anticancer effects of phytocompounds based polysaccharide nanocarriers in breast cancer therapy.

considerable attention in cancer therapy owing to their distinctive qualities, such as biodegradability, biocompatibility,
and mucoadhesiveness. These nanoparticles can transport therapeutic medicines to tumor locations via passive and active
targeting methods. Chitosan-based nanocarriers in passive targeting use the increased permeability and retention (EPR)
effect, enabling preferential accumulation in malignant tissues. This phenomenon results from the permeable vasculature
and inadequate lymphatic drainage typically observed in tumors, allowing nanoparticles to infiltrate and persist within the
tumor microenvironment.'*” Active targeting utilizes ligand-receptor interactions to improve the specificity of medication
delivery. Chitosan nanoparticles can be altered with targeted ligands, like folic acid, peptides, or antibodies, to selectively
attach to cancer cells.'*® Folate-linked chitosan nanocarriers can specifically target cancerous cells that overexpress folate
receptors, enhancing the delivery of antitumor agents to the tumor location, while minimizing systemic toxicity. This
strategy improves the therapeutic effectiveness of encapsulated medications while reducing their detrimental effects on
normal tissues.'*'

Chitin and chitosan derivatives are promising candidates for use as polymeric carriers for anticancer drugs. The
solubility and bioavailability of chitosan are enhanced by chemical modification via derivatization. Prior research has
indicated that chemical modification of chitosan with an acetamido moiety and an amino group enhances the solubility of
encapsulated pharmaceutical compounds.'*® Certain cancer cells exhibit resistance to many anticancer agents, including
docetaxel (DTX), methotrexate (MTX), cisplatin, and 5-fluorouracil.'* Presently, traditional chemodrugs have hazardous
effects on various bodily systems, including the gonads, bone marrow, and gastrointestinal lining."*° LMWC, owing to its
elevated positively charged amino group, has a strong attraction to the cancer cell membrane, which possesses a more
significant negative charge than normal cells. Furthermore, chitosan has been shown to target cancer cells via electro-
static interactions with tumor cell membranes. Additionally, chitosan-drug nanoparticles serve as alternatives to tradi-
tional pharmaceuticals because of their specificity for cancer cells and biocompatibility.'>'"!>* In a series of preclinical
investigations, chitosan-based phytocompound nanocarriers have shown strong affinity and specificity for breast cancer
cells, significant tumoricidal efficacy, and an effective inhibitory effect on metastasis.'>

Lu et al developed hypoxia-responsive nanoparticles composed of carboxymethyl chitosan, encapsulating doxorubi-
cin and Tanshinone IIA for breast cancer therapy. The findings indicated that these hypoxia-responsive nanoparticles not
only augmented drug transport efficiency but also improved the therapeutic efficacy of DOX. The mean diameter of the
nanoparticles was approximately 200-220 nm, and the optimal drug loading and encapsulation efficiency of TSIIA in
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Table | Phytocompounds Based Polysaccharide Nanoformulations and Their Associated Anticancer Mode of Action in Breast Cancer

Therapy
Nanocarriers | Phytocompound Class Breast Cancer Mechanism of Action Reference
Model
Chitosan Tanshinone IIA Terpenoid 4T I cells and L929 Inhibited tumor fibrosis, reduced HIF-la [rn
cells; BALB/C mice | expression and stimulated tumor cell apoptosis
Anthocyanin Flavonoid MCF7 cells Improved cytotoxic potential, mitochondrial [112]
apoptosis, cell cycle arrest (G2/M & S); Inhibited
migration and angiogenesis
Limonene Terpenoid MDA-MB-468 cells | Significant anticancer efficacy [113]
Curcumin and Phenol and MDA-MB-231 cells | Augmented cellular uptake and apoptosis; [114]
berberine alkaloid Downregulated expression of IL-8 pro-
inflammatory cytokines
Tetrahydrocurcumin | Phenol MDAMB-231 and Remarkable cytotoxic potential [I15]
MCF-7 cells
Quercetin Phenol MCF-7 cells Enhanced cytotoxicity [I116]
MCF-7 cells Greater anticancer and apoptosis induction [17]
Curcumin Phenol MCF-7 cells Enhanced anticancer efficacy and apoptosis [118]
induction
MCF-7 cells Increased apoptotic cell death and decreased in | [119]
cell viability
Ellagic acid Polyphenol MCF-7 cells; Swiss | Enhanced cytotoxicity; tumor regression and [120]
albino mice increased apoptosis
Paclitaxel Terpenoid MDA-MB-231 cells | Inhibited tumor growth and metastasis [121]
Hyaluronic Sulforaphane Isothiocyanates | MDA-MB-231, Inhibited tumor growth, invasion and self- [122]
acid Hs578t, and MCF7 | renewal ability
cells
Thymoquinone Terpenoid MDA-MB-231 and Inhibited tumor growth; anti-metastatic and anti- | [123]
MDA-MB-468 cells; | angiogenic
BALB/c mice model
Quercetin Phenol MCEF-7 cells; BALB/ | Enhanced cytotoxic and apoptosis-inducing [124]
¢ nude mice model | effects; inhibited tumor growth
Honokiol Phenol 4TI cells; 4TI Enhanced antiproliferative and pro-apoptotic [125]
tumor bearing mice | effects, downregulated expression of vimentin;
retarded tumor growth
Paclitaxel Terpenoid 4TI| and MDA-MB | Suppressed tumor metastasis; superior [126]
-231 cell lines; Balb/ | antitumor efficacy
C mice
Curcumin Phenol 4TI cells; 4TI Improved growth inhibitory effects, ROS [127]
tumor-bearing mice | generation, apoptosis and cell cycle arrest (G2/M
models & S); inhibited tumor growth and pulmonary
metastasis
(Continued)
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Table | (Continued).

Nanocarriers | Phytocompound Class Breast Cancer Mechanism of Action Reference
Model

Cellulose Honokiol Phenol MDA-MB-231 cells; | Enhanced cytotoxicity, inhibited tumor growth; [128]
Ehrlich ascites downregulated expression of VEGF-1, Ki-67

tumor (EAT)
mouse model

Camptothecin Alkaloid MCF-7 cells Antiproliferative effects [129]

Starch Curcumin Phenol MCF-7 cells Higher anticancer efficacy and apoptotic [130]
potential

p-Coumaric acid Phenol MDA-MB-231 cells | Augmented cytotoxic potential through ROS [131]

generation, nuclear damage, and MMP
depolarization; apoptosis induction via

modulation of related protein expressions

Curcumin Phenol MCF-7 cells Enhanced cytotoxicity [132]
Other Curcumin Phenol KMBC-10 cells Higher anticancer efficacy and apoptotic [133]
complex potential
polysaccharide

Ursolic acid Terpenoid MCEF-7/ADR cells Overcoming drug resistance through ROS [134]

generation, and MMP depolarization; apoptosis

induction via caspase activation

Curcumin Phenol MCF-7 cells Enhanced anticancer and apoptosis-inducing [135]

effects

DOX/TSIIA nanoparticles were 9.06% and 73.59%, respectively. Hypoxia-responsive behavior was documented in vitro,
while synergistic efficacy was dramatically demonstrated in vivo, resulting in a tumor inhibitory rate of 85.87%. The
in vitro anticancer assays confirmed that these nanoparticles produced a synergistic anti-tumor impact by blocking tumor
fibrosis, reducing HIF-1a expression, and causing death in tumor cells.''" Awad et al developed chitosan nanoparticles
loaded with anthocyanin and cisplatin, and evaluated their antitumor activity against MCF-7 breast cancer cells. These
chitosan-based nanoparticles efficiently targeted breast cancer by triggering apoptosis in cancer cells, augmenting
antioxidant defenses, and mitigating inflammation. They additionally impede tumor proliferation, migration and angio-
genesis by downregulating MMP9 and VEGF, which highlights their therapeutic efficacy.''” In addition, chitosan
nanoparticles infused with limonene and limonene-dominant essential oils have been developed for breast cancer therapy.
These nanoparticles demonstrated improved antitumor efficacy against MDA-MB-468 breast cancer cells.''® Ghobadi-
Oghaz et al developed chitosan-based nanoparticles for the co-delivery of curcumin (Cur) and berberine (Ber) in MDA-
MB-231 breast cancer cells. Studies have demonstrated that Cur and Ber exhibit synergistic effects in various carcino-
mas. The resultant nanoparticles exhibited high entrapment effectiveness of approximately 75% for Cur and 60% for Ber.
In vitro cytotoxicity test revealed that the co-encapsulated nanoparticles significantly increased cytotoxicity in MDA-MB
-231 and A549 cancer cells. In vitro investigations using MDA-MB-231 cells revealed that these nanoparticles
effectively enhanced cellular absorption and apoptosis while significantly inhibiting IL-8 pro-inflammatory cytokines
compared to free Cur + Ber bioactive chemicals.''* Truong et al developed chitosan-coated nanostructured lipid carriers
for the administration of tetrahydrocurcumin in breast cancer cells. The nanocarriers exhibited markedly improved
in vitro skin permeation, cellular uptake, and notable cytotoxicity against MD-MBA-231 breast cancer cells compared to

free THC, indicating Ch-NLCs as promising transdermal nanocarriers for THC in the treatment of breast cancer.''
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A hydrogel nanocomposite comprising chitosan (CS), halloysite (HNT), and graphitic-carbon nitride (g-C3N4) was
synthesized and incorporated with quercetin to provide a sustained release of quercetin and enhanced antiproliferative
effects against MCF-7 breast cancer cells. The drug release profile demonstrated a targeted sustained-release and pH-
sensitive release of quercetin over a 96-hour period. The MTT assay demonstrated significant cytotoxicity against breast
cancer cells, specifically the MCF-7 cell line, in vitro, using the CS/HNT/g-C3N4 targeted delivery system compared to
quercetin as a free medication.''®

Nematollahi et al developed a quercetin-loaded chitosan/polyvinylpyrrolidone/y-alumina nanocomposite to enhance
drug loading and release efficiency in breast cancer. In vitro studies demonstrated that quercetin-loaded nanoparticles
exhibited considerable cytotoxicity against MCF-7 breast cancer cells. The augmented apoptotic cell death corroborated
the anticancer efficacy of this nanocomposite.'!”

Several studies have also shown the improved antitumor activity of chitosan-based curcumin nanoparticles. Abdouss
et al produced a pH-sensitive curcumin nanocarrier composed of chitosan (CS), polyacrylic acid (PAA), and graphitic
carbon nitride (g-C3N4) using water/oil/water (W/O/W) emulsification. The nanocarriers exhibited increased cytotoxicity
and the highest apoptosis rate in MCF-7 breast cancer cells, indicating the superior efficacy of the nanocomposites in
eradicating malignant cells."'® A separate study demonstrated that a curcumin-loaded chitosan/halloysite/carbon nano-
tube nanomixture induced apoptosis in MCF-7 cells and showed enhanced cytotoxicity of the drug-loaded nanocompo-
site relative to free curcumin.'"

Kaur et al formulated ellagic acid (EA)-loaded chitosan nanoparticles and assessed their preclinical efficacy in both
in vitro and in vivo breast cancer models. The results indicated that nanoformulations exhibited effective nanosized
encapsulation of EA and demonstrated substantial drug entrapment and release capabilities. The nano-encapsulated EA
demonstrated biocompatibility and exhibited greater cytotoxicity in vitro than EA alone. Likewise, markedly greater
tumor regression was noted in mice treated with nano-EA compared to those receiving EA alone. Moreover, nanofor-
mulations exhibited increased apoptosis in tumor tissues without notable damage in essential organs.'** Furthermore,
Wang et al developed paclitaxel-loaded chitosan nanocarriers that showed enhanced cytotoxicity in breast cancer.
Paclitaxel nanocarriers have demonstrated significant affinity and specificity for breast cancer cells, remarkable tumor
cytotoxicity, and an effective inhibitory effect on metastasis. This advanced theranostic platform demonstrated significant
inhibition of tumor growth and suppression of metastasis in an MDA-MB-231 mouse model, presenting therapeutic

potential for enhancing anticancer combination therapy with substantial prospects for clinical application.'?!

How Hyaluronic Acid Play A Key Role As Nanocarrier?
Hyaluronic acid (HA) is a mucopolysaccharide composed of two saccharide units, glucuronic acid and
N-acetylglucosamine. The presence of hydroxyl, carboxylic, and N-acetyl groups on HA makes it amenable to
modification. Various medications can be directly associated with HA to form novel conjugates with enhanced anticancer
efficacy. HA exhibits greater specificity for various tumor cells, especially tumor-initiating cells. Tumor cells exhibit
overexpression of CD44 and LY VE-1 receptors, which are receptors that bind hyaluronic acid, but low expression was
also observed on the surfaces of epithelial, hematopoietic, and brain cells.'* Owing to its biocompatibility, elevated
viscoelasticity, and biodegradability, HA has been employed as a carrier in drug delivery systems, manifested as
hydrogels and micelles. The intracellular absorption of HA-drug conjugates was promoted by CD44 caveolae-
mediated endocytosis in tumor cells, hence improving the efficacy of targeted drug delivery.'**'*>'>® Hyaluronic acid-
based drug nanocarriers have been employed in anticancer treatments. Agrawal et al'>’ synthesized LPT-HA-NCs by
encapsulating lapatinib nanocrystals with HA to enhance their therapeutic efficacy against triple-negative breast cancer.
The findings indicated that the nanoencapsulated drug carrier demonstrated enhanced anticancer efficacy compared to
free medication and effectively impeded the spread of cancer cells to distant locations.'>® Thus, we have provided an
overview of the latest developments in the use of HA-based anticancer phytocompound nanocarriers for breast cancer
treatment.

Gu et al created hyaluronic acid-SS-tetradecyl nano-carriers for sulforaphane to augment the inhibitory efficacy of the
non-encapsulated phytocompound. The nanocarriers exhibited a high sulforaphane entrapment rate of 92.36% and
a drug-loading efficiency of 33.64%. The carriers responded well to the mildly acidic and highly reducing tumor
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microenvironment, which caused the SFN-loaded nanodrug (SFN/M-HA-SS-TA) to quickly release SFN. The targeted
recognition of CD44+ breast cancer cells by HA demonstrated the superior tumor-targeting capability of these nano-
carriers. Furthermore, in comparison to free SFN, SFN/M-HA-SS-TA exhibited significantly enhanced suppression of
BCSC-like characteristics, including self-renewal, invasiveness, and tumor formation both in vitro and in vivo.!??
Bhattacharya et al developed HA encapsulated thymoquinone nanoparticles conjugated with Pluronic® P123 and F127
copolymer as a targeted drug delivery system for the anticancer phytochemical TQ to triple-negative breast cancer
(TNBC) cells. These nanoparticles demonstrated significant cytotoxicity against TNBC cells while exhibiting no harmful
effects on normal cells. Thorough examination has revealed its pro-apoptotic, anti-metastatic, and anti-angiogenic
properties. Comprehensive mechanistic investigations revealed that HA-TQ-Nps inhibited TNBC cell migration by
upregulating microRNA-361, which subsequently downregulated Racl and RhoA, thereby disrupting cancer cell migra-
tion influenced by the autocrine effect of VEGF-A. Furthermore, HA-TQ-Np therapy disrupted tumor-induced vascular-
ization by diminishing the release of VEGF-A. The anti-metastatic and anti-angiogenic properties of HA-TQ-Nps were
demonstrated in both MDA-MB-231 xenograft chick embryos and a 4T1 mammary solid tumor model in syngeneic
mice.'>® Sun et al (2023) synthesized amphiphilic hyaluronic acid polymers (dHAD) through the grafting of dodecyla-
mine onto HA. dHAD self-assembled with quercetin to form drug-loaded micelles (dAHAD-QT). Quercetin-loaded HA
nanoparticles exhibited superior drug-loading capacities (75.9%) for QT and demonstrated markedly enhanced CD44
targeting relative to unmodified HA. These nanocarriers demonstrated significant cytotoxicity and apoptosis-inducing
properties, attributed to their pH-sensitive nature, facilitating the rapid drug release of QT under acidic conditions.
Significantly, in vivo tests demonstrated that dHAD-QT efficiently suppressed tumor growth in tumor-bearing mice,
achieving a tumor suppression rate of 91.8%. Moreover, dHAD-QT extended the survival duration of tumor-bearing mice
and mitigated the toxicity of the drug in normal tissues.'** Core-shell nanoparticles composed of zein and hyaluronic acid
loaded with honokiol (HA-Zein-HNK) were designed for targeted delivery in breast cancer. The synthesized nanopar-
ticles exhibited a mean diameter of 210.4 nm and negative surface charge. These nanoparticles demonstrated enhanced
antiproliferative and pro-apoptotic effects on 4T1 cells. Wound healing and Transwell assays demonstrated that HA-
loaded honokiol significantly impaired the migration and invasion of 4T1 cells. Mechanistic findings indicated that HA-
Zein-HNK decreased vimentin expression and increased E-cadherin expression. An in vivo tissue distribution study
demonstrated the superior tumor-targeting capability of HA-Zein.'** Luo et al created a multifunctional nanocomplex for
the simultaneous delivery of paclitaxel (PTX) and STAT3 siRNA (siSTAT3) to decrease tumor growth and prevent
metastasis in breast cancer cells. This nanocomplex exhibited increased cytotoxicity against tumor cells, which was
attributed to the synergistic interaction between PTX and siSTAT3. Successful suppression of tumor metastasis was
validated by using cell migration and invasion experiments in 4T1 cells. Significantly enhanced anticancer efficacy was
noted in orthotopic 4T1 tumor-bearing mice, with no adverse effects, and lung metastasis was markedly suppressed in the
4T1 metastasis model.'?® Yu et al produced nanoparticles of curcumin and HA encapsulated within a zeolitic imidazolate
framework-8, utilizing a method predicated on the pH-dependent solubility of curcumin and the electrostatic interactions
between zinc ions and the carboxyl groups of hyaluronic acid. These findings demonstrated that the breakdown of Cur
during the synthesis of Cur@ZIF-8 was minimal. These nanocarriers exhibited a superior inhibitory effect on breast
cancer compared to that of Cur@ZIF-8. The treatment of 4T1 cells with Cur@ZIF-8@HA resulted in increased cellular
uptake and enhanced cytotoxicity, as evidenced by elevated lactate dehydrogenase release, G2/M phase cell cycle arrest,
ROS generation, and apoptosis induction. In 4T1 tumor-bearing murine models, Cur@ZIF-8@HA demonstrated a more

enhanced suppressive effect on tumor proliferation and lung metastasis.'*’

How Cellulose Play A Key Role As Nanocarrier?

Cellulose is a naturally existing linear polysaccharide with desirable properties, such as biodegradability and biocompatibility.
Plant cell walls provide a limitless supply of biopolymers, which are among the most abundant naturally occurring
substances.'> Cellulose is a complex carbohydrate that is composed of many cyclic glucose units. The origin of this
biopolymer reveals a flat, ribbon-like structural shape with a chain of several hundred to thousands of f(1 — 4)-linked
D-glucose molecules.'®® Cellulose and its various modified derivatives are extensively utilized in drug delivery systems,
particularly in cancer therapeutics, primarily to alter the solubility and/or gelation of different medicines, thereby regulating
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their release patterns. Cellulose nanocarriers are the subject of extensive research as prospective nanomaterials for targeted
drug delivery, particularly in cancer treatment, due to their superior physical properties, including nanoscale dimensions,
spindle-shaped morphology, prevalent surface hydroxyl groups, and biodegradability within living cells.'®!+'%?

Atallah et al synthesized carboxymethyl cellulose nanogels using lactoferrin (Lf) protein for the co-delivery of
antimetabolite pemetrexed (PMT) and plant-derived polyphenol honokiol (HK). PMT/HK-loaded Lf-CMC NGs were
effectively internalized by MDA-MB-231 breast cancer cells and exhibited enhanced in vitro cytotoxicity, as indicated by
a modest combination index value (CI=0.17) and a larger dose reduction index (DRI) relative to free medicines. An
in vivo antitumor investigation utilizing an Ehrlich ascites tumor (EAT) murine model demonstrated the significant
efficacy of these cellulosic nanoparticles in inhibiting tumor proliferation, attributed to the diminished expression of
VEGF-1, increased protein levels of caspase-3, and decreased Ki-67 protein levels in the tumor tissue.'?® Quifiones et al
encapsulated the phytocompound camptothecin into the inner core of cellulose nanoaggregates to achieve continuous
release, while preserving its antiproliferative action. Camptothecin was encapsulated within cellulose nanoaggregates,
attaining a concentration of 1.7-13.0 wt %. A prolonged release of camptothecin exceeding 150 h was observed under
simulated physiological settings. A significant in vitro anticancer efficacy of camptothecin-loaded cellulose nanoparticles
has been reported against MCF-7 breast cancer cells. The resulting cytotoxicity was analogous to that of free camp-

tothecin at equivalent doses.'?’

How Starch Play A Key Role As Nanocarrier?
Starch is a polymeric carbohydrate that consist of many glucose units connected by glycosidic linkages. It is frequently
present as a carbohydrate source in the human diet. This substance is a component of several basic foods including rice,
manioc, wheat, corn, and potatoes. Unadulterated plant starch can be transformed into a white, aqueous, and efflorescent
powder. The powder consisted of fine granules, with a diameter ranging from 2 to 100 um and a thickness of
approximately 1.5 pm. The fundamental polymeric formula is (C¢H;¢Os)n, and the glucose monomer is referred to as
a-d-glycose (or a-d-glycopyranose). The unique physicochemical characteristics and functional attributes of starch for
diverse biomedical and pharmacological applications are derived from multiple botanical sources including maize,
potato, rice, and wheat.'®® Starch can potentially be used as a carrier for drug delivery and other bioactive substances.
Chemically modified starch with increased reactive chemical sites serves as a beneficial biocompatible carrier that is
easily digestible in the human body.'®* Starch-based nanoparticles utilize a complex method for cancer therapy. These
nanoparticles, engineered to utilize the Enhanced Permeability and Retention (EPR) effect, are selectively concentrated in
neoplastic tissues. Upon entering the tumor microenvironment, cancer cells infiltrate via diverse cellular absorption
pathways. These nanoparticles can transport therapeutic agents, such as chemotherapeutic medicines or nucleic acids,
which are released intracellularly in response to external stimuli, such as pH variations. While causing minimal harm to
healthy tissues, antitumor agents carry out their anticancer activities by interfering with cellular processes, reducing gene
expression, or modifying the immune response. Starch-derived nanoparticles facilitate targeted medication administra-
tion, minimize systemic toxicity, and ensure regulated and prolonged release.'® Their biodegradability guarantees
eventual elimination from the body, whereas integrated imaging agents provide real-time assessment of treatment
effectiveness. This adaptable method facilitates customized cancer treatments, potentially enhancing patient outcomes
and reducing adverse effects.'®

Pourmadadi et al developed a pH-sensitive drug delivery system utilizing a nanocomposite of polyacrylic acid, starch,
and titanium dioxide as a carrier for the anti-cancer agent curcumin targeting breast cancer cells. The findings indicated
that this nanocomplex of curcumin exhibited superior efficacy by enhancing bioavailability and facilitating the regulated
release of the drug in comparison to free curcumin. Additionally, the stimulation of apoptosis, which signifies the cell
death of cancer cells and the great efficacy of the designed nanocarrier, was the primary mechanism by which cancer

130 Mariadoss et al created

cells were destroyed in the presence of this nanocomposite as opposed to free curcumin.
p-coumaric acid-loaded aptamer-conjugated starch nanoparticles (Apt-p-CA-AStNPs) for efficient treatment of triple-
negative breast cancer MDA-MB-231 cells. The functionalized starch-based p-coumaric acid nanomaterial exhibited an
optimal diameter with significant polydispersity (0.299 = 0.05), potentially enhancing the drug delivery mechanism in

MDA-MB-231 cells, along with a surface charge of (—29.23 + 1.35 mV) and sustained release characteristics of
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nanoparticles (up to 42 h). Conjugated starch nanoparticles increased cytotoxicity in MDA-MB-231 cells via ROS
generation, nuclear damage, mitochondrial membrane potential disruption, and altered expression of apoptosis-related
proteins. Overall, these data demonstrated that these nanoparticles effectively suppressed MDA-MB-231 cells by
modulating apoptosis.'*! Saikia et al created thiolated starch-coated iron oxide nanoparticles infused with curcumin
and examined their cytotoxic effects on MCF-7 breast cancer cells. Nanoparticles with a 5% polymer covering
demonstrated a drug encapsulation effectiveness of up to 78%, while the loading efficiency exceeded 80%. Curcumin-
loaded nanoparticles exhibited dose-dependent cytotoxicity in breast cancer cells. The cell viability decreased in dose-
responsive manner of free curcumin and curcumin-loaded nanoparticles. The cytotoxicity of the curcumin-loaded
nanoparticles was markedly greater than that of free curcumin at all doses. This could be explained by curcumin’s

improved dispersibility in the thiolated coated iron oxide magnetic nanoparticles.'*

How Other Complex Polysaccharides Play A Key Role As Nanocarrier?

In addition to the aforementioned polysaccharide nanoformulations of phytocompounds, certain complex polysaccharide
combinations have been shown to enhance the anticancer activity of these phytocompounds in the management of breast
cancer.'®” Afzali et al produced chitosan-B-cyclodextrin-TPP-folic acid/alginate nanoparticles and encapsulated curcu-
min. The encapsulation of curcumin into nanoparticles resulted in a nearly spherical morphology with an average particle
size of 155 nm. An in vitro cytotoxicity study demonstrated a dose-dependent response against breast cancer cells after
24 h of incubation. Conversely, an in vitro cell uptake investigation demonstrated the active targeting of curcumin
nanocarriers into spheroids. CXCR4 expression was approximately 30 times lower than that of curcumin alone. These
nanoparticles suppressed proliferation and enhanced apoptosis of spheroid human breast cancer cells.'** Guo et al created
hyaluronic acid/dextran-based polymeric micelles for the simultaneous administration of ursolic acid (UA) and doxor-
ubicin (DOX) for combinatorial multidrug-resistant treatment. The micelles exhibited a spherical morphology, restricted
size distribution (approximately 140 nm), and satisfactory drug co-loading capacity (DOX: 8.41%, UA: 9.06%).
Following hyaluronic acid (HA)-mediated endocytosis, lysosomal hyaluronidase facilitated the breakdown of the HA
layer, thereby exposing the positively charged triphenylphosphine groups, which markedly increased the mitochondrial
accumulation of nano micelles. Consequently, DOX and UA were selectively delivered to mitochondria in response to
endogenous ROS, resulting in significant mitochondrial damage through ROS generation, mitochondrial membrane
potential depolarization, and energy supply disruption, thereby reinstating the susceptibility of MCF-7/ADR cells to
chemotherapeutic agents. Significantly, these polysaccharide-based micelles exhibited strong anticancer activity without
notable toxicity in the MDR tumor-bearing nude mice model.'**

Sampath et al developed surface-modified curcumin-embedded poly(lactic-co-glycolic acid) (PLGA) nanoparticles
utilizing several capping agents, including chitosan, dextran, poly(ethylene glycol), and emulsifiers. These compounds
have been investigated to mitigate the solubility deficiencies and inadequate bioavailability of curcumin. All nanofor-
mulations exhibited high loading efficiencies ranging from 54% to 89%. The loading efficiency of emulsifier-modified
nanoparticles far surpassed that of nanoparticles lacking emulsifiers. The MTT assay indicated that curcumin-
encapsulated PLGA nanospheres were more efficient at inhibiting cancer cell proliferation than free curcumin. The
in vitro anticancer efficacy of PLGA nanoparticles infused with curcumin and other capping agents in MCF-7 cells
demonstrated superior effectiveness in inhibiting cell proliferation. Cellular absorption of emulsified dextran-capped
curcumin-encapsulated PLGA nanoparticles significantly exceeded that of PLGA nanoparticles with alternative capping
agents, emulsifiers, and free curcumin. Curcumin selectively promotes apoptosis in rapidly growing cells, with a more

significant effect observed in cancer cells compared to normal cells."*’

Limitations of Polysaccharide Based Nanocarriers

In general, employing nanoparticles for medication delivery may be regarded as unsafe because smaller particle sizes are
associated with increased reactivity and toxicity.'®® However, the shape, chemistry, hydrophobicity/hydrophilicity, and
surface charge of nanomaterials are some of the additional variables that may contribute to this behavior.'® The creation
of novel materials and the alteration of current materials are essential elements in the construction of effective carriers.
Natural polysaccharides that exhibit excellent biocompatibility and distinctive physicochemical features are regarded as
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optimal for drug delivery applications. Simultaneously, the selection of appropriate polysaccharides for tumor-targeted drug
delivery presents numerous obstacles. The diverse functional groups in polysaccharides provide chemical modifications and
assist in the conjugation or loading of targeted medicinal molecules. The structure of naturally occurring polysaccharides is
challenging to ascertain because their molecular weight and chemical nature fluctuate with seasonal and environmental
conditions.'”® The molecular weight of polysaccharides influences the particle size distribution in drug delivery systems.
Regulating the molecular weight of polysaccharides significantly increases their production cost. Moreover, the chemical
alteration of polysaccharides must preserve their inherent features, particularly their biocompatibility. During the preparation
procedure, it is essential to investigate whether polysaccharides can fulfill their intended roles. Nonetheless, the inadequate
mechanical strength and unpredictable hydration rate of natural polysaccharides restrict their applications in some delivery
systems. Moreover, polysaccharide-based carriers can be readily conjugated with targeting ligands to facilitate drug delivery
to affected locations while preserving healthy cells. Drug leakage into the bloodstream, resistance, and extended circulation
are critical issues to consider when developing carriers.'”! Moreover, the carrier must ensure high encapsulation efficiency
and sustained drug release to achieve a synergistic effect. Currently, the quantity of polysaccharides utilized in commercial
formulations is minimal, with the majority concentrated on the research objectives.'’> The clinical efficacy of polysacchar-
ide-based drug delivery methods is intrinsically limited. The structures of polysaccharides, which differ based on their source
and processing, affect activities such as their anticancer effects. Unclear structure-function interactions limit productivity and
use.'”® Although drug conjugation to polysaccharides enhances the solubility of water-insoluble drugs in aqueous solutions,
safeguards against enzymatic and chemical degradation, and reduces elimination rates due to elevated molecular weight,
prolonged systemic circulation, improved biodistribution, and augmented bioavailability, the pharmacokinetics of these drug
carriers are affected by the molecular weight, charge, polydispersity, and structural variations of the polysaccharide-drug
conjugate. Consequently, achieving uniformity, reproducibility, and scalability in polysaccharide-conjugate systems is
challenging.'” This necessitates investigation of the optimal commercial transformation of various polysaccharides.
Despite the aforementioned limitations and problems, polysaccharides possess significant potential for development.

The Future Prospective

Globally, there is a growing focus on phytocompounds, owing to their remarkable anticancer therapeutic advantages in
preclinical applications. Consequently, identifying suitable formulations or technologies for their delivery via multiple routes
presents the greatest difficulty, owing to issues such as inadequate solubility, low bioavailability, and instability. Many
polysaccharide nanoparticles have been identified as suitable for the encapsulation or loading of diverse phytocompounds to
improve their bioavailability and medicinal efficiency. Polysaccharide materials are of substantial importance in biomedicine
because of their excellent biocompatibility, biodegradability, and chemical modification. Researchers have created diverse
polysaccharide-based carriers for distinct tumor types. As predicted, polysaccharide nanomedicines loaded with phytocom-
pounds exhibited targeted tumor specificity and improved anticancer efficacy in breast cancer. Altogether, the integration of
polysaccharide nanocarriers with phytocompounds demonstrates a significant potential for the treatment of breast cancer. It is
anticipated that more phytocompound-based polysaccharide nanomedicines could be employed in the clinical setting to treat
breast cancer. Researchers should aim for therapy options that are cost-effective, highly efficacious, and exhibit minimal toxicity.
In the future, these phytocompound-based polysaccharide nanocarriers will soon be used in a wider range of clinical settings,
beyond cancer therapy.
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