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Simple Summary: Breast cancer is a concern for the healthcare system. Even with the advancement of
science and technology, the current system for therapeutics and diagnostics seems to have numerous
pitfalls. Phytochemical-mediated nanocarriers come into the picture to outrange the drawbacks of the
conventional breast cancer management method. Phytochemicals have been a useful tool since time
immemorial, and developing a sophisticated fusion of these chemicals with nanocarrier enhanced
its effectiveness. This ensures targeted, time-controlled drug delivery. This article emphasizes the
development of phytochemical-based nanocarriers corresponding to breast cancer. Moreover, the
article presents the unhighlighted parts of the therapeutical industry to help patients. Enhancing
patients’” quality of life would uplift the healthcare system.

Abstract: As the world’s most prevalent cancer, breast cancer imposes a significant societal health
burden and is among the leading causes of cancer death in women worldwide. Despite the notable
improvements in survival in countries with early detection programs, combined with different modes
of treatment to eradicate invasive disease, the current chemotherapy regimen faces significant chal-
lenges associated with chemotherapy-induced side effects and the development of drug resistance.
Therefore, serious concerns regarding current chemotherapeutics are pressuring researchers to de-
velop alternative therapeutics with better efficacy and safety. Due to their extremely biocompatible
nature and efficient destruction of cancer cells via numerous mechanisms, phytochemicals have
emerged as one of the attractive alternative therapies for chemotherapeutics to treat breast cancer.
Additionally, phytofabricated nanocarriers, whether used alone or in conjunction with other loaded
phytotherapeutics or chemotherapeutics, showed promising results in treating breast cancer. In the
current review, we emphasize the anticancer activity of phytochemical-instigated nanocarriers and
phytochemical-loaded nanocarriers against breast cancer both in vitro and in vivo. Since diverse
mechanisms are implicated in the anticancer activity of phytochemicals, a strong emphasis is placed
on the anticancer pathways underlying their action. Furthermore, we discuss the selective targeted
delivery of phytofabricated nanocarriers to cancer cells and consider research gaps, recent develop-
ments, and the druggability of phytoceuticals. Combining phytochemical and chemotherapeutic
agents with nanotechnology might have far-reaching impacts in the future.
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1. Introduction

One of the leading causes of fatality worldwide and a major barrier to extending life
span is cancer, with breast cancer being among the most prevalent malignancies impacting
women worldwide [1]. Women can develop breast cancer at any age after puberty, but
the risk increases with age. According to the WHO, 2.3 million women worldwide had
breast cancer in 2020, and 685,000 of them passed away from it [1]. Despite the notable
improvements in survival in countries with early detection programs combined with the
broad availability of different treatments, breast cancer continues to represent a significant
societal health burden and has a large impact on the global number of cancer deaths due to
the rapidly increasing rate of global aging [2]. According to a recent study, the number of
new instances of breast cancer will reach more than 3 million cases annually by 2040 (an
increase of 40%), and the number of deaths will reach more than 1 million cases annually (an
increase of 50%) [3]. Currently, somewhere in the world, a woman is diagnosed with breast
cancer every 14 s [4]. Various phytomedicines and nanotechnology-based interventions are
under development [1-4].

Breast cancer, which originates from the epithelium of the milk ducts, is a highly
heterogeneous neoplasm. It varies within each individual tumor, i.e., intratumor hetero-
geneity, and it significantly varies between patients, i.e., intertumor heterogeneity [5,6].
The histopathologic categorization of breast cancer is based on intertumor heterogeneity.
The most prevalent (40-75%) histologic type of invasive breast cancer is invasive ductal
carcinoma. Additionally, there are 21 more specific subtypes with distinct morphologic char-
acteristics included in the WHO classification, among which the most common (5-15%) one
is invasive lobular carcinoma [7]. According to the assessment of immunohistochemistry
(IHC), the expression of estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) was found to be 80%, 60-70%, and 15-20%,
respectively, in all invasive breast carcinomas [8-10]. Breast cancer is divided into four
main intrinsic molecular subgroups with therapeutic and prognostic implications based
on gene expression analysis: luminal A, luminal B, HER2-enriched, and basal-like [11].
The luminal A and B subtypes exhibit tumor heterogeneity among ER-positive breast
tumors and seem to have higher rates of survival than the HER2-enriched and basal-like
subtypes [12]. The HER2-enriched subtype, which comprises the ER™ /PR~ /HER2" and
ER*/PR*/HER2* cancers, is characterized by elevated expression of the HER2 and prolifer-
ating genes. The basal-like subtype is triple-negative in 70% of cases and enriched for genes
expressed in basal epithelial cells [11]. Breast tumors that do not express ER, PR, or HER2
are referred to as “triple-negative” breast carcinomas. Figure 1 represents the current state
of the diagnosis, treatment, and theranostics of breast cancer. Breast imaging is frequently
employed to assess the quality of breast implants, but it also plays a critical role in the
detection, diagnosis, and clinical treatment of breast cancer [13]. Chemotherapy, surgical
removal of the cancerous tissue, radiotherapy, immunotherapy, and a combination of any
of these treatments have been the traditional methods of cancer treatment. Traditional
chemotherapeutics are still the main type of treatment for many cancers that are in the
late stages, despite obstacles such as systemic toxicity, limited selectivity, and a range of
adverse effects [14]. Cancer treatment frequently involves drugs that specifically target
cells that divide rapidly, which causes unwanted side effects on healthy, rapidly dividing
cells, including hair follicles and the epithelium of the gastrointestinal tract (GIT). The fact
that many cancer cells progressively gain resistance to standard kinds of therapy is also
one of the exacerbating factors. The requirement for preoperative (neoadjuvant) systemic
therapy is established based on the diagnosis and evaluation of the extent of breast cancer.
Management for breast cancer requires targeted medicines that are efficient and have few
unwanted side effects.
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Figure 1. Current State of Breast Cancer Diagnosis, Treatment, and Theranostics. Adapted from [13]
under CC BY license.

Major focus must be placed on reducing global gaps in access to diagnostics, multi-
disciplinary therapy, and innovative drugs because breast cancer is a global concern. An
increasing collection of credible research indicates that phytochemical components taken
as nutraceuticals have chemo preventive action on several cancer types [15-17]. Figure 2
depicts examples of phytochemicals utilized for breast cancer treatment.
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Figure 2. The role of various phytochemicals in the treatment of breast cancer.

Green Tea

It has been established that phytochemicals, the chemical substances (secondary
plant metabolites) produced by plants in their various parts, are ideal candidates for the
treatment. Various studies have revealed that such phytochemicals can act as chemo
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protectants that can control cellular and molecular processes such as DNA repair, apoptosis,
cell proliferation, the cell cycle, and metastasis [18,19]. Many of these organic substances are
also often comparatively less harmful and better tolerated by healthy cells. This is because
many natural products are tolerated by normal cells, even at high dosages compared to
chemotherapy medications.

Despite significant work in preclinical settings, there has been little progress in trans-
lating phytochemicals to humans [2,19]. One of the many causes of clinical failure may be
the ineffective transport of promising natural substances to the target site. Therefore, it is
crucial to develop novel efficient delivery methods that can minimize these drawbacks.

The use of nanoparticles (NPs) in medicine has made it possible to create medication
delivery methods that are nanoformulated. Common drug carriers include micelles, poly-
meric dendrimers, quantum dots (QDs), microspheres, nanoemulsions, gold nanoparticles
(GNPs), hydrogels, and liposomes. These drug carriers require different techniques for
drug attachment, such as encapsulation, covalent binding, and adsorption [20].

Natural agent delivery methods based on nanotechnology have several benefits. One
benefit of this nanotechnology is the ability to shield pharmaceuticals enclosed in nanopar-
ticles from the damaging effects of external media, which provide prolonged systemic circu-
lation [21]. Additionally, when compared to non-encapsulated free drugs, nanoparticles can
augment the delivery of water-insoluble drugs, improve the passage of chemotherapeutic
agents across cell membranes, allow the drugs to only be delivered to cancer cells, enhance
drug distribution, offer sustained release of the drug, and assist in the delivery of two or
more drugs for combined therapy [22].

1.1. Current Limitations of Breast Cancer Chemotherapy Regimens

Chemotherapy medications, which target rapidly proliferating cancer cells, can also
harm rapidly proliferating healthy cells, including those in the bone marrow, digestive
tract, and hair follicles [23]. However, after the course of treatment is complete or within a
year of finishing chemotherapy, these side effects frequently fade away. They might last
for a while in some instances. Hair loss, fatigue, loss of appetite, nausea and vomiting,
constipation or diarrhea, mouth sores, changes to the skin or nails, neuropathy, chemo
brain, and fatigue are among the more frequent short-term adverse effects. Although,
infertility, bone thinning, heart damage, leukemia, and other long-term side effects of some
chemotherapy medicines for breast cancer are also possible [24].

Due to its drug resistance and tendency to metastasize to distant organs such as the
lymph nodes, bone, lung, and liver, breast cancer accounts for the majority of cancer-related
fatalities in women [25]. The ATP-binding cassette (ABC) family protein, whose higher
expression is correlated with higher resistance to chemotherapy, is widely established to
have a significant role in drug resistance in a variety of malignancies. The excessive ex-
pression of proteins, such as P-GP1/ABCB1 (P-glycoprotein 1, also known as ATP-binding
cassette subfamily B member 1 or ATP-dependent translocase ABCB1) and BCRP/ABCG2
(breast cancer resistance protein, also known as ATP-binding cassette subfamily G member
2 or broad substrate specificity ATP-binding cassette transporter ABCG2), causes mul-
tidrug resistance (MDR), which is a significant barrier to the diagnosis and treatment of
breast cancer.

It is now recognized that the control of breast cancer and the spread of its metastasis
involves a number of routes [26]. Understanding the biological activity of progesterone
receptors (PRs), estrogen receptors (ERs), and human epidermal growth factor receptor
2 (also known as receptor tyrosine—protein kinase EGRB-2 or tyrosine kinase-type cell
surface receptor HER?2) for various subtypes of breast cancer has advanced. Despite recent
developments in finding small molecules, proteins, and peptides for immunotherapy,
controlled-release drug delivery and targeting are still not possible [27].

To aid in the detection and treatment of breast cancer, nanoparticles (NPs) bearing
anticancer medicines can be actively or passively administered to the targeted tumor. NPs
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have numerous useful characteristics. To test drug effectiveness and overcome MDR, the
controlled release of medicinal chemicals from NPs has been accomplished [28-30].

1.2. The Phytotherapeutics: Benefits and Their Delivery Challenges

Approximately 70% to 80% of the world population prefers herbal therapy as their
primary type of treatment, making it one of the most significant forms of traditional
medicine [31]. “Phyto pharmaceutical drug refers to an extract of a medicinal plant or a
part of it that has been purified and standardized with defined minimum four bioactive
or phytochemical compounds, for internal or external use by humans or animals for
diagnosis, treatment, mitigation, or prevention of any disease or disorder” [32]. Due to
the ineffectiveness of contemporary treatments for chronic diseases and because those
treatments rarely show unfavorable serious side effects, the use of herbal medicines has
become increasingly widespread in today’s world. Many modern medications and their
synthetic analogs have been developed based on the prototype compounds discovered
in and isolated from plants. A few examples include vinblastine and vincristine from
Catharanthus roseus, L-Dopa from Mucuna prurita, reserpine from Rauvolfia serpentine, and
paclitaxel from Taxus brevifolia [33].

Notwithstanding the high worldwide breast cancer prevalence, the number of breast
cancer patients who employ complementary and alternative therapies (CAMs) in addition
to chemotherapy and radiation treatment is rising [34]. CAM is described as a group
of methods, systems, and products from the medical and healthcare industries that are
typically not included in the scope of mainstream medical care [35]. Herbal remedies or
phytotherapy are the most widely utilized and oldest type of CAM practiced on cancer
patients [36]. The biological effects of herbal medicines in the treatment of cancer can be
wide-ranging and include enhancing the body’s potential to fight cancer by increasing its
ability to detoxify or clean itself, changing the way certain hormones and enzymes function,
reducing the side effects and complications of chemotherapy and radiation treatment,
and enhancing the body’s immune system function, such as enhancing the synthesis of
cytokines (interferon, interleukin, colony-stimulating factor, tumor necrosis factor, etc.) [37].
Moreover, it is clear that oxidative stress has a role in the development of cancer and that
antioxidants play a role in both cancer prevention and cancer treatment, and the majority
of plants are good providers of antioxidants. The majority of malignancies may be related
to food, according to numerous research. Furthermore, dietary adjustments can lower the
chances of the majority of malignancies [38]. The majority of herbal active ingredients are
hydrophobic and have poor solubility. The restricted clinical usage of herbal medications is
due to the poor solubility and hydrophobicity of their active ingredients, which results in
poorer bioavailability and greater systemic clearance, necessitating repeated administration
or an increased dose. Nano or micro formulations, however, can address these issues. Vari-
ous types of polymer or lipid carriers are found in nanocarriers or sustained-release dosage
forms, which are utilized to deliver drugs by a number of routes, such as transdermal,
buccal, oral, and parenteral. They aid in greater therapeutic efficacy and localization at
the desired target, which increases patient compliance [39]. For instance, oral polymeric
nanoparticles can reduce the poor water solubility of Cuscuta chinensis [40]. Camptothecin’s
poor water solubility and harmful effects can be mitigated by intravenous injection, hydro-
gel of polymer conjugations, biodegradable implants, liposomes, polymeric nanoparticles,
or solid lipid nanoparticles [41,42].

Although the use of herbal medicine has dramatically increased recently, there is
still a dearth of research data in this area. The greatest hazard to consumer health is
expected to result from the quality of herbal medicine being compromised as a result
of adulteration and substitution caused by the rising demand for phytopharmaceutical
medications on the worldwide market. The main problem for regulatory authorities is
finding and identifying high-quality phytopharmaceuticals since interspecies diversity and
uncertainty over vernacular nomenclature can lead to the adulteration and misidentification
of raw materials for phytopharmaceutical drugs. In this review, we emphasize the recent
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advancements in understanding the mechanisms of action of phytochemical nanocarriers
on various molecular pathways associated with breast cancer. We also discuss the phyto
nanocarriers that are in clinical trials and their lacunas for commercialization.

2. Advanced Phytochemical Delivery Strategies

Many plant-derived secondary metabolites have low solubility and undesirable stabil-
ity, restricting their use in therapeutic studies. For example, phenolic phytoconstituents
have high antioxidant capability but are unstable under experimental settings. Further-
more, despite their great potential activity, bioactive compounds, such as paclitaxel and
curcumin, have limited solubility and bioavailability, necessitating the use of hazardous
solvents. The accompanying sections list the existing innovative delivery techniques for
loading phytoconstituents for therapeutic effectiveness against breast cancer. Figure 3
depicts various types of nanocarriers with their properties.
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Figure 3. Types of nanocarriers with their characteristics. Created with BioRender.com accessed on
24 January 2023.

2.1. Phytochemical-Loaded Nanocarriers
2.1.1. Polymeric Nanoparticles (PNs)

Polymeric nanoparticles (PNs) have recently emerged as promising nanomaterials
because of their desired characteristics, such as simplicity of surface functionalization, ease
of production, strong cytocompatibility, and low toxicity. One of the most common methods
of tailored drug delivery for treating breast cancer is the incorporation of phytonutrients
into PNs. In this system, the phytochemical is either physically encapsulated into or
covalently linked to the polymeric matrix.

PNs are globally classified as natural and synthetic PNs. Natural polymers, such as
hyaluronic acid, chitosan, alginic acid, heparin, ethyl cellulose, and protein bovine serum
albumin (BSA), are used for their excellent encapsulation efficiency and less intrusive
nature, and they are strongly recommended. Synthetic polymers such as poly(lactic acid)
(PLA), polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA), poly anhydride (PLA),
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and poly(sulfobetaine methacrylate) (PSBMA) are also used for the fabrication of PNs.
Phytochemical-loaded PNs are manufactured using conventional techniques, such as
nanoprecipitation, layer-by-layer assembly, ionic gelation, and emulsion evaporation [43].
In a recent study, ginsenoside Rg5-loaded BSA NPs were developed using the desol-
vation process to increase the therapeutic effectiveness and tumor targetability of Rg5. The
produced NPs were shown to disintegrate under acidic conditions but had good stability
for eight weeks at 4 °C. Additionally, compared to free Rg5, the drug-loaded BSA NPs
demonstrated better anticancer efficacy in MCF-7 cells, most likely by facilitating greater
absorption of the drug and leading to more efficient cell death induction. Folic-modified
drug-loaded BSA NPs outperformed free Rg5 and drug-loaded BSA NPs in an in vivo
anticancer study using an MCF-7 xenograft mouse model for suppressing tumor growth.
According to the in vivo real-time bioimaging analysis, the produced NPs had a better
capacity for tumor accumulation [44] (Figure 4).
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Figure 4. Ginsenoside-fabricated BSA NPs exhibited significant inhibition of breast cancer xenografts
(A) tumor size, (B) tumor volume, (C) body weight, (D) tumor weight, and (E) in vivo biolumines-
cence after treatment for 21 days. Different letters (a,b,c) indicate significant differences between each
group. Adapted with permission from [44] under (CC BY-NC 3.0).

Research on polymeric nanoparticles (both synthetic and natural) for administering
phyto-derived therapeutic drugs, including curcumin, Epigallocatechin-3-gallate (EGCG),
berberine, chrysin, and quercetin, is ongoing on a global scale. In brief, Kumari et al.
developed a formulation based on curcumin nanoparticles and PGMD (poly-glycerol-
malic acid-dodecanedioic acid) for anticancer efficacy against breast cancer cells. Both
nanoparticles had entrapment effectiveness between 78% and 81%. The scratch assay and
in vitro anticancer activities were performed on the breast cancer cell lines MCF-7 and
MDA-MB-231. In the MCEF-7 cell line, the IC50 of the nanoformulation was found to be 40.2
and 33.6 uM at 48 h; in the MDA-MB-231 cell line, it was 43.4 and 30.5 uM. This research
revealed that the nanoparticles have more anticancer efficacy than curcumin alone [45].

Zeng et al. used nanotechnology that increased the capacity of EGCG to target MCF-7
cells. Two different types of EGCG nanoparticles (FA-NPS-PEG and FA-PEG-NPS) were
developed, and their properties and effects on MCF-7 cells were investigated. The findings
showed that I FA-NPS-PEG and FA-PEG-NPS both have great stability, and their particle
sizes were 185.0 &= 13.5 nm and 142.7 £ 7.2 nm, respectively. Their encapsulation efficiencies
of EGCG were 90.36 £ 2.20% and 39.79 £ 7.54%, respectively. EGCG nanoparticles, specifi-
cally FA-NPS-PEG and FA-PEG-NPS, have been modified by folic acid and polyethylene
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glycol. These nanoparticles outperformed EGCG in terms of cellular uptake, the inhibition
of MCEF-7 cell proliferation, and the modification of the expression of several important
PI3K-Akt pathway regulatory proteins [46]. Solanki et al. used the desolvation process to
encapsulate berberine in BSA NPs, which are nanoparticles made of bovine serum albumin.
For BSA NPs and berberine-BSA NPs, the average particle size of the produced nanoparti-
cles was determined to be 116 and 166 nm, respectively. With a drug loading capacity of
7.78%, produced nanoparticles were shown to have an 85.65% drug entrapment efficiency.
The BBR-BSA NPs were more cytotoxic to MDA-MB-231 breast cancer cells, according to
an apoptotic and cellular uptake analysis. Still, increased intracellular uptake data suggest
that berberine-BSA NPs could significantly boost anticancer activity at a lower dose of
berberine [47].

In addition, Sulaiman et al. used a nano participation approach to develop nanochrysin
or PLGA-PVA that was loaded with chrysin successfully. The current research demon-
strated the cytocompatibility of the modified nanochrysin. The modified nanochrysin’s
in vitro anticancer activity toward the MCF-7 and SKOV-3 cell lines was examined. It was
observed that the nanochrysin exerted dose-dependent cell growth arrest against both can-
cer cells. Compared to pure chrysin, the ICsy value of nanochrysin was substantially lower
and promoted the apoptotic cell death pathway. As shown by the apoptotic assay tech-
niques, it also exhibited anti-oxidant activity, a protective effect against DNA damage under
H,0O; activity. The creation of a drug delivery system for the treatment of various cancers
may benefit from the modified nanochrysin’s high encapsulation efficacy, small particle size,
and gradual release capabilities [48]. Furthermore, Zhou et al. developed PLGA-TPGS (D-
a-tocopherol polyethylene glycol 1000 succinate)-based polymeric nanoparticulate systems
for quercetin (Qu-NPs) oral delivery. They assessed the formulation’s anticancer activity
against triple-negative breast cancer both in vitro and in vivo. The average diameter of
Qu-NPs is 198.4 & 7.8 nm, with a high drug loading capacity of 8.1 &= 0.4%. The Qu-NPs
showed noticeably better inhibition of triple-negative breast cancer cell growth and metas-
tasis. After oral gavage, 4T1-bearing mice showed a strong anticancer response to Qu-NPs,
with a tumor inhibition ratio of 67.88% and fewer lung metastatic colonies. Additionally,
quercetin’s inhibitory effect on migrating MDA-MB231 cells with uPA knockdown was
significantly reduced. Through the combined inhibition of urokinase-type plasminogen
activator (uPA), Qu-NPs enhanced the anticancer and anti-metastatic effects that were
already present [49].

2.1.2. Cell-Derived Nanovesicles (CDNs)

The ongoing worry about the biosafety of employing synthetic materials to trans-
port natural products has accelerated the discovery and use of cell-derived nanovesicles
(CDNs) [50]. Generally, CDNs are isolated from various natural sources (blood, milk, and
cell culture media) and natural plants. Differential centrifugation, immunoaffinity separa-
tion, gel filtration chromatography, ultrafiltration, and polymer precipitation are used to
separate or extract them. CDNss are created by isolation, biofabrication, and biolipid-based
reconstruction. It was also shown that the exogenous stimulation (ultra-sonication and
extrusion) of host cells increases the yield of CDNs [51,52].

There are two approaches to loading cargo (phytoconstituents) into CDNs: preload-
ing and post-loading. Endogenous preloading is achieved by combining phytochemicals
with host cells, after which spontaneously generated CDNSs or biofabricated CDNs with
bioactive cargo are collected. However, the preloading strategy is limited to CDNs gen-
erated from cell cultures or microorganisms, making it impracticable for plasma proteins
or food. Post-loading entails the addition of phytochemicals to the preformed CDNs un-
der various conditions. This approach includes passive incubation, sonication, surfactant
permeabilization, and freeze—thaw cycles. Passive diffusion is the most widely used and
safe technology for efficiently encapsulating bioactive compounds, such as curcumin and
paclitaxel. However, it has poor encapsulation effectiveness [52,53].
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Although active loading via electroporation improves the loading of nucleic acids
and nanoparticles into CDNSs, it can promote aggregation, alter the surface charge, induce
instability, and potentially denature bioactive CDNs [54]. A recently proposed approach
was the fusion of liposomes containing bioactive molecules with isolated CDNs to generate
hybrid nanovesicles. By this approach, one can generate CDNs loaded with multiple
bioactive molecules.

Furthermore, surface modification of the active target at specific sites can result in the
increased targeting ability of CDNs with minimal toxicity and dosage reduction. CDN
modification can be achieved either pre- or post-generation. In the first case, the host
cells are incubated with phospholipids, such as DSPE-PEG-RGD and hyaluronic acid,
resulting in the generation of functionalized CDNs [55]. In contrast, CDNs are enhanced
in terms of membrane modification, protein derivatization, and lipid rectification in the
post-modification technique [56]. Although active target modification enables specific
targeting, the influence of ligand representation on the immune system, long-term stability,
and loading capacity must be extensively investigated. Furthermore, CDNs may be func-
tionalized by employing a variety of exogenous (temperature, photo responsive, and NIR)
and endogenous (pH, enzyme overexpression) stimuli to create smart CDNs [52]. Bioactive
phytochemicals, such as polyphenols, flavonoids, terpenoids, and alkaloids, have been
exploited for CDN-based delivery. Table 1 lists the phytochemicals given against breast
cancer via CDNs [53].

Table 1. List of the reported CDNs with phytochemicals for breast cancer treatment.

Cargo Loaded

CDNs Source Preparation Therapeutic Effect References

Isolation, Bio

Cucurbitacin B MDA-MB-231 cells . Metastasis inhibition [57]
fabrication
Paclitaxel MDA-MB-231 cells Isolation, Bio Excellent antitumor [58]
fabrication activity
Withaferin A, . .
anthocyanidins, Milk from Holstein and Mixing Inhibits inflammation [59]
. Jersey cows
and curcumin
Black bean-derived Human mammary (MCF?), . Induces cell death and
hvtoconstituents prostate (PC3), colon (Caco2), Electroporation cell cycle arrest [60]
phy and liver (HepG2) cells
Berry-derived Raw milk from pasteurized . .. Inhibits proliferation and
.1 Simple mixing . . [61]
anthocyanidins Jersey cows inflammation
Honokiol (extracted Mesenchymal stem cells Sonication Inhibits cell cycle arrest [62]

from Magnolia plant)

and apoptosis

2.1.3. Lipid Nanoparticles

Lipid-based nanodrug delivery systems are among the most promising colloidal
carriers for phytochemicals. Lipid-based nanoparticles, such as liposomes, solid lipid
nanoparticles (SLNs), and nanostructured lipid carriers (NLCs), can transport hydrophobic
and hydrophilic molecules utilizing the phospholipid bilayer or internal aqueous core.

Liposomes are biocompatible and biodegradable and exhibit quite low toxicity. In
addition, integrating hydrophilic and lipophilic drugs, developing lipid domains, flu-
idity, polyvalent binding, fusion, longer retention of drugs, high drug loading capacity,
site-specific targeting, and controlled drug release are further benefits of liposomes. Fur-
thermore, they provide prolonged restorative effects, a reduced likelihood of probable
adverse effects, and enhanced protection for drugs against physiological conditions [63].
Therefore, it is considered a smarter choice to incorporate anticancer phytochemicals into
liposomes to overcome the constraints of the inability of traditional chemotherapy to
suppress carcinogenesis and their ability to reduce lethal side effects completely.
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These liposomes have a spherical shape, are composed of nontoxic phospholipids and
cholesterol, and are surrounded by water (Figure 5A). They create vesicles in the presence
of an aqueous solution that increases the stability and solubility of anticancer drugs while
encapsulating them in liposomes. Various payloads with hydrophobic and hydrophilic
molecules and charged molecules can be incorporated into liposomes (Figure 5B).

(A) (B)

Drug Loading Strategies

Final assembly <, Hydrophile
Individual units /@ payload

i’ __X /
\ ]
\ / —_—
L Aqueous core
I
\
\

/
JA ZAX _AY Water

Folded two-dimensional
bilayer forms a three-
dimensional hollow vesicle
enclosing an aqueous cavity.

Hydrophobic
payload

Charged
payload

Figure 5. (A) Liposomal structure, (B) Various drug loading strategies with liposomes. Created with
BioRender.com accessed on 24 January 2023.

In recent years, formulations of liposome-based phytochemicals have gained popular-
ity. Chitosan and lecithin were used by Deshmukh et al. to create a liposomal nanosystem
by an electrostatic deposition-assisted film hydration approach to safeguard chrysin (also
known as 5,7-dihydroxyflavone, a flavone found in honey, propolis, passion flowers, Passi-
flora caerulea and Passiflora incarnata, and Oroxylum indicum) in the nanolipoidal shell [64].
Chrysin was encapsulated into liposomes and demonstrated increased anticancer efficiency
in the MCF-7 cell line. After encapsulation in a liposome, chrysin’s relative bioavailability
increased five-fold, according to an in vivo pharmacokinetic study [64]. Quercetin and
mycophenolic acid-loaded liposomes were independently synthesized by Patel et al., and
both in vitro and in vivo experiments were then carried out [65]. Another study used a
thin-layer hydration approach to develop thermosensitive betulinic acid-loaded magne-
toliposomes. This study showed that MDA-MB-231 breast cancer cell lines and MCF 10A
nontumor cell lines were more susceptible to the heightened effects of hyperthermia, as
shown by in vitro experiments using the MTT assay, scratch assay, and LDH assay [66].
Furthermore, an in ovo study depicted the antiangiogenic effect of Lip + MIONPs + BA
during hyperthermia treatment. In addition, resveratrol-containing liposomes that were
coated with peptide and sucrose were used to treat breast cancer [67]. In vivo investiga-
tions on mice with breast cancer showed greater efficacy at lower dosages when compared
to free resveratrol, with an ICsy of 20.89 mol~! in MCE-7 breast cancer cell lines. The
authors also demonstrated the downregulation of B-cell lymphoma-2 cells by increasing
the expression of p53 [67]. Furthermore, pegylated liposomes were formulated with the
combination of docetaxel and its 3-N-pentadecylphenol derivative. Due to the pegylated
hydrogenated soy PC-3-N-pentadecylphenol derivative, docetaxel demonstrated improved
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stability over 30 days. MDA-MB-231 and MCEF-7 breast cancer cell lines showed strong
cytotoxic effects [68].

On the other hand, SLNs are a new class of safer and more effective gene/drug de-
livery systems. SLNs, which range in size from 50 nm to 1 um, are submicron colloidal
carriers made of physiological lipids distributed in an aqueous solution, and these physio-
logical lipids remain solid at body and room temperature. SLNs provide several fascinating
benefits, including physical stability, increased drug selectivity, protection of absorbed
compounds from clearance and degradation, avoidance of organic solvent residue, simplic-
ity in manufacture, low cost, and nontoxicity [69,70]. Therefore, SLNs have been widely
employed to deliver phytochemicals, including curcumin, berberine, resveratrol, quercetin,
and EGCG [70-74], to increase anticancer activities, protect labile molecules, increase oral
bioavailability, and reduce adverse effects.

2.1.4. Transferosomes

Transfersomes are novel drug delivery systems that consist of phospholipids and a
membrane-softening agent (such as Tween 80, Span 80, and sodium cholate), acting as
edge activators (EAs) that facilitate the ultra deformable property of the transfersomes [75].
Due to their highly elastic nature, transfersomes can deform and squeeze themselves as
intact vesicles through narrow pores, which are noticeably smaller than the diameter of
transfersomes [75]. Transfersomes can pass through the intact stratum corneum along
two intracellular lipid pathways distinct from one another in terms of their bilayer char-
acteristics. High deformability and both hydrophilic and hydrophobic characteristics in
transferosomes allow for improved intact vesicle penetration. This system is significantly
more elastic and flexible than liposomal drug delivery, favoring effective skin penetration
and, by extension, acting as an innovative drug delivery system [76]. Transferosomes
avoid the obstacle of skin penetration by squeezing along the intracellular sealing lipid of
the stratum corneum [77]. The transfersome membrane is made flexible by combining a
suitable surface-active agent in appropriate proportions [78]. In general, anionic surfactants
are typically more successful at improving skin penetration than cationic surfactants, and
the critical micelle concentration is likewise lower.

Nonionic surfactants with an uncharged polar head group are more tolerable than
cationic and anionic surfactants [79]. Nonionic surfactants are thought to be less harmful,
less hemolytic, and less irritating to cellular surfaces. They also tend to keep the pH
of a solution close to physiological levels. Additionally, they serve various purposes,
including their roles as solubilizing, emulsifying, and potent P-glycoprotein inhibitors,
which are beneficial for increasing drug absorption and targeting particular tissues [80].
Transferosome delivery systems assure optimal distribution, increased bioavailability, and
promising phytoactivity stability in herbal formulations [81]. These systems offer numerous
advantages that include the accommodation of pharmaceuticals with various solubilities
due to their hydrophobic and hydrophilic moieties, high entrapment efficiency, deformation
and narrow pass-through constriction, biocompatibility and systemic as well as topical
delivery of the drug [82-85].

Gadag et al. demonstrated the possibility of transpapillary transfer of resveratrol, a
phytochemical, for treating breast cancer. In this study, the biomaterial soy phosphatidyl-
choline was used to encapsulate resveratrol into transfersomes (RVIT-TRF) to provide
sustained release of the drug. Iontophoresis accelerated RVT-TRF passage through the
mammary papilla and into the breast tissue. In vitro transpapillary iontophoresis investi-
gation on porcine mammary papilla revealed that RVI-TRF penetrated more readily than
passive diffusion. Further evidence for transpapillary transport came from an in vitro
fluorescence microscopy experiment with fluorescein-conjugated RVI-TRFE. Compared to
the oral administration of pure resveratrol, the optimized RVI-TRF demonstrated a greater
maximum peak plasma concentration (Cmax) and area under the curve (AUC) [86].
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2.1.5. Ethosomes

Ethosomes are vesicles made of phospholipids, a high proportion of ethanol (20-50%),
and water. The high ethanol concentrations in ethosomes alter the skin’s lipid bilayer
and increase the vesicles’ capacity to penetrate the stratum corneum [87]. In terms of the
proportion of ethanol, vesicular bilayer fluidity, mechanism of permeation through the
skin, methods of preparation, and lack of adverse effects, ethosomes stand out from other
lipid nanocarriers. The distribution of therapeutic drugs into a deeper epidermal layer and
systemic circulation is made easy and successful by ethanol’s efficient penetration enhancer
function. Numerous compounds, including hydrophilic, lipophilic, and high molecular
weight drugs, can be encapsulated by ethosomes [88]. Both occlusive and nonocclusive
situations allow ethosomes to transfer the drugs over the skin successfully [89,90].

Ethosomes are vesicles that range in size from 30 nm to several microns. They are
soft and flexible. It has been noted that when made using the same approach without any
size-reduction steps, the size decreases with an increase in ethanol concentration from 20 to
45% and is caused by the high alcohol content. The vesicles obtain a net negative charge
from ethanol, reducing their size [91,92]. Nasr et al. encapsulated thymoquinone (TQ),
the main biologically active complex of black cumin seeds, in ethosomes by the response
surface method. They applied it to in vitro breast cancer potential assessment. In this
study, toxicity and release curves were established, and ethosomic TQ had higher cytotoxic
activity than free TQ against MCF-7 cell lines. Free TQ and ethosomic TQ were found to
have ICsg values of 1.10 pg/mL and 0.95 pg/mL, respectively [93].

2.1.6. Niosomes

Niosomes are novel drug delivery systems, nanometric lamellar vesicles created when
a nonionic surfactant is combined with a cholesterol-like helper lipid. The nonionic sur-
factants use energy to produce a stable bilayer vesicle in hydrophilic situations (physical
agitation and heating). While the hydrophilic heads in the bilayer structure remain in
contact with the aqueous side, the hydrophobic sections are directed away from it. Nio-
some preparation requires the use of surfactants that are biocompatible, biodegradable,
and nonimmunogenic. In vivo and in vitro, niosomes function similarly to liposomes
by extending the circulation of the phytochemical that is encapsulated, modifying its or-
gan distribution and enhancing bioavailability. Niosomes can improve the solubility and
stability of phytochemicals, and targeting and regulating phytochemical release is their
intended function.

Barani et al. developed niosomes of two distinct formulations that contained thy-
moquinone (TQ, a phytochemical compound found in Carum carvil seeds) and C. carvil
extract (Carum) (Nio/TQ and Nio/Carum, respectively) and the properties of the resulting
niosomes were investigated [94]. Compared to free TQ, both loaded formulations offered
regulated release. The MTT assay demonstrated that loaded niosomes have more anticancer
activity against the MCF-7 cancer cell line than free TQ and Carum. These findings were
supported by a flow cytometric study. Cell cycle analysis revealed G2/M arrest in the
formulations of TQ, Nio/TQ, and Carum. TQ, Nio/TQ, and Nio/Carum all significantly
reduced the migration of MCF7 cells. These findings indicate that novel carriers with great
effectiveness for encapsulating low soluble phytochemicals include TQ and Carum-loaded
niosomes, which would also be advantageous systems for treating breast cancer [94].

In another study, neosomes containing Lawsone (2-hydroxy-1,4-naphthoquinone,
also known as hennotannic acid, a major constituent of the henna plant (Lawsonia iner-
mis)), nonionic surfactants, and cholesterol were prepared. An in vitro study showed that
encapsulating Lawsone in niosomes significantly increased the anticancer activity of the
formulation in the MCF-7 breast cancer cell line compared to the free Lawsone solution [95].

Recently, folate-targeted curcumin-loaded niosomes for site-specific delivery in breast
cancer were investigated [96]. This study used folic acid (FA) and polyethylene glycol (PEG)
to decorate synthesized curcumin-loaded niosomes to prevent breast cancer. Compared
to the free drug and developed niosomes, it showed a significant increase in Bax and
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p53 gene expression levels. Bcl2 levels were lower with PEG-FA decorated niosomes
than with undecorated niosomes and the free drug. The PEG-FA-modified niosomes
showed the most preponderant endocytosis in the MCF7 and 4T1 cell uptake assays. The
produced nanoformulations were taken up by breast cancer cells and sustained drug-release
properties [96].

2.2. Phytochemical-Assisted Nanocarriers

Significant effort has recently been made toward synthesizing metal nanoparticles
utilizing plant extracts as reducing agents to adhere to the general principles of green
chemistry [97,98]. These methods have been shown to be economical and environmentally
friendly ways to create different metal nanocomposites. Alkaloids, flavonoids, terpenoids,
soluble carbohydrates, phenolic acids, and alkaloids are a few phytochemicals found
in plants. They can act as reducing and stabilizing agents in the production of metal
nanoparticles. Hence, this phytochemical-assisted synthesis of nanoparticles is a very
promising technique for synthesizing nanoparticles, as the plant itself serves as a capping
and reducing agent. Both intracellular and extracellular nanoparticle synthesis is possible
in plant systems [99]. Growing the plant in organic media containing metal-rich elements,
metal-rich soil, or metal-rich hydroponic solution are all examples of intracellular strategies
for nanoparticle synthesis [100-102]. In addition, extracellular approaches use leaf extracts
made by boiling and crushing leaves to create nanoparticles [103].

On the other hand, plant-derived edible NPs exhibit an economic advantage in scaling
up for mass production [104]. The main obstacles between the laboratory and the clinic
in nanomedicine, as is widely known, are biocompatibility and safety. Due to their high
quantities of lipids, low levels of proteins, and abundance of RNAs, plant-derived edi-
ble NPs have a distinct advantage in these areas and are among the safest therapeutic
NPs [105]. The formation of tumors in the leukemia mouse model is effectively inhibited
by edible NPs derived from Citrus limon. It should be mentioned that extracting edible
NPs with high yield and quality is challenging. The use of isosmotic buoyant density and
isosmotic cushion ultracentrifugation, equilibrium density gradient ultracentrifugation,
and differential ultracentrifugation combined with density gradient centrifugation have
all recently emerged as promising extraction and purification methods [106]. In addition
to their natural ingredients, edible plant-derived lipid nanoparticles can be employed
as nanocarriers for chemical drugs. Phytochemicals or chemotherapeutic drugs can be
encapsulated in nanostructures created from plant lipids using sonication [107]. Lipid
nanoparticles, a unique and organic delivery technology, are easily biodegradable and free
of environmental biohazards. These plant-derived lipid nanoparticles offer drug delivery
to a particular site of the human body [108].

3. Evidence of the Role of Phytofabricated Nanocarriers against Breast Cancer
3.1. Anticancer Activity
3.1.1. Immunostimulation

Sijia et al. synthesized tea nanoparticles (TNPs) loaded with doxorubicin (DOX), and
their in vitro immunostimulatory and anticancer activities were studied [109]. The TNPs
significantly increased IL-6, TNF-«, and G-CSF in RAW264.7 macrophages and exhibited
the ability to modulate macrophage immunostimulation. In addition, in comparison with
free DOX, the DOX-loaded TNPs facilitated the intracellular delivery of DOX in sensitive
(MCF-7) and resistant breast cancer cells (MCF-7/ADR) with enhanced in vitro cytotoxicity
of IC50 (MCF-7-0.036 £ 0.012 and MCF-7/ADR-15.16 + 7.05). The formulation exhibited
pH-responsive release of doxorubicin, favoring in vivo antitumor applications [109]. De-
spite having an anticancer impact, there are only a few in vivo cancer investigations using
TNPDPs, since it is unclear how exactly their toxicity is induced. TNPs may have several
therapeutic benefits in cancer therapy if research continues to improve in this direction.
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3.1.2. Apoptosis

The antitumor effects of quercetin have been thoroughly studied in a wide range of
malignancies. Their potential was explored by Minaei et al. in the fabrication of mixed
NPs by combining quercetin and lecithin for doxorubicin-induced apoptosis. The results
of this investigation showed that the addition of nano-quercetin to doxorubicin enhanced
its toxicity in the MCF-7 cell line [110]. In addition, a study from Kazi et al. with folate-
decorated epigallocatechin-3-gallate loaded PLGA nanoparticles (FP-EGCG-NPs) evaluated
the efficacy in breast cancer cells. Treatment with FP-EGCG-NPs in MDA-MB-231 and MCF-
7 cells significantly induced cytotoxicity, high apoptotic potential, and high mitochondrial
depolarization compared with EGCG alone. Furthermore, in a scintigraphic imaging study,
the FP-EGCG-NPs labeled with technetium-99m (*”™Tc, a metastable nuclear isomer of
technetium-99) exhibited tumor selectivity in MDA-MB-231 tumor-bearing nude mice. The
US health agency, the National Institute of Health (NIH), recommended betulinic acid for
its cell-specific toxicity for cancer chemotherapy.

Halder et al. synthesized lactoferrin (Lf)-attached betulinic acid nanoparticles (Lf-
BAnp) for targeting aggressive triple-negative breast cancer (TNBC) cells by understanding
the limiting capability of betulinic acid in terms of solubility and cell uptake. Lf-BAnp ex-
hibits potential inhibitory activity against the proliferation and cell viability with cell cycle
arrest [111]. The use of gold nanoparticles was significantly higher in nanotechnology due
to their ease of production and biocompatibility with broad biomedical applications. Recent
studies suggest that phytochemicals such as withanolide-A and Curcuma wenyujin, as nat-
ural active drugs in conjugation with AuNPs, can effectively overcome breast cancer drug
resistance [112,113]. Additionally, Ruenraroengsak et al. examined the in vitro chemother-
apeutic effectiveness of ZnONPs loaded through a mesoporous silica nanolayer (MSN)
against drug-sensitive breast cancer cells (MCF-7: estrogen receptor-positive, CAL51: triple-
negative) and their drug-resistant counterparts (MCF-7TX, CALDOX). Gold nanostars were
coated with ZnO-MSNs (AuNSs). The mesoporous silica nanolayer (MSN)-ZnO-AuNSs
decreased the viability of CAL51/CALDOX cells and MCF7 /MCEF-7-TX cells. In contrast,
MSN-ZnO-AuNSs conjugated with Frizzled-7 (FZD-7) increased the toxicity by three times
in resistant MCF-7TX cells.

3.1.3. Metastasis

Although medical advancements have significantly changed how BC patients are
managed over the past few decades, metastases continue to be challenging to treat because
of their resistance to therapeutic agents, molecular heterogeneity, and physiological bar-
riers at different organ sites [114,115]. Systemic chemotherapy does not account for the
enormous variations in tumor microenvironments due to the widely dispersed nature of
metastasis [116,117]. Nanoformulations show definite benefits with the advancement of
liposome or lipid nanoparticle technology, including improved therapeutic characteristics
and pharmacokinetics and decreased drug toxicity. Additionally, they can be made to target
cancer cells and the tumor microenvironment concurrently for improved targeting and
therapy options.

Breast cancer-related mortality is mostly caused by tumor metastasis, which continues
to be the main barrier to effective chemotherapy for the disease. x-Tocopherol polyethy-
lene glycol (TPGS) and phosphatidylcholine (PC) were included in silibinin-loaded lipid
nanoparticles (SLNs) developed using a thin-film hydration technique to prevent the
metastasis of breast cancer. It was further shown that MDA-MB-231 breast cancer cells
successfully absorbed the optimized SLNSs, with particle sizes of approximately 45 nm
and great serum stability. Notably, the SLNs could efficiently and significantly accumu-
late within tumor tissues. Through the downregulation of MMP-9 and Snail, SLNs had
significantly higher inhibitory effects than free silibinin on the invasion and migration
of MDA-MB-231 cells. In addition, in the spontaneous and blood vascular metastasis
models, SLN treatment resulted in 67% and 39% less pulmonary metastasis formation
than saline treatment, respectively. Additionally, TPGS and phosphatidylcholine-based
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blank lipid nanoparticles (BLNs) were the first to be discovered to have antimetastatic
activity. Furthermore, neither of the mouse models treated with SLNs showed any clear
signs of systemic toxicity. SLNs can potentially be a potent, low-toxicity tumor-targeted
drug delivery system as a promising preventative therapeutic agent against breast cancer
metastasis [118].

3.1.4. Angiogenesis

Cancer is a multifactorial disease influenced by genetic, epigenetic, and environmental
factors. The culmination of numerous molecular changes causes the normal biological
processes regulating cell proliferation, cell survival, genome stability, energy metabolism,
and angiogenesis to become dysregulated. Angiogenesis, the quick rise in blood vessel de-
velopment, is necessary for the availability of enough oxygen and nutrients for the growth
of breast tumors. Like all human tissues, breast cancer cells require continuous hydration
and oxygenation through the system’s vascular network of capillaries. The angiogenic
factors vascular endothelial growth factor (VEGF) A, B, and C, basic fibroblast growth
factor (bFGF)/FGF-2, matrix metalloproteinases (MMPs), and IL-8, which are factors linked
to breast cancer, are most frequently produced by adipose tissues [119,120]. Plant species
contain ursolic acid (UA), a triterpene with anticancer action that its antiangiogenic proper-
ties may bring on. However, owing to its poor bioavailability and low water solubility, UA
has a limited range of applications.

Rocha et al. created long-circulating, pH-sensitive liposomes containing ursolic acid
to solve this problem (SpHL-UA). The authors used the relative tumor volume, dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI), and histological analysis to
study the antiangiogenic effects of free UA and SpHL-UA in mouse brain cancer and human
breast tumor models. The actions of UA at different phases of tumor formation and its low
toxicity have sparked interest in UA as a cancer therapeutic. To assess the antiangiogenic
effect of UA in vivo, UA was liposome-encapsulated (SpHL-UA). The therapy with free UA
or SpHL-UA utilizing proven tumor-bearing experimental animal models is also described.
SpHL-UA did not show antiangiogenic activity in a gliosarcoma model and seemed to
induce an antiangiogenic effect in the human breast tumor model [121].

3.1.5. Inhibition of Cancer Stem Cells

Luminal A is the most common breast cancer diagnosed frequently in female patients.
Breast cancer stem cells (BCSCs) are a rare group of cells in breast cancer. They are
responsible for aggressiveness, medication resistance, relapse, poor treatment response,
and an overall decrease in the survival of these cancers. Enhancing the efficacy of breast
cancer treatment requires focusing on BCSCs. In addition to expressing stemness markers,
these cells can self-renew. A poor clinical outcome is caused by BCSCs, which play a
significant role in developing drug resistance. To effectively prevent and cure breast
cancer, researchers are working to identify and eliminate most of the tumor mass together
with BCSCs. Because BCSCs have abnormal stemness-related gene expression, including
CD44, SOX2, OCT4, c-MYC, KLF4, Nanog, and SALL4, they are crucial in the spread of
cancer [122,123]. Of all breast cancer subtypes, triple-negative breast cancer (TNBC) has the
highest rates of chemoresistance, metastases, and relapse. TNBC is a malignant condition
resulting from a self-renewing cell subpopulation known as cancer stem cells (CSCs).
They need to be eliminated because they are important limitations of TNBC treatment. In
this regard, piperlongumine (PL) was investigated. It possesses extraordinary anticancer
properties, but its application is constrained by poor pharmacokinetics. Therefore, a PLGA-
based nanoformulation for PL (PL-NPs) was created to increase its biological activity, and
the effects of PL and PL-NPs on CSCs in mammospheres were investigated. According
to the findings, PL-NPs are more effectively absorbed by cells in mammospheres than PL.
Additionally, this study showed that PL-NDPs significantly reduce CSC expression of ALDH,
self-renewability, chemoresistance, and EMT in mammospheres.
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According to further investigation, the suppression of STAT3 may be the primary
mechanism underlying these multimodal effects. This was confirmed when combined
treatments with colivelin, a potent synthetic peptide STAT3 activator, revealed that the
anti-CSC effects of PL and PL-NPs were reversed. All things considered, the data indicate
that PL-NPs exhibit greater CSC suppression through the downregulation of STAT3 and
shed light on the creation of PL-based nanomedicine for CSC targeting in TNBC [124].

3.1.6. Anti-Proliferative Activities

Most BC tumors have epithelial cell features and express HER-2 (a member of the
epidermal growth factor receptor family) or estrogen receptors. Basal cells, which make up
approximately one-fifth of BCs, do not fall under any one category of proliferation regula-
tors. Regardless of the cell type, insulin-like growth factor (IGF) signaling is implicated
in most BC cells. Cyclin-dependent kinases are activated by transcriptional and nontran-
scriptional processes in response to all cell proliferation inducers, leading to irreversible
progression to the G1/S phase transition. A promising therapeutic approach that first con-
centrated on the metastatic disease was to disrupt this process. Since most phytochemicals
have mechanisms that successfully reduce angiogenesis and cell proliferation, they are
viewed as potential anticancer agents. By altering the Wnt/-catenin, PI3K/Akt/mTOR, and
MAPK/ERK pathways, quercetin causes cell cycle arrest, which prevents cell proliferation,
promotes apoptosis, affects autophagy, and decreases angiogenesis and metastasis in cancer
cells [125,126]. In addition, EGCG, a polyphenolic flavonoid produced from green tea,
suppresses cancer cell growth, angiogenesis, and migration while causing cell cycle arrest
and apoptosis [127].

Furthermore, a limonoid triterpene called nimbolide is generated from Azadirachta
indica leaves and flowers. Recent studies have shown that nimbolide inhibits prolifera-
tion by downregulating PI3K/AKT/mTOR and ERK signaling, induces ROS-mediated
apoptosis and inhibits EMT, migration, and invasion in a variety of solid tumors, includ-
ing pancreatic, breast, oral, and non-small cell lung cancer, in both in vitro and in vivo
systems [128-130]. Balakrishnan et al. demonstrated that gold nanoparticle-conjugated
quercetin inhibits epithelial-mesenchymal transition, angiogenesis, and invasiveness via
the EGFR/VEGFR-2-mediated pathway in breast cancer. In response to AuNP-Qu-5 treat-
ment, a significant decrease in the protein expression of vimentin, N-cadherin, Snail, Slug,
Twist, MMP-2, MMP-9, p-EGFR, VEGFR-2, p-PI3K, Akt, and pGSK3 and an increase in the
protein expression of E-cadherin were observed. Compared to free quercetin, AuNPs-Qu-5
prevented MCF-7 and MDA-MB-231 cells from migrating and invading. Human umbilical
vein endothelial cells (HUVECsS) treated with AuNPs-Qu-5 produced fewer capillary-like
tubes and had worse cell survival. AuNPs-Qu-5 inhibited the creation of new blood vessels
and tubes, according to in vitro and in vitro angiogenesis experiments. DMBA-induced
mammary cancer in SD rats was treated with AuNPs-Qu-5, which inhibited tumor growth
compared to free quercetin [131].

Various mechanisms of action of phytofabricated nanocarriers on breast cancer dis-
cussed in this article are depicted in Figure 6.

3.2. Theranostic Targeting

Theranostic approaches are accepted in the treatment of various diseases, including
cancer, and incorporate both therapeutic and diagnostic approaches. BC is not overlooked,
yet there are very limited studies and current therapeutic applications. Various nanopar-
ticles (NPs), such as gold (Au), silver (Ag), metallic NPs, carbon-containing NPs, and
polymers [132], are used in theranostic approaches, and with increasing technology, green
synthesis is also justified [132]. Au NPs, when synthesized by chemical or physical means,
tend to hold on to toxicity and eliminate excessive heat [133]. When derived from biolog-
ical sources such as Olax scandens, it produces bearable toxicity, sufficient stability, and
reduced immunogenicity [132]. Along with the therapeutic approach, it shows bright red
fluorescence, providing an exact location of the MCF7 cell line (breast cell line) [134]. A
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phytochemical obtained from Auxemma oncoclyx named oncocalyxone has potent anticancer
efficacy against MCF?7 cells [135]. An in vitro study of sesamin showed its efficacy against

BC by altering the G1 phase of cell division along with a reduction in cyclin D1, while
sitosterol targets the G2/M phase to attain a similar response [136].
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Figure 6. Illustration of the effect of phytofabricated nanocarriers on various mechanisms involved
in the progression of cancer. Created with BioRender.com accessed on 21 December 2022.

Anacardic acid (AA) helps to arrest the cells in the cell cycle (GO/G1) and hence leads to
apoptosis [137]. Kushwar et al. stated that when AA is associated covalently with docetaxel
(DTX), bovine serum albumin and gemcitabine enhance apoptosis activity and enhance
pharmacokinetics [138]. The therapeutic activity on MCEF7 cells was higher than that of
individual drugs used alone (AA and DTX) [138]. Emodin acts on 4TI breast tumors (a cell
line) and suppresses macrophage infiltration, which is complementary to decreased tumor

angiogenesis and enhanced T-cell activation [139]. Bimetallic nanostructures are receiving
more attention in the developmental phase. A combination of Au-Ag bimetallic NPs
proves itself as a better targeting entity [140]. Wu et al. concluded that this hybrid complex

structure has a better tendency to absorb near-IR light and hence perform phototherapy in
MCE-1 cells while leaving the surrounding cell undisturbed [141].

Theranostic-Related Patents

BC is a well-studied disease, yet extra efforts are needed to grasp its maximum

effectiveness against this deadly disease. Scientists are attempting to develop innovative
management techniques. A patent is a crucial human right provided to the inventor to enjoy
the perks of his/her invention. To date, a total of 1,82,000 patents have been published on

the topic “Breast Cancer”. The patents filed on BC associated with theranostic approaches
are described in Table 2.
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Table 2. Patents dedicated to theranostic approaches in breast cancer.

Sr. No. Patent Nanoparticle Remarks Inventor(s)
Target-Matrix Paul Loadman, Robert
Magnetic core metalloproteinases 14 Falconer, Jason Gill,
! US10201622B2 Gd-chelates (MMP-14) Jianghong Rao, Heike E.
Imaging-MRI Daldrup-Link
Target-Matrix Paul Loadman, Robert
Magnetic core metalloproteinases 14 Falconer, Jason Gill,
2 WO2015014756A1 Gd-chelates (MMP-14) Jianghong Rao, Heike E.
Imaging-MRI Daldrup-Link
Target-MDA-MB-231 Ju Yu Xiantian Jiang
3 CN104225595A Aptamer (Cell SELEX) breast cancer cell Wei Ding Lin Yu
Imaging-near Infrared Junsheng Shen Zhen
o . Ritu Aneja,
4 US20150160222A1 Not clarified Target-SET /KifC1 Padmashree C.G. Rida
Chitosan functionalized 2D Imagmg—Ngclear Subhra Mohapatra,
5 US9675714B1 graphene sheets magnetic Chunvan Wan
Superparamagnetic iron oxide resonance (NMR) y &
6 US20130323165A1  Magnetic cationic liposomal nanoparticles Imaging-PET, MRI Robert B. Campbell,

Srinivas Sridhar

All the data are obtained from Wipo and Google patent.

4. Phytonanomedicines Approved by the FDA or in Preclinical and Clinical Trials

Breast cancer (BC) is the most prevailing cancer in women, and its prognosis has
improved over the past few years. The mainstay of BC treatment is still chemoradiation
therapy in the early and advanced stages [142]. However, poor selectivity, higher grades
of systemic toxicities, and treatment resistance remain the major causes of therapeutic
failure among these BC patients [143]. Novel drug delivery systems and drug combinations
need to be designed to overcome these problems. Because of the inherent antineoplastic
activity of numerous phytochemical components that are bioactive compounds obtained
from natural fruits and vegetables, they can be incorporated into the management of
various malignant conditions. However, the therapeutic potential of these phytochemical
compounds is often hindered because of their poor pharmacokinetic parameters, such
as poor solubility, stability, absorption, and quick metabolism. These constituents can be
incorporated via nanocarriers, which help enhance their solubility and stability, to address
these problems [21,143].

Doxorubicin is a conventionally used molecule for the management of breast cancer;
however, it also produces reactive oxygen species (ROS). These ROS damage the different
layers of the heart and are responsible for doxorubicin-mediated cardiotoxicity. This
issue can be addressed by combining doxorubicin with quercetin, which is a plant-based
flavonoid and has good antioxidant potential. The combination of quercetin—doxorubicin
decreases the major adverse effect of cardiotoxicity mediated by doxorubicin, which has
been observed in numerous in vitro studies. The results of numerous in vivo and in vitro
studies show that quercetin dephosphorylates proto-oncogene tyrosine—protein kinase
activity and inhibits inflammatory responses in cardiomyocytes. Thus, it protects cardiac
myocytes against doxorubicin-mediated cardiotoxicity [144].

Another phytochemical constituent, 6-gingerol, along with paclitaxel, has been tested
in vivo and in vitro for breast cancer treatment. Paclitaxel has numerous toxicities at its
optimal dose, and therefore, its combination with 6-gingerol enhances its effectiveness at a
lower dose. The combination of 5 nM paclitaxel with 10 uM 6-gingerol revealed the same
viability as monotherapy with 20 nM paclitaxel [145].

The related in vivo, in vitro, and clinical studies have been mentioned in Tables 3 and 4
for the treatment of breast cancer.
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Table 3. Preclinical studies utilizing phytochemical nanocarriers for breast cancer treatment.
Phytocl}emlcal Anticancer Agent Nanocarrier Condition Remarks Reference
Constituent
Increased the effectiveness of
6-Gingerol Paclitaxel PEleated In vivo pacht.axel, e.md lower dose of [146]
naniosome paclitaxel is needed for the
anti-neoplastic activity.
Prevents doxorubicin resistance in
Quercetin Doxorubicin Lecithin In vivo tumgr cells and‘ tnereases dr'ug [110]
absorption and toxicities in malignant
cells.
Gives synergistic effect by retaining
Quercetin Doxorubicin Au nanocages In vitro the drug for longer period of time in [147]
malignant cells.
Table 4. Clinical studies utilizing phytochemical nanocarriers for breast cancer treatment.
Phytochemical . Phase of i
Constituent-Based Drug Nanocarrier Clinical Trial Condition Remarks References

Vinorelbine tartrate

vinorelbine tartrate

Inhibits microtubule
Phase 1 Breast cancer  polymerization and promotes [148]
cell apoptosis.

Liposomal

Less exposure of toxic

Albumin- cremophor of the drug to

- Metastatic non-cancerous cells thus
St;lzﬁlazxee‘i Phase 3 breast cancer enables higher dosing and [149]
Paclitaxel P improves paclitaxel penetration
aclitaxe inside the cancer cells
Paclitaxel-loaded Increased blood stability and
polymeric Phase 4 Breast cancer tumor-sp eCIﬁ.C a'ctlon by [150]
nanoparticles releasing drug inside tumor
P cells via a PH-sensitive action
Better stability, lower
Nanosomal cytotoxicity to normal cells and
Docetaxel docetaxel lipid Phase 3 Breast cancer easily pass-through leaky [151]
suspension vasculature of tumor

blood vessels

5. Lacunas of Phytofabricated Nanocarriers

Evidence is accumulating in support of an important notion that nanotechnology
in general and phytofabricated nanocarriers, in particular, may represent an important
solution for many existing challenges related to current breast cancer therapies. In fact, such
phytofabricated nanoparticles, being advanced biomaterials characterized by the control-
lable and stimuli-responsive release of therapeutic agents, favorable biodistribution, great
biocompatibility, excellent structural stability in serum, low level of side-effects, and pro-
longed half-life, clearly represent an exceptional way to noticeably increase the therapeutic
efficiency combined with the considerable decrease in the potential toxic side-effects. Dif-
ferent carcinogenic metal ions can be reduced to nanoparticles via the natural antioxidant
action of various phytoconstituents (primary and secondary metabolites), such as alkaloids,
amino acids, flavonoids, polyphenols, proteins, sugars, tannic acids, and terpenoids [152].
The existing literature indicates that various metal nanoparticles with anticancer properties
can be phytogenerated using different plants. Examples include green-synthesized silver
nanoparticles (AgNPs) using Artemisia tournefortiana Rchb ethanol extract [153], Morus
alba leaf extract [154], Annona muricata aqueous leaf extract [155], Carissa carandas aqueous
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extract [156], Leucophyllum frutescens and Russelia equisetiformis extracts [157], aqueous
extracts of Acacia arabica (Arabic Gum) and Opophytum forsskalii (Samh) seeds [158], Typha
azerbaijanensis aerial part and root extracts [159], and Rubia cordifolia L. leaf extract [160], as
well as Papaver somniferum L. mediated green synthesis of lead oxide (PbO) and iron oxide
(FepO3) nanoparticles [161] and alpha hematite nanoparticle («x-Fe;O3) production using
Rhus punjabensis extracts [162], garlic extracts [163], extracts of the Rheum emodi root [164],
and Salvadora persica aqueous extract [165]. Furthermore, tunable cobalt oxide nanoparti-
cles (CoONPs) were generated using the phytochemicals present in the Rhamnus virgata leaf
extract [166]; gold nanoparticles (AuNPs) were phytosynthesized using an aqueous extract
of Ziziphus spina-christi leaves [167]; selenium nanoparticles (SeNPs) were phytofabricated
from the Carica papaya extract [168] or using Portulaca oleracea-based green synthesis [169];
and gold (Au), iron (Fe), and selenium (Se) nanoparticles were fabricated using various
natural plant extracts from the Fertile Crescent, where Ephedra alata and Pistacia lentiscus
extracts were used to synthesize the Au-NPs, and the Fe-NPs and Se-NPs were generated
using fruit, peel, and seed extracts of Punica granatum [4].

The listed examples, which likely represent the tip of the iceberg, clearly show that
there are multiple options for the phytofabrication of different metal nanoparticles with
anticancer properties. It is obvious that with so many possibilities for the phytoproduction
of a variety of nanocarriers, one has a broad choice of both anticancer nanoparticles and
means for their production. However, multiple questions need to be answered before
moving into the commercial use of phytofabricated nanocarriers. Since the same metal
nanoparticles can be phytofabricated using different extracts from different parts of different
plants, careful comparative analysis of their therapeutic potential, lifetime and structural
stability in serum, biodistribution, biocompatibility, and potential toxic side effects should
be conducted to select the most promising candidate for commercialization. Among
the various factors that must be taken into account at this stage, one should pay very
serious attention to the global availability of the plants that are planned to be used for the
phytofabrication of the nanoparticles. If the optimal plant is not naturally present at the
required quantities in the wild, its plantation should be planned, which obviously will
contribute to the cost of phytofabrication. Furthermore, facilities and protocols, which will
be utilized for the phytofabrication of nanoparticles, should have a flexible design to allow
for a rapid switch between different sources, if needed.

Therefore, although in comparison with traditional technologies for the synthesis of
nanoparticles, green synthesis seems to be essentially more economical, the commercial
viability of the processes for the mass production of phytofabricated nanocarriers requires
careful evaluation.

6. Conclusions

Breast cancer is primarily treated by chemotherapy, radiotherapy, and surgical re-
section; however, the survival rate is still low because of adverse drug reactions, drug
resistance, and tumor metastasis. As described in this review, an increasing amount of
research has demonstrated the anti-tumorigenic effect of phytochemicals that can modulate
cellular events and molecular pathways. However, their pharmacological capability is
impeded by their low stability, low water solubility, poor absorption, and rapid metabolism.
Nanotechnology-based approaches have shed some light on maximizing the potential use
of phytochemicals to overcome formulation challenges. Nanocarriers can enhance the
solubility and stability of phytochemicals. Apart from improving solubility and stability,
nanocarriers could prolong their half-life and even accomplish site-targeting delivery.

However, the questions of nanotechnology are not yet fully answered in the case of real
clinical translation. One of the major shortcomings is that, in general, these PNs can only
encapsulate small amounts of actives. Tailor-made nanocarriers conjugated with specific
ligands could enable loaded phytoconstituents to function at minimal doses. However, the
manufacturing of functionalized nanomedicinal formulations for commercialization is a
major obstacle. These shortcomings need to be technologically addressed to maximize the
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anticancer potential of natural medicines. In this sense, nanotechnology has emerged as a
promising drug delivery system strategy in the long run.
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