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Abstract

Botanical extracts represent a rich and sustainable source of polyphenolic compounds
with significant potential in anticancer research. Among these, hesperidin, naringenin,
hydroxytyrosol, oleuropein, and quercetin have attracted considerable attention due to
their abundance in widely consumed plants such as citrus fruits, olive derivatives, and
various fruits and vegetables. However, their clinical translation is hindered by intrinsic
limitations including poor solubility, low stability, and limited bioavailability. In this con-
text, nanotechnology-based drug delivery systems have emerged as a promising strategy to
enhance the therapeutic performance of these bioactive compounds. This review provides
an overview of polyphenol-rich botanical matrices and focuses on recent advances in their
nanoformulation. Various nanocarriers, including polymeric nanoparticles, liposomes,
solid lipid nanoparticles, and nanoemulsions, are discussed in terms of their ability to
improve physicochemical properties, protect against degradation, and enhance delivery
efficiency. Special attention is given to the challenges associated with the encapsulation
of complex botanical extracts and the need to preserve their compositional integrity and
synergistic effects. Overall, nanoformulation represents a powerful approach to over-
come current limitations and unlock the full potential of plant-derived polyphenols in
anticancer applications.

Keywords: botanical extracts; polyphenols; nanoformulation; drug delivery systems;
anticancer; phytochemicals

1. Introduction
The increasing demand for sustainable and high-performance therapeutic strategies

has intensified interest in plant-derived bioactive compounds as structurally diverse and
biologically potent scaffolds for drug development [1]. Unlike synthetic chemical libraries,
plant secondary metabolites are generated through tightly regulated biosynthetic path-
ways shaped by evolutionary pressure, resulting in a vast repertoire of chemically and
stereochemically complex molecules, including flavonoids, phenolic acids, alkaloids, and
terpenoids. These metabolites are characterized by high scaffold diversity, extensive func-
tional group variability, and defined stereochemistry, which collectively enable selective
and high-affinity interactions with a broad range of biological targets [2,3]. Within this
framework, botanical extracts represent multicomponent systems in which structurally
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heterogeneous phytochemicals coexist, often giving rise to emergent properties driven by
synergistic or additive interactions. Rather than acting as isolated entities, these complex
mixtures often exhibit emergent biological properties driven by synergistic, additive, and
sometimes potentiating interactions among constituents, leading to enhanced pharmaco-
logical outcomes compared to single compounds.

The chemical complexity of plant-derived metabolites extends beyond structural
diversity to include conformational flexibility, multiple chiral centers, and redox-active
moieties, all of which contribute to their pharmacological versatility. These features allow
modulation of multiple signaling pathways involved in oncogenesis, including those
regulating cell proliferation, apoptosis, angiogenesis, and metastasis [4]. Importantly, the
pharmacologically different nature of botanical extracts aligns well with the multifactorial
etiology of cancer, where simultaneous targeting of interconnected molecular networks is
often required to achieve meaningful therapeutic outcomes. This multi-target capability
represents a significant advantage over conventional single-target chemotherapeutics,
particularly in the context of drug resistance and tumor heterogeneity [5,6].

Among plant-derived metabolites, polyphenols constitute a major class of compounds
extensively investigated for their role in cancer prevention and therapy. Their chemical
structures, typically characterized by multiple hydroxyl groups conjugated to aromatic
rings, confer both redox activity and the ability to engage in diverse non-covalent interac-
tions, including hydrogen bonding, π–π stacking, and hydrophobic interactions [7]. When
present within botanical extracts, polyphenols contribute not only to biological activity but
also to the physicochemical behavior of the system, influencing solubility, stability, and
interaction with biological membranes [8]. Within complex extracts, polyphenols rarely act
alone; instead, their anticancer effects are often amplified through synergistic interactions
with other phytochemical classes, resulting in enhanced efficacy and multi-target biological
modulation. However, despite their pharmacological potential, the clinical translation of
polyphenol-rich botanical extracts is significantly hindered by unfavorable biopharmaceu-
tical properties, including poor aqueous solubility, low permeability, extensive first-pass
metabolism, and chemical instability under physiological conditions [9]. Importantly,
beyond their well-established biomedical and anticancer applications, polyphenol-rich
botanical extracts—particularly when nanoformulated—are increasingly being explored in
other industrial sectors, highlighting their multidisciplinary relevance. In agriculture, for
example, nanocarrier-based delivery systems have been employed to enhance the stability
and bioactivity of plant-derived compounds, as demonstrated by liposome-encapsulated
garlic extracts used as antifungal biostimulants capable of improving plant defense mecha-
nisms and preventing Fusarium infections [10]. In the food industry, nanoencapsulation
strategies are applied to improve the stability, solubility, and controlled release of natural
antioxidants, thereby extending shelf life and preserving nutritional quality [11]. Similarly,
in the cosmetic field, nanoformulated polyphenols have shown enhanced skin penetration,
improved photostability, and prolonged bioactivity, supporting their use in anti-aging
and protective formulations [12]. However, although a large body of preclinical evidence
supports the anticancer potential of polyphenols, their clinical success remains limited, with
only a small number of compounds progressing into well-controlled clinical trials. This gap
between experimental efficacy and clinical translation highlights the urgent need for opti-
mized delivery systems and standardized formulations capable of ensuring reproducible
pharmacokinetic behavior and therapeutic efficacy in humans.

To overcome these limitations, significant efforts have been directed toward the de-
velopment of advanced drug delivery systems capable of improving the pharmacokinetic
and pharmacodynamic profiles of botanical extracts. In this regard, nanotechnology-based
delivery platforms have emerged as a particularly effective strategy, offering the ability to
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engineer carriers with controlled size, surface chemistry, and internal architecture. Nanocar-
riers typically operate within the submicron scale, enabling enhanced interaction with
biological barriers, improved cellular internalization, and preferential accumulation in
tumor tissues via the enhanced permeability and retention (EPR) effect [13]. Furthermore,
nanoscale systems provide a protective microenvironment that mitigates chemical degra-
dation, enhances solubility of poorly water-soluble constituents, and allows for tunable
and sustained release kinetics [14].

A broad spectrum of nanocarrier systems has been investigated for the encapsulation
and delivery of botanical extracts, including polymeric nanoparticles, lipid-based systems
(e.g., liposomes, solid lipid nanoparticles, and nanostructured lipid carriers), nanoemul-
sions, dendrimer-based systems, and inorganic nanoplatforms. Polymeric nanoparticles,
particularly those based on biodegradable polymers such as poly(lactic-co-glycolic acid)
(PLGA), chitosan, and polycaprolactone, offer precise control over drug release profiles
and degradation kinetics. Lipid-based nanocarriers, on the other hand, provide superior
biocompatibility and are particularly effective in enhancing the solubilization and intestinal
absorption of hydrophobic phytochemicals [15]. Nanoemulsions, characterized by thermo-
dynamically or kinetically stable dispersions with droplet sizes typically below 200 nm,
facilitate improved oral bioavailability and rapid absorption due to their large interfacial
surface area [16].

The nanoformulation of botanical extracts presents unique challenges compared to
single-compound systems, primarily due to their intrinsic compositional heterogeneity. The
coexistence of multiple phytochemicals with distinct physicochemical properties—such as
polarity, molecular weight, and stability—can influence encapsulation efficiency, drug load-
ing capacity, and release kinetics. Additionally, potential interactions among constituents
may affect both formulation stability and biological activity. Consequently, the rational
design of nanocarriers for botanical extracts requires a comprehensive understanding of
extract composition, carrier–cargo interactions, and the influence of formulation parameters
on system performance [17]. From a translational perspective, these complexities also repre-
sent an opportunity rather than a limitation, as preserving the native phytochemical synergy
of crude extracts may enhance therapeutic efficacy compared to isolated compounds. How-
ever, this advantage can only be clinically exploited if reproducibility, standardization, and
regulatory constraints are adequately addressed. Advanced formulation strategies, includ-
ing co-encapsulation, surface functionalization, and the use of hybrid nanocarriers, are
increasingly being explored to address these challenges. Nanoformulated botanical extracts
demonstrate enhanced therapeutic performance through multiple interconnected processes.
These include improved dissolution and dispersion in biological fluids, increased perme-
ability across epithelial and endothelial barriers, enhanced cellular uptake via endocytic
pathways, and more efficient intracellular trafficking. Moreover, surface engineering of
nanocarriers with polyethylene glycol (PEG) or targeting ligands (e.g., antibodies, pep-
tides, or small molecules) can significantly prolong systemic circulation time and improve
tumor-specific accumulation [18]. Passive targeting via the EPR effect remains a key mech-
anism, although its variability across tumor types and patient populations necessitates the
development of complementary active targeting strategies [19].

Recent advances have also focused on the development of stimuli-responsive nanocar-
riers capable of site-specific drug release in response to tumor-associated triggers, such as
acidic pH, elevated redox potential, hypoxia, or enzymatic activity. These “smart” delivery
systems enable spatiotemporal control over payload release, thereby maximizing therapeu-
tic efficacy while minimizing systemic exposure. Such approaches are particularly advan-
tageous for botanical extracts, as they allow the localized delivery of complex mixtures
of bioactive compounds while preserving their synergistic interactions [20]. This review
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aims to highlight representative nanoformulation strategies developed for polyphenol-rich
botanical extracts with recognized anticancer potential. Particular emphasis is placed on
how these advanced delivery systems can enhance the stability, solubility, bioavailability,
and targeted delivery of bioactive compounds. The review further examines the impact of
nanoencapsulation on improving the pharmacokinetic and pharmacodynamic profiles of
key extract-derived polyphenols.

Specifically, attention is given to well-characterized compounds such as quercetin,
hesperidin, naringenin, oleuropein, and hydroxytyrosol, which have demonstrated sig-
nificant anticancer, antioxidant, and anti-inflammatory properties in both in vitro and
in vivo models. By analyzing these representative molecules, the review explores how
different nanocarriers—including polymeric nanoparticles, liposomes, nanoemulsions, and
lipid-based systems—modulate their biological performance.

2. Botanical Extract with Anticancer Polyphenols
Botanical extracts have a leading role in traditional and modern pharmacognosy, serv-

ing as complex reservoirs of bioactive compounds with significant therapeutic potential.
These extracts are typically obtained from various parts of plants—including leaves, fruits,
seeds, bark, roots, and flowers—through a range of extraction techniques designed to isolate
and concentrate phytochemicals while preserving their structural integrity [21]. Conven-
tional extraction methods such as maceration, percolation, Soxhlet extraction, and decoction
remain widely used due to their simplicity and cost-effectiveness; however, they are often
limited by long extraction times, high solvent consumption, and potential degradation of
thermolabile compounds. In contrast, advanced techniques such as ultrasound-assisted
extraction (UAE), microwave-assisted extraction (MAE), supercritical fluid extraction (SFE),
and pressurized liquid extraction (PLE) have been increasingly adopted to improve ex-
traction efficiency, selectivity, and sustainability [22]. The choice of solvent—ranging from
water and ethanol to more non-polar organic solvents—plays a critical role in determining
the phytochemical profile of the resulting extract, as does the optimization of parameters
such as temperature, pressure, pH, and extraction time [23]. Following extraction, further
purification and characterization steps, including chromatographic separation and spec-
trometric analysis (e.g., HPLC, LC-MS/MS), are often employed to identify and quantify
the major constituents, particularly when targeting specific classes of compounds such as
polyphenols [24]. Among the diverse array of phytochemicals present in botanical extracts,
polyphenols constitute one of the most extensively studied groups due to their abundance
in the plant kingdom and their broad spectrum of biological activities. The presence and
concentration of polyphenols in a given extract are influenced by multiple factors, including
plant species, geographical origin, cultivation conditions, harvesting time, and post-harvest
processing [25,26]. Consequently, botanical extracts are inherently complex and variable
matrices, which present both opportunities and challenges in their standardization and
reproducibility for biomedical applications.

Citrus species represent one of the most important sources of polyphenolic compounds,
particularly flavanones such as hesperidin and naringenin [27]. These compounds are
predominantly found in the peels, pulp, and juice of fruits belonging to the Citrus genus,
including oranges (Citrus sinensis), lemons (Citrus limon), grapefruits (Citrus paradisi), and
mandarins (Citrus reticulata) [27]. Citrus processing by-products, especially peels, are
particularly rich in these flavonoids and have gained attention as sustainable sources for
extraction [27]. Typically, hydroalcoholic extraction methods are employed to recover
hesperidin and its aglycone form, hesperetin, as well as naringenin and its glycoside
naringin [28]. The extraction efficiency can be significantly enhanced using extraction
techniques such as ultrasound-assisted extraction, which disrupts plant cell walls and
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facilitates solvent penetration [23]. In addition, enzymatic treatments may be used to
hydrolyze glycosidic bonds, thereby increasing the yield of aglycone forms, which are often
more bioavailable [29].

Another major source of polyphenols is the olive tree (Olea europaea), particularly
its leaves and fruits, which are rich in hydroxytyrosol and oleuropein [30]. Olive leaf
extracts have been extensively studied and are typically obtained using aqueous or hy-
droalcoholic solvents under controlled conditions to maximize the recovery of secoiridoid
compounds [31]. Oleuropein, a glycosylated secoiridoid, is one of the main constituents
of olive leaves and unripe olives, while hydroxytyrosol is often formed as a degradation
product of oleuropein during processing or digestion. The concentration of these com-
pounds can vary significantly depending on factors such as cultivar, seasonal variation, and
agricultural practices [32]. Advanced extraction techniques, including microwave-assisted
and supercritical fluid extraction, have been shown to improve the yield and purity of olive-
derived polyphenols. Furthermore, the use of membrane filtration and chromatographic
purification allows for the production of standardized extracts with defined polyphenolic
profiles, which is essential for their reproducible application in biomedical research [33].

Quercetin, one of the most ubiquitous flavonols in the plant kingdom, is widely
distributed across a variety of fruits, vegetables, and medicinal plants. Rich sources of
quercetin include onions (Allium cepa), apples (Malus domestica), berries (such as Vaccinium
spp.), capers (Capparis spinosa), and leafy greens such as kale and spinach [34]. In these matri-
ces, quercetin is commonly present in glycosylated forms, such as quercetin-3-O-glucoside
or quercetin rutinoside (rutin), which influence its solubility and extraction behavior [35].
The extraction of quercetin-rich fractions typically involves the use of polar organic sol-
vents, often in combination with acidified conditions to stabilize the compound and prevent
oxidation. Recent advancements in green extraction technologies, including deep eutectic
solvents (DES) and natural solvent systems, have shown promise in improving the sus-
tainability and efficiency of quercetin extraction from plant matrices [35]. Additionally, the
integration of analytical techniques such as LC-MS/MS enables precise quantification and
profiling of quercetin and its derivatives within complex botanical extracts [36].

Botanical extracts rarely contain a single bioactive compound; rather, they represent
complex mixtures in which multiple phytochemicals may interact synergistically or antag-
onistically. This compositional complexity can enhance the overall biological activity of
the extract, a phenomenon often referred to as the “entourage effect” [37]. In the context of
polyphenol-rich extracts, the coexistence of flavonoids, phenolic acids, and other secondary
metabolites may contribute to improved stability, solubility, and bioavailability, as well as
modulate pharmacokinetic and pharmacodynamic properties [38]. Moreover, the stability
of polyphenols during extraction, storage, and formulation is a critical factor that must be
carefully considered. Many polyphenols are sensitive to environmental conditions such as
light, oxygen, temperature, and pH, which can lead to degradation and loss of bioactivity.
To address these issues, various stabilization strategies have been explored, including the
use of antioxidants, encapsulation techniques, and controlled storage conditions. These
approaches are particularly relevant when dealing with large-scale production and com-
mercialization of botanical extracts intended for therapeutic applications [39]. In addition
to extraction and stabilization, the bioaccessibility and bioavailability of polyphenols from
botanical extracts are key determinants of their biological efficacy. The matrix in which
these compounds are present can significantly influence their release, absorption, and
metabolism in the human body. Factors such as particle size, solubility, and interaction
with other dietary components can affect the extent to which polyphenols are absorbed [39].
As such, the design and optimization of botanical extracts must consider not only the
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extraction efficiency but also the downstream processes that influence their biological
performance. Figure 1 recaps the biological activities of polyphenols.

Figure 1. Overview of the biological activities and anticancer mechanisms of phenolic compounds.
Phenolic compounds exert a broad spectrum of biological effects that collectively contribute to their
anticancer potential. These include the inhibition of tumor cell proliferation, migration, invasion,
and angiogenesis through modulation of key signaling pathways such as PI3K/Akt, MAPK, and
NF-κB. Phenolics also suppress epithelial–mesenchymal transition (EMT), thereby limiting metastatic
dissemination. In parallel, they regulate oxidative stress by acting as both antioxidants and pro-
oxidants, depending on the cellular context, and attenuate inflammation via the modulation of pro-
inflammatory mediators and cytokines. Furthermore, phenolic compounds promote programmed cell
death through induction of apoptosis and autophagy, trigger cell cycle arrest at specific checkpoints,
and modulate immune responses within the tumor microenvironment.

3. Anticancer Activities of Phenolic Compounds
3.1. Apoptosis and Anti-Metastasis

Phenolics influence apoptotic processes through multiple molecular mechanisms.
For example, they may regulate intracellular ROS levels, acting either as antioxidants or
pro-oxidants depending on cellular context, modulate the PI3K/Akt signaling pathway,
increase calcium influx, and upregulate p53 expression. Through these coordinated actions,
phenolic compounds regulate key signaling networks that determine cell survival and
programmed cell death [40]. In addition to these mechanisms, phenolic compounds have
been shown to activate intrinsic (mitochondrial) and extrinsic apoptotic pathways through
modulation of Bcl-2 family proteins (e.g., downregulation of Bcl-2 and upregulation of
Bax), cytochrome c release, and activation of caspases such as caspase-3, -8, and -9. Further-
more, several phenolics can induce cell cycle arrest at different checkpoints (G0/G1, S, or
G2/M phases) through regulation of cyclins and cyclin-dependent kinases (CDKs), thereby
inhibiting uncontrolled cancer cell proliferation. Epigenetic modulation has also emerged
as a key mechanism, with phenolics influencing DNA methylation and histone acety-
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lation, leading to reactivation of tumor suppressor genes [40]. These molecular effects
have been consistently validated in natural extract-based systems. For example, green
tea polyphenol-rich extracts (Camellia sinensis) have demonstrated significant induction of
apoptosis in breast and prostate cancer models, with reported reductions in tumor volume
of up to ~50% in xenograft studies, associated with caspase activation and downregulation
of Bcl-2 expression. Similarly, olive leaf extracts rich in oleuropein have shown strong
anti-proliferative effects in colorectal cancer cell lines (HT-29), inducing G0/G1 cell cycle
arrest and reducing cell viability in a dose-dependent manner. Pomegranate peel extracts,
rich in ellagitannins and flavonoids, have also been reported to suppress tumor growth and
promote apoptosis in vivo through modulation of NF-κB and mitochondrial pathways [41].
Phenolic compounds have been reported to suppress metastatic progression by modulating
or inhibiting key EMT-related proteins [42]. These EMT-associated factors drive the phe-
notypic transformation of cells from a polarized, epithelial configuration to a more motile
and invasive mesenchymal phenotype. This shift enhances cellular detachment from the
primary tumor mass and promotes migration to distant anatomical sites, thereby facilitat-
ing metastatic dissemination [43]. Moreover, phenolics can inhibit angiogenesis, a critical
process for tumor growth and metastasis, by downregulating vascular endothelial growth
factor (VEGF) expression and interfering with signaling pathways such as HIF-1α. This
anti-angiogenic activity limits nutrient and oxygen supply to tumors, thereby restricting
their progression [43]. In this context, several molecular regulators play critical roles in
the control of metastasis. Among them, MMPs contribute to extracellular matrix degrada-
tion and tumor invasion; TGF-β functions as a key inducer of EMT; and TP53 indirectly
suppresses metastasis through regulation of cell cycle control, apoptosis, and EMT-related
pathways. Together, these factors form an interconnected regulatory network that governs
tumor progression and metastasis [44]. Additionally, phenolic compounds have been
reported to modulate cancer stem cell (CSC) populations, reducing tumor recurrence and
resistance to therapy by targeting self-renewal signaling pathways such as Wnt/β-catenin,
Notch, and Hedgehog [44].

3.2. Oxidative Stress and Anti-Inflammatory Pathways

An overproduction of ROS and free radicals, characteristic of oxidative stress, can
result in structural and functional damage to proteins, cellular membranes, tissues, and
nucleic acids, ultimately leading to cell death. Oxidative stress is recognized as a major
contributing factor in the pathogenesis of metabolic syndrome [45], cancer, hepatic and
renal injury, gastrointestinal and cardiovascular disorders, as well as neurodegenerative
conditions and other health complications [46]. Owing to their potent antioxidant proper-
ties, phenolic compounds play a protective role by counteracting oxidative damage and
supporting cellular homeostasis [47]. The antioxidant effects of phenolics are mediated
through two principal mechanisms: direct scavenging of free radicals and suppression of
their formation [48]. Reactive oxygen species (ROS) and reactive nitrogen species (RNS),
which include both radical and non-radical reactive molecules, are major contributors to
oxidative stress [49]. The radical-scavenging activity of phenolics primarily depends on the
presence of hydroxyl groups attached to aromatic benzene rings, which enable these com-
pounds to donate hydrogen atoms or electrons to unstable radicals. This donation stabilizes
the reactive species and prevents them from inflicting damage on cellular components [50].
Beyond direct neutralization of free radicals, phenolic compounds can also attenuate ox-
idative stress by modulating enzymes involved in the generation of reactive oxygen and
nitrogen species. These enzymes include nitric oxide synthases (particularly inducible
NOS), xanthine oxidase, and certain peroxidase-related systems, whose activities may be
regulated through interactions with phenolic compounds [50]. Overall, phenolics possess
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significant antioxidant properties that enable them to attenuate oxidative stress under phys-
iological stress. Interestingly, phenolic compounds may also exert pro-oxidant effects under
certain conditions, particularly within tumor microenvironments. In cancer cells, phenolics
can promote the generation of reactive oxygen species beyond the cellular antioxidant
capacity, thereby inducing oxidative damage, mitochondrial dysfunction, and activation of
apoptosis pathways. This dual redox behavior—acting as antioxidants under physiological
conditions while exhibiting pro-oxidant activity in tumorigenic states—contributes to the
selective cytotoxicity of phenolic compounds toward cancer cells [51]. In addition, phenolic
compounds have been shown to modulate autophagy, a cellular degradation process that
can either promote survival or induce cell death depending on the context. By regulat-
ing key autophagy-related proteins such as Beclin-1 and LC3, phenolics may enhance
autophagic cell death in cancer cells or sensitize tumors to chemotherapeutic agents [51].
By modulating intracellular reactive oxygen species (ROS) levels and maintaining redox
homeostasis, phenolic compounds can indirectly regulate key signaling pathways that
govern cell proliferation, apoptosis, and other processes involved in cancer initiation and
progression. Moreover, given the close interplay between oxidative stress and inflamma-
tion, the ability of phenolics to influence ROS levels also extends to the modulation of
inflammatory signaling pathways, further contributing to their anticancer potential [52].
Multiple intracellular signaling pathways are implicated in the regulation of inflammatory
responses. Numerous phenolic compounds exert their biological effects through modu-
lation of the NF-κB signaling pathway. Polyphenols such as hesperidin, luteolin, chrysin,
naringin, and kaempferol have demonstrated anti-inflammatory properties by influenc-
ing the MAPK signaling cascade. In addition, quercetin has been identified as a potent
anti-inflammatory agent, primarily through its inhibitory action on the PI3K/Akt signaling
pathway [53]. These mechanisms have been validated in several plant-derived extract
systems. For example, Curcuma longa (turmeric) extract, rich in curcuminoids, has demon-
strated strong antioxidant activity by significantly reducing intracellular ROS levels (up to
~60% reduction in HepG2 models) and suppressing NF-κB activation in both in vitro and
in vivo inflammation models. Similarly, green tea extract (Camellia sinensis), rich in epigal-
locatechin gallate (EGCG), has been shown to enhance endogenous antioxidant enzymes
such as SOD, CAT, and GPx while reducing lipid peroxidation markers in animal models
of oxidative stress. Olive leaf extract (Olea europaea), rich in oleuropein and hydroxyty-
rosol, has also exhibited strong inhibition of ROS-mediated DNA damage and significant
reduction in pro-inflammatory cytokines (TNF-α, IL-6) in experimental models [54]. Exper-
imental studies using pomegranate peel extract (Punica granatum) have shown significant
downregulation of COX-2 expression and reduced prostaglandin E2 (PGE2) levels in colitis
and cancer-associated inflammation models, further supporting its anti-inflammatory and
chemopreventive potential [55].In addition to intracellular signaling pathways, various
enzymes and cytokines play critical roles in the regulation of pro- and anti-inflammatory
responses modulated by phenolic compounds. Among these, cyclooxygenase isoforms
COX-1 and COX-2 play central roles. These enzymes catalyze the conversion of arachidonic
acid into prostaglandins, lipid mediators that contribute to pain perception and promote
inflammatory processes [56]. Furthermore, phenolic compounds can regulate immune
responses within the tumor microenvironment by modulating cytokine production (e.g.,
TNF-α, IL-6, IL-1β) and enhancing antitumor immunity through activation of immune
cells such as T lymphocytes and natural killer (NK) cells. This immunomodulatory activity
represents an emerging mechanism contributing to their anticancer efficacy. For instance,
grape seed extract has been reported to enhance NK cell activity and increase cytotoxic
T-cell responses in tumor-bearing mouse models, leading to reduced tumor growth and
improved immune surveillance [57]. Moreover, Prenylated flavonoids represent a particu-
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larly promising subclass of phenolic compounds due to their enhanced lipophilicity, which
improves cellular uptake and bioavailability, thereby strengthening their biological activity.
Among these, xanthohumol (Xn), a prenylated chalcone derived from Humulus lupulus
L. (hops), has been extensively investigated for its multi-target anticancer properties. Xn
is commonly present in dietary sources such as beer, where it can reach concentrations
of up to approximately 0.96 mg/L. A growing body of evidence indicates that Xn exerts
potent chemopreventive and therapeutic effects by selectively targeting cancer cells while
sparing normal tissues. Mechanistically, Xn modulates multiple signaling pathways in-
volved in tumor initiation and progression, including inhibition of the PI3K/Akt and
NF-κB pathways, suppression of STAT3 activation, and downregulation of pro-survival
and inflammatory mediators. In addition, Xn induces apoptosis through both intrinsic and
extrinsic pathways, promotes cell cycle arrest, inhibits angiogenesis via VEGF suppression,
and interferes with metastatic processes by modulating matrix metalloproteinases (MMPs)
and epithelial–mesenchymal transition (EMT)-related markers [58].

Phenolic compounds implement distinct molecular pathways to exert their biological
effects, rather than acting through a single mechanism (Figure 2).

Figure 2. Schematic representation of the molecular mechanisms by which phenolic compounds
modulate cancer-related signaling pathways. Phenolic compounds exert anti-metastatic and anti-
angiogenic effects by inhibiting VEGF signaling, suppressing EMT, increasing E-cadherin expression,
and reducing N-cadherin and MMP-2/9 levels. They induce cell-cycle arrest through upregulation
of cyclin-dependent kinase inhibitors (e.g., p21 and p27) and inhibition of cyclins and CDKs. Phe-
nolics attenuate proliferative signaling by suppressing key pathways including MEK/ERK, JNK,
and PI3K/AKT/mTOR, as well as STAT activation. Additionally, they reduce oxidative stress by
modulating reactive oxygen and nitrogen species (ROS/RNS) production and regulating oxida-
tive enzymes. Apoptosis is promoted via activation of p53, modulation of BAX/BCL-2 balance,
mitochondrial cytochrome-c release, and caspase activation. Furthermore, phenolic compounds
suppress inflammatory responses by inhibiting NF-κB signaling and decreasing the expression of
pro-inflammatory mediators such as COX-2, IL-1, IL-6, and TNF-α.

In the following section, selected phenolics will be discussed with emphasis on the
specific mechanisms underlying their biological activities (Table 1).
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Table 1. Summary of the anticancer effects of selected phenolic compounds across various cancer
types in vitro and in vivo models.

Type of Cancer Compound Experimental Model Outcome

Renal cancer Hesperidin In vivo—DEN-initiated & Fe-NTA-promoted
renal carcinogenesis (Wistar rats)

↑ GSH, GPx, GR, SOD, catalase;
↓ COX-2, VEGF

Hesperidin In vivo—Fe-NTA-induced renal
carcinogenesis (Wistar rats)

↑ Caspase-3, -9, Bax; ↓ Bcl-2; ↓ NF-κB,
iNOS, TNF-α

Liver cancer Hesperidin In vitro- HEPG2 cells ↓ MMP-9; ↓ NF-κB, AP-1

Hesperidin In vivo—DEN-induced HCC (Wistar rats) ↓ PI3K, Akt, CDK-2

Oral cancer Hesperidin In vitro—HN6 and HN15 cells ↓ STAT1, STAT3

Uterus cancer Hesperidin In vitro—CRL-2923 cells ↑ Caspase-3; ↑ Bax; ↓ Bcl-2; ↓ ERK/MAPK

Lung cancer Hesperidin In vitro—A549 cells G0/G1 arrest; ↑ p21, p53; ↓ cyclin D1

Naringenin In vitro—A549 cells ↓ Akt; ↓ MMP-2, MMP-9

Naringenin In vitro—NCI-H23 cells DNA damage; ↓ PI3K/Akt; ↓ Bcl-2/Bcl-xL;
↑ Bax, Caspase-3

Oleuropein In vitro—H1299 cells G2/M arrest; ↑ Bax; ↓ Bcl-2; ↑ Caspase-3

Quercetin In vitro—A549 cells ↓ NF-κB, IL-6, STAT3; ↑ Bax; ↓ Bcl-2

Breast cancer Naringenin In vitro—MDA-MB-231cells ↑ Bax; ↓ Bcl-2; ↑ Caspase-3, -9; ↓ STAT3

Naringenin In vitro—MCF-7 cells Cell cycle arrest; ↑ ROS; ↑ p53 and
p21, ↓TNF-α

Hydroxytyrosol In vitro—MCF-7 cells ↓ HIF-1; ↓ PI3K/Akt/mTOR

Oleuropein In vitro—MDA-MB-231 ↓ NF-κB; ↓ cyclin D1, COX-2

Oleuropein In vivo—Female BALB/c mice ↓ VEGF

Quercetin In vivo (TNBC nude mice) & in vitro
(MDA-MB-231, MDA-MB-468, 4T1)

↓ ERK1/2, c-Myc, PCNA;
↓ MMP-2/-9; ↑ E-cadherin

Skin cancer Hydroxytyrosol In vitro—A375 cells ↑ p53; ↓ Akt

Oleuropein In vivo—C57BL/6N mice ↓ VEGF, HIF

CNS cancer Hydroxytyrosol In vitro—U251 and A172 cells ↓ Akt; ↑ Bax; ↓ Bcl-2; ↓ MMP-2/-9

Pancreas cancer Oleuropein In vitro—MIA PaCa-2 Cell cycle arrest; ↑ Bax; ↓ Bcl-2; ↑ Caspase-3/-7

Colon cancer Oleuropein In vivo—C57BL/6 mice ↓ IL-6, IFN-γ, TNF-α, IL-17A; ↓ COX-2; ↓
NF-κB, Wnt/β-catenin, PI3K/Akt, STAT3

Hydroxytyrosol In vitro—HCT116 and LoVo cells ↓ NF-κB; ↓ TNF-α, IL-8

Prostate cancer Quercetin In vitro—PC3 and LNCaP cells G1 arrest; ↓ PI3K/PTEN, MAPK, NF-κB

Quercetin In vitro—DU-145 cells and PC3 cells DU-145: ↑ ROS, ↓ Akt, ↑ Raf/MEK;
PC3: ↓ ROS, ↑ Akt/NF-κB

Cervix cancer Quercetin In vitro—Hella cells G2/M arrest; DNA damage; ↓ PI3K,
MAPK, Wnt

Breast cancer Resveratrol (stilbene) In vitro—MCF-7, MDA-MB-231 ↑ p53; ↑ apoptosis; ↓ NF-κB, STAT3;
↓ EMT markers

Colon cancer Resveratrol (stilbene) In vivo—xenograft mice ↓ tumor volume; ↓ COX-2; ↓ VEGF

Prostate cancer Pterostilbene (stilbene) In vitro—PC3 cells G1 arrest; ↑ ROS; ↓ PI3K/Akt/mTOR

Lung cancer Epigallocatechin gallate
(EGCG, catechin) In vitro—A549 cells ↑ Bax; ↓ Bcl-2; ↓ VEGF; ↓ EMT

Breast cancer EGCG (green tea extract) In vivo—mouse xenograft ↓ tumor growth (~40–60%); ↓ angiogenesis

Liver cancer Curcumin
(polyphenolic diketone) In vitro—HepG2 ↓ NF-κB; ↓ STAT3; ↑ caspase-3

Pancreatic cancer Curcumin
(extract/phytosome) In vivo—xenograft ↓ tumor volume; ↓ metastasis

Breast cancer Genistein (isoflavone) In vitro—MCF-7 ↑ p21; ↓ cyclin D1; ↓ ER signaling

Prostate cancer Daidzein (isoflavone) In vitro—LNCaP ↓ androgen receptor signaling

Liver cancer Silymarin
(flavonolignan complex) In vivo—rats ↓ lipid peroxidation;

↓ TNF-α; hepatoprotection
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Table 1. Cont.

Type of Cancer Compound Experimental Model Outcome

Colon cancer Chrysin (flavone) In vitro—HT-29 ↑ apoptosis; ↓ PI3K/Akt; ↓ MMPs

Breast cancer Chalcone derivatives
(plant-based extracts) In vitro—MDA-MB-231 ↑ ROS-mediated apoptosis; ↓ migration

Breast cancer Anthocyanin-rich
berry extract In vivo—mice ↓ tumor growth; ↑ antioxidant enzymes

Colon cancer Lignans (enterolactone) In vitro—HCT116 ↓ estrogen signaling; ↓ proliferation

Lung cancer Puerarin
(isoflavone glycoside) In vitro—A549 ↓ EMT; ↓ TGF-β signaling

Breast cancer Resveratrol (stilbene) In vitro—MCF-7, MDA-MB-231 ↑ p53; ↑ apoptosis; ↓ NF-κB, STAT3;
↓ EMT markers

3.3. Hesperidin

In an in vivo experiment, hesperidin exhibited significant protective effects against
renal cancer. It reduced lipid peroxidation, improved renal function, and restored an-
tioxidant defenses, including GSH, GPx, GR, SOD, and catalase. Moreover, hesperidin
downregulated COX-2, a key mediator of inflammation and tumor promotion, as well
as VEGF, a critical regulator of angiogenesis and cellular survival under hypoxic condi-
tions. These findings suggest that hesperidin may exert chemopreventive and antitumor
effects through attenuation of oxidative stress and inhibition of the COX-2/PGE2 signaling
pathway [59]. Consistent with these observations, hesperidin administration produced
marked protective effects against hepatocellular carcinoma in an in vivo model. Hes-
peridin treatment significantly reduced elevated liver enzymes, serum alpha-fetoprotein
levels, and oxidative stress markers. Additionally, hesperidin suppressed PI3K, Akt, and
CDK-2 protein expression and preserved hepatic tissue architecture, thereby protecting
against hepatocellular carcinoma development [60]. Similarly, another investigation evalu-
ated the effects of hesperidin on ferric nitrilotriacetate (Fe-NTA)-induced renal oxidative
stress and carcinogenesis in Wistar rats. Hesperidin treatment led to the upregulation of
pro-apoptotic markers, including caspase-3, caspase-9, and Bax, while downregulating the
anti-apoptotic marker Bcl-2. Additionally, it suppressed the expression of inflammatory
mediators, such as NF-κB, iNOS, and TNF-α [61]. In vitro, studies further demonstrated
that hesperidin inhibits cancer cell invasion by reducing MMP-9 expression in hepatocel-
lular carcinoma HepG2 cells. This effect is mediated through the suppression of NF-κB
and AP-1 activity and the inhibition of NF-κB nuclear translocation via the IκB path-
way [62]. Upregulated expression of programmed death-ligand 1 (PD-L1) induced by
IFN-γ has been associated with enhanced cancer cell survival and tumor immune evasion.
Therefore, blocking PD-L1 expression represents a potential molecular target for cancer
therapy. One study demonstrated that hesperidin exerts anticancer effects in oral cancer
cells, HN6 and HN15 cells, by suppressing PD-L1 expression through the inactivation of
STAT1 and STAT3 signaling pathways [63]. Experimental findings indicated that hes-
peridin exerts pro-apoptotic effects through promoting phosphatidylserine externalization,
increasing caspase-3 activity, and causing loss of mitochondrial membrane potential. Addi-
tionally, hesperidin significantly upregulated proapoptotic Bax subgroup genes (Bax and
Bik) while downregulating the anti-apoptotic protein Bcl-2 in endometrial cancer cell lines
(CRL-2923). Furthermore, it was found that Hesperidin induces apoptosis by suppressing
ESR1 signaling, which may influence ERK/MAPK-dependent proliferative signaling [64].
In A549 lung cancer cells, hesperidin promotes apoptosis via activation of the mitochon-
drial (intrinsic) apoptotic pathway. Furthermore, it suppresses A549 cell proliferation by
inducing G0/G1 phase cell cycle arrest, which is associated with significant upregulation
of p21 and p53 expression and concomitant downregulation of cyclin D1 [65].
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3.4. Naringenin

Naringenin induced apoptosis and significantly reduced cell viability in MDA-MB-231
breast cancer cells. It upregulated the expression of the pro-apoptotic protein Bax while
downregulating the anti-apoptotic protein Bcl-2. Additionally, naringenin activated
caspases-3 and -9, further promoting apoptotic cell death. Mechanistic investigations
revealed that naringenin inhibited STAT3 phosphorylation, as evidenced by reduced STAT3
phosphorylation following treatment, indicating inhibition of STAT3 signaling activity [66].
In line with these findings, naringenin in combination with curcumin was shown to in-
duce apoptosis and suppress cell proliferation via the generation of ROS in MCF-7 human
breast cancer cells. Additionally, it triggered cell cycle arrest and promoted apoptotic
cell death through the upregulation of p53 and p21, as well as modulation of TNF-α and
ROS-associated signaling pathways [67]. Similarly, this flavonoid was reported to inhibit
the migration of A549 lung cancer cells. This effect was associated with suppression of
AKT signaling and decreased activity of MMP-2 and MMP-9, highlighting its potential
role in reducing tumor progression and metastatic potential [68]. Furthermore, Naringenin
reduced the viability of NCI-H23 lung cancer cells, particularly when administered together
with radiation. The expression of CASPASE3 mRNA and the enzymatic activity of caspase-
3 were significantly increased, indicating activation of apoptotic pathways. In addition,
Naringenin treatment decreased the protein levels of pAkt, Akt, MMP-2, and p21, suggest-
ing suppression of signaling pathways associated with tumor progression and metastasis.
Gene expression analysis further revealed reduced mRNA levels of the anti-apoptotic genes
BCL2 and BCLXL, accompanied by an increase in BAX mRNA expression. Collectively,
these findings demonstrate that naringenin, either alone or in combination with radia-
tion therapy, can inhibit pro-tumorigenic and pro-metastatic proteins while promoting
apoptosis in non-small cell lung cancer cells [69]. Naringenin reduced the expression of
key pro-inflammatory mediators, including iNOS, COX-2, TNF-α, and IL-6, in dextran
sulfate sodium-induced murine colitis. Mechanistically, these effects were associated with
suppression of NF-κB signaling, as demonstrated by decreased phosphorylation of NF-κB
p65 and IκBα in both in vivo and in vitro models [70].

3.5. Hydroxytyrosol

Hydroxytyrosol significantly inhibits the proliferation of the MCF-7 breast cancer
cell line. This antiproliferative effect appears to be mediated through modulation of
HIF-1α protein expression, potentially via attenuation of oxidative stress and suppression
of the PI3K/Akt/mTOR signaling pathway [71]. A different study demonstrated that
hydroxytyrosol treatment markedly reduced melanoma cell viability by inducing apoptotic
cell death. Mechanistically, hydroxytyrosol significantly increased p53 expression while de-
creasing Akt expression, and it also impaired the cells’ colony-forming capacity, indicating
suppression of proliferative potential [72]. This phenolic compound has been shown to ex-
ert anti-angiogenic effects by suppressing VEGF expression, thereby potentially inhibiting
tumor-associated neovascularization [73]. Moreover, In LPS-stimulated RAW264.7 mouse
macrophages, hydroxytyrosol suppressed NF-κB signaling and reduced the expression of
pro-inflammatory mediators, including iNOS, COX-2, TNF-α, and IL-1β [74]. Hydroxyty-
rosol has been shown to reduce inflammatory biomarkers associated with inflammaging,
including pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, and IFN-γ; chemokines
such as CXCL10 and CXCL13; and various acute-phase proteins. These effects are mediated
through modulation of multiple steps of the inflammatory process in both in vitro and
in vivo models [75]. For instance, hydroxytyrosol reduces cell viability by triggering apop-
tosis and inducing cell cycle arrest in human colorectal cancer cells, HCT116 and LoVo cells.
It exerts anti-inflammatory effects by inhibiting NF-κB phosphorylation and suppressing
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the expression of downstream pro-inflammatory cytokines, such as TNF-α and IL-8, at both
transcriptional and protein levels [76]. Additionally, hydroxytyrosol downregulates the
expression of the innate immune receptor TLR-4 and inhibits the activation of key intracel-
lular signaling molecules involved in inflammation, including ERK, JNK, and p38 MAPK,
which are components of the MAPK signaling pathway.

3.6. Oleuropein

Oleuropein was reported to inhibit NF-κB signaling and its downstream targets, in-
cluding cyclin D1 and COX-2, in the MDA-MB-231 breast cancer cell line. This effect is
likely associated with the downregulation of Akt expression induced by oleuropein [77].
Further research has demonstrated that oleuropein markedly reduced the phosphorylation
of Akt, accompanied by upregulation of the pro-apoptotic protein Bax and downregulation
of the anti-apoptotic protein Bcl-2 in glioma cells, U251 and A172 cells. Moreover, treatment
with oleuropein resulted in decreased expression levels of MMP-2 and MMP-9, suggesting
suppression of invasive and metastatic potential [78]. Furthermore, in vivo studies in
murine models further demonstrated that oleuropein suppresses angiogenesis by reducing
the expression of VEGF and HIF [79,80]. The anti-pancreatic cancer activity of oleuropein
has been demonstrated in vitro. In MIA PaCa-2 pancreatic cancer cells, oleuropein induced
cell cycle arrest, elevated the Bax/Bcl-2 ratio, enhanced caspase-3/7 activation, and pro-
moted apoptotic cell death [81]. In line with its established anticancer potential, a study
reported that oleuropein exerts significant antitumor effects in non-small cell lung cancer
cells, H1299 cells. Treatment with oleuropein resulted in G2/M phase cell cycle arrest
and induction of apoptosis. The elevation of the Bax/Bcl-2 ratio, cytochrome c release,
and caspase-3 activation suggests involvement of the intrinsic mitochondrial apoptotic
pathway. Additionally, further investigations indicated that the p38 MAPK signaling path-
way plays a key role in oleuropein-mediated apoptosis [82]. Complementary findings
were reported in an in vivo murine model of colorectal cancer, where oleuropein treatment
significantly attenuated colitis-associated colorectal tumorigenesis in the AOM/DSS mouse
model. Mice receiving oleuropein exhibited reduced colonic inflammation, improved clini-
cal disease activity index (DAI), and a lower incidence of colonic dysplasia compared with
untreated A/D group mice. Histological analysis confirmed decreased tissue damage and
inflammatory infiltration. Molecular investigations revealed that oleuropein suppressed
key inflammatory and tumor-promoting signaling pathways, including NF-κB, STAT3,
PI3K/Akt, and Wnt/β-catenin, accompanied by reduced expression of pro-inflammatory
cytokines such as IL-6, TNF-α, IL-17, and IFN-γ. In addition, oleuropein increased the
expression of the pro-apoptotic protein Bax and inhibited Akt phosphorylation, suggesting
activation of apoptosis and inhibition of pro-survival signaling [83].

3.7. Quercetin

Quercetin has been shown to exert antiproliferative and antimigratory effects in
prostate cancer cells, PC3 and LNCaP cells. It significantly enhances apoptotic cell death,
induces G1 phase cell cycle arrest, and suppresses cancer cell migration. These effects are
mediated through modulation of key signaling pathways, including downregulation of
PI3K, MAPK, and NF-κB pathways, thereby contributing to effective inhibition of tumor
cell growth and survival [84]. This flavonoid has been shown to reduce cell viability and
inhibit colony formation, while promoting G2/M phase cell cycle arrest and inducing
DNA damage in cervical cancer cells, HeLa cells. It effectively triggers apoptosis through
activation of both intrinsic and extrinsic apoptotic pathways, with a more pronounced
effect on the extrinsic pathway mediated by TRAIL, FASL, and TNF signaling, along with
upregulation of caspases and pro-apoptotic genes. Furthermore, quercetin suppresses key
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oncogenic signaling pathways, including PI3K, MAPK, and WNT, thereby contributing
to its anticancer activity [85]. Quercetin induced both apoptotic and necrotic cell death in
prostate cancer cells by disrupting mitochondrial integrity and altering cellular redox bal-
ance. These effects appeared to depend on the genetic background and oxidative status of
the cells. In prostate cancer cells with an oxidative intracellular environment, quercetin re-
duced ROS levels. In contrast, in DU-145 cells, which exhibit a more reductive intracellular
state, quercetin treatment increased ROS generation. Quercetin also produced differential
effects on pro-survival signaling pathways. In DU-145 cells carrying mutant p53 and
elevated ROS levels, quercetin markedly inhibited activation of the Akt signaling pathway
while simultaneously activating the Raf/MEK pathway. Conversely, in PC-3 cells lacking
both p53 and PTEN and characterized by lower ROS levels, quercetin treatment resulted
in increased activation of the Akt and NF-κB pathways. These findings indicate that the
effects of quercetin on ROS levels and Akt signaling are strongly dependent on the cellular
genetic background and redox status [86]. In vivo, studies demonstrated that quercetin in-
hibits tumor growth and decreases lung metastasis in triple-negative breast cancer models.
Complementary in vitro analyses further showed that quercetin suppresses ERK1/2 acti-
vation, leading to reduced expression of proliferation-related proteins such as c-Myc and
PCNA, as well as migration-associated markers including MMP-2 and MMP-9. At the same
time, quercetin enhanced E-cadherin expression, a critical regulator of cell adhesion and
inhibitor of migration, thereby reinforcing its anti-metastatic potential [87]. The findings
demonstrated that quercetin induces apoptosis in lung cancer cells. Mechanistic analysis
indicated that quercetin suppresses NF-κB activity, leading to reduced IL-6 expression. The
decrease in IL-6 subsequently inhibits STAT3 phosphorylation. Concurrent downregula-
tion of both NF-κB and STAT3—key upstream regulators of Bcl-2—results in diminished
Bcl-2 expression. This modulation disrupts the Bcl-2/Bax balance, favoring a pro-apoptotic
shift and ultimately triggering mitochondria-mediated apoptosis in lung cancer cells [88].

4. Nanoformulations of Anticancer Botanical Extracts
The development of advanced drug delivery systems (DDS) has become a fundamen-

tal pillar in contemporary pharmaceutical and biomedical research, particularly in the
context of enhancing the therapeutic performance of bioactive compounds derived from
natural sources. Botanical extracts, especially those rich in polyphenols and flavonoids,
have demonstrated remarkable anticancer potential through mechanisms involving ox-
idative stress modulation, apoptosis induction, anti-inflammatory activity, and inhibition
of tumor proliferation and metastasis. However, their translation into clinically effective
therapies remains significantly hindered by intrinsic physicochemical and pharmacokinetic
limitations, including poor aqueous solubility, low permeability, rapid metabolism, and
limited systemic bioavailability [89,90]. In this context, nanotechnology-based drug deliv-
ery systems have emerged as highly promising tools capable of overcoming these barriers.
By enabling precise control over particle size, morphology, surface charge, and release
kinetics, nanocarriers improve the pharmacokinetic profile of phytochemicals and enhance
their accumulation at target sites, particularly within tumor tissues via the enhanced per-
meability and retention (EPR) effect [91]. Furthermore, nanosystems can be engineered to
protect labile compounds from degradation, improve solubility, and enable controlled or
stimuli-responsive release, thereby significantly increasing therapeutic efficacy [92].

Nanocarriers typically range from 1 to 1000 nm and include a broad spectrum of
systems such as polymeric nanoparticles, liposomes, solid lipid nanoparticles (SLNs),
nanostructured lipid carriers (NLCs), nanoemulsions, dendrimers, and mesoporous silica
nanoparticles. Each system offers unique advantages depending on the physicochemical
properties of the encapsulated compounds. Polymeric nanoparticles based on materials
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such as poly(lactic-co-glycolic acid) (PLGA) and chitosan are particularly valued for their
biodegradability and controlled release capabilities. Lipid-based systems, including li-
posomes and SLNs, are highly suitable for encapsulating lipophilic compounds, while
nanoemulsions are especially effective in improving the oral bioavailability of hydropho-
bic phytochemicals [93]. The nanoformulation of botanical extracts presents additional
complexity due to their multicomponent nature. Unlike single-molecule drugs, botanical
extracts contain diverse phytochemicals that may differ in polarity, molecular weight, and
stability. Therefore, nanocarrier design must ensure the simultaneous encapsulation of
multiple active constituents while preserving their synergistic interactions, which are often
responsible for the overall biological activity [94–98].

Citrus-derived flavonoids such as hesperidin and naringenin have been extensively
studied for their anticancer properties, including their ability to modulate signaling path-
ways involved in apoptosis, angiogenesis, and inflammation. However, both compounds
exhibit poor water solubility and limited bioavailability, which restrict their therapeutic
application. Nanoemulsion-based systems have shown significant promise in enhancing
the solubility and absorption of hesperidin. For example, a study by Magura et al. demon-
strated that hesperidin-loaded nanoemulsions exhibited significantly improved stability
and bioavailability compared to free hesperidin, resulting in enhanced cytotoxic activity
against cancer cell lines [99]. Similarly, liposomal formulations of hesperidin have been
shown to improve its permeability and cellular uptake, thereby increasing its anticancer
efficacy [100]. Naringenin has also been widely investigated in nanoformulation studies.
PLA-based nanoparticles encapsulating naringenin have demonstrated sustained release
profiles and enhanced antiproliferative activity in breast and colon cancer models [101].
In another study, chitosan-coated nanoparticles improved the mucoadhesive properties
and intestinal absorption of naringenin, leading to increased systemic availability [102].
Tea polyphenol-based nanoplatforms have recently emerged as promising systems for
intracellular protein delivery, addressing one of the major limitations in the clinical transla-
tion of protein therapeutics. In this context, nanoparticles derived from epigallocatechin
gallate (EGCG) can be synthesized via oxidative self-polymerization, forming biocompat-
ible tea polyphenol nanoparticles (TPNs). These nanostructures enable efficient protein
encapsulation through noncovalent interactions, accommodating proteins with a wide
range of molecular weights and isoelectric points under mild conditions that preserve
protein integrity. Using urate oxidase (UOx) as a representative model, TPNs have been
shown to protect proteins from enzymatic degradation while maintaining their native
conformation and biological activity. Importantly, these systems facilitate effective cy-
tosolic delivery through glutathione-responsive release mechanisms, allowing controlled
intracellular activation. In relevant in vivo models, including hyperuricemia and gouty
arthritis, TPN-based delivery significantly enhances protein circulation time, reduces serum
uric acid levels, alleviates inflammation, and improves organ function, all while demon-
strating favorable biocompatibility [95]. Moreover, Oil-in-dispersion emulsions stabilized
by electrostatic repulsion between surfactants and tea polyphenol nanoparticles can be
efficiently formed at exceptionally low additive concentrations (0.006 wt% epigallocatechin
(EG)-NPs and 0.03 mM sodium dodecyl sulfate -SDS-). This system is governed by a
same-charge cooperative mechanism, in which both anionic SDS and negatively charged
epigallocatechin-based nanoparticles (EG-NPs) interact synergistically at the interface. The
resulting electrostatic repulsion prevents droplet aggregation and enhances colloidal sta-
bility. Notably, this stabilization strategy allows reversible modulation of the emulsion
structure and exhibits compatibility with a wide variety of oil phases [103]. Olive-derived
polyphenols, particularly oleuropein and hydroxytyrosol, are well-known for their potent
antioxidant and anticancer properties. However, their high susceptibility to environmental
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degradation significantly limits their stability and therapeutic efficacy. Liposomal encapsu-
lation has been widely employed to enhance the stability of olive-derived polyphenols. For
instance, Yao et al. reported that tyrosol-loaded liposomes exhibited improved protection
against oxidative degradation and enhanced cellular uptake [104]. Similarly, solid lipid
nanoparticles have been shown to improve the pharmacokinetic profile of hydroxytyrosol,
allowing for sustained release and prolonged systemic circulation [105]. Oleuropein has
also been successfully incorporated into nanostructured lipid carriers, resulting in enhanced
bioavailability and improved anticancer activity. In vivo studies have demonstrated that
oleuropein-loaded NLCs significantly increased plasma concentration and bioavailability
compared to free oleuropein, improving their antioxidant action against lung cancer [106].

Quercetin is one of the most abundant flavonoids found in botanical extracts and has
been extensively studied for its anticancer activity. However, its poor solubility and rapid
metabolism significantly limit its clinical application. Polymeric nanoparticles, particularly
those based on PLGA, have been widely used to improve the stability and bioavailability
of quercetin. Yadav et al. demonstrated that quercetin-loaded PLGA nanoparticles sig-
nificantly enhanced cellular uptake and prolonged circulation time, leading to improved
anticancer efficacy [107]. Mesoporous silica nanoparticles have also been employed in
quercetin encapsulation due to their high surface area and loading capacity, enabling ef-
ficient encapsulation and controlled release. Such devices were used to protect against
cisplatin-induced ototoxicity [108]. Importantly, many of these formulations aim to pre-
serve the integrity of quercetin-rich extracts rather than isolating the single compound,
thereby maintaining synergistic interactions with other phytochemicals. The cited examples
of nanocarriers were summarized in Table 2.

Table 2. Examples of nanoformulations of polyphenol-rich Anticancer Botanical Extracts.

Botanical Extract Source Active Compound(s) Nanocarrier/Device Biological Action/Advantage Reference

Citrus spp. (peel extracts) Hesperidin Nanoemulsion Improved solubility, enhanced stability,
increased cytotoxic activity in cancer cells [99]

Citrus spp. (peel extracts) Hesperidin Liposomes
Enhanced cellular uptake and

permeability, improved
anticancer efficacy

[100]

Citrus spp. Naringenin PLA-based nanoparticles
Sustained release, enhanced

antiproliferative activity in breast and
colon cancer models

[101]

Citrus spp. Naringenin Chitosan-coated
nanoparticles

Improved mucoadhesion, enhanced
intestinal absorption and bioavailability [102]

Tea polyphenol epigallocatechin gallate Nanoparticles

Facilitating effective cytosolic delivery
through glutathione-responsive release

mechanisms, allowing controlled
intracellular activation

[95]

Tea polyphenol Polyphenols
(epigallocatechin) Oil-in-dispersion emulsions Prevention of droplet aggregation and

enhanced colloidal stability [103]

Olive (Olea europaea) Tyrosol Liposomes Protection against oxidative degradation,
enhanced cellular uptake [104]

Olive (Olea europaea) Hydroxytyrosol Solid lipid nanoparticles
(SLNs)

Sustained release, improved
pharmacokinetics and

systemic circulation
[105]

Olive (Olea europaea) Oleuropein Nanostructured lipid
carriers (NLCs)

Increased bioavailability, enhanced
antioxidant and anticancer activity (lung

cancer models)
[106]

Various plant sources (onion,
apple, capers) Quercetin PLGA nanoparticles

Enhanced cellular uptake, prolonged
circulation time, improved

anticancer efficacy
[107]

Various plant sources Quercetin Mesoporous
silica nanoparticles

High loading capacity, controlled release,
protection against drug-induced toxicity

(e.g., cisplatin ototoxicity)
[108]
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In addition, recent advances in nanotechnology have led to the development of multi-
functional and stimuli-responsive nanocarriers capable of responding to specific physiolog-
ical conditions [109]. For example, pH-sensitive nanocarriers are designed to release their
payload in the acidic tumor microenvironment, while redox-responsive systems exploit
the high intracellular glutathione concentration in cancer cells [110]. These systems signifi-
cantly enhance targeting specificity and therapeutic efficacy. However, the scalability and
reproducibility of nanoformulation processes remain critical challenges. Techniques such as
high-pressure homogenization, nanoprecipitation, solvent evaporation, and microfluidics
are widely used to produce nanocarriers with controlled size and distribution. Among
these, microfluidic approaches offer superior control over particle formation, enabling the
production of highly uniform nanoparticles with high encapsulation efficiency [111,112].
For botanical extracts, standardization is particularly important due to their inherent vari-
ability. Advanced analytical techniques such as LC-MS/MS and metabolomics are essential
for ensuring consistent quality and reproducibility [113].

5. Conclusions
In recent years, the integration of nanotechnology with phytochemical research has

opened new and promising avenues for the development of innovative therapeutic strate-
gies based on natural compounds. Botanical extracts rich in polyphenols such as hesperidin,
naringenin, hydroxytyrosol, oleuropein, and quercetin represent a valuable resource due
to their wide availability, structural diversity, and biological potential. However, their
practical application in the biomedical field, particularly in oncology, has long been lim-
ited by physicochemical and pharmacokinetic constraints, including poor solubility, low
bioavailability, rapid metabolism, and instability under physiological conditions. The
advancement of nanoformulation approaches has significantly contributed to overcoming
these challenges by enabling the design of sophisticated drug delivery systems capable of
enhancing the stability, solubility, and bioavailability of these compounds. Nanocarriers
such as polymeric nanoparticles, lipid-based systems, and nanoemulsions provide protec-
tive environments that preserve the integrity of polyphenols and allow for controlled and
sustained release. Moreover, these systems can be engineered to improve cellular uptake
and, in some cases, to achieve targeted delivery, thereby potentially increasing therapeutic
efficacy while minimizing undesired side effects. A key advantage of nanoformulating
botanical extracts, rather than isolated compounds, lies in the preservation of their intrinsic
compositional complexity. The coexistence of multiple phytochemicals within a single
extract may lead to synergistic interactions that enhance biological activity, an aspect that
is often lost when working with purified molecules. However, this complexity also in-
troduces challenges in terms of standardization, reproducibility, and regulatory approval.
Ensuring consistent quality and well-defined phytochemical profiles remains a critical
requirement for the successful translation of these systems into clinical practice. Despite
the encouraging progress reported in preclinical studies, several limitations must still be
addressed. These include the scalability of production processes, long-term stability of
nanoformulations, potential toxicity of nanomaterials, and the need for comprehensive
in vivo and clinical evaluations. Furthermore, the variability inherent to botanical sources,
influenced by factors such as geographical origin, cultivation conditions, and extraction
methods, necessitates rigorous control and characterization at every stage of development.
Importantly, significant clinical hurdles remain that limit the translation of nanoformulated
botanical extracts into routine therapeutic use. These include insufficient pharmacokinetic
and pharmacodynamic data in humans, limited standardization of dosing regimens, and
the lack of large-scale, well-controlled clinical trials demonstrating efficacy and safety.
Regulatory challenges also persist, particularly regarding the classification of complex
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botanical–nanocarrier systems, which often fall between conventional pharmaceuticals
and nutraceuticals. Additionally, potential long-term toxicity, immunogenicity, and accu-
mulation of nanocarriers in vivo require thorough investigation. Addressing these issues
through harmonized regulatory frameworks, robust clinical validation, and advanced
characterization strategies will be essential to fully realize the clinical potential of these
systems. In conclusion, nanoformulation represents a powerful and versatile strategy to
enhance the therapeutic potential of botanical extracts rich in anticancer polyphenols. By
addressing the key limitations associated with these natural compounds, nanotechnology
will lead to the development of more effective and reliable plant-based therapeutics. Future
research should prioritize the development of standardized and scalable nanoformulation
protocols, the integration of advanced analytical techniques for precise phytochemical
characterization, and the implementation of well-designed in vivo and large-scale clin-
ical studies to validate efficacy and safety. In addition, the exploration of targeted and
stimuli-responsive nanocarriers, along with the application of emerging technologies such
as artificial intelligence and machine learning for formulation optimization, may further
accelerate progress in this field. Finally, establishing harmonized regulatory guidelines
and fostering interdisciplinary collaboration between academia, industry, and regulatory
agencies will be crucial to facilitate the successful clinical translation of nanoformulated
botanical extracts.
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