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Abstract: Cancer is the second leading cause of death worldwide. Cervical cancer, for instance, is
considered a major scourge in low-income countries. Its development is mostly associated with
the human papillomavirus persistent infection and despite the availability of preventive vaccines,
they are only widely administered in more developed countries, thus leaving a large percentage
of unvaccinated women highly susceptible to this type of cancer. Current treatments are based on
invasive techniques, being far from effective. Therefore, the search for novel, advanced and person-
alized therapeutic approaches is imperative. Flavonoids belong to a group of natural polyphenolic
compounds, well recognized for their great anticancer capacity, thus promising to be incorporated
in cancer therapy protocols. However, their use is limited due to their low solubility, stability and
bioavailability. To surpass these limitations, the encapsulation of flavonoids into delivery systems
emerged as a valuable strategy to improve their stability and bioavailability. In this context, the
aim of this review is to present the most reliable flavonoids-based delivery systems developed for
anticancer therapies and the progress accomplished, with a special focus on cervical cancer therapy.
The gathered information revealed the high therapeutic potential of flavonoids and highlights the
relevance of delivery systems application, allowing a better understanding for future studies on
effective cancer therapy.

Keywords: anticancer activity; cervical cancer; delivery systems; flavonoids; HeLa cells; tumor
inhibition

1. Cervical Cancer

Cancer is currently one of the leading causes of death worldwide, estimated by the
Global Cancer Observatory (GLOBOCAN) database that approximately 10 million people
died from this disease in 2020 [1]. This illness is characterized by uncontrolled and abnormal
cell growth due to the action of an initiated agent that causes abnormalities in the cell
machinery or mutations in the DNA, which after cancer progression can trigger metastases
in other parts of the body.

Cervical cancer is the fourth type of cancer with the highest incidence among women
worldwide (6.5%). In less developed countries, it is the second type of cancer with the
highest incidence as well as the second leading cause of death from cancer in women,
21.1% and 22.1%, respectively, being surpassed only by breast cancer [2,3]. The main factor
in the development of cervical cancer is attributed to the human papilloma virus (HPV),
accounting for 79% to 100% of cases, and of these, about 70% of cases are related to two
high-risk subtypes, namely HPV-16 and HPV-18 [3,4].

The HPV genome codes for eight genes that can be divided into two groups according
to the period of infection where they are produced [5]. The early region consists of genes
El, E2, E4, E5, E6 and E7 that are involved in the processes of replication, regulation of
transcription and oncogenesis [6]. The late region codes for the L1 and L2 genes which are
responsible for the formation of the capsid that protects the viral genome [6].
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After infection, E1 and E2 proteins start to be expressed in the undifferentiated epithe-
lial cells of the basal layer that are infected, regulating viral replication and the expression of
other initial viral proteins [7]. At this point, the viral replication cycle is totally dependent
on the differentiation cycle of the infected cells, since the DNA of the virus only replicates
when the DNA of the infected cells is replicated [6]. Once the basal infected cells differen-
tiate, infected cells will start expressing two viral proteins, E6 and E7, which will act as
stimulators of cell proliferation, prolong cell cycle progression and prevent apoptosis [8].
The E6 and E7 oncoproteins will directly interfere with the p53 and pRb tumor suppressor
proteins, respectively [3]. In the course of infection, the oncoprotein E6 will induce p53
degradation via ubiquitin in the proteosome, thereby impairing the apoptosis induction of
infected cells [7,8]. The accumulation of DNA damage, due to the action of oncoproteins
E6 and E7, leads to the appearance of cervical lesions and the establishment of a persistent
infection [7]. Lastly, in the most differentiated cells, there is also the production of virions
that are released by the keratinocytes, located more superficially, as they die [7].

Therefore, HPV infection is transmitted through skin-to-skin contact, due to microle-
sions in the basal layer of the epithelium, causing neoplasms (NIC), carcinoma in situ (CIS)
and ultimately leading to cervical cancer, as schematized in Figure 1 [6].

I I I I I
Normal epithelium Infected HPV cells NIC CIS Cervical cancer

Figure 1. Schematic representation of HPV-mediated cervical epithelial basal cell infection over time.
HPV (human papilloma virus); NIC (neoplasm); CIS (carcinoma in situ).

Although vaccines currently exist to prevent the main types of HPV, in countries
where healthcare is insufficient and where these vaccines are not widely administered,
HPV persistent infections and progression to cervical cancer are very common and the
mortality rate is much higher compared to developed countries [2,3]. Therefore, it is of
special interest to develop therapies to treat people who develop HPV-induced cancer. For
this purpose, different approaches have been studied, namely through therapeutic DNA or
RNA vaccines, natural polyphenolic compounds such as flavonoids and other chemical
species such as alkaloids, polysaccharides, protein-based entities and plant extracts [8].
The use of natural compounds displaying low toxicity, high anticancer potential and low
cost are currently being studied for the treatment of cervical cancer and other cancers. In
this context, flavonoids appeared as the main types of compounds under study, being
reported as having a significant viability reduction in in vitro assays caused by, among
others, inhibition of oncoprotein E6 leading to an increase in p53 and post-induction of
apoptosis [7,9].

2. Flavonoids

Flavonoids are a group of phenolic compounds present in plants, fruits and vegetables
characterized by having a carbon skeleton base of C6-C3-C6. This group of compounds is
widely consumed in the human diet and has great scientific interest, having already been
reported as antidiabetic [10], antioxidant [11], anti-inflammatory [12], antimicrobial [13],
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antiviral [13] and anticancer agents [14]. Nowadays, the main focus is based on the use
of flavonoids in anticancer therapies, with the use of epigallocatechin-3-gallate, quercetin,
genistein, luteolin, apigenin, silibinin, naringenin and kaempferol being reported [15,16].
These flavonoids exhibited significant anticancer capacity, namely through mechanisms
such as carcinogen inactivation, induction of cytotoxic activity, increased antioxidant
activity, inhibition of angiogenesis, apoptosis induction, reduction of oxidative stress,
increased DNA repair processes and inhibition of cell proliferation [15,16]. All these
mechanisms are summarized in Figure 2.

Carcinogen
inactivation

Induction of Inhibition of
cytotoxic cell
activity proliferation

Increased Increased DNA

antioxidant repair
activity processes

Inhibition of Reduction of
angiogenesis oxidative stress

Apoptosis
induction

Figure 2. Schematic representation of the main mechanisms responsible for the anticancer potential
of flavonoids.

Although all mechanisms that contribute to the anticancer capacity of flavonoids have
been reported, the pathway of each one is not yet fully understood. Therefore, studies are
still carried out to fully unravel the mechanisms of action of flavonoids, in an attempt to
improve their effects and decrease their limitations. For instance, the reduction of reactive
oxygen species (ROS) and the induction of apoptosis through death receptors are considered
the two main mechanisms of action, present in the vast majority of flavonoids [17].

The reduction of ROS is one of the main mechanisms of action displayed by flavonoids,
being responsible for the inhibition of cell proliferation and a resulting decrease in tumor
growth [17]. ROS are largely responsible for causing irreversible DNA damage leading to
the creation of cancer cells and their uncontrolled growth. Beyond that, they are also respon-
sible for the production of proto-oncogenes that can induce even greater cell growth [17,18].
The action of flavonoids allows a decrease in ROS and, in turn, a decrease in cell prolifera-
tion and proto-oncogenes, thus reducing the risk of progression to more severe stages of
cancer (Figure 3) [18].
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Figure 3. Scheme illustrating the flavonoid action on the reactive oxygen species (ROS) pathway.

The apoptosis induction is another of the main mechanisms of action, being responsible
for the activation of death receptors as well as the activation of Bax and Bak proapoptotic
members (Figure 4) [17]. Bax, Bak and Bid are apoptosis regulator proteins that have
the ability to release cytochrome c in the mitochondria [17]. This release induces caspase
activation, namely caspase 9 and 3, leading cells to apoptosis [18].
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Figure 4. Representation of the apoptotic pathway mediated by flavonoids.

On the other hand, flavonoids can activate death receptors that will stimulate caspase 8
as well as the Bid proapoptotic member, which in turn allows the release of cytochrome
¢ [18]. Thereby, in any of these pathways, the cells will always enter apoptosis, therefore
promoting tumor reduction.

Depending on the type of flavonoid, its action can be very different, with some
flavonoids showing differences in antioxidant power, ability to reduce ROS, and inducing
apoptosis, among others [19].
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Flavonoids also have another mechanism of action in cervical cancer, namely through
the inhibition of oncoprotein E6 [7]. As mentioned earlier, inhibition of this oncoprotein
results in an increase in p53 levels, thus leading to a subsequent increase in apoptosis [7].
The presence of this mechanism represents an improvement in flavonoid action in relation
to other types of cancer, boosting their applications.

Furthermore, the use of flavonoids as adjuvants to chemotherapeutic agents, such as dox-
orubicin or paclitaxel, has also been the subject of intensive studies [20-23]. Their application
in this type of therapy promoted intracellular accumulation of the drug in cancer cells and a
significant decrease in the proliferation/growth of these cells. Additionally, they contributed
to reduced toxicity in healthy cells alleviating side effects. The combined action of flavonoids
and anticancer drugs, thus, overcomes one of the main limitations of chemotherapy and
potentiates the anticancer effect of the drug at a lower concentration [20-23].

2.1. Flavonoids Subgroups

Flavonoids are a class of polyphenols that can be classified according to their biosyn-
thetic origin, as well as according to the binding site of the aromatic rings and the degree
of oxidation and saturation of the carbons present between the rings [24]. Currently,
flavonoids can be divided into several subgroups. The most important subgroups are
summarized in the diagram of Figure 5, being the characteristics and main assets of each
subgroup described in the points below.
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Figure 5. Classification of flavonoids: (A) flavones, (B) flavonols, (C) flavanones, (D) isoflavonoids,
(E) flavanols, (F) chalcones, (G) anthocyanidins.
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2.1.1. Flavones

Flavones are characterized by a double bond between carbons represented by numbers
1 and 2, and a ketone group on the carbon represented by number 3 (Figure 5A) [25]. The
most scientifically relevant flavones are luteolin, morusin, tangeritin, chrysin, baicalein
and apigenin, also represented in Figure 5A [25]. In nature, flavones are usually found in
glycosylated form and can be extracted from fruits, leaves and flowers, with parsley, red
pepper, mint, celery, chamomile, orange, honey and ginkgo biloba being the main sources
of this group [26]. Chemically, flavones are used to regulate the interactions of insects and
microorganisms with plants, protecting them. In addition, they are also part of the group
of non-essential nutrients, being widely used in the food industry for this reason [17].

In humans, flavones have several benefits such as the ability to decrease the production
of ROS through the inhibition of the xanthine oxidase enzyme, thus inhibiting the efflux
pumps and leading to the induction of apoptosis. Furthermore, flavones also interact with
estrogen receptors, preventing them from losing their shape, and therefore, binding to
cancerous co-activators [19,24].

2.1.2. Flavonols

Flavonols differ from flavones essentially in a higher oxidation state with the base
skeleton of this group containing an -OH group on carbon represented by the number 2
in Figure 5B. As the most represented group in nature, flavonols can be extracted from
fruits and vegetables such as bananas, apples, onions, broccoli and grapes, but also in red
wine and teas such as black and green tea [24]. Quercetin is the main flavonol and the most
relevant in scientific studies and therapeutic actions but there are also other flavonols with
high scientific interest such as kaempferol, rutin, myricetin, morin, fisetin and tamarixetin
(Figure 5B).

In nature, flavonols appear to play an important role in plant growth and develop-
ment, as well as resistance to UV radiation and insects [17]. In human health, flavonols
are relevant due to their antioxidant, antimicrobial, anti-inflammatory, cardiovascular
and anticancer activities. Quercetin is the most clinically studied flavonol and its an-
ticancer role has already been proved, namely the inhibitory effect on the growth of
cancer cells. It prevents metastases by inhibiting the secretion of matrix metallopro-
teinases (MMPs), inhibiting epigenetic changes, interrupting progression in the cell
cycle and promoting further apoptosis of cancer cells, preventing oxidative stress and
inhibiting angiogenesis [9,17,20,27,28].

2.1.3. Flavanones

Flavanones, characterized by having saturated and deoxidized carbons represented by
numbers 1 and 2 in Figure 5C are the first product of the flavonoid biosynthesis pathway
and the most reactive flavonoid group. Its presence in nature is mainly in the skin of fruits,
in seeds, bark and flowers of most plants [24]. Hesperidin, hesperetin, naringenin, naringin,
2’-hydroxyflavone and taxifolin are the main flavanones (Figure 5C). Like flavonols, fla-
vanones also have the ability to inhibit the expression of MMPs, thus decreasing their
invasiveness of tissues and the appearance of metastases [29]. In addition, flavanones also
have an antioxidant and anti-inflammatory action [25].

2.1.4. Isoflavonoids

Isoflavonoids are present in plants of the Fabaceae family, namely soybeans, red cover,
and chickpea, where they appear as secondary metabolites. They play an important role
in protecting the plant against attacks from pathogenic microorganisms. Structurally,
this group of flavonoids is distinguished from others due to the phenol group attached
to the carbon, shown with number 2, instead of linked to the carbon shown in num-
ber 1 in Figure 5D [19,30]. Isoflavonoids can appear in their glycosylated and aglycosy-
lated form (the aglycone forms). The main isoflavonoids can be found also in Figure 5D,
namely Daidzein, Genistein, Glycitein and Biochanin A, which can also appear in glycosy-
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lated forms, namely in the form B-glycisudem, 6”-O-malonyl-glycoside and 6”-0-acetyl-
glycoside [31].

In humans, their role in therapeutic uses has been the subject of extensive study and it
was verified that isoflavonoids are useful in the prevention of diseases such as osteoporosis
in women, diabetes, Kawasaki syndrome, Alzheimer’s and heart disease. Furthermore,
isoflavonoids also display antioxidant capacity due to their ability to donate hydrogen
atoms from the groups attached to the benzylic ring, as well as their ability to activate and
express the antioxidant enzymes catalase, glutathione and superoxide dismutase [19,30].
Beyond these features, their most important role in medical therapy is related to anticancer
capacity. Due to their structural similarities with estrogens, isoflavones have also the ability
to bind to estrogen receptors, thus competing with them and decreasing cancer-related
estrogens. In this way, isoflavones have been widely used in therapies against breast cancer,
among other cancer types [30].

2.1.5. Flavanols (Flavan-3-ols)

Flavanols, or Flavan-3-ols, are characterized by a structure with the carbons repre-
sented by numbers 1, 2 and 3 fully saturated, as well as a hydroxyl group on the chiral
carbon represented by number 2 (Figure 5E) [32]. The main compounds of this group
are catechin, epicatechin, epigallocatechin and epigallocatechin-3-gallate, and due to their
name, this group may also have the name catechins [32]. Flavanols are mainly present in tea
leaves but can also be found in chocolate, cocoa and apples [32]. In humans, flavanols are
described to have the ability to inhibit the activity of digestive enzymes such as «-amylase
and «-glucosidase, which lead to a reduction in blood glucose levels. Furthermore, they
have been reported to exert an effect on blood pressure, lowering it, on reducing the risk
of cardiovascular disease. Additionally, flavanols display antioxidant, antidepressant and
anti-obesity properties [19].

2.1.6. Chalcones

Considering the chemical structure, chalcones are the most differentiated group of
flavonoids due to the fact that carbons represented by numbers 1, 2 and 3 in Figure 5F
do not form a third ring located between the two benzylic rings. In addition, chalcones
also have a ketone group on the carbon represented with the number 3 in the same figure.
This group of open-chain flavonoids can be easily found in plants of Moraceae, Leguminosae
and Compositae families, being present in vegetables, fruits, grains, roots, flowers, teas
and wines [33]. The main flavonoids in this subgroup used for therapeutic purposes are
licochalcone A, phloretin, xanthohumol and isoliquiritigenin [25].

In nature, this group has the ability to defend plants, neutralizing ROS and thus
preventing molecular damage and attacks by microorganisms [34]. Concerning humans,
chalcones have been reported to have several properties for medicinal purposes, including
antifungal, anti-inflammatory, antibacterial, antiviral, anticancer, and neuroprotective,
among others. The ability to inhibit ROS is thought to be mainly responsible for all these
therapeutic properties [34].

2.1.7. Anthocyanidins

As the only group that has considerable aqueous solubility, anthocyanidins are charac-
terized by an unsaturated ring between the two benzylic rings, forming a flavylium cation
(Figure 5G) [35]. Anthocyanidins are abundantly found in pigments of leaves, flowers,
vegetables and fruits, being responsible for the colors between the ranges of blue, red and
purple. In addition to its pigmentary properties, the inhibition of ROS and the regulation of
the physiological stage of tissues in plants are also a relevant part of their valences [36]. The
main flavonoids present in this group are cyanidin, delphinidin, malvidin, pelargonidin,
peonidin and petunidin (Figure 5G) [36]. In humans, anthocyanidins have neuroprotective,
antioxidant, anti-diabetic, anti-obesity and anticancer capacities, being responsible for
inhibiting cancerous growth [36].
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2.2. Bioavailability

Despite the low toxicity displayed by all flavonoids, along with the great value in a ther-
apeutic environment already mentioned, almost all groups present very low bioavailability.
This parameter greatly varies from one compound to another. Isoflavones, flavanones,
quercetin glucosides and flavanols exhibit the highest bioavailability among all flavonoid
subgroups, although being equally low for clinical purposes [15,31]. With the exception
of anthocyanidins that display significant aqueous solubility, the solubility in water is
generally very low across all flavonoid groups; thus, their absorption is difficult by oral
administration, therefore decreasing their bioavailability and therapeutic effect [35,37].
Furthermore, flavonoids have low stability, easy degradation in extremely acidic medium,
low intestinal permeability and high metabolism making the bioavailability of considered
flavonoids very low [10].

To overcome the bioavailability drawbacks, several approaches based on delivery
systems are being developed and are focused on processes to increase intestinal absorption,
improve stability or change the absorption site [38—41]. In addition, the use of delivery
systems allows for improving flavonoid solubility, decreasing gastrointestinal degradation,
improving absorption into the bloodstream, protecting against renal clearance and also
protecting against secretion in the liver. In line with this, the study of flavonoid-based
delivery systems acquired high scientific importance [42].

3. Delivery Systems

Several types of flavonoid-based delivery systems are being developed for anticancer
therapy, namely for cervical cancer. The consideration of these new forms of delivery
systems allows for the use of fewer flavonoids as well as permits the use of ligands that
efficiently target these systems to cancer cells, therefore reducing the risk of toxicity in
healthy cells and improving their therapeutic effect. A variety of delivery systems for the
encapsulation of these drugs can be explored, depending on the material considered and the
properties exhibited by the drug. In this way, delivery systems can be very differentiated in
nature, with the main groups summarized in Figure 6.

Lipid based S

systems .7 Polymer based
Gold nanoparticles

nanoparticles

Polymeric
nanoparticles

Lipossome Solid lipid

nanoparticle systems
Delivery systems
Inclusion
complexes Micelles
Other types
LS
Inclusion i iDi
Polymeric Lipid
complexes micelles micelles
Dendrimers

Figure 6. The main types of delivery systems explored for drug encapsulation.

The characteristics of each type of system and the compounds that constitute them
can be analyzed in the topics below. Table 1 summarizes the delivery systems and also
indicates the ones already developed for cervical cancer therapies in in vitro (Hela cells)
and in vivo assays (U14 cervical carcinoma).
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Table 1. List of delivery systems used in in vitro HeLa cells and in vivo U14 cervical carcinoma.

Typesof Delivery Flavonoid Constitution Characteristics Type of Study Experlrr}ental References
ystem Studies
ICs02: 10-50 pM.
- 3. 0,
Soybean phos Size: 143.1 nm In vitro and DR ": 26.5% after ,
phatidylcholine 1. o J 12 h. [43]
EE *: 96.96% in vivo
and cholesterol Tumor decreases
by about 50%.
Liposomes Toxicity: 10%
PEG 4, cholesterol 1Csp: 3.033 uM
and soybean Size: 171.3 nm In vitro and after 48 h. [44]
phosphatidyl- EE: 81.25% in vivo Tumor decreases
choline from 1500 mm? to
3
Quercetin 500 mm”.
Egg-
Phephatcy v (Cyr 85
2-distearovl-sn- Size: 109.79 nm. 40 uM and 14 uM
] cero}—,3— EE: superior to In vitro were established [45]
i . 80% after 24, 48 and
phosphoethanolamine- 79 h. respectivel
PEG s resp Y-
2000
Triglycerides,
lecithin, PEG and EE: 96.01% In vitro 1Csp: 13 uM. [46]
acid folic
Size: between
166.9 and
Soybean phos- 194.6 nm i
Baicalein phatidylcholine ZP °: between In vitro Inhlkzélgzﬂ;ate of [47]
and cholesterol —18.23 and oo
—30.73 mV
EE: 44.3%
Polyglyceryl-10 Size: between
laurate, 93 nm and
Nanoemulsion Quercetin polyglycerol-6 233 nm In vitro VR © to 90%. [48]
monostearate and
EE: 84.7%
sucrose esters-11
1Csp:
. Chitosan and Size: 174.8 nm . 10-14 ug/mL
Quercetin dinoline EE: 77,29 In vitro after 48 h. [49]
! e DR: 69.3%-78.4%
after 8 h.
Rutin and Keratin and Size: 55 nm 85% was released
Lercetin sodium dodecyl ZP: —28.09 mV In vitro within 30 h. [50]
q sulphate EE: 86.5% VR up to 80%.
Rutin Fucoidan Size: 221 nm In vitro 1Cs0: 20 pg/mL [51]
Size: between
Biopolymer 148.4 and
180.1 nm
Naringenin Silk fibroin ZP: between In vitro ICs0: 250 pg/mL. [52]
—30.5 and —39.1
mV
EE: 21.81%
Size: between
226.5 and
32140 nm IC50: 16 ug/mL
o . For blank
Hesperidin Gliadin coated ZP: between In vitro nanoparticles [53]
P with chitosan —2.91 and ICp P -
21.40 mV 50 ©

EE: between 73.10
and 80.11%

159.33 ug/mL
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Table 1. Cont.

Type of Delivery Flavonoid Constitution Characteristics Type of Study Experlrr}ental References
System Studies
ICs0: 24.3 ug/mL,
13.6 pg/mL and
5 ug/mL after 24,
e-ca 1;c())llzaone Size: 181.83 nm In vitro and fessarcfti?e?
Genistein p ZP: —14.70 mV oLLIo P - [54]
and PEG 1000 EE: 95.56% in vivo In vivo studies
succinate P IORe showed a
reduction of
Synthetic tumour weight by
polymer about 4 times.
Size: between
Gelatin modified 79.52 and . )
Quercetin pluronics 152.51 nm In-oitro ICs0: 4583 uM. (531
EE: 93.02%
Size: between
PEG and poly
lactide-co- 143]’5']15?;;;5;:111 In vitro ICsp: 10 uM. [56]
glycolide 97.8% and 99%
Oxide Size: between
nanoparticles 22.35 and 59.9 nm VR: almost zero
functi}Z) nalized ZP: between for nanoparticles
Quercetin with citric acid —15.4 and In vitro with a drug [57]
and 35.6 mV concentration of
a-cyclodextrin EE: h1;5;;zr than 100 pg/mL.
Inorganic ?
polymer Size: 8 and 15 nm . o) s
. Gold ZP: between . VR:12.5% ‘.Nlth a
Phloretin . In vitro concentration of [58]
nanoparticles —31.7 and 4me/mL
~382mV &/
Hesperetin, Copper Inhibitory rate
naringenin and pp In vitro between 20 and [59]
U complexes o
apigenin 30%.
Inoreanic poly- Copper Size: 36.2 nm
mer /%io 0{3 myer Quercetin nanoclusters with ZP: —19.3 mV In vitro 1Cs50: 500 uM. [60]
POty hydroxyapatite EE: 72%
Magnetic
nanoparticles hR0)
coated with poly  Size: between 10 ;gé 25//;1‘/{12;
Quercetin citric acid and and 49 nm In vitro 1?egrce tin [61]
functionalized EE: 80.3% Tgxidt o
with folic acid y-En
and PEG
I . . Halloysites VR: 30% fora
norganic/synthetic nanotubes drug
polymer . ) ZP:37.44 mV In vitro concentration of [62]
functionalized 50 pg/mL
with PEG Toxicity: 10%.
Magnetic iron
nan(‘)’;ﬁfides VR: 20% and 40%
Quercetin and modified with Size: between 8 . with 100 u.g/mL
. . In vitro of quercetin and [63,64]
luteolin 3-aminopropyl and 20 nm luteolin
triethoxysilane, respec tivell
folic acid and P ¥
PEG
. 0,
Chondroitin Size: between 124 VRf.Or;eaal(‘itrcl)lBO o
Micelles Quercetin sulfate and and 237 nm In vitro concentratioi of [65]
cholesterol EE: 30.6%

200 pg/mL.
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Table 1. Cont.

Typesof Delivery Flavonoid Constitution Characteristics Type of Study Experln‘}ental References
ystem Studies
Showed 2.4 times VR: 29% after an
- Cyclosophoraose ~ more solubility of . incubation of 24 h
Inclusion Fisetin dimers fisetin than [n-oitro with 100 uM of [66]
B-cyclodextrin drug.
complex
Size: 458 nm VR: 11.5% after
Chrysin -cyclodextrin ZP: —38.4mV In vitro 48 h with 100 pM [67]
EE: 59.1% of drug.
Size: between
174.4 and
Poly amlgoamme 258.8 nm VR: 40% after 48 h
. - dendrimers ZP: between . .
Dendrimers Baicalin modified with 29 mV and In vitro with 25 ug/mL of [68]
folic acid —-9.3mV baicalin.
EE: between 53.5
and 91.9%

! EE—Encapsulation efficiency (%). 2 ICsp—Half inhibitory drug concentration. > DR—Drug release. * PEG—
Polyethylene glycol. > ZP—Zeta potential (mV). ® VR—Viability reduction.

3.1. Lipid-Based Delivery System

Delivery systems based on lipids include three large groups: liposomes, solid lipid-
based nanoparticles and emulsions, and in each of these groups, there may still be divisions
into subgroups [69].

3.1.1. Liposomes

Liposomes are spherical vesicles typically made up of emulsifiers and a bioactive com-
pound dissolved in an organic solvent. Liposomes are usually made of at least one lipid
layer which allows them to be used very often for the encapsulation of both hydrophilic
and hydrophobic drugs [43,70]. The constitution of liposomes essentially includes phospho-
lipids and may also contain cholesterol or even a hydrophilic polymer such as polyethylene
glycol (PEG). In this case, they can be called stealth liposomes, as the junction with this type
of polymer prolongs the circulation time of liposomes increasing their efficiency. Regarding
the formation of liposomes with phospholipids and cholesterol, their use guarantees struc-
tural and biological stability, thus giving rise to biocompatible transport systems displaying
high efficiency of encapsulation for all types of flavonoids, which is always superior to
80% and in many cases greater than 95% [44]. In addition, liposome stability also reduces
the ability of systems to form aggregates, be toxic for therapeutic application and increase
the capability of controlled release of the encapsulated drugs. However, they still show
some physical and chemical instability leading to aggregation issues over time, as well as
some drug degradation over the storage period [44,45,71]. Nonetheless, the use of this type
of system is also favoured by its size and polydispersity index (PdI) which vary between
100 and 200 nm and 0.1 and 0.25, respectively. These favourable characteristics confer
these systems’ ability to pass through the pores present in blood capillaries more easily
and accumulate in tumors, which usually feature a much higher number of pores in the
surrounding blood capillaries [44,45].

In vitro and in vivo studies demonstrated a large number of benefits of liposome
application, namely due to their high capacity to encapsulate flavonoids, leading to the
increase in therapeutic effect and low toxicity. Viability studies in cervical cancer cell lines
(HeLa) demonstrate that, by encapsulating flavonoids into liposomes, a lower concentration
of flavonoids is needed to obtain 50% inhibition (ICsp) in cellular viability, which can
decrease from 200 pM in the case of free quercetin to concentrations around 100 uM after
a 24 h incubation (Table 1). For increased incubation times, an ICsj can be obtained for
concentrations of 14 pM using liposomes made of triglycerides, lecithin, PEG and folic
acid [45,46]. Furthermore, in vivo studies show that quercetin-loaded liposomes made of
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PEG, cholesterol and soybean phosphatidyl-choline induce a reduction in tumor size of
about three times compared to the administration of free quercetin [43,46]. Other liposomes
constituted of soybean phosphatidylcholine and cholesterol show a tumor volume decrease
of about 50% [43]. In the context of other cancers, the use of liposomes has also been studied
and shows equally a high rate of encapsulation, low toxicity and high percentage of cell
inhibition in in vitro studies [72-74]. Overall, a wide variety of emulsifiers have already
been tested in anticancer therapies, such as lecithin or PEG derivatives. In some cases,
chitosan coatings are explored in order to increase their bioavailability and stability in vivo,
thus opening novel possibilities to improve the application of these systems in studies
related to cervical cancer.

3.1.2. Lipid-Based Nanoparticles

Another type of delivery system widely investigated is solid lipid-based nanoparticles,
which are characterized by forming solid lipid systems at room temperature. They can
be divided into solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs).
The main differentiating feature between SLNs and NLCs is the fact that SLNs form totally
solid systems with a perfect crystal structure, while NLCs have a non-ideal crystal structure
leading to the development of systems with a solid and a liquid zone, increasing drug
loading and decreasing water content [75-77]. Compared to liposomes, SLNs makes it
possible to avoid the need to use organic solvents, therefore reducing the cytotoxicity they
present while maintaining a high capacity to encapsulate both hydrophobic and hydrophilic
drugs [71]. Therefore, SLNs have high bioavailability, low cost/easy production on a large
scale, and high capacity to maintain a controlled release [71]. In terms of constitution, both
SLNs and NLCs are mainly composed of non-ionic surfactants such as Polysorbate 80®,
Poloxamer 188, Tyloxa-pol and sometimes, made up of lecithin or phosphatidylcholine as
their amphoteric nature improves the stability exhibited by the system [59]. In the case
of NLCs, liquid lipids are used to make the liquid part of the system, such as oleic acid,
olive oil, almond oil and cetiol® [71]. Despite all their advantages and their high tolerance
in in vitro and in vivo tests for being composed of natural compounds, the toxicity of
surfactants and other excipients necessary for their production must be considered. In
addition, there is still a risk of aggregation and recrystallization [69,78].

The application of SLNs and NCLs in in vitro and in vivo assays related to cervical
cancer is not yet fully tested. However, taking into account studies in other types of cancer,
their use proved that it was possible to obtain a high rate of encapsulation (greater than
90%) and a drug loading greater than 10% and, in some cases, greater than 20% [75,79-82].
A significant reduction in cell viability in vitro and a significant reduction in tumor volume
in in vivo experiments were also proved [75,79-82]. These data support the fact that the
application of SLNs and NCLs in anticancer therapies against cervical cancer may be of
special interest and deserves to be researched.

3.1.3. Emulsions and Nanoemulsions

Additionally, to these two types of delivery systems, there is also the group of emul-
sions and nanoemulsions. This class benefits from the interaction between water and oils
through the addition of an emulsifier such as polyglyceryl-10 laurate or PEG 660-stearate
to form systems that contribute to flavonoid solubilization and increase their bioavail-
ability [48,83]. Although both emulsions and nanoemulsions have the disadvantage of
not being thermodynamically stable systems, dissociating over time, their application
results in a high rate of flavonoids encapsulation; normally, greater than 80% decreased
aggregation while avoiding gravitational separation [48]. Being distinguished by their size,
emulsions have sizes greater than 200 nm while nanoemulsions have sizes smaller than 200
nm. Depending on the intended delivery site for the flavonoids, the use of different ratios
of emulsifiers can be tested so that systems may present a suitable size range to more easily
reach the target site and accumulate therein [70,84].
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Nanoemulsions constituted of soybean phosphatidylcholine and cholesterol have been
tested in cervical cancer cells and only showed a 10% viability reduction by using a concen-
tration of 200 ng/mL, although they showed low toxicity, potentiating further studies to
increase its therapeutic capacity [48]. In other types of cancer, emulsions and nanoemul-
sions have shown the same physical characteristics in terms of size, encapsulation rate
and stability. Despite this, they possess a high anticancer potential, which is demonstrated
by the significant decrease in viable cells. For instance, in melanoma cells, a significant
reduction for concentrations above 50 uM of drug encapsulated in the emulsion of lecithin,
castor oil and PEG 660-stearate was obtained and in human colorectal carcinoma cells, it
was possible to record a reduction of viability around 60% for concentrations of 25 uM drug
encapsulated in an emulsion of Labrasol®/Tween®, lecithin and Miglyol® 812 [83,85,86].
Thereby, formulations with new emulsifiers and different ratios can be tested to improve
flavonoid encapsulation, potentiate their anticancer effect, and increase therapeutic index.
In this way, significant advances can be achieved toward the development of anticancer
therapies based on these molecules.

3.2. Polymer-Based Nanoparticles

Polymers have been widely used for flavonoid encapsulation. Polymer-delivery
systems were the first and most applied/explored vectors. In general, these delivery
systems are constituted of nanoparticles and spherical walls with an outer polymer and
a core composed of a hydrophobic surfactant that provides high stability, solubility and
bioavailability to the vast majority of flavonoids [55,56,87]. In order to obtain a high final
concentration, the formation of this type of system makes use of the flavonoids dissolution
in an organic compound, normally ethanol, which is later removed by evaporation under
vacuum, or by spray or freeze-drying to reduce the systems cytotoxicity [51,70]. The
characteristics of these polymer-based nanoparticles can vary greatly according to the type
of polymer considered and can be divided according to their nature, thus being distributed
in natural, synthetic or inorganic-based polymers [10,69].

3.2.1. Natural Polymers

Systems based on natural polymers, also called biopolymers, form very diversified
systems according to the materials used in their composition in the case of biopolymers are
proteins and polysaccharides [69,70]. These polymers guarantee high biocompatibility and
biodegradability in addition to low cytotoxicity, making their use in in vitro and in vivo
assays widely researched [51-53]. However, the use of systems made purely on the basis of
proteins or polysaccharides is unusual. In many cases, a combination with another type
of biopolymer or with a synthetic or inorganic-based polymer is considered [53]. The use
of a polysaccharide such as chitosan is very common, appearing in conjugation with a
protein, a polysaccharide or another type of polymer. It was found that this approach
provides greater biocompatibility, biodegradability and stability to the systems. In addition,
chitosan has mucoadhesive properties that contribute to enhanced delivery of systems to
specific/mucosal target sites [49,53,88,89]. The conjugation of a biopolymer with another
type of polymer is therefore very common and leads to the formation of systems with
better performance for both in vitro and in vivo assays. Generally, they present sizes below
200 nm and high stability and controlled drug release, which facilitates delivery to target
cells [49,50,53,90]. Natural polymeric systems based on polysaccharides appear as an
important way to guarantee greater bioavailability of systems, often applied in conjugation
with other polymers or inclusion complexes [91-93].

The use of proteins such as BSA (bovine serum albumin), silk fibroin, keratin and
gliadin have already been tested on cervical cancer cell lines. Only silk fibroin has been
used without any other associated compound, essentially due to the fact that it is a copoly-
mer bearing hydrophobic and hydrophilic blocks, which facilitates the encapsulation of
flavonoids and increases their stability [49-53,94]. However, this polymeric system made of
silk fibroin showed a relatively large size compared to other systems as well as a relatively
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high ICs of 250 pug/mL [52]. The use of polysaccharides in cervical cancer was based only
on the conjugation of chitosan with another polymer, such as quinoline or gliadin, and
the simple use of focoidan, a polysaccharide with chitosan-like properties, which showed
a relatively low ICsg of 20 pug/mL, despite the considerably high size of 221 nm [49,53].
In addition to the size reduction that occurs due to the conjugation of various types of
polymers, this conjugation also leads to a higher encapsulation rate, normally around 80%,
which is higher than the encapsulation rate of 21.81% registered in systems consisting solely
of one protein [49-53,94].

3.2.2. Synthetic Polymers

Another type of polymer-based nanoparticles results from synthetic polymers where
PEG is the most prominent, often used in conjunction with other types of systems to
increase flavonoid solubility and allow a better encapsulation rate [56,62]. In PEG-based
systems, the rate of encapsulation is generally high, normally above 90%, although they
present a low rate of degradation and low compatibility [56,62,95]. However, the reduction
of these negative effects can be significantly mitigated through the formation of systems
consisting of a mixture of polymers in order to make their use viable in in vitro and in vivo
assays [10,56,69].

In vitro and in vivo studies on anticancer therapies against cervical cancer have al-
ready been carried out, with formulated PEG systems conjugated with poly lactide-co-
glycolide, poly e-caprolactone conjugated with PEG 1000 succinate, and also gelatine modi-
fied pluronic systems [54-56,62,94]. In addition, other carriers were also tested in which
other types of compounds were used in conjugation with PEG or any of its derivatives.
Systems where PEG is not the main compound are mentioned in the section pertaining to
this type of compound. Cell viability assays show that it is possible to obtain reduced ICsg
values close to 10 uM using systems consisting only of synthetic polymers, namely made of
PEG and poly lactide-co-glycolide, due to the high blood circulation time that these systems
achieve (Table 1). They also revealed a high capacity to be conjugated with specific ligands,
as is the case of folic acid, which promotes an active targeting of systems towards cancer
cells, considering that these cells have a higher number of folic acid receptors compared to
healthy ones [56]. In in vivo studies, the use of poly e-caprolactone and PEG 1000 succinate
systems show a tumor weight reduction four times greater than the administration of the
drug in its free form [54].

3.2.3. Inorganic Polymers

Delivery systems based on inorganic polymers are a class exhibiting larger diversity
of applications, namely in targeted drug delivery, tissue repair, hyperthermia and magnetic
resonance imaging [61]. This type of carrier is essentially made up of gold, copper and
even iron oxide nanoparticles that commonly form delivery systems as nanoparticles or
nanotubes [57-61]. Although these systems have a high aggregation capacity, undergo
oxidation and display low stability and biocompatibility, their coverage with polymers
such as PEG significantly overcome these disadvantages, providing a place for flavonoids
and ligands to bind and thus turning these systems viable [61].

Being characterized by having very small sizes compared to other systems, inorganic
polymeric vehicles generally have sizes below 50 nm as well as encapsulation rates between
70 and 80% [57-61]. Iron oxide magnetic nanoparticles coated with various polymers, such
as BSA, a-cyclodextrin, citric acid, poly citric acid, PEG or 3- aminopropyl triethoxysilane
have been explored to transfect HeLa cells [57,61,64]. Cell viability assays varied greatly
according to the system used, and an ICsy of 10 pg/mL was obtained for the process
mediated by nanoparticles based on iron oxide and BSA [94].

Polymeric carriers have been also widely researched for other cancers, and several sys-
tems have already been tested to encapsulate flavonoids and target them to cancer cells. Fol-
lowing this, various polymers are highlighted, namely PEG and chitosan, both mentioned
above [87,89,90,95,96]. The incorporation of chitosan in the formation of systems and its
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conjugation with most types of polymers was tested, for instance, the common conjugation
with tripolyphosphate and functionalization with PEG or some type of inclusion complex
in order to increase the stability and solubility of encapsulated flavonoids [27,88,97,98]. In
addition to the compounds already mentioned, poly(lactic acid), poly(lactic-co-glycolic
acid) and polycaprolactone have been also studied, and these systems are also normally
conjugated with PEG or one of its derivatives [10,87,95,99-102]. In vitro assays mediated
by these systems showed a decrease in cell viability similar to the one recorded in in vitro
assays on HeLa cells, indicating a high coverage of this type of system for any cancer cell.

3.3. Micelles

Micelles are constituted by amphiphilic molecules and, depending on the polymeric
or lipid nature of these molecules, the formulated systems can be classified as polymeric
micelles or lipid micelles [69,103,104]. Due to the molecules that make up the micelles,
they offer a hydrophobic core with a high capacity to encapsulate therapeutic agents with
low solubility and high hydrophobicity [103-105]. For that reason, micelles are ideal for
the encapsulation of flavonoids, assuring increased stability of flavonoids as well as a
suitable and more consistent release profile [103-105]. On the other hand, the outer part
of micelles, constituted by the hydrophilic zone of molecules, offers high protection and
stability, leading to increased bioavailability of the system [103]. In terms of advantages, this
type of delivery system is highly favoured by its small size, often below 100 nm, as well as
its high thermodynamic stability, a high drug loading capacity, an increased cellular uptake,
and an easy large-scale production. However, formulations vary immensely according to
the considered ratios of components, and it may be necessary to perform an intensive study
until the ideal ratio is revealed [69,103,104].

In vitro experiments on cervical cancer cells demonstrate that the delivery mediated by
micelles constituted of chondroitin sulfate and cholesterol led to a 20% viability reduction
at a concentration of 200 pg/mL [65]. In addition, these micelles show a relatively low
percentage of encapsulation although they present a high percentage of drug loading, 30.6%
and 23.4%, respectively [65]. In vitro assays in other types of cancer, mediated by micelles
show better results: an ICsp of 110 uM and 21.24 uM in breast cancer and lung cancer
cells were achieved, respectively [103-107]. Furthermore, these studies also indicated more
favourable physical conditions of formed micelles, with sizes smaller than 100 nm and
an encapsulation efficiency greater than 80% [103-107]. The performance of micelles in
in vivo studies has also been monitored, and a size reduction higher than three times
compared to the use of flavonoid in its free form was observed [108]. The application of
micelles for flavonoid encapsulation and delivery needs to be further studied before its
broad use. The set of properties displayed by these systems must be optimized to increase
their performance as a targeted delivery vector and this certainly will have repercussions
on their therapeutic potential against cervical cancer.

3.4. Inclusion Complexes

Inclusion complexes are defined as delivery systems characterized by having a host
molecule with the ability to trap another molecule using non-covalent forces. Flavonoids
can be “trapped” into these complexes due to their capacity to establish hydrophobic
interactions with them [10,69,70,92]. The main advantage of inclusion complexes is the fact
that they have a cone shape open on both sides with a hydrophilic external surface and a
hydrophobic internal surface. Flavonoids can thus be “trapped” in the internal cavity which
considerably supports the improvement of their solubility, stability and bioavailability [92].
However, inclusion complexes have some disadvantages, namely a limited encapsulation
rate for larger flavonoids, such as glycosylated compounds. Furthermore, they generally
have a relatively large size (greater than 200 nm) that limits their use for controlled delivery
in in vitro and in vivo studies [91,93,109-111]. Following this, due to its low versatility, and
the fact that there are cheaper methods of flavonoid encapsulation, its use is somewhat
conditioned.
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This group of delivery systems is essentially made up of cyclodextrins, of which f3-
cyclodextrins are the most common. They can be modified in order to change their phys-
ical and chemical properties to form more suitable systems according to the site of deliv-
ery [92,109,110]. B-cyclodextrins can change their characteristics through chemical mod-
ifications so they have more negative or positive charges or a greater or lesser degree of
replacement [92,109,110]. There are several types of 3-cyclodextrins, with 3-cyclodextrin,
carboxymethyl-f3-cyclodextrin, sulfobutyl ether-3-cyclodextrin and hydroxypropyl-3-
cyclodextrin being the most scientifically employed [92,93,109,111,112]. Cyclodextrins
can be conjugated with polymers, such as chitosan, to increase their stability, reduce their
size and increase their bioavailability [92,93,112]. In addition, conjugation with biotin is
also very common due to its receptors being highly expressed in cancer cells, which may
contribute to efficiently targeting cancer cells [111]. Other types of delivery systems that
are sometimes tested for flavonoid encapsulation are x-cyclodextrins, y-cyclodextrins
and B-lactoglobulins [57,113,114].

In vitro studies on HeLa cells show a viability reduction to 11.5% after an incubation
period of 48 h, using inclusion complexes constituted of (3-cyclodextrin with a chrysin
concentration of 100 uM [67]. In other studies related to other types of cancer, a great
reduction of cell viability compared to the use of flavonoids in the free form has also been
observed [67,109,111,115]. Therefore, although it is necessary to evaluate the disadvantages
already mentioned, the use of inclusion complexes for flavonoids loading/encapsulation
and delivery can be considered and investigated since they easily promote flavonoids
solubilization in aqueous solutions, where most of them cannot be dissolved.

3.5. Other Types of Delivery Systems

Other delivery systems may also emerge as an alternative for the encapsulation and
targeting of flavonoids to cancer cells. For instance, dendrimers appear as one of the most
promising vehicles.

Dendrimers are a group made up of polymeric materials that have a highly branched
architecture with numerous functional groups and an interior cavity that allows the en-
capsulation of drugs, such as flavonoids [61,116]. Poly(amidoamine) dendrimers are the
main and most common type of dendrimers studied, having already been used in in vitro
assays in numerous types of cancer and showing significant results, namely a reduction of
viability in HeLa cells to 40% using baicalin flavonoid concentration of 25 pug/mL [61,68].

However, their application still has some limitations due to toxicity concerns. Ap-
proaches such as PEG conjugation have been considered to minimize this effect and promote
a better association with specific ligands [116,117]. In the future, new strategies still need to
be investigated to ensure increased stability and bioavailability of these systems to improve
their effect on flavonoids encapsulation and subsequent delivery to target cells.

4. Conclusions and Future Perspectives

Cancer is still one of the leading causes of death, despite the progress in cancer
research and emergent therapies. For instance, currently, there are still no therapies for the
effective treatment of cervical cancer, and therefore it is of special importance to develop
new methods for enhanced therapeutic effect. In line with this, novel therapies are under
development aiming to offer efficient, less invasive, and inexpensive solutions for cancer
treatment.

The use of flavonoids as a cancer therapeutic agent has been widely researched in
in vitro and in vivo studies. In the cervical cancer context, their application has led to a
significant decrease in cell viability and/or tumor growth, despite the low solubility and
low bioavailability, as well as easy degradation in acidic medium.

Therefore, delivery methods are currently under development with the goal to create
systems that allow the use of lower concentrations of flavonoids and ensure a suitable
stability, solubility, bioavailability and delivery profile to cancer cells. To accomplish this,
different methodologies have been addressed such as the use of flavonoids encapsulation
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systems, which can be conjugated to other materials to improve their properties and
functionalized with specific ligands such as folic acid to confer them target skills.

In both in vivo and in vitro studies, several types of delivery systems have been tested
in therapies against cancer. A variety of delivery systems with high stability promoting
targeted and controlled release of flavonoids in cancer cells have been developed and
optimized, consisting in a relevant contribution to progress towards the design/conception
of flavonoids-based carriers. In cell viability assays, most systems showed a significant
reduction in cytotoxicity, with the most promising ones being the lipid systems based
on NLCs and the polymeric systems consisting of various types of polymers. The main
advantage of NLCs is the high rate of flavonoid encapsulation, normally greater than 90%,
as well as a drug loading of around 20% and an almost null cytotoxic effect.

Polymeric systems have been intensely studied in cervical cancer therapy. In this
context, the conjugation of biopolymers with other types of polymers offers high biocom-
patibility, a controlled release of flavonoids and a significant reduction in cell viability
and/or tumor size. However, research on polymeric systems still has the opportunity to be
optimized, namely by exploring other compounds for polymeric conjugation that can offer
high flavonoids stability and solubility.

In conclusion, the continued search for new therapeutic approaches for the treatment
of cancer is of utmost relevance. In this sense, flavonoid encapsulation appears as a
crucial issue to be further explored and improved, in view of significant advances in
different materials, conjugated and functionalized, in the development of high-performance
flavonoid-delivery systems for cancer therapy. This will deeply instigate the establishment
of an effective and inexpensive method to increase the anticancer action of flavonoids,
while minimizing its toxicity to healthy cells, resulting in desirable therapeutic outcomes.
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