Flavonoids-Based Delivery Systems towards Cancer Therapies | Encyclopedia.pub

Flavonoids-Based Delivery Systems towards
Cancer Therapies

Subjects: Biochemistry & Molecular Biology

Contributor: Miguel Ferreira , Diana Costa , Angela Sousa

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. The
treatments are based on invasive techniques, being far from effective. Therefore, the search for novel, advanced
and personalized 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. 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.

anticancer activity cervical cancer delivery systems flavonoids

| 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 .

1.1. Liposomes

Liposomes are spherical vesicles typically made up of emulsifiers and a bioactive compound 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 @B, The constitution of liposomes essentially
includes phospholipids 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 structural 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% M. In addition, liposome stability also reduces the ability of systems to form
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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 #IBI8. Nonetheless, the use of this type of
system is also favoured by its size and polydispersity index (Pdl) 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 22!,

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 (ICsgg) in cellular viability, which can decrease from
200 pM in the case of free quercetin to concentrations around 100 pM after a 24 h incubation. For increased
incubation times, an ICgg can be obtained for concentrations of 14 puM using liposomes made of triglycerides,
lecithin, PEG and folic acid @, Furthermore, in vivo studies show that quercetin-loaded liposomes made of PEG,
cholesterol and soybean phosphatidyl-choline induce a reduction in tumor size of about three times compared to
the administration of free quercetin [, Other liposomes constituted of soybean phosphatidylcholine and
cholesterol show a tumor volume decrease of about 50% [2. 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 BIEI1A 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.

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
(L2131 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 [¢l. Therefore, SLNs have high bioavailability, low cost/easy production on a large scale, and high
capacity to maintain a controlled release [8l. 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 4l 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® 8. Despite all their advantages and their high tolerance in in vitro and in vivo tests for being composed of
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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 [LI[23],

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% LLISILTUSIIN A significant reduction in cell viability in vitro and a significant reduction in tumor volume in in
vivo experiments were also proved LLIEIA7II8II 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.

1.3. Emulsions and Nanoemulsions

Additionally, to these two types of delivery systems, there is also the group of emulsions 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 bioavailability 2921 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 29,
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 [2l22],

Nanoemulsions constituted of soybean phosphatidylcholine and cholesterol have been tested in cervical cancer
cells and only showed a 10% viability reduction by using a concentration of 200 pg/mL, although they showed low
toxicity, potentiating further studies to increase its therapeutic capacity [22. In other types of cancer, emulsions and
nanoemulsions 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 [21[23124] 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.

| 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
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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 221281271 |n 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 [2I[28],
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 21221,

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 &l These
polymers guarantee high biocompatibility and biodegradability in addition to low cytotoxicity, making their use in in
vitro and in vivo assays widely researched 283031 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 B, 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 B[22l
[33I34] 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 [BL[32[35][36]
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 B7[38]39],

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 copolymer bearing hydrophobic and hydrophilic blocks, which facilitates the encapsulation
of flavonoids and increases their stability [28!3ABL32]35][40] However, this polymeric system made of silk fibroin
showed a relatively large size compared to other systems as well as a relatively high ICsq of 250 ug/mL B9, 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 ICs, of 20 pug/mL, despite the considerably high size of 221 nm B2 |n 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 [28139)[31][32][35]40]

2.2. Synthetic Polymers
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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 28141l |n PEG-based systems, the rate of encapsulation is generally high, normally above 90%,
although they present a low rate of degradation and low compatibility 2841421 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 11261291,

In vitro and in vivo studies on anticancer therapies against cervical cancer have already been carried out, with
formulated PEG systems conjugated with poly lactide-co-glycolide, poly e-caprolactone conjugated with PEG 1000
succinate, and also gelatine modified pluronic systems [221268]1401[41]143] | 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 ICgy 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. 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 28, 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 43,

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 “4. 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 14[44145]146147] - 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 (4],

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% [1414411451l46147] |ron 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 (441451481 Ce|| viability assays varied greatly
according to the system used, and an ICsy of 10 ug/mL was obtained for the process mediated by nanoparticles
based on iron oxide and BSA 29,

Polymeric carriers have been also widely researched for other cancers, and several systems have already been
tested to encapsulate flavonoids and target them to cancer cells. Following this, various polymers are highlighted,

namely PEG and chitosan, both mentioned above [ZZI34136142]149] The incorporation of chitosan in the formation of
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systems and its 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 B3BBG |n 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 [ZZ[2942][53154][551(56] | vitro assays mediated by these

systems showed a decrease in cell viability similar to the one recorded in in vitro assays on HelLa cells, indicating a

high coverage of this type of system for any cancer cell.

| 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 HBAEE pye 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 BB 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 BZB8IBA 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 B, 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 LIEZI58],

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 9. 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 (9. In vitro assays in other types of cancer, mediated by micelles show
better results: an ICgy of 110 uM and 21.24 pM in breast cancer and lung cancer cells were achieved, respectively
(B7I(581(591(611(62]  Fyrthermore, these studies also indicated more favourable physical conditions of formed micelles,
with sizes smaller than 100 nm and an encapsulation efficiency greater than 80% BABEIBAGL62] 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 63, 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.

| 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
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capacity to establish hydrophobic interactions with them LIBI2938] 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 [28. 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 713264165661 Fojlowing this, due to its low versatility, and the fact that there

are cheaper methods of flavonoid encapsulation, its use is somewhat conditioned.

This group of delivery systems is essentially made up of cyclodextrins, of which B-cyclodextrins are the most
common. They can be modified in order to change their physical and chemical properties to form more suitable
systems according to the site of delivery [B8I64l65] p_cyclodextrins can change their characteristics through
chemical modifications so they have more negative or positive charges or a greater or lesser degree of
replacement [38164I65]  There are several types of B-cyclodextrins, with PB-cyclodextrin, carboxymethyl-p-
cyclodextrin, sulfobutyl ether-B-cyclodextrin and hydroxypropyl-B-cyclodextrin being the most scientifically
employed [38I39[64]66I[67] - Cyclodextrins can be conjugated with polymers, such as chitosan, to increase their
stability, reduce their size and increase their bioavailability B8IB267] |n 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 88, Other types of delivery systems that are sometimes tested for flavonoid encapsulation are o-

cyclodextrins, y-cyclodextrins and B-lactoglobulins (42681691,

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 B-cyclodextrin with a chrysin concentration of 100 uM 9. 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 B4EEITAIZL  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 agueous solutions, where most of them cannot be dissolved.

| 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 encapsulation of drugs, such as flavonoids [“4172],
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 HelLa cells to 40% using baicalin flavonoid concentration of 25 pg/mL 241731,
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However, their application still has some limitations due to toxicity concerns. Approaches such as PEG conjugation

have been considered to minimize this effect and promote a better association with specific ligands Z2l4l, |n 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.
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