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Cancer remains a major global health concern with high fatality rates despite the existing
therapeutic approaches. Although chemotherapy, radiotherapy, and surgical resection have
significantly lowered cancer mortality, the survival rate remains low as a result of their adverse
effects, including hepatotoxicity, cardiac cytotoxicity, nephrotoxicity, gastrointestinal toxicity,
myelosuppression, mucositis, neurotoxicity, and alopecia. Natural bioactive compounds
(phytochemicals) have long been explored as potential reservoirs for new efficient anticancer
components that can help reduce mortality rates. They exhibit extensive structural diversity and
have shown promise in targeting cancer pathways, inducing cell cycle arrest, and promoting
apoptosis in preclinical studies. However, their clinical application is hindered by significant
limitations, including poor aqueous solubility, low bioavailability, low gastrointestinal tract
stability, and rapid clearance from the bloodstream. Polymeric nanoparticles (PNPs) have
emerged as a promising solution to overcome these limitations and offering efficient delivery of
phytochemicals, with substantial entrapment capacity and stability, efficient controlled release,
boosted bioavailability, and remarkable therapeutic efficiency. This review article provides an
overview of commonly used biodegradable polymers and their classes for preparing PNPs
loaded with natural phytochemicals together with their recent anticancer research findings.
Moreover, this article highlights the importance of PNPs in facilitating the effective delivery of
anticancer bioactive compounds, thereby enhancing their therapeutic response while reducing
side effects.
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INTRODUCTION

Cancer is a significant global public health
issue!, characterized by uncontrolled and
autonomous cell growth induced by a loss of
replication control?. Cancer is a highly complex
disease, with many different subtypes and
molecular pathways involved, which makes it
challenging to develop effective therapies®4“.
Delayed diagnosis and ineffective treatments
are the primary contributors for increased
cancer-related mortality?%3, Traditional cancer
treatments include surgery, immunotherapy,
radiotherapy, and chemotherapy, which all
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have their limitations and drawbacks?. One of
the main challenges in treating cancer is
systemic toxicity, therapeutic resistance, and
metastatic  recurrence, which can have
significant adverse effects on healthy cells and
organs, necessitating the development of
advanced and alternative treatments3&®,
Consequently, it is imperative to use a natural
and harmless product that inhibits tumor
growth and targets various cellular pathways in
cancer cells without affecting normal cells®.
Plants and their derivatives
(phytochemicals) have significantly contributed
to the development of potent anticancer agents?.
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More than 50% of modern clinical treatments
are derived from natural sources and are
capable of treating cancer cells®. Despite their
remarkable anticancer efficacy, phytochemicals
are limited by their low aqueous solubility,
poor cell penetration, low bioavailability,
hepatic disposition, improper molecular size
and low therapeutic index®.

In this regard, nanoencapsulation was
found to be a potential tool for the entrapment
of such bioactive substances®. Nanocarriers are
distinguished by  their  physicochemical
properties, which provide more effective
preventative and therapeutic benefits with
fewer side effects. They enhance the solubility
of  poorly soluble  drugs, improve
bioavailability, enable targeting and clearance,
support theranostics, and enable combination
therapy®®’. In addition to improving the
therapeutic efficacy of chemotherapeutic drugs
synergistically, nanocarriers could also be used
to circumvent acquired resistance to single
cytotoxic drugs. Many cancer cells can develop
chemo-resistance through a variety of
mechanisms, including elevation of the drugs’
efflux rate or downregulation of their uptake?®.

Liposomes, dendrimers, peptide-based
nanoparticles, quantum dots, carbon nanotubes,
inorganic  vectors, metal  nanoparticles,
polymeric nanoparticles, lipid-based
nanoparticles, and hybrid nanoparticles are the
most commonly used nanocarriers’.
Particularly, it has been reported that polymeric
nanoparticles (PNPs) offer efficient delivery of
various natural bioactive compounds with high
entrapment potential and stability, effectively
controlled release, enhanced bioavailability,
and remarkable  therapeutic  efficacy.
Furthermore, surface modification and polymer
functionalization have paved the way to
improve the properties of polymeric
nanoparticles and reduce the reported drug
toxicity®.

Polymeric  nanoparticles (PNPs) are
colloidal particles with submicron sizes ranging
from 10 to 1000 nm that are small enough to
readily permeate intercellular tumor gaps,
especially in tumors with angiogenesis®.
PNPs exhibit a homogeneous size distribution,
controllable physicochemical characteristics, a
higher drug loading capability, the possibility
to encapsulate both  hydrophobic and
hydrophilic phytochemicals, the ability for
scaling-up, superior in vitro stability, and
controlled the drug release rate through the
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polymeric matrix via diffusion or by
degradation and erosion of the particles®™,

Polymeric nanoparticles have numerous
applications in medicine and can be used for
actively and passively targeting tumor tissues.
Furthermore, they can simultaneously deliver
one or more active substances (having similar
or different physicochemical characteristics);
this could probably provide synergistic tumor-
killing effects and might also assist in the
prevention or reduction of multiple drug
resistance  (MDR)®™.  Other  remarkable
properties of PNPs are their significant
stability in biological fluids, as manifested in
their potent resistance to in vivo enzymatic
degradation of the encapsulated drug®°.
Higher hydrophobicity and greater adhesion
potential are two other desirable properties of
the used polymers. High hydrophobicity is
necessary to avoid coagulation throughout
blood circulation. The adhesive cell
characteristics of polymers towards a particular
or multiple cell types or tissues could also be
modified to boost gene expression, targeting, or
enzymatic function?®.

In this work, a complete convey
knowledge on PNPs encapsulating natural
anticancer bioactive compounds is discussed in
details including many encapsulated essential
oils (EOs), or extracts for improving their
anticancer potential, with an emphasis the on
commonly used polymeric materials and their
classification.

Classification of biodegradable polymers
encapsulated phytochemicals for cancer
therapy

Polymeric  nanoparticles based on
biodegradable and biocompatible polymers
offer remarkable advantages, particularly as
anti-cancer drug carriers, due to their ability to
modify the pharmacokinetics, targeting, and
toxicity profiles of drugs'’. Polymers are
macromolecules formed by the covalently
bonding of one or more types of units, known
as monomers, to create a linear or branched
chain. These monomers are able to possess any
structure, as long as they contain at least two
functional groups that can react with another
monomer. By choosing the appropriate
monomer(s), a polymer with specific properties
can be formed. To achieve certain features,
polymeric tailoring could be performed directly
on biopolymers via chemical derivatization,
resulting in a wide variety of structures and



applications. For these reasons, polymeric
materials are employed as nanoparticle
precursors in drug delivery systems and are
gaining significant importance in
nanotechnology more generally*®,

Polymers are classified into two types
based on their origin: natural and synthetic
polymers'®?, as illustrated in Fig ().
Nanoparticles polymeric system are made up of
a continuous polymeric network that allows

Biodegradable Polymers ':D

Natural
Polysaccharldes Browrs Based
Polymers
e X[ \
¢ Chitosan o Albumin
+ Hyaluronic acid ¢ Gelatin
o Dextran ¢ Collagen
¢ Alginate o Zein
+ Carrageenan o Elastin
¢ Pullulan + Gluten protein
» Starch \ )
+ Pectin
+ Xanthan Gum
¢ Agarose
o cyclodextrins
o Guar Gum, etc.

K J

drugs to be maintained inside or adsorbed onto
their surface. Numerous techniques have been
developed for the preparation of PNPs such as

nanoprecipitation,  emulsion  evaporation,
salting out, solvent diffusion, radical
polymerization,  surfactant-free  emulsion

polymerization,
and dialysis®&?2,

ionic gelation, spray drying,

Synthetic

Polvast Phosphorus-
gyssis based polymers

p

+ Poly(D,|-lactide)
(PLA)

¢ Poly(DL-
glycolide) (PLG)

+ Poly(lactide-co-
glycolide) (PLGA)

* poly(e-
caprolactone)

o Poly(hydroxy
butyrate)

o Poly(B-malic acid)

+ Poly(dioxanes)

-

( Polyamides ]

+ Poly(imino
carbonates)

+ Polyamino
acids

+ Polyphosphates,
+ Polyphosphonates,
+ Polyphosphazenes

[ Polyanhydrides J

+ Poly(sebacic
acid)

+ poly(adipic acid)

o poly(terphthalic
acid), etc.

(0thers:

L polyacetals

+ Poly(cyano
acrylates),

o polyurethanes,

+ polyortho esters,

+ polydihydropyrans,

Fig. (1): Classification of biopolymers used in the preparation of phytochemicals based PNPs.
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Natural biopolymers

Natural biopolymers are those derived
from plants, animals, bacteria, and fungi?.
They  comprise  various  classes  of
polysaccharides and proteins? and have shown
promising results in recent years as
biodegradable compounds for delivering
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herbal-based anticancer agents??. This section
outlines the most commonly utilized natural
biopolymers for drug delivery, which are also
presented in Table 1. Some examples of
biodegradable natural polymers that
encapsulate anticancer phytochemicals are
provided below:

Table 1: Examples of Biodegradable Natural Polymeric Nanoparticles as Anticancer Drug Delivery

Systems of Certain Phytochemicals.

cancer cells (PC3).

and caspase-9 by 29.93%
and 20.7%, respectively.

Polymer Main Phytochemical Cell  Line/Animal | Main Outcomes Ref
phytochemical(s) | class Model
Chitosan (CS) Plant extract In vitro cytotoxicity | Chitosan PNPs loaded | 53
Artemisia judaica | (Flavonoids, studies against | with Artemisia Judaica
terpenoids, and | human prostate | extract were significantly
o phenolic acids) cancer cell line | more toxic to the human
= T (PC3). prostate cancer cell line
c?/, P (PC3) with an ICso of 20.8
o pg/mL  compared to
To, extract  alone  (76.09
< pg/mL).
5 Ginsenoside Protopanaxadiol | In vitro cytotoxicity | Chitosan PNPs | 5
compound K studies using human | significantly  decreased
3 (GK) hepatic  carcinoma | ICso value (16.58 pg/mL)
T (HepG2) and lung | compared to pure GK
carcinoma cells | (23.33 pg/mL).
(A549).
Ginsenoside Protopanaxadiol | In vitro cytotoxicity | Compared to pure GK, | %
compound K evaluation against | GK-loaded PNPs boosted
(GK) human prostate | the levels of caspase-3

Curcumin (CUR) | Polyphenol

In vivo study against
colon cancer
induced by
dimethylhydrazine
(DMH) in  male
white Albino rats.

Curcumin-loaded  PNPs
treated rats had
significantly lower plasma
carcinoembryonic antigen
(CEA) levels (1.09 + 0.13
ng/ml) compared to rats
treated with free CUR
(1.29 £ 0.22 ng/ml).

56

Curcumin (CUR) | Polyphenol

In vitro study using
four cervical cancer
cell lines (C33A,
Hela, SiHa, and
CasKi).

Curcumin-loaded CS
PNPs produced greater
amounts of lactate with
the increased ATP
depletion in the human
cervical cancer cell lines
compared to free CUR.

57

Quercetin Polyphenol

flavonoid

e In vitro
cytotoxicity assay
against human
lung cancer cell
line (A549) and
breast cancer cell
line (MDA MB
468).

e In vivo antitumor

activity in tumor
xenograft
C57BL6 mice.

= Significant reduction in
ICso value of
Quercetin-CS PNPs
compared to free
Quercetin, (p <0.01).

= Marked elevation of
serum antioxidant
enzyme superoxide
dismutase (SOD) level
in Quercetin-CS PNPs
treated cancer bearing
mice compared to the
free Quercetin treated

group.

58
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Table 1: Continued.

59

Quercetin Polyphenol e In vitro | = The antioxidant activity
flavonoid antioxidant of Quercetin was found
activity by using to be enhanced upon
the DPPH (2,2- encapsulation in CS
diphenyl-1-picryl- NPs, as evidenced by a
hydrazil) method. significant decrease in
e In vitro cytotoxic the concentration
activity  against required to reduce the
the human breast initial concentration of
epithelial DPPH by 50% (EC50).
adenocarcinoma Specifically, the EC50
cell line (MCF-7) value of Quercetin NPs
and the human was observed to be 0.89
lung tumor cell pg/mL, which  was
line (A549). lower than that of free
Quercetin, which had
an EC50 value of 2.35
pg/mL.
= The viability of A549
cells  treated  with
Quercetin-loaded CS
NPs was reduced to
89.9%, 81.5%, and
67.6% at concentrations
of 10, 20, and 40
umol/L,  respectively,
whereas the
concentration of free
Quercetin decreased the
viability of A549 cells
from 67.3% to 53.5%
as it increased from 10
to 40 umol/L,
respectively.
Baicalein Flavonoid In vitro cytotoxicity | In MCF 7 cells treated | 8
study using MCF 7 | with CS-loaded Baicalein
breast cancer cells. NPs, there was a
significant reduction in
Bcl2 expression and an
increase in caspase 3 and
caspase 9  expression
compared to the untreated
control.
Ursolic acid | Pentacyclic e In vitro study |= Chitosan-loaded  UA | &
(UA) triterpenoid against  human NPs have the potential
carboxylic acid umbilical  vein to reduce UA doses
endothelial cells by about tenfold.
(HUVECs:). = Chitosan-loaded  UA
e Ex vivo study NPs could strongly
using chick suppress the
embryo proliferation, migration,
chorioallantoic and tube formation of
membrane human umbilical
(CAM). vascular  endothelial
e In vivo study | cells(HUVECs).
using H22 |= Chitosan-UA NPs
xenografts in disrupted lysosome
mice BALB/c membrane integrity,
mice. collapsed mitochondrial

membrane potential,
and reorganized the cell
cytoskeleton.

= Chitosan-UA NPs were

able to inhibit
angiogenesis in chicken
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Table 1: Continued.

chorioallantoic

membrane (CAM) and

H22 xenograft models

in vivo.

Berberine Isoquinoline In vivo study using Compared to the BBR- | 62

(BBR) alkaloid male albino mice. treated group, treatment
with  berberine-loaded
CS NPs resulted in
significantly higher
apoptosis  rates, as
evidenced by increased
caspase 9 gene
expression (3.01 £ 0.20
Rg) and serum BAX
levels (203.25 + 11.33
pg/ml), while the BBR-
treated group had lower
caspase 9 gene
expression (2.16 + 0.19
Rg) and serum BAX
levels (163.50 + 6.64
pg/ml).

= Compared to the BBR-
treated group, treatment
with  berberine-loaded
CS NPs resulted in
inhibition of  tumor
angiogenesis, as
evidenced by lower
serum VEGFR2 levels
(6.30 £ 0.85 ng/ml) and
lung HIF 1 gene
expression (2.22 £ 0.17
Rq) levels, while the
BBR-treated group had
higher serum VEGFR2
levels (893 + 0.78
ng/ml) and lung HIF 1
gene expression (2.79 +
0.13 Rq) levels.

Ellagic acid | Phenolic acid In vitro cytotoxic In KB cells, treatment |

(EA) study against human with EA-loaded CS

oral cancer cell line NPs resulted in

(KB). significant cytotoxicity,
with a relatively low
I1Cso value (0.95
ug/mL) compared to
free EA (3.125 pg/mL).

= After 24 hours of
treatment, EA CS-NPs
produced considerable
internucleosomal DNA
fragmentation KB cells
as compared to free
EA.

Naringenin Flavonoid In vitro study in lung The free radical |

(NAR) cancer cell line scavenging activity of

(A549). NAR-loaded CS-NPs
was significantly
greater than free NAR.

= Treatment with
chitosan  (CS)-loaded
nanoparticles (NPs)
resulted in significant
scavenging of nitrate,
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Table 1: Continued.

2,2-diphenyl-2-picryl
hydrazyl hydrate
(DPPH), and hydroxyl
free radicals, compared
to treatment with free
naringenin (NAR).
Chitosan-encapsulated
NAR exhibited superior
cytotoxic effects
compared to
unencapsulated NAR
against  A549  lung
cancer cells.

Alginate

|

B-D mannuronic ackd

a-L guluronic acid

L

Alginic acid

Artemisia
ciniformis
extract

Plant extract
(Sesquiterpene
lactones,
flavonoids,
coumarins, and
essential oils)

In vitro cytotoxicity
study against Human

gastric
adenocarcinoma
(AGS) cell line.

AGS cells treated with
extract-loaded alginate
nanocarriers  showed
increasing levels of
apoptosis  after 72
hours, reaching 41%. In
comparison, cells
treated with free extract
had apoptosis of 33%.
The prepared
nanoparticles exhibited
potent cytotoxic
activity. AGS cells
treated with extract-
loaded alginate
nanocarriers exhibited
an 87% decrease in
proliferation, while
cells treated with free
extract showed a 52%
reduction in
proliferation.

The cell cycle study
results were correlated
with the changes in
gene expression
observed.  Treatment
with alginate nanogel
encapsulating A
ciniformis extract
resulted in  down-
regulation of Cyclin D1
expression and  up-
regulation of apoptosis-
inducing genes,
including caspase 3 and
9. This effect was
significantly more
potent and effective
than treatment with free
extract in enhancing
cell proliferation, cell
cycle, and apoptosis
induction.

65

Paclitaxel
(PTX)

Taxanes

In vitro cytotoxic
assay using human
primary breast
cancer cells.

The results showed that
PTX loaded alginate-
NPs

significantly increased
cell-cycle arrest,
decreased viability, and
triggered apoptosis in
primary human breast

66
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cancer cells  from
patients compared to
free PTX.

= Treatment with PTX-

loaded alginate
nanoparticles  resulted
in a significant increase
in the percentage of
apoptotic cells,
reaching 97%.
Additionally, cell cycle
arrest in the G2 phase
was significantly
increased after
treatment with PTX-
loaded alginate
nanoparticles.

Doxorubicin
(DOX)

Anthracycline

In vitro cytotoxicity
assay using human
liver normal cells
(L-02), human liver
cancer cells (Hep-
G2) and human
cervical cancer cells
(HeLa).

The crosslinked DOX-
NPs displayed a
significant and selective
cytotoxic effect on Hep-
G2 and HeLa cells,
compared to healthy
human liver L-O2 cells.

67

Albumin

Gambogic
acid (GA)

Polyprenylated
xanthone

In vivo study in
A549 bearing mice
models.

= The group treated with

GA-loaded albumin
NPs exhibited a lower
relative tumor volume
(RTV) of 2.81 + 1.05
and a T/C index growth
rate of 31.84 + 11.89%,
compared to the GA
solution group with a
higher RTV of 4.12 %
1.28 and a T/C index
growth rate of 46.66 +
14.46%.

= The growth inhibition

rate of the GA-loaded
albumin  nanoparticle
group was
approximately 1.25
times greater (69.53 %
5.23%) than that of the
GA solution  group
(55.34 + 4.48%).

68

Artemether

methyl ethylene
derivative of an
alkaloid
Artemisinin

e In vitro study
using mice colon

cancer cell line
(CT26).

e In vivo study in
BALB/c mice.

Treatment with
Artemether-loaded

albumin NPs resulted in
significant cytotoxicity,
with a relatively low
ICso  value  (52.97
pg/mL) compared to
free Artemether (94.07

pg/mL).

= In vivo studies have

demonstrated that
Artemether-loaded

albumin  nanoparticles

significantly inhibit
tumor  growth by
increasing IFN-y
production and

69
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Table 1: Continued.

decreasing IL4

production.

= Compared to its free

form, Artemether
loaded albumin
nanoparticles enhanced
antitumor responses by
directing immune
responses to Thl and
decreasing Th2, thereby
preventing tumor
development.

Bufalin Glycosides In vitro antitumor | At 5 minutes, the tumor | 7
activity in human | uptake of Bufalin-loaded
hepatoma cell line | bovine serum albumin
(SMMC-7721). nanoparticles was

substantially greater
(50.169 + 11.708 ng/g)
than that of free Bufalin
(93.415 + 13.828 ng/g, P
<0.01).

Doxorubicin | Anthracycline In vitro cytotoxicity | Doxorubicin loaded | *

(DOX) study against human |  doughnut-shaped
uterine  sarcoma | Albumin NPs (DOX-
overexpressing P-gp | DBSA-NPs) and
(MES-SA/DX-5) doxorubicin loaded
and human acute | Spherical BSA NPs
lymphoblastic (DOX-SBSA-NPs)
leukemia (MOLT-4) significantly decreased
cells. the ICso values against

MOLT-4 cells (0.10
and 0.25 nM,
respectively)  whereas
free DOX had an ICso
of 4.20 nM.

= DOX-DBSA-NPs and
DOX-SBSA-NPs  had
ICso values of 0.39 and
0.25 pM against MES-
SA/DX5 cells,
respectively, which
were significantly
lower than that of free
DOX (2.09 uM).

Curcumin Polyphenol In vitro cytotoxicity |= The cytotoxicity assays | 7

(CUR) and | Alkaloid study on MCF-7 indicated that CUR-

Piperine cells. PIP-loaded albumin

(PIP) NPs  have  greater

potential for
overcoming multidrug
resistance in MCF-7

cells compared to free
CUR or PIP.

= The cell death induced

by  CUR-PIP-loaded
albumin NPs was 67%,

whereas CUR-loaded
albumin  nanoparticles
resulted in a 48%
reduction in cell
viability.
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Chitosan

Chitosan (CS) is a unique Food and Drug
Administration (FDA)  approved  cationic
polysaccharide for drug delivery derived from
the deacetylation of chitin, consisting of p-
(1—4)-linked  d-glucosamine (deacetylated
unit) as well as N-acetyl-d-glucosamine
(acetylated unit)®*-26, The length of the resulting
CS polymers and the amount of acetyl residues
will vary depending on deacetylation reaction,
which results in a wide range of molecular
weight (Mwt) varying from 300 to over 1000
kDa. Furthermore, CS degree of acetylation,
which ranges from 5 to 70%, significantly
impacts its physicochemical characteristics,
including viscosity and solubility, whereas the
high degree of deacetylation improves the
solubility of CS?»%%’. The protonation of
glucosamine and N-acetylglucosamine units
determines the degree of CS deacetylation?.

Chitosan contains three types of reactive
functional groups: an amino group as well as
primary and secondary hydroxyl groups at the
C-2, C-3, and C-6 positions, respectively?&2°,
The modification of the primary amino group is
simple, as it can undergo many different
reactions like methylation, acylation, thiolation,
Schiff base reaction, and graft
copolymerization. The protonation of its free
amine groups imparts CS cationic nature,
making it dissolves in dilute acids despite being
insoluble in water at neutral pH?®%%,
Furthermore, it enables electrostatic interaction
with anionic mucin®, which offers excellent
mucoadhesion, making CS the vehicle of
choice for orally administered
phytochemicals?’. Mucus adhesion can enhance
the duration of drug-cell interaction, resulting
in improved tissue permeability, drug diffusion,
and oral bioavailability via the paracellular
transport pathway could be achieved®’&%,
Therefore, the mucoadhesive property of CS is
advantageous for delivering high Mwt
substances like phytochemicals?”.

Chitosan is a promising material for
delivering phytochemicals due to its lower
toxicity —and  inherent  pharmacological
activities. Therefore, when used to encapsulate
other drugs in polymeric nanoparticles, CS
could exhibit a synergistic pharmacological
effect that enhances the therapeutic efficacy of
the drug®%®. Besides, phytochemical-loaded
CS-NPs have significant advantages, including
increased aqueous solubility and
enhanced gastrointestinal (GI) stability through
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protecting  phytochemicals from  various
metabolic enzymes and different pH conditions.
Moreover, because of their excellent
mucoadhesive properties, small particle sizes,
and ease of surface modification, CS-NPs can
efficiently deliver the phytochemicals to the
target site while reducing dose-related
toxicity?’.

An oral delivery system was formulated
using CS to encapsulate the green tea
polyphenol Epigallocatechin-3-gallate (EGCG)
by Siddiqui et al.* In vitro study using a human
melanoma cell line (Mel 928) showed that
EGCG-CS NPs inhibited cell growth 8-fold
more than free EGCG. Moreover, EGCG-CS
NPs treated cells exhibited significant apoptosis
induction and tumor xenograft growth
suppression. In treated mice, EGCG-CS NPs
significantly inhibited key cell proliferation
markers (Ki 67 and PCNA), while inducing the
apoptosis markers (Bax and PARP).

In another study, Abdel-Hakeem et al.®
formulated CS/protamine nanoparticles
(CHPNPs) to encapsulate curcumin (CUR).
The findings showed that the bioavailability
and stability of CUR were significantly
improved. The cell-based assay revealed that
CUR-CHPNPs significantly reduced breast
cancer (MCF-7) cells' viability and the levels of
NF-kB, TNF-a, and IL-6 compared to free
CUR. Subsequently, the (CU-CHPNPs)
downregulated the expression of the Bcl-2 anti-
apoptotic gene more efficiently than CUR
alone.

Several strategies have been employed to
enhance the features of CS-NPs and widen their
application window, including changing the
Mwt of CS. Herdiana et al.*® reported that
modifying the Mwt of CS may improve the
physicochemical properties and anticancer
activity of a-mangostin (AMG) compounds.
Compared to the AMG-CS (high Mwt) NPs,
the AMG- CS (low Mwt) NPs markedly
expanded the AMG release. In addition, Nps
formulated using CS in both molecular weights
significantly increased the cytotoxic -effect
against MCF-7 cell line compared to free
AMG.

To overcome essential oils (EOs)
sensitivity to environmental conditions, Shetta
et al.*®® used an emulsification/ionic gelation
method to incorporate peppermint oil (PO) and
green tea oil (GTO) in CS nanoparticles. The
antioxidant activity of encapsulated EOs was
considerably more significant than that of free



EOs by 2 and 2.4-fold for PO and GTO,
respectively. This could be attributed to the
protective effect of encapsulation, which
hindered the evaporation rate of the EOs.

Rajivgandhi et al¥  effectively
encapsulated Morinda citrifolia EO (MCEO)
using CS-NPs. MCEQO comprises nhumerous
anticancer compounds, such as
Nordamnacanthal, L-scopoletin, B-morindone,
9-H-pyrido[3,4-bJindole, a-copaene, B-thujene,
and Terpinolene. The results revealed that CS
improved the anticancer activity of MCEO
against Ab49 lung cancer cells, where cancer
cells' morphological, nuclear, and intracellular
membranes were altered with a lower MCEO
CS-NPs concentration compared to non-
formulated MCEO.

Alginates
Alginates are  natural  polyanionic
polysaccharides  distinguished by their

mucoadhesiveness, hydrophilicity,
biocompatibility,  biodegradability,  sol-gel
transition properties, cost-effectiveness, non-
toxicity, and chemical versatility. Brown
marine algae and bacteria are responsible for
their production®. They are linear biopolymers
composed of two uronic acids, 1,4-linked-p-D-
mannuronic acid (M) and a-L-guluronic acid
(G). The presence of carboxylic groups renders
them anionic in nature®. The physicochemical
properties of alginates, including water uptake
and sol-gel transition, depend on the Mwt and
the quantity of M and G blocks*.

Due to the abundance of free carboxyl and
hydroxyl groups, alginate possesses unique
mucoadhesive properties that play a key role in
mucosal delivery systems, increasing drug
efficacy, and bioavailability. This adherence
delays the drug's transit time and extends its
time at the absorption site’. Mucins possess
positively charged areas (Ca'*), and such
charges may induce alginate to attach to mucin
via electrostatic adhesion and hydrogen
bonding  (carboxyl-hydroxyl interactions).
Furthermore, mucoadhesive sodium alginate
binds to the mucins released by intestinal cells,
increasing drug-cell contact time. This can
promote the nano-encapsulated drug uptake®.
The strength of alginate's mucoadhesion relies
on its Mwt. It has been demonstrated that
alginate chains with a low Mwt are more rigid
than those with a high Mwt. This feature
renders low Mwt alginate less likely to bridge

with mucin molecules, which results in lower
bioadhesion compared to high Mwt alginate®.

The water solubility of alginate is
determined by the accompanying cations. For
example, sodium alginate is soluble in water.
However, when combined with a solution
containing multivalent cations, the biopolymer
may develop a reversible gel due to the ionic
interaction between calcium ions and guluronic
acid residues®®. The drug delivery of alginate
hydrogels is pH-dependent, resulting in
targeted delivery®. Alginate hydrogels have
been reported as ideal matrices for the
immobilization of nanomaterials, responsive
polymers, and proteins, resulting in a diverse
range of stimuli-sensitive nanosystems for
cancer therapy and diagnosis. Furthermore,
alginate can be used to functionalize various
nanostructures,  particularly ~ for  cancer
treatment®,

Furthermore, the presence of hydroxyl and
carboxyl groups on the backbone makes it
simple to functionalize, allowing for
modification of its chemical and biological
properties. Several targeted drug delivery
systems based on alginates have been
developed, including passive targeting, active
targeting, and stimuli-responsive release
mechanisms®,  Alginate-based nanosystems
have demonstrated controlled drug release,
higher  stability, increased drug-loading
capacity, and decreased immunogenicity,
making them promising biomaterials for cancer
therapeutic applications®.

Chavanpatil et al.** created a surfactant-
polymer nanoparticle system for water-soluble
drug encapsulation and sustained release using
an anionic surfactant, dioctylsodium
sulfosuccinate [Aerosol OT (AQT)], to assess
the drug delivery capacity of AOT-alginate NPs
in drug resistant cells that overexpress the drug
efflux transporter P-glycoprotein  (P- gp).
Rhodamine 123 and Doxorubicin (DOX) were
utilized as model P-gp substrates. The results
revealed that DOX cytotoxicity was
dramatically increased by AOT-alginate
nanoparticles in drug-resistant cells , and the
augmentation of cytotoxicity by nanoparticles
was maintained for 10 days. Rhodamine-loaded
NP uptake studies revealed that nanoparticles
significantly boosted drug accumulation in
resistant cells. Fluorescence microscopy tests
revealed that DOX-loaded NPswere mostly
found in perinuclear vesicles and, to a lesser
extent, inside the nucleus, while free
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doxorubicin was mostly found in peripheral
endocytic vesicles. Finally, AOT-alginate
nanoparticles inhibited P-gp-mediated drug
efflux not only in drug-resistant tumor cells but
also in primary cells overexpressing P-gp.

Gao et al.* created pH-sensitive prodrug
nanoparticles by self-assembling a synthetic
amphiphilic macromolecular prodrug for the
targeted co-delivery of DOX and curcumin
(CUR). To achieve this, they covalently
conjugated DOX to oxidized sodium alginate
via a Schiff base reaction, which resulted in the
formation of an amphiphilic macromolecular
prodrug that self-assembled into nanoparticles
(DOX -NPs) in an aqueous solution responsive
to the acidic environment of tumor cells. CUR-
DOX -NPs released both DOX and CUR
efficiently in acidic media, and further studies
of intracellular uptake and drug release
indicated that DOX-NPs were readily taken up
by cells and preferentially released the
medication into MCF-7 human breast cancer
cell line. Furthermore, in vitro cytotoxicity
investigations of the NPs revealed a remarkable
potency against MCF-7 cell lines, while the
safety profile of the MCF-10A human breast
epithelial cell line was enhanced. In addition, in
vivo investigations in zebrafish showed
efficient uptake of DOX -NPs.

Albumins

Protein-based nanoparticles are commonly
used as drug carriers for delivering relevant
compounds. Enhancing permeability and
retention (EPR) effect or receptor-mediated
pathways are the primary mechanisms by
which  protein-based nanoparticles target
tumors. Albumin is one of the most significant
proteins in blood plasma*&4’, serving a variety
of physiological functions, such as maintaining
osmotic pressure and binding and delivering
nutrients to cells. Depending on their source,
albumins are classified as egg white
(ovalbumin), bovine serum albumin (BSA), and
human serum albumin (HSA)*44, BSA and
HSA have been extensively used as viable
delivery systems for targeting anticancer drugs
to tumor cells**44°. Albumin nanoparticles are a
representative example of frequently used
protein-based nanoparticles*%C,

Albumin NPs have received great attention
as drug carriers since due to several advantages
they offer. Albumin can bind to many drugs
due to multiple drug-binding sites within the
albumin molecule. Additionally, albumin-based
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nanoparticles may enable the electrostatic
adsorption of negatively (e.g., Oligonucleotide)
or positively (e.g.,, Ganciclovir) charged
molecules because of their high content of
charged amino acids (e.g., Arginine, Lysine,
Glutamate, and Aspartate)39&50,

Albumin NPs possess free thiol groups,
multiple amines, and carboxyl functional
groups on their surface, making them
accessible to surface modification, enhancing
their targeting ability. Furthermore, albumin's
charged amino acids render it soluble in
aqueous solutions even at neutral pH, making it
an ideal vehicle for delivering water-insoluble
drugs. Covalent bonds and non-covalent
interactions, such as hydrophobic and
electrostatic interactions, can be used to modify
the surface of albumin nanoparticles®*%,
Albumin  nanoparticles are  considered
biocompatible, non-toxic, non-immunogenic,
and biodegradable due to their composition of a
naturally occurring protein in the body. The
remnants of their degradation are amino acids
that surrounding tissues utilize to form body
proteins*7&%,

The 60-kDa glycoprotein (gp60) and a
secreted protein acidic and rich in cysteine
(SPARC) are both major overexpressed
receptors on the extracellular matrix of many
types of cancer cells. Albumin can specifically
bind to gp60 and SPARC, enhancing the uptake
and targeting of albumin-based NPs. This
specific uptake approach enables albumin-
based NPs to reduce the drug efflux from
cancer cells, which can improve the
effectiveness of cancer treatment#®%4,

Albumin NPs have been used to overcome
the resistance produced by various cancer cells.
Motevalli et al.®® investigated the co-
administration of CUR and DOX to resistant
breast cancer cells (MCF-7) to inhibit adaptive
treatment tolerance and induce efficient cell
death. Adaptive treatment tolerance is a
phenomenon in which cancer cells become
resistant to treatment over time. The cells were
treated with albumin NPs containing both
drugs, resulting in increased intracellular
accumulation of CUR and DOX and, as a
result, significant cell death.

Khella et al.*® encapsulated Carnosic acid
(CA), a naturally occurring phenolic
compound, within bovine serum albumin
(BSA) nanoparticles (CA-BSA-NPs) to
enhance its anti-tumor activity against MCF-7
and colorectal adenocarcinoma (Caco-2) cells.



Comparison of cell viability after exposure to
free CA and CA-BSA-NPs effectively induced
apoptosis, proving their significant anti-
proliferative effect. The results of the apoptosis
assay showed that Caco-2 cells were arrested at
G2/M (10.84%), and MCF-7 cells were arrested
at G2/M (4.73%) after treatment with CA-
BSA-NPs. A gene expression study using RT-
PCR revealed that CA-BSA-NPs treatment
increased GCLC expression while decreasing
BCL-2 and COX-2 expression compared to
untreated cells. The administration of CA-BSA-
NPs (6.02 pg/mL) dramatically downregulated
BCL-2 and COX-2 expression levels in MCF-7
(FC= 0.469 and 0.29, respectively), while
considerably increasing GCLC expression
(FC= 3.7). In Caco-2, GCLC gene was
similarly highly elevated (FC= 2.03), whereas
the expression of BCL-2 and COX-2 was
dramatically decreased (FC= 0.73 and 0.37,
respectively) in CA-BSA-NPs-treated cells, (p
< 0.05 for each), relative to control cells.
Berberine (BBR) is an isoquinoline
alkaloid with potent anticancer activity.
However, its low aqueous solubility and
bioavailability make it unsuitable for clinical
use in cancer therapy. To address these issues,
Solanki et al.®? encapsulated BBR in bovine
serum albumin nanoparticles (BSA NPs) using

a desolvation method. The MTT assay provided
further evidence of the safety and
biocompatibility of BSA NPs, demonstrating
that BBR-BSA NPs significantly improved the
solubility and anticancer activity of free
Berberine against breast cancer cells (MDA-
MB-231). Apoptosis and cellular uptake studies
indicated that BBR-BSA NPs could
significantly enhance anticancer activity at
lower BBR doses.

Synthetic Biopolymers

Synthetic biopolymers are those that have
been modified from natural polymers or
synthesized  chemically from  synthetic
monomers in a manner that allows them to
degrade naturally without leaving harmful
residues in living and natural environments.
The significant promise of synthetic polymers
as drug carriers has been emphasized in recent
years due to their unique benefits over natural
polymers in terms of stability and flexibility,
enabling a wide range of applications.
Furthermore, the structure of synthetic
polymers can be modified to target the drug
moiety to specific sites®473, Here are some
examples of biodegradable synthetic polymers
that encapsulate anticancer phytochemicals,
which are also presented in Table 2.

Table 2: Examples of Biodegradable Synthetic Polymeric Nanoparticles as Anticancer Drug Delivery Systems of
Certain Phytochemicals.

Polymer Main Phytochem | Cell Line/Animal | Main Outcomes Ref
phytochemical(s) | ical class Model
Polylactic acid (PLA) Fisetin Polyphenol |e In vitro Fisetin PLA-NPs resulted ina |
flavonoid cytotoxicity 64.7% reduction in tumor
CH, assay against growth compared to the
0 H HCT116 colon initial tumor volume.
HO cancer cells Fisetin PLA-NPs resulted in a
0 n In  vivo anti- significant reduction in the
tumor activity in ICso value (29.3 ug/ml),
a Xenograft 4T1 compared to free Fisetin (91.8
breast cancer ug/ml).
Balb/C mice
model.
Poly (lactic-coglycolic | Baicalin Flavonoid In  vitro study After 24 hours of incubation, | %
acid) (PLGA) against breast PNPs  boosted Baicalin's
cancer cell line anticancer activity by up to
(MCF-7 and 216 times in MCF-7 cells and
MDA-MB-231) 31 times in MDA-MB-231
cells. cells.
Polymeric NPs led to a
significant increase in
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CHa

Caspase 3/7 in both cell lines,
as well as a significant up-
regulation of P53 in Baicalin
NPs-treated cells.

Quercetin
and
phenethyl
(Ca)

(Qu)
caffeic-acid
ester

Polyphenol
flavonoid

In  vitro
using
colorectal
carcinoma (HT-
29) cells.

study
human

PLGA PNPs loaded with Qu
and Ca triggered
mitochondrial apoptosis in
HT-29 cells by increasing the
mRNA levels of caspase-3
(2.38-fold) and caspase-9 (2-
fold), as well as the
expression of critical proteins
in the intrinsic apoptosis
pathway.

After 24 hours, the ICso
values of free Qu-Ca and Qu-
Ca PLGA-NPs were found to
be 534 pg/mL and 11.2
ug/mL, (p < 0.05),
respectively.

Treatment Qu-Ca
PLGA-NPs enhanced
cytochrome-c mRNA levels
fivefold over the control.

with

98

Epigallocatechin-3-
gallate (EGCG)

Polyphenol
(Catechin)

e In vitro

cytotoxicity
study using
lung cancer
cell lines
(H1299  and
A549).

e In vivo Studies

in Patient-
Derived
Xenograft
(PDX) Model.

EGCG-encapsulated PLGA-
NPs were 3 to 4 times more
effective than free EGCG in
triggering apoptosis at lower
doses (12.5 and 25 pM).
After 72 hours of treatment,
the 1Cso was found to be
86.44 uM and  24.69 uM in
A549 cell line and
80.57 yMand 22.01 uMin
H1299 cell line for EGCG
and EGCG PLGA-NPs,
respectively.

Compared to free EGCG,
EGCG PLGA-NPs were
more effective in inhibiting
the expression of NF-B-
regulated genes.

99

Andrographolide

Labdane
diterpenoid

In vitro
anticancer
efficacy using
triple  negative
LM2 metastatic
breast cancer cell
line.

The group treated with
Andrographolide PLGA-NPs
had significantly more cells
in the G2/M phase compared
to free Andrographolide
group, indicating that the
encapsulated
Andrographolide  had a
stronger anti-cancer effect.
The 1Cso value for the free
drug was 27.68 pM, while
the value for
Andrographolide-loaded
PLGA-NPs was 16.80 uM.

100
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Table 2: Continued.

101

B-Carotene Carotenoids In vivo | The relative oral bioavailability
pharmacokinetic | of B-Carotene PLGA-NPs was
study using male | five times higher than that of
Sprague Dawley | the B-Carotene suspension.
rats.

Crocetin Carotenoid In vitro cytotoxic | Treatment  with  Crocetin | 102
dicarboxylic study against | PLGA-NPs resulted in a
acid breast cancer | significant decrease in 1C50

(MCF-7) cell | (84.73 + 12.14 uM), compared
line. to free Crocetin (589.65 + 5.72
nM)

Rutin (RT) Flavonoid In vivo study on |= Administration of RT PLGA- | 1
Diethylnitrosami NPs regulated the multiple
ne (DEN) transcription factors, such as
induced cytokine, kinase, and NF-xB
hepatocellular activation, significantly.
carcinoma in [= RT PLGA-NPs modulated
Albino  Wistar Phase | antioxidant enzymes,
rats. including cytochrome-b5,

cytochrome P450, NADPH-
cytochrome P450 reductase,
and NADH-cytochrome-b5-
reductase, in DEN-induced
rats.

= Administration of RT PLGA-
NPs reduced NF-xB level to a
significant degree.

Thymoquinone Monoterpene In vitro | TQ PLGA-NPs demonstrated | 04

(TQ) cytotoxicity assay | an ICso range of 2.5-5 mg/mL
using the A375 | and resulted in 41.0% and
melanoma cancer | 52.6% cell viability after 24-
cell line. hour incubation, respectively.

These values were significantly
lower than those observed with
free TQ.

Apigenin Flavone In vivo study | Apigenin PLGA-NPs triggered | 1%
using cytotoxicity and mitochondrial
Benzo[a]pyrene apoptosis by increasing the
and ultraviolet-B | expression of pro-apoptotic
induced skin | protein Bax and decreasing the
cancer in Swiss | expression of anti-apoptotic
Albino mice. protein  Bcl-2.  Additionally,

Apigenin PLGA-NPs activated
caspase-3 and caspase-9.
Poly (- | Noscapine Alkaloid In vitro | In vitro cytotoxicity testing | 106
caprolactone) cytotoxicity study | (MTT) revealed that Noscapine-
(PCL) against  human | loaded PCL NPs had a 31%
glioblastoma cell | lower 1Cso compared to
0 line (U87 MG). free Noscapine.
0 Diosgenin Steroidal In vitro | = Diosgenin loaded PCL NPs | 107
n sapogenin cytotoxicity assay had an ICso of 14.90 + 0.304
against  Human MM, which was significantly
glioblastoma cells lower than that of free
(U87-MG) Diosgenin  (28.89 + 2.12
HM).

= The results demonstrate that
free Diosgenin exhibited 44%
viability in U87-MG cells,
whereas Diosgenin loaded
PCL NPs exhibited 37%
viability.
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Polylactic acid (PLA)

Polylactic acid (PLA) is an FDA-approved
biodegradable polymer with low
immunogenicity and toxicity, and it is highly
biocompatible and reproducible™. PLA is an
aliphatic bio-based polyester produced from
lactic acid (2-hydroxypropionic acid)%7,
Ring-opening polymerization of the lactide
monomer is the most common method for
producing PLA. It’s also possible to modify the
sequence and L- and D-lactic acid unit ratio in
the final polymer’. Therefore, PLA is made up
of three isomeric forms: poly(D-lactide)
(PDLA), poly(L-lactide) (PLLA), and racemic
poly(D,L-lactide) (PDLLA)™. Many variables,
including catalyst type, residence time, and
temperature, can affect the Mwt of the
manufactured PLA. The physicochemical and
mechanical properties of PLA are influenced by
its Mwt, crystallinity, and component isomers.
PLA degrades hydrolytically in a biological
environment through the cleavage of ester
bonds, and its byproducts, carbon dioxide and
water, are intracellularly metabolized or
removed by the kidneys’*7®,

PLA's high hydrophobicity and strong
crystallinity make it an ideal environment for
encapsulating hydrophobic drugs with a slow
degradation rate’. Therefore, PLA's physical
and chemical surface modifications have been
carried out to modify its physicochemical
characteristics’’.  Co-polymerization ~ with
blocks of a hydrophilic polymer, like
poly(ethylene oxide) (PEO) or poly(ethylene
glycol) (PEG), is a typically used approach to
enhance PLA water-solubility”.

Feng et al.”® used the emulsification
solvent diffusion technique to encapsulate the
polyphenol flavonoid Fisetin within PLA NPs
to enhance its solubility and therapeutic
efficacy. The results showed that, in addition to
exhibiting more potent cytotoxic activity
against cancer cell lines than free Fisetin, PLA
NPs significantly enhanced its bioavailability.
Furthermore, the anticancer effectiveness of
Fisetin-loaded PLA NPs was assessed in a 4T1
xenograft tumor model, demonstrating that
intravenous injection not only suppressed the
growth of 4T1 tumors much more effectively
but also had no side effects.

Ghaffarzadegan et al.”® used coaxial
electrospray to develop core-shell Berberine
(BBR) loaded PLA-NPs to increase the
bioavailability and cytotoxicity of the alkaloid
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BBR. According to the results of the study, the
encapsulated BBR was more toxic and effective
against human colon cancer (HCT-116) cells
compared to free BBR, where BBR loaded
PLA-NPs resulted in a significant reduction in
the 1Cso (56.825 pg/mL) compared to free BBR
(70.773 pg/mL).

Polyglycolic acid (PLG)

Polyglycolic acid, or polyglycolide (PLG),
is an FDA-approved biodegradable,
thermoplastic polymer that is produced by the
ring opening of glycolide or polycondensation
of glycolic acid®, PLG is a highly crystalline
polymer (45-55%) with a high melting point
(220-225°C) and a glass-transition temperature
(Tg) of 35-40°C. Unlike PLA and PLGA, PLG
degrades faster and possesses  higher
mechanical characteristics. Due to its high
crystallinity, PLG is insoluble in several
solvents but exhibits limited solubility in
extremely fluorinated solvents such
hexafluoroisopropanol (HFIP) up to a molar
mass of 45,000 g/mol®. PLG is particularly
crystalline because it lacks the methyl side
groups found in polylactic acid®. The
insufficient solubility in organic solvents,
inadequate stability in water, and rapid
enzymatic degradation of PLG have hampered
its application in the formulation of NPs.
Nevertheless, PLG is being employed in tissue
engineering to regenerate
tendons, bone, cartilage, spinal cord,
and teeth™. In addition, due to its rigidity and
rapid degradation, it is not a suitable material
for the manufacture of nanocarriers for cancer
treatments®.

Poly (lactic-co-glycolic acid)

Poly (lactic-co-glycolic acid) (PLGA) is a
biocompatible synthetic thermoplastic polymer.
It belongs to the large aliphatic biodegradable
polyester family resulting from the ring-
opening co-polymerization of lactic acid (LA)
and glycolic acid (GA)%%%, Owing to its
favorable degradation, biocompatibility, and
potential sustained drug delivery
characteristics, PLGA has been approved by
both the European Medicines Agency (EMA)
and FDA for use in various human drug
delivery systems, PLGA is the most commonly
used copolymer for developing targeted
PNP583&84.

Different lactic and glycolic acid ratios are
used during polymerization to produce PLGA



with varying Mwt and physical, chemical, and
physicochemical properties, allowing it to be
used to deliver a variety of hydrophilic and
hydrophobic drugs of any molecular size,
including anticancer drugs as well as protein,
gene, and peptide delivery3&84&85 Pl GA Mwt
directly impacts NPs' characteristics, including
particle size, entrapment efficiency, release
properties, bioavailability, and degradation®s.

Hydrolysis of PLGA yields hydrophilic
monomers and oligomers of non-toxic lactic
and glycolic acids, which are then eliminated as
carbon dioxide and water'*43, Moreover, the
overall physical properties of the polymer-drug
matrix can be tuned to achieve a desired drug
encapsulation and release behavior by adjusting
relevant parameters like the ratio of lactide to
glycolide, the polymer molecular weight, and
the PLGA concentration®. The overall PLGA
copolymer hydrophobicity and degradation rate
are influenced by the hydrophilic glycolic acid
(GA) ratio to hydrophobic lactic acid (LA).
Increasing the hydrophobicity (at a higher LA
ratio) slows the degradation rate and,
consequently, the drug release ratel3&87,
Depending on the molecular weight and
copolymer ratio, the degradation time might
range up to several months®,

PLGA nanoparticles (PLGA-NPs) are used
to deliver various phytochemicals that bind to
the nanoparticles’ hydrophobic regions via
hydrogen bonding®. In a study by Liu et al.®,
PLGA-NPs loaded with Fisetin (FST), an
antioxidant flavonol, were developed using an
interfacial deposition approach to improve
FST's oral delivery. Results demonstrated that
FST PLGA-NPs exhibited a 3.06-fold increase
in dissolution rate and a 4.9-fold increase in
permeability of FST at the duodenal area, with
a significant enhancement of its stability.

In another study, Yadav et al.®
demonstrated that the polyphenol flavonoid
Quercetin, encapsulated using PLGA-NPs
through the solvent evaporation technique,
could overcome Quercetin's low aqueous
solubility and enhance its anticancer potential.
Treatment of human cervical cancer cells
(HeLa) and breast cancer cells (MCF-7) with
Quercetin  PLGA-NPs displayed a high
expression level of active Caspase-3 and
Caspase-7, which are responsible for apoptosis.
In contrast, the expression of PISBK/AKT genes
(which contribute to the proliferation, invasion,
metastasis, and drug resistance of tumor cells)
was downregulated, and FoxO1 expression was

upregulated, promoting cell cycle arrest and
apoptosis. Furthermore, in rats with DMBA-
induced mammary adenocarcinoma, Quercetin-
loaded PLGA-NPs significantly reduced the
average size of tumors.

Kumar et al.®® aimed to encapsulate a
pentacyclic triterpenoid, Betulinic acid (BA),
into PLGA-NPs and compare their anti-
hepatocellular carcinoma (HCC) activity with
that of free BA. BA-PLGA-NPs showed
significant in-vitro inhibitory and penetration
properties compared to free BA employing
Hep-G2 cell line. Moreover, in a
nitrosodiethylamine-induced hepatocellular
carcinoma model, treatment with BA-PLGA-
NPs resulted in a reduction in the number of
nodules, improvement in body weight,
regulation of oxidative stress parameters and
hepatic marker enzymes, as well as restoration
of the histological pattern, when compared to
free BA. These beneficial effects could be
attributed to the overexpression of antiapoptotic
caspases, namely caspases 3 and 8.

In a trial to improve the solubility,
dissolution rate, bioavailability, and biological
efficiency of Cinnamic Acid, a natural aromatic
carboxylic acid found in numerous plants,
Badawi et al.®* developed PLGA PNs for the
treatment of triple-negative breast cancer by
inhibiting epithelial-to-mesenchymal transition
(EMT), which is critical for tumor initiation
and motility. Cinnamic acid PLGA-NPs
reduced the levels of E-cadherin and N-
cadherin in the human breast cancer (MDA-
MB-231) cell line, tumor suppressor proteins
associated with EMT. This confirmed that the
cytotoxic activity of cinnamic acid PLGA PNs
was significantly enhanced compared to that of
the free drug.

In addition to encapsulating plant extracts
and phytochemical compounds, PLGA
copolymer has been extensively used as a
matrix for encapsulating EOs. Laurel essential
oil (LNEO), derived from the Laurus nobilis L.
plant, was encapsulated by Ercin et al.®! into
PLGA-NPs using a single-emulsion technique
for cancer treatment. The PI3K/Akt/mTOR
pathway is involved in uncontrolled cell
growth, metastasis, angiogenesis, and
resistance to  therapy. Therefore, the
interactions between LNEO and DNA, as well
as the PIBK/mTOR dual inhibitor, suggest that
LNEO-loaded PLGA-NPs may be used as a
novel phytotherapeutic agent-based controlled-
release polymeric system for cancer therapy.

745



Almnhawy et al.%? fabricated PLGA PNs
loaded with Trachyspermum Ammi seed
essential  oil  (TSEO-PLGA-PNPs) via
evaporation and ultrasonication-based
emulsification techniques. TSEO-PLGA-PNPs
selectively induced apoptosis in HT-29 human
colon cancer cells, attributed to their high
antioxidant capacity. Additionally, TSEO-
PLGA-PNPs inhibited  angiogenesis in
chorioallantoic membrane blood vessels in
chick  embryos.  Consequently, it is
recommended that TSEO-PLGA-PNPs be used
as a safe and effective anticancer system for the
treatment of human colon cancer.

Poly-&-caprolactone

Poly-g-caprolactone (PCL) is a
biocompatible, biodegradable, FDA-approved
slow-degrading aliphatic polyester polymer that
has been utilized to encapsulate a wide range of
hydrophilic and hydrophobic drugs for targeted
drug delivery and controlled release'*4%, PCL
is produced through the ring-opening
polymerization of g-caprolactone monomers,
which could be induced by cationic, anionic,
coordination, or radical  polymerization
mechanisms®,

Owing to their size, biodegradability,
biocompatibility, and ability to modify their
surface properties, PCL NPshave been
considered for anti-tumor drug delivery®. In
physiological conditions, PCL ester linkages
are degraded by lipase enzyme hydrolysis, and
PCL byproducts are solubilized by body fluids
and removed through phagocytosis®.

Similarly to PLA and PLGA, the rate at
which PCL degrades depends on many factors,
such as chain length (molecular weight),
crystallinity, branching, and the medium in
which it is introduced. However, PCL degrades
significantly  slower than other known
biodegradable polymers due to its high
crystallinity and hydrophobic nature. A slow
degradation rate is desirable for long-term drug
delivery systems. However, due to PCL NPs'
high hydrophobicity, these NPs aggregate in
physiological environments and are captured by
the reticuloendothelial system, which could be
improved by modifying PCL NPs' surface.
Thus, PEGylation of PCL NPs is being
investigated in many studies to increase the
stability of PCL NPs in blood circulation and
achieve a suitable drug release profile®.

Carletto et al.®* demonstrated that
Resveratrol-loaded PCL NPs reduced murine
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melanoma cells’ viability. In mice treated with
Resveratrol-loaded nanocapsules, the tumor
volume was reduced significantly, and the
necrotic area and melanoma inflammatory
infiltrate were increased compared to mice
treated with free resveratrol, indicating a good
prognosis for animals bearing melanoma
cancer. Additionally, Resveratrol
nanoencapsulation  significantly  inhibited
metastasis and pulmonary hemorrhage.

Vasconcelos et al.® formulated PCL lipid-
core NPs with red guava extract rich in
lycopene (LEG) to assess their cytotoxic
activity against human breast cancer cells
(MCF-7). The results showed that even at the
lowest concentration evaluated, the LEG-PCL
NPs considerably decreased the viability of
MCF-7 cells by 61.47% after 24 h of treatment
compared to free LEG. In the human microglial
(HMC3) cell line, LEG-PCL NPs demonstrated
high selectivity against cancer cells by reducing
lipopolysaccharide  (LPS)-induced  NF-kB
activation and ROS formation, which are cell
proliferation stimulants, with no effect on
erythrocyte membrane integrity.

Tetrandrine (Tet) is a bis-
benzylisoquinoline alkaloid found naturally in
the root of Radix Stephania Tetrandrae. Xu et
al.%®® encapsulated Tet using PCL copolymer
derivative, poly(N-vinylpyrrolidone)-block-
poly(-caprolactone)  (PVP-b-PCL). It is
demonstrated that Tet PVP-b-PCL NPs uptake
is mediated mainly by nanoparticle
endocytosis, which is significantly induced
compared to free Tet. Tetrandrine delivery via
PVP-b-PCL NPs produced significant apoptosis
in lung carcinoma (A549 cell line) by
decreasing the production of anti-apoptotic Bcl-
2 and Bcl-xL proteins. In addition, the
formulated NPs limited cell migration and
invasion more effectively than free Tet by
suppressing MMP-2 and MMP-9 and
upregulating MMP-3 and TIMP-3 tissue
inhibitors.

Conclusion and Perspectives

Natural bioactive compounds, known as
phytochemicals, have garnered increased
attention worldwide due to their potential
therapeutic and preventive effects. They
possess potent anticarcinogenic impact by
modulating molecular pathways and cellular
processes involved in cancer progression, such
as cell proliferation, migration, apoptosis, and
invasion with lowered adverse effects



compared to traditional treatments. However,
there are many limitations for their use
including low therapeutic efficacy due to their
poor aqueous solubility, low stability, poor
absorption, and rapid metabolism. Polymeric
nanoparticles (PNPs) have demonstrated great
potential in encapsulating natural bioactive
compounds (Phytochemicals-based
nanomedicine) aiming to improve their
anticancer efficacy.

Polymeric nanoparticles stand out as a
significant tool for enhancing bioavailability,
solubility, and stability while reducing dose-
related toxicity of phytochemicals. Surface
functionalization of PNPs is crucial for the
efficient delivery of bioactive compounds to the
target site, overcoming challenges associated
with systemic toxicity and multiple drug
resistance (MDR). A wide range of polymers,
both natural and synthetic, have been
investigated for encapsulating various natural
bioactive compounds and modulating their
pharmacokinetics and  pharmacodynamics,
owing to their  biocompatibility and
biodegradability.

Natural biopolymers, such as chitosan,
alginates, and albumins, offer advantages like
muco-adhesiveness, and hydrophilicity, in
addition to the presence of specific protein
binding sites, along with other biochemical
signals, which can aid in targeted delivery.
Moreover, studies have demonstrated that the
use of natural polymer-based nanoparticles
results in fewer toxicological effects compared
to synthetic polymer-based nanoparticles.
Additionally, it has been observed that
incorporating natural polymer blends or coating
synthetic polymeric nanoparticles with natural
polymers can reduce toxicity.

Conversely, synthetic biopolymers such
as PLGA, PLA, and PCL offer stability,
flexibility, and the ability to tailor their
structure  for  targeted drug  delivery.
Furthermore, the polymerization, interlinking,
and functionality of their molecular structure,
molecular weight, and physical and chemical
characteristics can be modified through block
structures, combination, and copolymerization,
making them easier to synthesize making them
more advantageous over natural ones.

Despite the abundance of preclinical
studies, the clinical application of PNPs as
delivery systems for phytochemicals as cancer
therapy is still in early stages. Furthermore, the
clinical features of human cancers are not

reflected in the corresponding animal models
currently employed in the in-vivo assessments
of anticancer activity. To address this
limitation, the use of humanized animal models
and species with a more human-like immune
system, such as piglets and monkeys, could be
considered as potential alternatives for
evaluating the efficacy of PNPs in cancer
management.

Drug resistance is a major issue in cancer
treatment. Strategies such as targeting specific
drug-resistant pathways, multiple drug delivery
or co-delivery in  combination  with
immunomodulators, nucleic acids, and
antiangiogenic molecules, as well as the use of
nanocarriers capable of bypassing drug efflux
mechanisms, can help overcome MDR and
improve treatment outcomes.

The high incidence and increased
mortality rate of cancer are primarily
attributable to late diagnosis and the possible
failure of conventional therapeutic approaches,
which has prompted the development of more
useful diagnostic tools and effective cancer
treatments. Theragnostics is a term that
combines both therapeutics and diagnostics in a
single system. PNPs could be used to not only
deliver phytochemicals but also to integrate
imaging agents for real-time monitoring of
therapy response allowing for non-invasive
imaging of tumors, drug distribution
evaluation, and treatment efficacy assessment.

Overall, the use of PNPs encapsulating
natural anticancer phytochemicals in cancer
therapy shows a considerable promise. Further
research and development in this field will
contribute to the advancement of more effective
and targeted treatments for various types of
cancer.
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