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Despite the advancements in cancer therapies during the past few years, chemo/photo resistance, severe
toxic effects, recurrence of metastatic tumors, and non-selective targeting remain incomprehensible. Thus,
much effort has been spent exploring natural anticancer compounds endowed with biosafety and high
effectiveness in cancer prevention and therapy. Gambogic acid (GA) is a promising natural compound in
cancer therapy. It is the major xanthone component of the dry resin extracted from the Garcinia
hanburyi Hook. f. tree. GA has significant antiproliferative effects on different types of cancer, and it
exerts its anticancer activities through various pathways. Nonetheless, the clinical translation of GA has
been hampered, partly due to its water insolubility, low bioavailability, poor pharmacokinetics, rapid
plasma clearance, early degradation in blood circulation, and detrimental vascular irritation. Lately,

procedures have been invented demonstrating the ability of nanoparticles to overcome the challenges
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Accepted 24th January 2024 associated wi e clinical use of natural compounds both in vitro and in vivo. This review sheds light on

the recent emerging trends for the nanodelivery of GA to cancer cells. To the best of our knowledge, no

DOI: 10.1039/d3ra08042k similar recent review described the different nanoformulations designed to improve the anticancer
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1. Introduction

Cancer is one of the prominent causes of death in both developing
and wealthy countries, with a rapid growth in new incidence
rates." Existing chemotherapeutics, such as platinum-based
drugs, antimetabolites, topoisomerase inhibitors, alkylating
agents, anthracyclines, and protein kinase inhibitors, adopt
specific direct or indirect pathways, which eventually inhibit the
proliferation of tumor cells but habitually fail to eliminate cancer
progression or avert its recurrence.>” In addition to the serious
systemic side effects, recurring treatment with chemotherapeutics
ultimately results in the development of resistance by cancer cells
against these drugs.® Hence, unveiling natural compounds that
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therapeutic activity and targeting ability of GA.

can preferentially impede cancer growth via stimulating apoptosis
and target several cellular signaling pathways without developing
resistance or causing toxic effects on healthy tissues is essential.
Several natural compounds have been reported to exert compel-
ling antitumor activities against various cancer cells through
different mechanisms, such as inducing programmed cell death,
halting angiogenesis, impeding inflammatory mediators, and
initiating autophagic pathways.”™ The most prevalent groups of
natural compounds with anticancer effects are polyphenols,
phytochemicals, and xanthonoids."** Gambogic acid (GA) is the
major xanthone component of the dry resin extracted from the
Garcinia hanburyi Hook. f. tree.** It exhibits notable tumor-
inhibiting effects on various tumors, including pancreatic,
breast, lung, liver, gastric, and bone cancers. GA exerts its anti-
tumor activities through different pathways, including restricting
proteasome activity and regulating the development of tumor
vascular endothelial cells to prevent the proliferation of cancer
cells.” In addition, unlike conventional chemotherapeutics, GA
possesses pleiotropic features that alter c-Jun N-terminal kinase-1
(JNK-1), nuclear factor-kappa B (NF-kB) and protein kinase B
(AKT) signaling pathways." Although being a promising asset in
treating cancer and has granted the China Food and Drug
Administration (CFDA) approval to enter Phase III clinical trials,
GA has failed to pass the clinical superiority assessment owing to
several limitations that thwart its clinical translation. These
shortcomings include rigid structure, hydrophobicity, chemical
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instability, low bioavailability, poor pharmacokinetics, rapid
plasma clearance, premature degradation in blood circulation,
undesirable vascular inflammation, and a lack of selective tar-
geting to the intended site of action.'® Therefore, utilizing an
unorthodox technology to address the challenges of using GA
clinically is particularly crucial. A facile approach to solving the
drawbacks of GA is to provide nano-delivery systems that can
improve its hydrophilicity, bioavailability, and possibility of
shielding GA from non-intended side reactions that cause its
deactivation while simultaneously improving its targeting and
uptake into the intended cancer cells."” ™

This review aims to comprehensively overview gambogic
acid's chemical features, anticancer activities against different
cancers, and the underlying anticancer mechanisms of action.
In addition, we will discuss the nanodelivery systems recently
employed for the nanoformulation of GA to address the chal-
lenges impeding its clinical translation while improving its
anticancer potency and selective cancer cell uptake ability.

2. Gambogic acid’'s chemical
characteristics

Gambogic acid (GA) is a natural compound with therapeutic
properties, and its chemical formula is C33H,440s, as illustrated
in (Fig. 1)."* GA, a naturally occurring prenylated xanthone
derivative, is the most significant member of the xanthone
family and is being studied for its potential use as a potent
anticancer agent.>*** GA has been used in traditional Chinese
medicine for centuries and has various biological properties,
including anti-inflammatory, antioxidant, antiviral, and anti-
infectious activities. In the past few years, several studies have
reported its potent anticancer activities against broad types of
cancer cells, as will be described in the following sections.?*?*
GA exhibits flash and boiling points of 251.4 °C and 808.9 °C
and, respectively, and a pronounced maximum absorption
wavelength of 365 nm.>*

According to studies on the relationship between activity and
structure, the 6-hydroxy and 3O-carboxy groups of the o,f-
unsaturated ketone moiety from GA play a significant role in the
biological activity of the compound. By covalently attaching to
the active cysteine residues via Michael addition events, GA
could also inhibit the activation of thioredoxin (TRX-1/2)
proteins.>*2¢

OH O

Gambogic acid chemical structure.

Fig. 1
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3. Anticancer activities of gambogic
acid

GA has superior anticancer activity when compared to other
natural substances. Previous studies have shown that GA is
a potent apoptosis inducer, anticancer drug, and tumor growth
inhibitor. GA has been demonstrated to be a powerful natural
drug with very low half-maximal inhibitory doses (IC50, nM
range) against various cancer cell types.** Additionally, GA has
been shown to have various anticancer properties, including the
ability to suppress invasion, metastasis, and angiogenesis, as
well as apoptosis, autophagy, and cell cycle arrest. GA shiwed
a great potential in suppressing breast, pancreatic, prostate,
lung, osteosarcoma, and other cancers adopting different
mechanisms. Also, as mentioned above, GA can target c-Jun N-
terminal kinase-1 (JNK-1), protein kinase B (AKT)/mammalian
target of rapamycin (mTOR), AKT/forkhead box protein O1
(FOXO01)/BIM and nuclear factor kappa-B (NF-B).>*** In addi-
tion, GA can down-regulate heat shock protein (HSP90), and it is
considered to be the heat-shock protein 90 (HSP90)
inhibitor.'**’

3.1 Breast cancer

Breast cancer is the second most common cause of death for
women and the most common malignancy to be detected. It is
responsible for about one-fourth of all female cancers world-
wide.”® Although numerous chemotherapies that have been
granted FDA approval are available, natural compounds have
been shown to provide a safer alternative. As shown in Table 1,
several studies have reported the anticancer activity of GA
against breast cancer. GA was shown to increase SIRT1 expres-
sion in vitro to prevent the epithelial-mesenchymal transition in
breast cancer cells. In addition, GA has been reported to reduce
proliferation in human breast MDA-MB-231 cells, minimize
tumor invasion and enhance SIRT1 mRNA and protein expres-
sion while repressing IL-6 production in MDA-MB-231 cells.*® In
another study on breast cancer, GA was shown to enhance the
sensitivity of drug-resistant breast cancer cells to paclitaxel by
modifying the sonic hedgehog (SHH) signaling route. However,
as compared to either drug alone, the combination of both
drugs has dramatically reduced the expression of SHH, GLI1,
and PTCH1. Also, the combination of GA and paclitaxel led to
markedly reduced tumor growth in vivo in mouse models and in
vitro.*

3.2 Lung cancer

About 85% of lung cancer patients have non-small cell lung
cancer (NSCLC), which is the most common cause of cancer-
related death globally. The tumor suppressor liver kinase B1
(LKB1) controls polarity, growth, metabolism, and survival of
cells. It is the most prevalent alteration in the NSCLC gene, also
known as STK11; between 30% and 35% of NSCLC cases had
mutant or inactive LKB1. The calcium/calmodulin kinase group
includes the serine/threonine kinase LKB1. Individuals with
wild-type LKB1 respond to chemotherapy differently from
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Table 1 Gambogic acid for the treatment of different types of cancer
Cancer type Cancer cell line Mechanism of action Remarks Ref
Gastric signet ring cell SNU-16 cells - Upregulated cleaved - GA had a dose-dependent 33
carcinoma caspase 3, Bax, and cleaved antiproliferative effect
PARP
- Downregulated BCL-2 - IC50 = 655.1 nm
Bile duct cancer, KKU-M213 and HuCCA- - Inhibited Wnt/p-catenin - Potent cytotoxicity 35
(cholangiocarcinoma) 1 signaling pathway
- Induced ER stress - Inhibited cell proliferation
- Induced apoptosis
Liver cancer (human HepG2, and SMMC- - Targeted thioredoxin - Synergistic cytotoxic effect with 36
hepatocellular 7721) reductase (TrxR) hydrogen peroxide sheds
carcinoma) - Induced apoptosis
Colon cancer SW620 cell line - Altered the expression of - Inhibited cell proliferation in 39
PI3K, AKT, a dose-dependent manner
phosphorylated-AKT, P21
and MMP-2 and -9
Colon cancer HT-29 cell line - Worked on mitochondrial - Inhibited cell proliferation 40
pathways - Exhibited a dose-dependent
inhibition of growth in a mouse
xenograft model
- Induced apoptosis
Colorectal cancer HT-29 cell line - Decreased miR-21 - Inhibited cancer cell 41
expression proliferation, invasion, and
migration
- Blocked PI3K/Akt - Increased phosphatase and
tensin homolog activation
- Induced apoptosis
Breast cancer MCF-7 cells - Inhibited the expression - Reduced cell proliferation 42

of SIRT1

- Increased the expression
of p27Kip1

patients with mutant LKB1 who have non-small cell lung
cancer. GA was found to increase the sensitivity of NSCLC cells
harboring LKB1 in vivo and in vitro. In the presence of LKB1,
which is implicated in the augmentation of p-AMPK, the
selective inhibition of mTOR signaling provides a higher
suppression of NSCLC. GA-enhanced E-cadherin cooperates
with LKB1, resulting in the up-regulation of p-AMPK and
consequent blockage of the mTOR signaling pathway.**

3.3 Stomach cancer

Among all cancers, gastric cancer is ranked the fifth in the
world. Finding novel treatments for advancing stomach cancer
treatment is critically needed, as it is one of the leading causes
of cancer death globally. Several studies have shown that GA has
anticancer potential against stomach cancer. GA blocked the
circRNA_ASAP2/miR-33a-5p/CDK7 to prevent the spread of
gastric cancer. The expression level circ_ASAP2 in gastric cancer
tissues was more significant than in normal gastric tissues.
After GA treatment, circ_ASAP2 was downregulated. Compared
to normal cells, GA downregulated CDK7, with higher levels of
MiR-33a-5p expression and reduced CDK7 protein expression.
Also, miR-33a-5p was linked to CDK7, and circ_ASAP2 served as
a sponge for miR-33a-5p.*” In addition, it was revealed that GA
inhibits the proliferation of stomach cancer cells by
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- Triggered cell apoptosis

- Promoted the production of ROS

upregulating apoptotic proteins such as cleaved caspase 3, Bax,
and cleaved PARP, while downregulating BCL-2, an anti-
apoptotic protein. Additionally, the administration of GA
increased levels of LC3, an autophagy marker, as well as 8-oxo-
dG, a widely recognized biomarker that leads to oxidative
damage to cancer DNA. Thus, the capacity of GA to promote
apoptosis and autophagy is thought to be the cause of its
antiproliferative action against cancer cells.*

3.4 Liver cancer

Hepatocellular carcinoma (HCC) and cholangiocarcinoma
(CCA) are the two histological kinds of primary hepatic malig-
nancy, also referred to as liver cancer. The most common form
of liver cancer worldwide is HCC.** More than 80% of all iden-
tified primary liver cancers in Thailand are of the most frequent
pathogenic kind, known as cholangiocarcinoma (CCA). Due to
its aggressiveness and the generally dismal prognosis for indi-
viduals with this disease, CCA is still linked to high fatality
rates, especially in northeast Thailand. Most CCA patients are
now treated with chemotherapy, with only around a quarter of
patients being suitable for surgical tumor removal. Unfortu-
nately, despite exploiting several tolerance mechanisms, CCA
cannot withstand regular treatment. Therefore, finding a novel
medication with high efficacy for treating CCA is crucial.** GA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Combination therapy of chemotherapeutic drugs with GA
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Chemotherapeutic
drug Cancer type Cancer cell line Mechanism of action Remarks Ref
Gemcitabine Non-small cell lung A549 and NCI-H1299 cell - Reduced angiogenesis IC50 = 185 nM 14
cancer lines - Modified MAPK/ERK,
PI3K/AKT, and NF-B
Docetaxel Breast cancer MCF-7 cell line - Inhibited P-gp IC50 = 1.43 £+ 0.14 pM 47
Paclitaxel Triple-negative breast MDA-MB-231 and MDA- - Worked on the SHH - Increased the sensitivity 30
cancer MB-468 MDA-MB-231 and signaling pathway
MDA-MB-468
Docetaxel Gastrointestinal cancer =~ BGC-823, MKN-28, LOVO, - Worked on B-tubulin III, - Reduced the mRNA 43
and SW-116 cell lines tau, and survivin expression of docetaxel
genes
Chloroquine Pancreatic cancer PANC-1 and BxPC-3 cell - Increased ROS production - Induced cytoprotective 44
lines - Increased the expression autophagy
of LC3-II and Beclin-1
Cisplatin Non-small-cell lung A549, NCI-H460, and NCI- - Inhibited NF-B and - Synergistic action 45
cancer H1299 cell lines MAPK/HO-1 - Sensitized cancer cells
5-Fluorouracil Colorectal cancer SW480 and HCT116 cell - Decreased P53, survivin 5-FU IC50 = 122.14 ptM 48
line and thymidylate synthase
(TS) mRNA and protein
levels
- Induced apoptosis, the GA + 5-FU IC50 = 8.11 pM
5-Fluorouracil Nasopharyngeal Human NPC cell lines - Regulated the genes of IC50 < 10 pM 49
carcinoma including CNE-1, CNE-2, 5- IKBKB, STAT3, GRB2,
8F, 6-10B and the HNEpC ~ CASP3, STAT1, CASPS,
BCL2, EGFR, STAT5B
Retinoic acid Osteosarcoma MG63 cell line - Increased apoptosis - GAIC50 = 0.89 pg mL " 50
chlorochalcone - Inhibited proliferation combination therapy IC50
= 0.35 pg mL
Imatinib Myeloid leukemia KBM5, KBM5-T3151, and - Inhibited the proteasome - Sensitized cancer cells 46
K562 cell lines - Induced apoptosis - Induced cell proliferation
- Downregulated caspase-
dependent Ber-Abl
Irinotecan Liver cancer Huh7 and HepG2 cell lines - Decreased CES1 and CES2 - Had a concentration and 51
by activating ERK and p38  time dependent effect
MAPK - Hydrolytic activity
decreased
Gefitinib Non-small-cell lung NCI-H1975 cell line - Reduced AKT, MEK1/2 - Enhanced apoptotic effect 52
cancer and ERK1/2
- Increased expression of
Bax/Bcl-2
Nal131 Non-small-cell lung NSCLC A549 cell line and - Decreased protein levels - Sensitizer 53

cancer

the drug-resistant A549/
cisplatin and A549/Taxol
cell lines

of CDK1, cyclin B, mtp53,
HSP90, Bcl-2 and P-gp

- Increased protein levels of
Bax

- Decreased mRNA levels of
p53 and HSP90

- Reduced drug-resistance

was found to cause cell cycle arrest at the G0/G1 phase, reduce
HCC and CCA cell proliferation, and trigger apoptosis via the
mitochondria-dependent and extrinsic death receptor path-
ways.*® In CCA cells, GA demonstrated potent cytotoxicity
accompanied by a considerable reduction in cell proliferation,
the promotion of G1 arrest, and activation of caspase 3 medi-
ated death. GA inhibited the expression of c-Myc, a downstream
target gene of Wnt/-catenin signaling, and attenuated -catenin
transcriptional and protein levels. In KKU-M213, GA activated
ER stress-related genes, increasing CCA's sensitivity to gemci-
tabine.* In HCC of SMMC-7721 cells, it was found that GA

© 2024 The Author(s). Published by the Royal Society of Chemistry

targets thioredoxin reductase (TrxR) to cause oxidative stress,
which in turn might lead to the induction of apoptosis. GA
predominantly targets the selenocysteine residue to block the
Trx-reduction activity of the antioxidant enzyme TrxR1. This
causes a buildup of reactive oxygen species and the breakdown
of the intracellular redox equilibrium.**

3.5 Colon cancer

Colorectal cancer is the third most frequent and deadly cancer
globally. Most colorectal cancer patients are diagnosed at an
advanced stage because of the lack of early symptoms a study

RSC Adv, 2024, 14, 4666-4691 | 4669
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found that GA reduces the viability of colorectal cancer cell
lines, HCT116 and CT26, in a dose-dependent manner. GA
induced colorectal cancer cell pyroptosis via the gasdermin E
(GSDME)-a dependent pathway and triggered an antitumor
immune response. GA creates pores and giant bubbles in the
cancer cell membrane, causing pyroptosis, a type of pro-
grammed cell death that significantly affects the immune
response against tumors. In addition, GA causes GSDME
breakage and simultaneous caspase-3 activation. Furthermore,
GA triggered an immune response via increasing the produc-
tion of dendritic cells, cytotoxic T lymphocytes, CD3+ T cells,
and effector memory T cells.?” GA treated colorectal cancer by its
effect on the expression of miR-199a-3p. The miR-199a-3p
hinders the development and spread of several cancerous
tumors. Expression of miR-199a-3p was found in normal
human colon epithelial cells and human colorectal cancer cell
strain SW480. SW480 had statistically lower miR-199a-3p than

4670 | RSC Adv, 2024, 14, 4666-4691

normal cells. The expression of miR-199a-3p in cancerous cells
following GA treatment was considerably more significant than
in cancerous cells not receiving GA treatment. The miR-199a-3p
group showed increased apoptosis and decreased proliferation
and invasion ability after treatment of GA in SW480, whereas
the group that received the miR-199a-3p inhibitor showed the
opposite effects. Thus, GA can treat colorectal cancer by
enhancing the expression of miR-199a-3p.*® In another study,
the mechanism of GA on human colon cancer SW620 cells was
identified. The relative protein expression levels of phosphoi-
nositide 3-kinase (PI3K), protein kinase B (AKT), P21, and
matrix metalloprotease (MMP)-2 and -9 between different
concentrations of GA were examined by Western blotting. GA
with low, middle, and high concentrations decreased SW620
cell growth, invasion, and migration compared to the untreated
groups. Additionally, there were notable variations in migra-
tion, invasion, and proliferation between groups that received

© 2024 The Author(s). Published by the Royal Society of Chemistry
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various concentrations of GA. After treatment with GA, there
were dose-dependently significant changes in the expression
levels of PI3K, AKT, phosphorylated-AKT, P21, MMP-2, and -9
compared to the untreated group. Thus, GA inhibited the
proliferation and spread of colon cancer in a dose-dependent
manner, possibly via a pathway dependent on PI3K/AKT/P21/
MMP-2/9.%°

4. Combination therapy of
chemotherapeutic drugs with GA

Chemotherapeutic drugs were combined with GA to increase
chemo-sensitization or give a synergistic effect to overcome
chemotherapy drug resistance. GA chemo-sensitizes cancer by
regulating numerous signaling pathways, including MAPK/
ERK, PI3K/AKT, and NF-B. Thus, GA has attracted interest as
a cancer-fighting drug in combination therapies. The chemo-
therapeutics used in conjunction with GA to treat different types
of cancers with different mechanisms are illustrated in (Table
2). GA has shown to raise the intracellular concentration of
chemotherapeutics in cancerous cells. Several chemotherapeu-
tics such as Gemcitabine, Docetaxel, Chloroquine, Cisplatin, 5-
Fluorouracil, Retinoic acid chlorochalcone, Imatinib, Irinote-
can, and Gefitinib were used in combination with GA.

4672 | RSC Adv, 2024, 14, 4666-4691

For instance, GA was used in combination with docetaxel
against several gastrointestinal cancer cells, such as BGC-823,
MKN-28, LOVO, and SW-116 cell lines, using the MTT test. GA
had a synergistic effect, enhanced cytotoxic and apoptotic
effects in all cell lines. GA also significantly reduced the mRNA
expression of genes associated with the administration of
docetaxel, such as tau, B-tubulin III, and survivin, in BGC-823
cells. Thus, combinatorial therapies could provide potential
anticancer effects against gastric and colorectal malignancies
because they exhibit a synergistic antitumor effect.** Apoptosis
and cell viability of chloroquine and GA against pancreatic
cancer were assessed. The effectiveness of GA and chloroquine
was evaluated on a xenograft tumor model of pancreatic cancer.
In pancreatic cancer cells, GA increased the expression of the
proteins LC3-1I and Beclin-1 while decreasing the expression of
P62. GA also boosted autophagic flow and the production of
acidic vesicular organelles, including autophagosomes. So, the
autophagic process was stimulated by GA. In addition, GA
increased ROS formation and decreased the mitochondrial
membrane's potential, both of which helped to activate auto-
phagy. Chloroquine's suppression of autophagy further
decreased the mitochondrial membrane's potential and accel-
erated ROS buildup. GA and chloroquine effectively slowed the
tumor's growth in the xenograft tumor model. Hence,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Formulation of ultrasound-triggered GA-loaded nanobubble-microbubble (PLGA-CMB) complexes for effective glioma treatment. This
figure has been reproduced from reproduced from ref. 70 with permission from Elsevier, copyright 2022.

pancreatic cancer cells undergo cytoprotective autophagy when
exposed to GA. The suppression of autophagy enhances GA's
cytotoxicity because it causes more reactive oxygen species
(ROS) to accumulate in tumor cells.** When GA was used in
combination with cisplatin, it had a synergistic effect in the
non-small-cell lung cancer (NSCLC) treatment. The cell viability
test showed that the combination therapy significantly syner-
gized the A549, NCI-H460, and NCI-H1299 cell lines. Boosted
sub-G1 phase cells and improved PARP cleavage showed that,
when compared to other treatments, the combination therapy
dramatically boosted apoptosis. Additionally, in A549 and NCI-
H460 cell lines, the combination therapy improved caspase-3,
-8, and 9 activation, raised the expression of Fas and Bax, and
lowered the expression of Bcl-2, survivin, and X-inhibitor of
apoptosis protein (X-IAP). Additionally, there was a correlation
between elevated reactive oxygen species formation and
increased apoptosis. Additionally, it was discovered that GA
might block the signaling pathways for NF-B and mitogen-
activated protein kinase (MAPK)/heme oxygenase-1 (HO-1)
that have been shown to diminish ROS emission and impart
cisplatin resistance after cisplatin therapy. These findings
showed that the combination therapy boosted the antitumor
effects on A549 xenograft models by suppressing NF-B and HO-
1, leading to the induction of apoptosis. Hence, through the

© 2024 The Author(s). Published by the Royal Society of Chemistry

inactivation of the NF-B and MAPK/HO-1 signaling pathways,
GA sensitized lung cancer cells to cisplatin in vitro and in vivo.*
GA was used in combination with Imatinib for the treatment of
Myeloid leukemia. GA decreased imatinib-resistant Bcr-Abl-
T3151 xenograft growth in nude mice and caused apoptosis
and cell proliferation inhibition in Myeloid leukemia cells via
stimulating caspase activation. Thus, GA could overcome the
imatinib resistance and increase its sensitivity towards Myeloid
leukemia by boosting Ber-Abl downregulation.*®

5. Gambogic acid nano-delivery
using nano-particulates

Nanodelivery systems have emerged as a revolutionary
approach to address the challenges associated with the clinical
translation of GA and to advance its druggability, as mentioned
above, such as low water solubility, poor pharmacokinetic
profiles, premature biodegradation in the bloodstream causing
short half-life, vascular inflammation and non-selective target-
ing to cancer tissues. Nanodelivery systems are classified into
organic, inorganic, and hybrid nanoparticles (NPs), as illus-
trated in Fig. 2. Organic NPs, such as macromolecular assem-
blies and lipid-based NPs. Yet characterized by low stability,
organic NPs are biocompatible and biodegradable, and their

RSC Adv, 2024, 14, 4666-4691 | 4673
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Fig. 6 A schematic diagram illustrating the design of HA(HECS-ss-OA)/GA via self-assembly and the mechanism of cancer cells’ internalization
and redox-triggered release of GA. This figure has been reproduced from ref. 71 with permission from Taylor & Francis, copyright 2019.

surfaces could be decorated with various targeting functional characterized by unique optical properties and electronic
groups. Inorganic nanoparticles, such as silica, metallic, features while maintaining high stability, making them the best
magnetic NPs, carbon nanotubes, and quantum dots, are candidates for theranostics. However, inorganic NPs suffer
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Fig.7 Schematic diagram representing (A) the methodology utilized for micelles fabrication and (B) the mechanism by which the micelles deliver
GA into cancer cells, boosting its anticancer effect. This figure has been reproduced from ref. 72 with permission from Elsevier, copyright 2021.
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from being low biodegradable. Thus, hybrid NPs were devel-
oped to integrate the advantages of organic and inorganic NPs,
aiming at improving biodegradability, biocompatibility,
stability, and targeting abilities.***®* Nanodelivery systems have
been extensively studied for cancer-targeted therapies owing to
their extraordinary abilities to advance cancer therapeutics by
prolonging circulation time, improving bioavailability, and
water solubility while reducing undesirable adverse effects. In
addition, the NPs can preferentially accumulate into malignant
cells via passive targeting achieved by the enhanced perme-
ability and retention (EPR) effect.**** On the other hand, using
NPs in clinics is still challenging due to the congested invention
process and multifaceted drug pharmacokinetics and pharma-
codynamics in the body. Moreover, the NPs that involve physical
interactions to incorporate therapeutics agents might suffer
from drug leakage, resulting in low drug loading and encap-
sulation efficiencies.®*** In the following sections, we will
discuss the recent studies involving the use of different organic
and inorganic NPs for the nanoformulation of GA, in an attempt
to overcome the obstacles that hinder its application.

5.1 Polymeric nanoparticulates

5.1.1 Polymeric nanoparticles. Synthetic ((poly(lactide),
poly(caprolactone), poly(lactide-co-glycolide) copolymer, and
poly(acrylates)) and natural (chitosan, pectin, and albumin)
polymers are widely used to design polymeric NPs owing to their

© 2024 The Author(s). Published by the Royal Society of Chemistry

biocompatibility and biodegradability. Two primary approaches
are commonly used to create polymeric NPs: the “top-down”
and the “bottom-up” approaches. The desired NPs can be
produced using a variety of techniques, including solvent
evaporation, nanoprecipitation, and interfacial
polymerization.®*”

In one study, GA was linked with poly(ethylene glycol)
monomethyl ether (mPEG) polymer using two different sensi-
tive linkages, valine-citrulline (VC) and cystamine forming NPs
with an average particle size of 148.3 + 3.21 nm and a PDI of
0.190 £ 0.036. The designed nanosystem was shown to over-
come the GA limitations by increasing its water solubility and
enhancing its selective release in the acidic cancerous micro-
environment. In addition, the albumin adsorption assay
showed that the designed NPs had diminutive binding to
albumin, demonstrating their circulation endurance. Moreover,
NPs showed remarkable cytotoxicity against HepG2 liver cancer
cells with minimum toxicity against normal ones. The NPs
exerted their anticancer effects by inhibiting the G0/G1 phase
proliferation and triggering early and late apoptosis.®”

Another study involved the use of hydroxyethyl starch (HES),
a carbohydrate polymer with superior hydrophilicity, biocom-
patibility, and biodegradability, for encapsulating GA. HES
modified the chemical structure of GA, creating amphiphilic
molecules that can self-assemble in the aqueous medium to
form GA-HES/NPs, as presented in Fig. 3. The produced NPs had
a size of 174 nm with a PDI of 0.094 and a zeta potential value of

RSC Adv, 2024, 14, 4666-4691 | 4675
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Table 3 Polymeric NPs loaded with GA for cancer therapy
Co-loaded drug/coatings/ Preparation
Polymeric nanocarrier functionalized) method Physicochemical characteristics Cancer cell line Ref.
Poly(lactic-co-glycolic acid) Colon cancer cell membrane  Emulsification  Size = 182 nm CT26 colon cancer 73
method EE% = 85.5 £ 4.6%
DL = 29.9 &+ 0.8%
PEG-PLA NPs Erythrocyte membrane (RBCm) — Size = 102.3 + 3.1 nm HepG2 hepatocellular 74
coat PDI = 0.15 carcinoma
EE =79.11 £ 1.42%
PLGA Erythrocyte membrane (RBCm) Lipid insertion  Size = 153 + 3.83 nm Caco-2, HT-29, and SW480 75
coat method Colorectal cancer
Chitosan — Nanop Size = 83.4 nm& 78.8 nm PDI = MB49 and NIH-3 T3 bladder 76
recipitation 0.183& 0.207 cancer
ZP =12.3 £ 1.1 mV&13.1 £ 1.2
Mv
Chitosan Hyaluronic acid — Size = 210 nm A549 cells 71
ZP = +20 mV
DL% = 18%
Chitosan Folic acid/poly-N- Nano- Size = 87.5 = 1.91 nm ZP = MCF-7, HepG2, LO2, and 72
isopropylacrylamide precipitation —8.12 £+ 1.01 mV HelLa cells
method DL% = 21.05 £ 0.46%
Chitosan Polyethylenimine (PEI) — — HCT116, LoVo, and MCF-7 65
cell lines
PEG Linkages, valine-citrulline, and — Size = 148.3 &+ 3.21 nm PDI = HepG2 67
cystamine 0.190 £ 0.036 Liver cancer
Hydroxyethyl starch — Nano Size = 174 nm PDI = 0.094 ZP = 4T1 cells mouse breast 68
precipitation —5.55 + 0.56 mV cancer cells
PEG-PCL — Single emulsion Size = 143.78 nm Gastric cancer 69
method EE% = 81.3%, DL% = 14.8%
Poly(lactic-co-glycolic acid) Lipid microbubbles W/O/W double  Size = 869.7 £ 79.50 nm ZP = U87 or U251 cells 70
(PLGA) emulsion 7.22 + 1.87 mV Glioma (brain tumor)
method

(zP) of —5.55 + 0.56 mV. The synthesized GA-HES/NPs are
characterized by prolonged systemic circulation and a gradual
decline in size after entering the bloodstream owing to the
presence of a-amylase, enhancing their penetration and
massive accumulation inside malignant cells (Fig. 3). Moreover,
GA-HES/NPs could be passively targeted into cancer cells
through the EPR effect, where, under the acidic conditions of
cancer microenvironments, free GA will be selectively released
and exert its anticancer effects. Thus, GA-HES/NPs had
a specific capacity for tumor targeting and deep tumor pene-
tration, which could improve GA's therapeutic efficacy for
cancer treatment.*®

The diblock poly(ethylene glycol)methyl ether-block-poly(e-
caprolactone) copolymers (PEG-PCL) are another advantageous
biomedical polymeric material because of their facile
synthesis, amphiphilic nature, biodegradability, biocompati-
bility, and ability to achieve a sustained release behavior. This
distinctive quality has prompted their relevance, particularly in
administering anticancer drugs through diverse nano-
aggregates such as micelles, nanogels, microspheres, and
nanospheres.®® The PEG-PCL copolymers are synthesized by
chemical (ring-opening) or green approaches. Then, the PEG-
PCL NPs loaded with different anticancer agents are prepared
using different methods, including salting out, emulsification,
solvent evaporation, nanoprecipitation, or electrodropping.

4676 | RSC Adv, 2024, 14, 4666-4691

The designed NPs using one of these methods exhibited
nanosizes and spherical morphologies. The prepared PEG-PCL
NPs could be entrapped into tumor cells via endocytosis, where
they are degraded and intracellularly release their cargos under
acidic conditions in cancer cells, exerting their anticancer
effects (Fig. 4). In order to provide efficient anticancer drug
delivery systems and regulated drug release profiles, a wide
range of anticancer medicines and bioactive have been
encapsulated in PEG-PCL copolymers. PEG-PCL copolymer-
based nanoparticles have made significant strides recently as
anticancer drug delivery vehicles thanks to their increased
hydrophobic drug loading capacities, improved bioavailability,
resistance to phagocyte overpowering, reduced blasted
discharge, and also in increasing the scattering time of drug
within the bloodstream during systemic inoculation.®

For instance, GA was loaded into PEG-PCL NPs were fabri-
cated and exhibited an average size of 143.78 nm, encapsulation
efficiency of 81.3%, and loading capacity of 14.8%. The NPs also
displayed excellent stability, strong biocompatibility, and
a prolonged release profile. The in vitro uptake assessment
showed that the NPs were efficiently uptaken into gastric cancer
cells through endocytosis in a time-dependent behavior
compared to unloaded GA. The in vivo findings showed that the
formulated NPs successfully exhibited a potent antiproliferative
activity against gastric cancer cells with negligible toxic effects

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic representation of the prepared thermosensitive hydrogel comprising GA micelles with improved anticancer activities and
enhanced antimalignancy immune activation. This figure has been reproduced from ref. 78 with permission from Elsevier, copyright 2022.

on other tissues owing to the downregulation of the cysteine
proteases 3 precursor (pro-caspase3).*

Using GA as a potential anticancer agent in brain cancer is
challenging due to its low bioavailability and poor permeability
across the blood-brain barrier (BBB). Thus, a recent study
nanoformulated GA into ultra-sound triggered anionic poly(-
lactic-co-glycolic acid (PLGA) nanobubbles conjugated onto
cationic lipid microbubbles (CMBs), formed of 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), N-[methoxy (polyethylene
glycol)-2000] (DSPE-PEG2000) and polyethyleneimine (PEI),
through electrostatic interactions for effective treatment of
glioma. The resulting GA/PLGA-CMB had a high drug encap-
sulation capacity of 96.81% =+ 1.63%, drug loading of 7.75% +
0.13%, and outstanding contrast imaging capacity. The
prepared NPs were vein-injected into mice and exposed to low-
intensity focused ultrasound (FUS). This triggered the first
cavitation in GA/PLGA-CMBs, which opened BBB and released
GA/PLGA to the glioma area by improving GA transport into the
brain. Afterwards, upon the second exposure to FUS, GA/PLGA
cavitation took place once more, which boosted the access of
GA into cancer cells and substantially hampered the expansion

© 2024 The Author(s). Published by the Royal Society of Chemistry

of glioma. Thus, this tactic provided a promising stimulus-
responsive delivery system for the controlled delivery of GA
into the brain (Fig. 5).7°

Another study has reported the formulation of hyaluronic
acid (HA)-coated redox-sensitive chitosan-based (O,N-hydrox-
yethyl chitosan-octylamine) NPs, HA(HECS-ss-OA)/GA, via self-
assembly for the targeted cytoplasmic delivery of GA into lung
cancer cells (A549) (Fig. 6). The decoration of the chitosan NPs
with HA has facilitated the effective internalization of NPs into
lung cancer cells through CD44-mediated endocytosis (where
HA binds to the overexpressed CD44 receptors onto cancer cells)
followed by glutathione (GSH) stimulus release of GA into the
cytoplasm. Flow cytometry and confocal imaging results
demonstrate that HA receptors mediate the cellular uptake and
burst drug release in the highly reducing cytosol of NPs.
HA(HECS-ss-OA)/GA has demonstrated pronounced cytotoxicity
and apoptosis against A549 compared to the HA uncoated NPs.
In addition, less systemic cytotoxicity was observed in mice
treated with HA/chitosan/GA NPs compared to mice treated
with free GA.”* Thus, the HA/chitosan/GA NPs were good
candidates for cancer therapy.
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Table 4 Nano-hydrogels loaded with gambogic acid for cancer therapy

Type of nanocarrier Composition Cancer cell line Advantages Ref.
Hydrogel NPs Hydroxypropyl cellulose, silk Gastric cancer MKN-45 - A thermosensitive and 79
fibroin, and glycerol injectable hydrogel with
a short gelling time
- Sustained release
Hydrogel NPs mPEG-PCL micelles (GA- Oral squamous cell - A thermosensitive hydrogel 78
MIC) mixed with poly (p,r- carcinoma - Improved antitumor
lactide)-poly(ethylene immune activation
glycol)-poly(p,L-lactide) - Facilitated the local delivery
(PLEL) and sustained release of GA

- Reduced the
immunosuppressive cellular

components
Hydrogel NPs Poly(ethylene glycol) Triple-negative breast cancer - Sustained release of GA 80
dimethacrylate and sericin - Activated antitumor
methacryloyl immune responses
- Inhibited local tumor
recurrence
Hydrogel NPs Sodium alginate, 2,2'-azobis Colorectal cancer - High effective antitumor 81
[2-(2-imidazolin-2-yl) activity
propane] dihydrochloride - Increased reactive oxygen
(AIPH), and Ink (a species (ROS)
photothermal agent) HCT116 cells - Boosted ferroptosis
Internal-liposomal aqueous core Qp NH; External medium/5-10% miscible
solvents

CH;COOH —> CH;COO" +H"
pHO9.5

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Copper complexation with GA

Fig. 10 Schematic diagram depicting the mechanism by which GA was actively loaded inside the nanoliposomes. This figure has been
reproduced from ref. 85 with permission from Elsevier, copyright 2018.
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A novel study reported the fabrication of biocompatible pH-,
esterase- and temperature-sensitive polymeric prodrug of gam-
bogic acid (GA) based on chitosan graftomer for effective cancer
therapy. In this regards, folic acid-chitosan conjugates were
complexed with thermoresponsive amine-terminated poly-N-
isopropyl acrylamide (NH,-PNIPAM), forming FA-CSPN. Then,
esterification was involved in coupling GA with the graftomer to
attain high drug-entrapment capacity and controlled GA release
manner. Finally, the synthesized amphiphilic prodrug, O-

8Zr-labeled, CS-decorated liposomes

Intravenous
injection

—

- YZr

Y Cb44
® Oleicacid g Normal cell

5 CsS Tumor cell
G

A Extracellular matrix

View Article Online

RSC Advances

(gambogic acid)-N-(folic acid)-N'-(NH,-PNIPAM) chitosan graf-
tomer (GFCP), was self-assembled forming micelles. The
designed nano-micelles have shown enhanced intracellular
uptake via folate-mediated endocytosis (Fig. 7), followed by the
triggered release of GA in the cancer microenvironment. In
addition, the micelles showed potent antiproliferation activity
and halted tumor growth in H22 tumor-bearing mice while
causing no systemic toxicity.”

Fig. 11 Schematic diagram illustrating the design of the multifunctional 8°Zr-labeled, GA-loaded, CS-decorated liposomes. The biodistribution
of designed liposomes was traced by positron emission tomography (PET) imaging, and the binding mechanism was studied by molecular
docking. This figure has been reproduced from ref. 87 with permission from Taylor & Francis, 2020.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cancers. This figure has been reproduced from ref. 88 with permission from Royal Society of Chemistry, copyright 2022.

Another study reported the synthesis of a copolymer
(GPgWSC) formed of a polyethylenimine (PEI)-grafted water-
soluble chitosan (WSC) and GA. The fabricated copolymer
served as a targeting moiety and transfection augmentation
agent. It demonstrated an improved ability to bind the overex-
pressed transferrin receptors found on the surface of human
colon HCT116 cancer cells. Then, GPgWSC was complexed with
PDNA (BCL2 shRNA-expressing vector, psiRNA-BCL2) through
electrostatic interaction between the cationic WSC/PEI and the
anionic pDNA forming nano-sized polyplexes that carry GA on
their outer surfaces. The engineered polyplexes were trans-
ported inside cancer cells via transferrin receptor-mediated
endocytosis, followed by endosomal escape owing to the
proton sponge effect of PEI, disconnection of polyplexes,

4680 | RSC Adv, 2024, 14, 4666-4691

movement of pDNA into the nucleus, sShRNA expression, and
gene silencing (Fig. 8). Due to the apoptotic activity of psiRNA-
hBCL2, the nanopolyplexes displayed higher in vitro anticancer
activity. In vivo study revealed that the tumor mass of the
HCT116 mouse model treated with saline expanded to 2270
mm?. On the other hand, those treated with the nano-sized have
shown a dramatic decrease in the tumor mass with a size of 248
mm?.%

Table 3 summarizes the studies that involved using poly-
meric NPs to encapsulate GA.

5.2 Hydrogels

The hydrogel system demonstrated improved anticancer
activity in in vivo trials and superior biodegradability,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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biocompatibility, and low toxicity. Hydrogel nanocarriers are
used in cancer treatment due to their superior properties,
ability to be used as controlled drug release systems, and
capability to achieve a sustained release behavior. Because
hydrogel materials come in a variety of sizes and delivery
methods, they can be tailored to specific cancer kinds and
regions.””

A study reported the design of thermosensitive hydrogel
loaded with GA for treating oral squamous cell carcinomas
(OSCC). In this regards, the aqueous solubility of GA was
initially improved by loading it into mPEG,0,-PCL micelles
(GA-MIC) using the thin-film hydration technique. Then, in
order to prepare the thermosensitive hydrogel, the prepared GA-
MIC was mixed at room temperature with synthesized poly(p,L-
lactide)-poly(ethylene glycol)-poly(p,i-lactide) (PLEL) to design
a therapeutic hydrogel that could be injected (GA-MIC-GEL), as
presented in Fig. 9. It was revealed that the designed GA-MIC-
GEL was in a liquid state at room temperature, which
instantly transformed into a gel state at 37 °C (body tempera-
ture). This facilitates the intratumoral or peritumoral admin-
istration by injection, increasing the local concentration of GA
and improving the anticancer effect while minimizing the
systemic adverse effects of GA. The use of implanted hydrogel
for the local delivery of anticancer therapeutic agents is prom-
ising for the effective remedy of OSCC and other surface tumors,
such as skin and breast tumors. Moreover, the anticancer effect
of GA-MIC-GEL was assessed on the mouse squamous cell
carcinoma (SCC-7) subcutaneous xenograft mouse model. GA-
MIC-GEL exhibited a pronounced antiproliferative effect with

© 2024 The Author(s). Published by the Royal Society of Chemistry

an average tumor inhibition rate of 60.5%. In addition, the
immunological studies carried out on OSCC cells showed that
the prepared GA-MIC-GEL could control tumor immune
microenvironment (TIME) by boosting the levels of cytotoxic T
cells and the IFN-y, while diminishing the expression of
systemic PD-1 and the components of immunosuppressive cells
inside cancer cells.”

A similar study reported the fabrication of injectable ther-
mosensitive hydrogel comprised of hydroxypropyl cellulose, silk
fibroin, and glycerol co-loaded with water-soluble GA NPs (with
an average size of 200 nm, encapsulation efficiency of 57% and
drug loading of 9%) and tumor-penetrating peptide iRGD for
the effective treatment of stomach cancer. The thermosensitive
hydrogel was designed to overcome the shortcomings that
hinder the clinical applications of GA non-specific targeting,
water insolubility, unintended toxic effects, and uneven bio-
distribution and pharmacokinetic profiles. The prepared 20%
glycerol hydrogel system exhibited a quick gelling time,
outstanding biocompatibility, biodegradability, and an in vivo
sustained release time, where about 20% of GA and 60% of
iRGD were released at 96 h. In addition, the presence of iRGD
was shown to increase tumor infiltration, improve the perme-
ability and accumulation of the hydrogel into cancer cells and,
hence, boosted the anticancer effect of the hydrogel against
stomach cancer, as compared to the free GA. Moreover, safety
studies have shown no noticeable toxic effects of GA because the
local administration of the injectable hydrogels packaging
loaded with GA-NPs and iRGD has allowed a high concentration

RSC Adv, 2024, 14, 4666-4691 | 4681
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of the cargo inside the cancer cells while keeping a reasonably
small dose of GA which minimized the systemic toxicity.”

The hydrogels involved in the targeted delivery of GA are
illustrated in Table 4.

5.3 Nano-liposomes

Nano-liposomes have attracted an increasing interest in the
delivery of various anticancer agents, including microRNAs,
peptides, chemotherapeutics, and natural compounds. This is
attributed to their superb features, such as facile formulation
methods, accessibility, biological stability, biocompatibility,
and biodegradability. Interestingly, they promote the uptake of
their cargo into cancer cells by improving the penetration
through the cells, thanks to their structures that resemble the
ones found in biological cell membranes.?*

In one study, GA-loaded nanoliposomes were formulated
using solvent-assisted active loading technology (SALT). The
loading gradient and lipid composition were optimized to
create a stable formulation, demonstrating >95% drug reten-
tion after being incubated with serum for three days. The
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optimal loading formulation was based on using basified
copper acetate and DOPC/Chol/DSPE-mPEG2K in a molar ratio
of 85/10/5, mol%, respectively, as presented in Fig. 10. The
permeation of the GA uncharged form into the liposomal core
via active loading was enhanced using miscible solvents. Then,
the GA was ionized and retained inside the liposomal core via
de-protonation at the basic pH of 9.5. Another factor that pre-
vented the leakage of GA out of the liposomal membranes is its
complexation with the cupric ions present in the liposomal
core.

Moreover, the designed GA-loaded nano-liposome had an
average particle size of 75 nm and a longer circulatory half-life
compared to the free GA. Also, it showed an exclusive anti-
cancer mechanism by concurrently downregulating several
oncogenes, including NF-kB, Bcl-2, Stat3, HIF-1a, and VEGF-A,
resulting in remarkable anti-angiogenesis and antiprolifera-
tion activities in the treated tumor with noteworthy tumor
relapse.®

Another study reported the fabrication of a nano-lactoferrin-
modified GA liposomal delivery system to overcome the GA
limitations and increase the therapeutic efficacy in colorectal
cancer. The designed nanoliposomes showed a high binding
capacity to the LRP-1 receptor that is overexpressed on the
surface of colorectal cancer cells, leading to an improved
selective targeting ability to the cancer cells and, thus, boosted
therapeutic efficacy. Moreover, the designed nanoliposomes
could repolarize tumor-associated macrophages from the M2 to
M1 phenotype and induce ICD to activate T cells, demonstrating
the ability to alter the tumor immune microenvironment.
Nanoliposomes also increased tumor cell apoptosis and auto-
phagy and decreased tumor cells' reactive oxygen species (ROS)
levels.®®

—————
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lllustrative diagram showing the synthesis of CCM-PLGA/GA NPs and its impact on the tumor microenvironment. This figure has been

reproduced from ref. 73 with permission from Taylor & Francis, copyright 2023.
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A promising study reported the engineering of multifunctional
liposomes loaded with GA, surface-functionalized with chitosan
(CS), and labeled with zirconium-89 (*°Zr) to precisely target and
trace cluster of differentiation 44" (CD44'), which are overex-
pressed in triple-negative breast cancer (TNBC) stem cells (Fig. 11).
Molecular docking and dynamics simulations revealed that CS
could be docked into the active site of CD44 in a satisfactory and
stable conformation. Moreover, **Zr@CS-GA-MLPs have shown
selective binding to CD44" TNBC stem-like cells and uptaken into
the cancer cells of xenograft-bearing mice with outstanding
radiochemical stability. Finally, GA-loaded %°Zr@CS-GA-MLPs
exhibited significant antitumor efficiency in vivo.*”

In another recent study, NIR-II light (1064 nm) excitation
thermosensitive nano-liposomes (TLs) co-loaded with synthe-
sized semiconducting polymer (thiadiazole benzotriazole
(DTBZ)) and GA were designed. The TLs were designed utilizing
the resolidification method where the aqueous solution
composed of DTBZ, GA, and phase change material (PCM, 1-
tetradecanol with a melting point of 38-39 °C) was added
dropwise to lipid solution composed of DSPE-PEG5000, leci-
thin, and, as presented in Fig. 12. DTBZ was incorporated into
the TLs to attain strong absorption in the NIR-II region. The TLs

OH OsoT
TosCl NaNj;
_—
p-CD 6-OTos-B-CD
%
&
NHO
%, ——

NHO

Fe,0,@ NH,-3-CD@GA
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were prepared to achieve synergistic anticancer activity against
mouse melanoma's highly metastatic cell line B16F10 cells by
combining photothermal (PTT) and chemotherapeutic effects.
Upon exposure to 1064 nm laser irradiation, TLs displayed
robust photoacoustic signals and outstanding photothermal
therapy (PTT) efficacy against innate tumors. The activation of
the thermos-responsive release of GA relied on the phase tran-
sition of PCMs from solid phase to liquid one. The prepared TLs
demonstrated improved PTT capability with deep tumor pene-
tration while the phase transition of PCMs from solid phase to
liquid one triggered the thermo-responsive release of GA. The
released GA diminished the thermo-resistance of cancer cells by
impeding the activity of HSP90, leading to an increase in PTT
effectiveness and achieving a synergistic anticancer effect
through its remarkable chemotherapeutic activity. Thus, this
study presents a new approach for achieving on-site drug
release and efficient theranostics in deep-rooted complex
malignancies.®®

5.4 Biomimetic nanoparticles, immunotherapy RNAs

Biomimetic nanoparticles are biomaterials embedded into the

NPs surface that can simulate real cells' biological
N; NH,
P(Ph);
6-N;-B-CD 6-NH,-p-CD
NHO * o
L)
=] < .
& %
Fe O, MNPs

Gambogic acid (GA)

Fig.16 Anillustration depicting the steps involved in the synthesis of Fes0,@NH,-B-CD@GA MNPs. This figure has been reproduced from ref. 91

with permission from Royal Society of Chemistry, copyright 2019.
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characteristics and functions. As a result, they have high
biocompatibility, advanced targeting specificity, and long
retention time. This mimicry method decreases the possibility
of hazardous side effects while favoring the escape of biomi-
metic NPs from immune system clearance. Biomimetic NPs can
be coated with various biomaterials to enhance their capacity
for biomimicry, including erythrocyte, neutrophil, macrophage,
platelet, and cancer cell membranes. As well as synthetic
biomaterials like targeting peptides and aptamers, there are
biomaterials inspired by nature, including monoclonal anti-
bodies, viral capsids, and natural proteins. It has been
demonstrated that NPs coated with red blood cell membrane
(RBCm) significantly increased the half-life, mimicking the
prolonged circulation period of normal RBCs.* For instance,
GA was loaded in bispecific targeting biomimetic NPs in one
study. In this regards, the anti-EGFR-iRGD recombinant
proteins were chemically lipidated using palmitate, adopting
the detergent dialysis technique. Then, the lipid chain terminus
of palmitate-anti-EGFR-iIRGD proteins was inserted onto the
lipid bilayered red blood cell (RBC) membranes coating GA
loaded PLGA NPs to form RBCm PLGA NPs, using the lipid
insertion approach, modified with anti-EGFR-iRGD proteins (iE-
RBCm-PLGA NPs), as presented in Fig. 13. Compared to the
unmodified RBCm-PLGA NPs, more iE-RBCm-PLGA NPs could
be uptaken by colon cancer cells multicellular spheroids (MCS)
and exhibited enhanced penetration into MCS in vitro. More-
over, iE-RBCm-PLGA NPs also demonstrated better targeting
capacity in the in vivo nude mice-bearing tumor model of
colorectal cancer while showing prominent accumulation at the
cancer site. More importantly, the iE-RBCm-GA/PLGA NPs
lowered GA systemic toxic effects and warranted in vivo.”

In another recent study, GA was loaded into mPEG-PLA NPs
(GPP-NPs) and then mimicked with the erythrocyte membrane
(RBCM) to form RBC@GPP-NPs using the membrane dialysis
method (DLS), as shown in Fig. 14. The biomimetic NPs were
designed to overcome the drawbacks of GA by improving its
hydrophilicity, stability, and safety while boosting its anticancer

4684 | RSC Adv, 2024, 14, 4666-4691

activity against hepatic cancer cells (HepG2). The average
particle sizes of RBC@GPP-NPs and GPP-NPs were narrow, and
monodisperse were 102.3 + 3.1 nm and 89.55 £+ 0.92 nm,
respectively. This confirmed the successful coating of NPs with
RBCM where the size increment equals the thickness of RBCM
(about 12 nm). The encapsulation efficiency (EE) of RBC@GPP-
NPs and GPP-NPs were 79.11 + 1.42% and 86.37 + 0.84%,
respectively, representing the efficient loading of GA. Moreover,
RBC@GPP-NPs exhibited more potent anticancer activity in vivo
while warranting the safety of systemic administration.”

In a similar study, GA was loaded in PLGA NPs and coated
with neoantigen, colon cancer cell membrane CT26 (CCM),
forming CCM-PLGA/GA NPs, to be used as a nano-vaccine to
enhance the anticancer immune response of colorectal cancer
(CRC). The NPs were found to trigger the maturation of
dendritic cells (DC), boost the expression of CD8" T cells in the
spleen, and diminish the expression of PD-L1 on tumor cells
and PD-1 on CD8" T cells, suggesting the ability to create
a positive tumor immune microenvironment, as presented in
Fig. 15. In addition, in vivo experiments revealed that coating
the PLGA/GA NPs with CCM caused higher concentrations of
NPs to escape the immune system phagocytosis, where they
penetrated the tumor cells effectively to exert anticancer effects.
Thus, the prepared nano-vaccine had promise for clinical
application and might warrant a new tactic in the fight against
colorectal cancer.”

5.5 Inorganic nanocarriers

Inorganic NPs (Fig. 2), such as silica, silver, gold, supramagnetic
iron oxide NPs, carbon dots, and quantum dots, have shown
great promise in cancer therapy, diagnosis, and imaging. This is
attributed to their tailored nano-scale sizes, biological stability,
small sizes, ease of functionalization, and outstanding cellular
uptake and penetration capacity via the passive mode of
delivery. However, the clinical application of inorganic Nos
remains very challenging due to the potential systemic toxicities

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that might be linked with their use.”® Specifically, supra-
magnetic Fe;O, NPs have several features, including biocom-
patibility, high cellular internalization, magnetic resonance,
and magnetic hyperthermia properties. Several studies reported
the integration of magnetic targeting with chemotherapeutics
for synergistic cancer therapy. For instance, in one study,
a nano-delivery system based on aminated B-cyclodextrin (6-
NH,-B-CD)-grafted Fe;O, and GA clathrate complexes were
synthesized to minimize the GA vascular irritability and
improve targeting and bioavailability. As depicted in Fig. 16, 6-
NH,-B-CD was synthesized by reduction reaction where the 6-
position hydroxyl group of B-CD was substituted with p-TosCl,
NaNj, and P(Ph);. Then, EDCI and NHS were used to activate
the carboxyl group (on the citric acid) on the surface of Fe;0, to
react with ammonia on 6-NH,-B-CD forming an amide, and
generating the host molecule (Fe;0,@NH,-B-CD MNPs). Then,
the guest molecule, GA, was included in the host molecule to
create the nano complex Fe;O,@NH,-B-CD@GA MNPs. The
nanocomplexes had an average particle size of 147.4 4+ 0.28 nm

© 2024 The Author(s). Published by the Royal Society of Chemistry

and a PDI of 0.072 + 0.013. In addition, the nanocomplexes had
encapsulation efficiency, drug loading, zeta potential, and
magnetic saturation values of 85.71 £ 3.47%, 4.63 £ 0.04%,
—29.3 4+ 0.42 mV, and 46.68 emu g ', respectively. Moreover,
the synthesized nanocomplexes showed augmented cytotoxicity
against HL-60 and HepG2 cell lines (0.348 and 0.964 pg mL™ ',
respectively), as compared to free GA (0.818 pg mL ' and 1.525
ug mL 7, respectively).”* More importantly, it was revealed that
the vascular irritation of GA was diminished upon encapsula-
tion into Fe;0,@NH,-f-CD due to minimizing the direct
contact of GA with the vascular endothelium, which warrants its
intravenous administration.”

Another study reported the engineering of a tumor-targeted
redox controllable self-assembled nanosystem loaded with GA
with magnetic improved EPR effects (mPEG-HA/CSO-SS-Hex/
SPION/GA) to augment the anticancer effectiveness of GA
(Fig. 17). The nanosystem was prepared via self-assembly and
composed of three layers: (i) an exterior layer formed of mono-
aminated poly(ethylene glycol) grafted hyaluronic acid (mPEG-

RSC Adv, 2024, 14, 4666-4691 | 4685
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HA), which can target the CD44 receptor in TNBC cells, (ii)
a middle layer composed of disulfide-linked hexadecanol (Hex)
and chitosan oligosaccharide (CSO) to monitor the drug release
by redox stimulus effect, (iii) an inner layer formed of super-
paramagnetic iron oxide nanoparticles (SPION), which can
improve the EPR effect by magnetic guidance and responsible
for the encapsulation of GA.*?

In a different study, a multifunctional platform formed of
terminated magnetic mesoporous silica nanoparticles grafted
with fluorescent carbon quantum dots (CDs) (Fe;0,@S5iO0,-CDs)
enhanced the synergistic anticancer activity of GA against breast
cancer VX2 cells (Fig. 18). Multifunctional magnetic fluorescent
nanocomposite particles are created by an amide reaction
between high-fluorescent carbon quantum dots (CD) prepared
by microwave method and amino-functional Fe;O, and SiO,
with high saturation magnetic strength and a core-shell struc-
ture loaded with GA. The prepared nanoplatform had an average
size of 155.0 nm and its saturated magnetization was 31.2 emu/g.
In addition, it showed a pH dependent release of GA of 68% at
pH 5.7 (simulating timor microenvironment) compared to 35%
in physiological pH (pH = 7.4). Confocal laser scanning
microscopy and MTT cell showed that Fe;0,@Si0,-CDs were
able to penetrate VX2 cells through endocytosis and a cell
survival rate lower than 20% at a concentration of 100 ug mL ™"
Moreover, in vivo study in VX2 tumor-bearing mice showed that
the magnetic targeting experimental group had an obvious
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downward trend, suggesting that the multifunctional magnetic
NPs had a robust magnetic targeting capacity on malignancies.”

In a similar study, a dual-functional ellipsoidal-Fe;0,@-
SiO,@mSiO,-C;s@dopamine hydrochloride-graphene
quantum dots-folic acid (ellipsoidal- HMNPs@PDA-GQDs-
FA),Fe;0, was loaded with GA was synthesized to improve the
anticancer activity of GA against the same cancer cells, VX2
cells. The hydrothermal approach generated the a-Fe,O; ellip-
soidal NPs, which were coated with SiO, by the Stober approach.
Graphene quantum dots, dopamine hydrochloride, and folic
acid were grafted onto the NPs via an amide reaction. The
formulated NPs with GA had a high loading capacity (51.63 +
1.53%) and release (38.56 + 1.95%) for GA. Following GA
loading, a significant increase in cell lethality of 74.91 £ 1.2%
was observed. This is attributed to the magnetic targeting of
NPs and the capacity of folic acid to escort NPs to the tumor
microenvironment. After loading GA, all results demonstrated
that the NPs had acceptable biocompatibility and could be used
to treat VX2 tumor cells.*

Another reported work presented the fabrication of Fe;0,/
hydrophilic mesoporous silica NPs hollow spheres as a drug
carrier (HMNPs). Then, polyethyleneimine (PEI) and N- and S-
doped graphene quantum dots (NS-GQDs) were attached to
the surface of HMNPs. Finally, two targeting moieties, hyalur-
onic acid (HA) and folic acid (FA), decorated the surfaces of the
hollow nanospheres, forming HMNPs-NS-GQDs-PEI-HA and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HMNPs-NS-GQDs-PEI-FA nanocomposites, respectively, which
could be uptaken by VX2 cancer cells for fluorescence confocal
imaging. The designed smart nanocomposites enhanced the
photoluminescence activity of GQDs and created conjugated
quantum dots with GA, leading to a synergistic intelligent
enhancement of the GA efficiency. The two nanocomposites
exhibited good biocompatibility, minimal cytotoxicity, high GA
loading capacity, and pH-responsive drug release behavior. In
addition, after 24 h, the cell survival rates of HMNPs-NS-GQDs-
PEI-HA and HMNPs-NS-GQDs-PEI-FA encapsulating GA were
7.69% and 8.71%, respectively. In vivo assessment showed that
the nanocomposites could inhibit tumor proliferation and had
magnetic targeting ability.*

In a recent study, poly(r-lactide)-poly(ethylene glycol)-poly(r-
lactide) triblock copolymer (PLLA-PEG-PLLA)-based nano-
composites co-encapsulated with black phosphorus quantum
dots (BPQDs) and GA employing the supercritical carbon
dioxide approach (Fig. 19). In this regards, BPQDs were

— Ethanol 50 °C
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synthesized utilizing a liquid exfoliation method involving
probe ultrasonication. Then, the synthesized BPQDs and GA
were entrapped into PLLA-PEG-PLLA copolymer employing the
supercritical anti-solvent approach, creating BPQDs/GA/PLLA-
PEG-PLLA (BGP) nanocomposites. Distinctive PT and an NIR-
stimulated release of GA characterize the formulated nano-
composites. More importantly, the fabricated nanocomposites
reduced the thermoresistance of cancer by downregulating the
overexpressed HSP90 by the incorporated GA cells, augmenting
the sensitization of the cancer cells to photothermal ablation.
Moreover, the synthesized nanocomposites were shown to have
strong apoptotic effects by curbing the expression of anti-
apoptotic p-ERK1/2 and p-Akt.*®

5.6 Combination therapy of nano-chemotherapy with GA

The clinical applicability of the combination therapy involving
GA and other chemotherapeutics is hindered by the difficulty of
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Fig. 20 A schematic diagram summarizing the design of PTX-IR780-GA NPs and their synergistic mechanism in ablating breast cancer. This
figure has been reproduced from ref. 98 with permission from Elsevier, copyright 2023.
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determining the proper dosage regimen, therapeutic outcome,
patient compliance, GA water insolubility, and severe toxic
effects. In addition, combinational therapies suffer from altered
pharmacokinetic and pharmacodynamic characteristics and
poor biodistribution.®” Based on these factors, the nanodrug
delivery systems can significantly improve the circulation life-
time, pharmacokinetic constraints, and internalization of
combined drugs into the tumor. In one study, GA and doxoru-
bicin (DOX) were co-loaded into bovine serum albumin (BSA)
nanoparticles. The dual-loaded NPs exhibited a synergistic
effect in halting HepG2 tumor cells at a combination index (CI)
of 0.38, demonstrating substantial synergism by CI < 0.7. In
addition, the ex vivo fluorescence imaging assessment showed
high internalization of GA and DOX into cancer cells owing to
the EPR effect, which boosted the fabricated NPs' anticancer
effect. Significantly, the synergistic in vivo antitumor efficiency
is attained at a 3-fold lower combined treatment dose than the
single treatment.®’

Another study reported the formulation of a novel phase
change material (PCM)-based nanosystem co-loaded with
paclitaxel (PTX), IR780 and GA was developed by ultrasonication
approach for the dually-boosted phototherapy of breast cancer.
When exposed to NIR illumination, the dually loaded NPs
showed an IC50 value of at 5.5 ng mL ™", suggesting a superb
synergistic therapeutic effectiveness against breast cancer cells.
The NPs were uptaken into the cancer cells via the EPR effect,
then upon exposure to laser illumination, IR780 generated ROS
and mild hyperthermia, resulting in PTT and PDT effects. In
addition, hyperthermia was essential to trigger the transition of
PCM from the solid phase to the liquid one, thus releasing the
co-loaded PTX and GA for dual-improvement of photo/
chemotherapies and minimizing the systemic toxic effects.
Moreover, as mentioned earlier, GA impeded the over-
expression of HSP90 to reduce the thermal resistance of tumor
cells. In addition, GA depleted the GSH stores inside the cancer
cells and, thus, improved intracellular ROS content, which
improved the effectiveness of PDT (Fig. 20). To this end, this
novel nanosystem showed great potential in concurrently
overcoming serious challenges by advancing the effectiveness of
synergistic photo/chemo/photodynamic therapies.*®

6. Conclusion and future
perspectives

Despite being a promising natural compound in cancer treat-
ment, GA suffers several limitations that impede its clinical
translation. Among these limitations are water-insolubility,
biological instability, low oral bioavailability, poor pharmaco-
kinetic and biodistribution profiles, vascular irritation, and
non-selective selective targeting of tumor tissues. This review
presented the latest state-of-the-art studies describing the
nanoformulation of GA into various organic, inorganic and
hybrid nanodelivery systems. Several studies reported using
nanodelivery systems in cancer-targeted therapies due to their
unorthodox capabilities to modernize cancer therapeutics by
extending the circulation time of their cargos, enhancing
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bioavailability and water solubility while minimizing detri-
mental toxic effects. Moreover, escorting therapeutic agents by
different nanodelivery particulates can selectively augment
their accumulation into tumor tissues by passive targeting.
Despite the attempts to develop safe and biocompatible nano-
systems that encapsulate GA alone or in combination with other
therapeutic agents, the clinical application of NPs is still chal-
lenging. This is attributed to the unscalable invention method
and complicated drug pharmacokinetics and pharmacody-
namics in the body. In addition, the NPs might endure drug
leakage, resulting in low drug loading and encapsulation effi-
ciencies. Moreover, there is scarce information on the in vivo
absorption, distribution, metabolism, elimination routes, and
immunological reactions of the different nanoparticles. Forth-
coming work should examine the biosafety and pharmacody-
namics interests concerned with applying nanosystems in
cancer remedies instead of focusing only on their fabrication,
chemical functionalization, and in vitro applications. This will
provide a prosperity of information to unveil the safest and
most targetable nanocarrier that would be the hallmark for
inventing more advanced cancer therapies. Moreover, future
work should provide more comprehensive immunological
assessments to study the GA immune regulation mechanisms
on different cancer cells.
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