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Abstract: Breast cancer (BC) is the most prevalent type of cancer in the world and the main reason women die from cancer. Due to
the significant side effects of conventional treatments such as chemotherapy and radiotherapy, the search for supplemental and
alternative natural drugs with lower toxicity and side effects is of interest to researchers. Curcumin (CUR) is a natural polyphenol
extracted from turmeric. Numerous studies have demonstrated that CUR is an effective anticancer drug that works by modifying
different intracellular signaling pathways. CUR’s therapeutic utility is severely constrained by its short half-life in vivo, low water
solubility, poor stability, quick metabolism, low oral bioavailability, and potential for gastrointestinal discomfort with high oral doses.
One of the most practical solutions to the aforementioned issues is the development of targeted drug delivery systems (TDDSs) based
on nanomaterials. To improve drug targeting and efficacy and to serve as a reference for the development and use of CUR TDDSs in
the clinical setting, this review describes the physicochemical properties and bioavailability of CUR and its mechanism of action
on BC, with emphasis on recent studies on TDDSs for BC in combination with CUR, including passive TDDSs, active TDDSs and
physicochemical TDDSs.
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Introduction

The most prevalent type of cancer and the main reason for cancer-related deaths in women globally is breast cancer
(BC)." In 2008, approximately 1.38 million people were diagnosed with BC, with approximately 50% of patients and
60% of deaths in developing countries. Global BC survival rates vary widely, with 5-year survival rates estimated at
80% in developed countries and less than 40% in developing countries.”> BC can be divided into four categories
according to molecular subtyping: luminal A BC, luminal B BC, human epidermal growth factor receptor 2 (HER2)-
positive BC and triple-negative breast cancer (TNBC).? Molecular subtypes are mainly based on genes expressed by
cancer cells that can control the way cells behave. Common BC cell lines that express different genes are shown in
Table 1,*° and understanding molecular subtypes can help determine the best treatment. Luminal A BCs that are
estrogen receptor (ER) positive and progesterone receptor (PR) positive but HER2 negative usually have a better
prognosis and can be treated with endocrine therapy alone, with chemotherapy as an option. Luminal B BCs that are
ER positive, PR negative and HER2 positive tend to grow faster than luminal A BCs, have a slightly worse prognosis
and require chemotherapy combined with endocrine therapy. HER2-positive BCs that are ER and PR negative and
HER?2 positive tend to grow faster and have a worse prognosis than luminal BC but can often be successfully treated
with targeted therapeutic agents that target the HER2 protein. Finally, TNBC, which is negative for ER, PR and
HER2, has the worst prognosis of the four molecular types and is usually aggressive, unresponsive to endocrine
therapy and targeted therapy, and effectively treated only by chemotherapy.®” However, conventional treatment
options such as chemotherapy and radiotherapy are often accompanied by serious side effects and toxicity that can
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Table 1 BC Cell Lines with Different Gene Expression

BC Cell Line | Sources of Species | Subtype ER PR HER2 Ref., Year
MCF-7 Human Luminal A + - 2010% 2017°
MCF-10A Human Luminal A + -

BT-47D Human Luminal A + -

BT-474 Human Luminal B - +

SKBR3 Human HER2+ - -

MDA-MB-231 Human Triple negative | - - -

MDA-MB-468 Human Triple negative | - - -

Hs578T Human Triple negative | - - -

EMTé6 Mice / / / /

4TI Mice / / / /

JC Mice 1 / / /

seriously affect the daily life of patients. Moreover, some studies have found that with prolonged treatment, cancer
cells are able to develop resistance to chemotherapy and radiotherapy.® Therefore, it is particularly important to find
new alternative therapies. For many years, natural drugs have received much attention from scientists for their low
toxicity and side effects, and in the United States, approximately 50-60% of cancer patients use natural drugs as
a complement and alternative to conventional drugs, regardless of whether they use conventional chemotherapy or
radiation therapy.” CUR, resveratrol, lycopene, and camptothecin are some of the substances that have demonstrated
modest anticancer action with few side effects.'®'> Among them, CUR is of great interest due to its widely reported
anticancer activity.

CUR (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a naturally occurring polyphenol that is
obtained from the ginger family member turmeric.'* The therapeutic effects of CUR on the nervous, respiratory,
cardiovascular, urinary, reproductive, digestive and hepatobiliary, musculoskeletal and endocrine systems, as well as
the skin, have been confirmed by previous studies. CUR has also been shown to be a potent anti-inflammatory, antitumor,
and antioxidant agent.'>'® However, the clinical usage of CUR is severely constrained because of its short half-life
in vivo, poor stability, quick metabolism, low oral bioavailability, and 89% excretion of the medication in its original
form after large oral dosages.'”'®

One of the most practical approaches to resolving the aforementioned problems is the development of targeted
medication delivery systems based on nanomaterials.'® Nanotargeted drug delivery systems have emerged as viable
chemotherapeutic drug delivery techniques during the past few decades thanks to their major contributions to cancer
diagnostics and treatment.”’ By extending the circulation time of insoluble medications and improving their
accumulation in tumor tissues through increased permeability and retention effects (EPR), nanotargeted drug
delivery systems can successfully improve the solubility and in vivo drug distribution of insoluble
pharmaceuticals.?' >* Despite their high levels in tumor tissues, however, they do not promote efficient drug uptake
by tumor cells. To actively target tumor cells, particular ligands or antibodies can be used to modify the surface of
nanoparticles. This can help to increase the selectivity of medications for tumor cells, lessen their distribution in
nontarget tissues, and lessen their side effects. Because tumor tissues and cells have different structural and
physicochemical properties than normal tissues and cells, endogenous tumor microenvironment-responsive drug
delivery systems can be designed, and exogenous stimulation-responsive drug delivery systems can be designed
using the unique properties of the carriers themselves, such as pH, light, temperature, and magnetism, to address the
issue of in vivo local drug release.>* ¢

The design and development of various CUR-TDDSs, including passive and active TDDSs and physicochemical
TDDSs, are the focus of this review, with a concentration on their therapeutic efficacy in BC. The main characteristics of
CUR and the pharmacokinetics and efficacy of CUR nanoformulations in vitro and in vivo are discussed, thus providing

new ideas for future clinical applications of CUR (Figure 1).
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Figure | Schematic diagram of the physical and chemical properties of curcumin and its classification of targeted drug delivery systems.

Key Properties of Curcumin

CUR comes from the plant Curcuma longa L. and is a low-molecular-weight polyphenol. It is a safe and all-natural
additive that has been sanctioned for use in food production by the governments of numerous nations.>’” The components
extracted from turmeric contain a variety of CUR-like compounds, mainly CUR, demethoxycurcumin and
bisdemethoxycurcumin.”® Among them, CUR is the most abundant polyphenolic compound in turmeric.”® For many
years, CUR has received attention for its broad range of anticancer activities.>*" The following section will focus on the
physicochemical properties and bioavailability of CUR and its anticancer mechanism (especially in BC).

Physicochemical Properties

CUR has the chemical formula C,;H,0O¢ and a relative molecular mass of 368.38.%% It is composed of two benzene rings
replaced with hydroxyl and methoxy groups and joined by a seven-carbon keto-enol junction (Figure 2A).>* CUR has
two reciprocal isomers, keto and enol (Figure 2B).** Under neutral and acidic pH conditions, the keto form dominates,
while under basic conditions, only the enol interconversion isomer is present, which can be explained by the intramo-
lecular hydrogen bonding of the enol form.*> CUR is almost insoluble in neutral and acidic aqueous solutions at room
temperature. CUR is highly soluble in both polar nonprotonic and polar protonic solvents, with the following order of
solubility: acetone > 2-butanone > ethyl acetate > methanol > ethanol > 1,2-dichloroethane > isopropanol > ether >
benzene > n-hexane. In addition, dimethyl sulfoxide is a common solvent that can dissolve CUR at concentrations up to
11 mg/mL, while the concentration in ethanol is only 1 mg/mL.>® Under alkaline conditions (pH > 10), CUR is
completely deprotonated and has a maximum absorption at 467 nm. The pKa of CUR is 8.54, and CUR has three
unstable protons at neutral pH, one of which is an alkene proton and two are phenolic protons.>” CUR is unstable under
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Figure 2 (A) Structural formulae of the three main curcumin-like compounds extracted from turmeric. (B) Mutual isomers of curcumin.

physiological pH conditions and is susceptible to degradation through solvolysis, photodegradation and autoxidation,
with solvolysis and photodegradation being the main pathways. Solvolysis involves nucleophilic substitution or elimina-
tion of solvent molecules. The o, f-unsaturated ketone fraction of CUR is the main site of nucleophilic attack (Michael
addition). In alkaline buffered aqueous solutions, solvolysis of the heptadienone chain leads to degradation of 90% of
CUR, yielding products such as vanillin, ferulic acid, and ferulic aldehyde.’®** CUR undergoes autoxidation through
a chain of free radical reactions, binding to oxygen and yielding dicyclopentadiene products.*® It has been shown that
CUR is susceptible to photodegradation both in the solid-state and in solution; therefore, CUR samples should be stored
away from light. Its photochemical degradation products are mainly ferulic acid, ferulic aldehyde, vanillin and vanillic
acid (Figure 3).4

Bioavailability

The important pharmacokinetic term bioavailability relates to the rate and degree of drug absorption into the human
circulation. It is a complex process that includes absorption, distribution, metabolism and excretion of drugs.**** Due to
its low bioavailability, poor pharmacokinetics, and short half-life in the gastrointestinal tract, the clinical usefulness of
CUR is restricted.***> For example, a preclinical study in rats showed that oral administration of 500 mg/kg CUR
produced peak blood concentrations of only 1.8 ng/mL.*® Free CUR was detected in the plasma of only one subject 30
minutes after ingestion of a 10 g dose of CUR, and no free CUR was detected in plasma samples from any other subject
(less than 50 ng/mL), indicating low bioavailability and high metabolism of CUR, according to a pharmacokinetic study
of CUR in healthy subjects.M’48 CUR is metabolized mainly in the liver and to a lesser extent in the intestine, and CUR
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Figure 3 Curcumin degradation and metabolites.

metabolism occurs mainly by reduction and conjugation.*”>' The reduction of CUR occurs mainly at the double bond of
the CUR heptadienone chain and is mainly promoted by NADPH-dependent reductase, ethanol dehydrogenase and an
unidentified microsomal enzyme to produce dihydro, tetrahydro and octahydro CUR.*’ Another major metabolic path-
way of CUR in vivo is glucuronidation/sulfonation conjugation, which occurs mainly at the phenolic oxygen of CUR,
also through enzymatic reactions. For example, the human phenol sulfotransferase isozymes SULT1A1 and SULT1A3

catalyze the O-sulfonation of CUR.>* Similarly, glucuronidation is catalyzed by UDP-glucuronosyltransferase.”

Mechanism of Action of Curcumin in the Treatment of Breast Cancer

BC, as one of the most common malignant tumors in women, is treated with anti-estrogen therapy in approximately 70%
of patients who are ER positive.”* The use of a single molecule, however, appears to have little effect on the network of
crosstalk and negative feedback loop cells in complex malignancies, according to mounting data in recent years.”> To
achieve optimal therapeutic outcomes, multitargeting of different pathological signaling pathways is considered a major
trend to kill drug-resistant BC cells. Researchers are searching for effective drug candidates to better treat BC.’® CUR is
considered to be an effective anticancer agent that modulates multiple intracellular signaling pathways, especially
because it is a natural chemical present in plants, offering a natural advantage over synthetic compounds in terms of
safety issues.”’>® The following section will focus on the therapeutic role of CUR in BC, including the molecular targets
and mechanisms of action (Figure 4).

First, CUR induces downregulation of the EZH2 oncogene by stimulating the mitogen-activated protein kinase (MAPK)
pathway of c-Jun amino-terminal kinase (JNK), extracellular regulatory protein kinase (ERK) and p38 kinase; blocking NF-
kB expression; inhibiting HIF-1a and HIF-2a protein expression; promoting peroxisome proliferator-activated receptor-y
(PPAR-y) protein expression and increasing p53 phosphorylation; inhibiting vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (b-FGF) transcript levels; inhibiting the expression of ER downstream genes pS2 and TGF-f;
and inhibiting the activity of epidermal growth factor receptor (EGFR) and HER-2/neu to suppress BC cell proliferation.”®
In addition, it has been shown that CUR inhibits cell proliferation by inducing unipolar spindle formation and cycle arrest in
late G2M and S phases in BC cells.** Zhou et al®® showed that the combination of CUR and mitomycin for BC treatment
enhanced G1 phase block and inhibited tumor growth by regulating the expression levels of Cyclin D1, Cyclin E, Cyclin A,
cyclin-dependent kinase 2 (CDK 2), cyclin-dependent kinase 4 (CDK4), p21, and p27. Second, CUR inhibits matrix
metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9), activates matrix metalloproteinase inhibitor 1
(TIMP-1) and matrix metalloproteinase inhibitor 4 (TIMP-4) gene expression, downregulates chemokine ligand 1 (CXCL-
1) and chemokine ligand 2 (CXCL-2) expression by inhibiting NF-kB and activating AP-1, antagonizes protein kinase
B (PKB) expression and activates cellular autophagy to inhibit BC cell invasion and migration.®®®® Third, CUR induces
apoptosis in BC cells by promoting the expression of cleaved PARP and caspase-3, downregulating insulin-like growth factor
1 (IGF-1), promoting the expression of pro-apoptotic protein (Bax) and inhibiting the expression of anti-apoptotic protein
(Bcl-2).7° Moreover, CUR downregulates the expression of VEGF, angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2),
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Abbreviations: ]NK, c-Jun amino-terminal kinase; ERK, extracellular regulatory protein kinase; PPAR-y, peroxisome proliferator-activated receptor-y; TGF-f, transforming
growth factor-B; VEGF, vascular endothelial growth factor; b-FGF, basic fibroblast growth factor; EGFR, epidermal growth factor receptor; PKB, protein kinase B; CXCL-1,
chemokine ligand |; CXCL-2, chemokine ligand 2; MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; TIMP-1, matrix metalloproteinase inhibitor I;
TIMP-4, matrix metalloproteinase inhibitor 4; CDK 2, cyclin-dependent kinase 2; CDK4, cyclin-dependent kinase 4; IGF-1, insulin-like growth factor |; Ang-1, angiopoietin-1;
Ang-2, angiopoietin-2; PDGF, platelet-derived growth factor; COX-2, Cyclooxygenase-2; TGF-B1, transforming growth factor-$1; PKC, protein kinase C; PI3K, phosphoi-
nositide 3-kinase; MMP, matrix metalloproteinase.

platelet-derived growth factor (PDGF), cyclooxygenase-2 (COX-2), transforming growth factor-B1 (TGF-B1) and basic
fibroblast growth factor (bFGF) and inhibits NF-kB, extracellular-signal regulated kinases (ERK), MAPK, protein kinase
C (PKC), phosphoinositide 3-kinase (PI3K), and matrix metalloproteinases to inhibit tumor angiogenesis.”""”* Finally, some
studies suggest that CUR may treat BC by modulating the immune system. It may inhibit the oncogenic effects of
immunosuppressive cytokines, such as transforming growth factor beta (TGF-§) and interleukin 10 (IL-10), and reduce the
loss of T lymphocytes during carcinogenesis.”

Curcumin Drug Delivery Systems in Breast Cancer

For years, researchers have tried to use nanodelivery systems to improve the bioavailability of CUR.”*"> At tumor sites,
the high permeability and retention of nanomaterials may improve chemotherapeutic drug accumulation.’®”’
Encapsulated systems can improve CUR solubility, bioavailability, absorption and cellular uptake by enhancing the
osmotic effect and increasing the opportunity to evade renal filtration and biliary excretion.* Ideally, CUR nanoformula-
tions for cancer should have stronger anticancer activity than free CUR while being nontoxic to normal cells. The
effectiveness of the treatment targeting is directly correlated with patient quality of life and ultimate life expectancy. The
CUR nanoagents reported in the literature for the treatment of BC can be subdivided into passive targeting, active
targeting and physicochemical targeting by different targeting types. The following sections will describe the CUR drug
delivery system according to different target types, focusing on its application in BC.

Passive Targeting Drug Delivery Systems

The term “passive targeting formulation” describes a method of drug delivery that relies on the anatomical and
physiological distinctions between different organs and tissues to provide targeted effects.®’®* Due to differences in
microvascular structure between solid tumors and normal tissues, enhanced EPR is thought to be the passive targeting
mechanism of nanocarriers to tumor sites. The microvascular endothelial gap in normal tissues is dense and structurally
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intact, making it difficult for macromolecules and large particles to penetrate the vessel wall. Solid tumor tissues, on the
other hand, lack lymphatic flow and have poor structural integrity, increased neovascularization, and larger gaps in the
vascular wall. This difference causes large molecules or particles with a diameter of 100 nm or less to be more easily
collected inside tumor tissues, which enables targeting effects (Figure 5).%7®® Liposomes, micelles, nanogels, nanopar-
ticles, nanoemulsions and so on can all be used as carriers in passive targeting preparations, and the main characteristics
of these systems and the main points are summarized in Table 2.

Liposome-Based CUR Delivery

For several years, the biocompatibility, transport, and targeting potential of liposomes have attracted attention.
A bilayer of phospholipids forms spherical vesicles known as liposomes based on the “molecular compatibility”
hypothesis.*> The treatment of drug-resistant cancers has improved as a result of recent developments in liposome
formulations.''? Hamano et al®** designed and refined a novel liposome formulation to increase the loading capacity of
CUR using automated microfluidic technology. The prepared liposomes had a particle size of 116.4 £ 5.5 nm, polymer
dispersibility index (PDI) of 0.140 + 0.025, CUR concentration of 278.7 + 40.4 pg/mL, CUR dose recovery of 87.7 +
10.7%, and drug loading (DL) of 17.1 £ 2.1%. In comparison to other reported liposome systems, this system had an
exceptionally high loading capacity and a low PDI. Compared to the conventional CUR suspension formulation, the
new formulation increased water solubility by a factor of 700 and systemic exposure by a factor of 8-20. Animal
models were then used to test the anticancer activity of these liposomes and their reduced nephrotoxicity when paired
with cisplatin (DDP). The outcomes demonstrated that it decreased nephrotoxicity and improved the anticancer activity
1°° encapsulated CUR in chitosan-coated
nanoliposomes derived from three natural lecithin sources and characterized them. Finally, they investigated their

of DDP in a number of animal tumor models (Figure 6). Hasan et a

growth inhibition on MCF-7 BC cells. The results showed that chitosan-coated liposomes increased their size, changed
their charge from negative to positive, and obtained a higher entrapment efficiency (EE) of CUR. The growth
inhibition test on MCF-7 BC cells showed that the growth inhibition increased when the liposome was coated with

Blood
vessel

Ineffective
lymphatic drainage
o0 . nanoparticles = small molecule

Figure 5 Transport of nanoparticles with different sizes and small molecules through normal (left) and cancerous (right) tissues. The enhanced permeability and retention
(EPR) effect is a unique feature of most tumors, allowing nanoparticles of appropriate sizes to accumulate more in cancerous tissues than in normal tissues. Reproduced with
permission from Sun T, Zhang YS, Pang B, et al. Engineered nanoparticles for drug delivery in cancer therapy. John Wiley and Sons.®® © 2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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Table 2 Passive TDDS of CUR

biocompatibility

concentration range of 3.125 to 50 pg/mL. 50 pg/mL nanogels were
acutely toxic to MCF-7 cells. At other doses, CUR-loaded nanogels
were less toxic than CUR and remained toxic to cells at a dose of 12.5
ug/mL.)

Drug Delivery Features Characterization Pharmacokinetics/Tissue Distribution/Efficacy Ref.,
System Year
CUR Liposomes High DL Mean Size = (116.4 £ 5.5) nm, PDI = (0.140 + 0.025), CUR concentration = | Pharmacokinetic parameters: a. Liposomes/solution (20 mg/kg, oral.) 2019%°
(278.7 £ 40.4) pug/mL, DL = (17.1 £2.1) % Cinaxe AUC, BA 1, ty2 | b. Liposomes (20 mg/kg, iv.) Crax, AUC 1, ti 12
b
EMT6 tumor inhibition rate: DDP (15 mg/kg, ip.) = 46%, Liposomes
(20 mg CUR/kg, iv.) = 39%, combination of DDP and Liposomes =
77%;
B16F10 tumor inhibition rate: DDP (15 mg/kg, ip.) = 63%, Liposomes
(20 mg CUR/kg, iv.) = 46%, combination of DDP and Liposomes = 74%
Chitosan coated High EE a. Soya CCL b. Salmon CCL c. rapeseed CCL MCF-7 cells (CUR 12 pM or higher CUR concentration has 2020%°
liposomes (CCL) Mean Size = a: (321 = 0.9) nm, b: (380 * 2.8) nm, c: (327 + 3.2) nm, PDI = a: | a significant impact on cell index, Soya CCL and rapeseed CCL can
(0.24 + 0.01), b: (0.24 + 0.02), c: (0.25 + 0.02), zeta potential = a: (61.8 £ | significantly reduce the cell proliferation of cancer cells at the
0.6) mV, b: (65.6 + 0.4) mV, c: (67.9 £ 0.3) mV, EE = a: 87.15%, b: 88.61%, c: | concentration of 20 pyM, Salmon CCL can have a growth-inhibitory
88.72%, Membrane Fluidity = a: (2.56 + 0.10), b: (2.62 + 0.20), c: (3.21 £ 0.1) | effect with a lower concentration (5 pM).)
Thiol derivatised More sustained | Mean Size = (406 % 12) nm, PDI = (0.35 £ 0.03), zeta potential = (36.6 £ | MCF-7 cells (The cell viability of liposomes group was higher than that | 2017°'
chitosan coated release 0.57) mV, EE = (93.95 + 3.94) %, DL = (7.95 % 0.36) % of other groups at 24 hours, CUR was gradually released over time,
liposomes and showed significant inhibition in the high CUR concentration group
at 72 hours.)
DDP and CUR co- | Efficient Mean Size = 100 nm, EE = DDP/CUR: 23.85/99.8% MCF-7 cells (72 h, 32/20 mg/mL CUR-DDP-NLPs/free CUR-DDP, cell | 20217
loaded Liposomes viability = 17.5%, 31.6%; cell apoptosis: 66.85%/32.2%, 11.1%/67.1%
(late apoptosis/early apoptosis))
Micelles I. Non-toxic Mean size = 205 nm, zeta potential = =53 mV, DL = 4.5%, CMC = 0.654 mg/ | 4T| tumor inhibition rate: Micelles (70 mg/kg, ip., |, 4, 7, 9 day) = 20197
and safe mL 31.25%
2. High
solubility
Micelles I. Good Mean size = (175.8 £ 0.68) nm, PDI = (0.248 % 0.075), zeta potential = (5.9 | BI6FI0 cells viability (a. 6 h, 50 pg/mL: CUR = (58.2 £ 4.2) %, micelles | 2018™
biocompatibility | + 0.78) mV, DL = (14.2 + 0.24) %, EE= (98.6 + 1.48) %, CMC = 20 mM = (42.8 £3.2) % b. 24 h, 50 pg/mL: micelles = (42.4 + 3.5) %);
2. Efficient MDA-MB-231 cells viability (a. 6 h, 50 ug/mL: CUR = (59.6 + 4.2) %,
micelles = (58.2 + 4.6) % b. 24 h, 50 pg/mL: micelles = (45.2 + [.4) %)
Nanogel Good Mean size = (452 + 8) nm, zeta potential = (—27 + 4) mV, EE = (65 + 2) % | MCF-7 cells (CUR showed severe toxicity to MCF-7 cells in the 20167
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Nanogel I. Reduces Mean size = (94.12 % 3.85) nm, PDI = (0.39 # 0.07), zeta potential = (5.9 + | MCF-7 cells (48 h, DDP: ICso = 0.61 % 0.03 ug/ mL, HP403@CisOH: | 2022°¢
DDP toxicity 0.78) mV, DL= CisOH/ CUR: 22.3/4.4%, CMC= (40.97 + 4.04) ppm ICs0 = (8.5 + 0.7) pg/mL, HP403@CisOH@Cur: ICso = (19.99 £ 0.89)
2. Efficient pg/mL);
MCEF-7 tumor volume reduction rate on day 8: DDP (3 mg/kg, ip., |, 3,
5,7,9, 11, 13 day) = 80%, HP403@CisOH (3 mglkg, ip., 1, 3, 5,7, 9,
I'l, 13 day) = 78%, HP403@CisOH@Cur (3 mg/kg, ip., |, 3, 5, 7, 9,
I'l, 13 day) = 70%
CUR-SLNs Efficient Mean size = 40 nm, zeta potential = (—25.3 £ 1.3) mV, DL= 23.38%, EE = SKBR3 cells (48 h, CUR: ICsq = 28.42 pM, CUR-SLNs: ICs = 18.78 2018%7
72.47% uM; cell apoptosis: CUR = 29%, CUR-SLNs = 36.7%);
SKBR3 cells (CDK4, Bcl-2 |, Bax 1)
CUR-SLNs I. High DL Mean size = below 200 nm, EE = (70-75) % MDA-MB-231 cells and JC cells (Enhancement of DOX efficacy: CUR- | 2020
2. Good SLNs > CUR)
bioavailability JC tumor inhibition rate: CUR-CS-SLN + DOX (CUR-CS-SLN: 5 mg
3. Stability CUR/kg, DOX: 5 mg/kg, iv., 1, 7, 14 day) > CUR-SLN + DOX (CUR-
SLN: 5 mg CUR/kg, DOX: 5 mg/kg, iv.,, 1, 7, 14 day) > CUR-SLN (5 mg
CUR/kg, iv., |, 7, 14 day) > CUR-CS-SLN (5 mg CUR/kg, iv, |, 7,
14 day) > CUR + DOX (CUR: 5 mg/kg, DOX: 5 mg/kg, iv., |, 7, 14 day)
> CUR (5 mg/kg, iv, |, 7, 14 day) > DOX (5 mg/kg, iv, 1, 7, 14 day)
CUR-loaded PLGA | I. High DL Mean Size = (81.05 * 3.85) nm, PDI = 0.107, zeta potential = +31.8 mV, DL | MDA-MB-231 cells (24 h, CUR: ICso = 43.91 pM, nanoparticles: ICso = 2017%°
nanoparticles 2. Good =21.8%, EE = 69.1% 24.63 pM; cell apoptosis: CUR = 20.77%, nanoparticles = 39.47%)
biocompatibility
MTX and CUR co- | . Efficient Mean Size = (148.3 £ 4.07) nm, PDI = 0.17, zeta potential = (—3.41 + 0.8) | SK-Br-3 cells (24 h, nanoparticles: ICso = (7.2 + 0.2) pg/ mL; 48 h, 2019'%°
loaded PLGA 2. Synergetic mV, DL = MTX/CUR: (15.9 £ 4.7) / (22.1 + 2.85) %, EE = MTX/CUR: (71.32 | nanoparticles: ICso = (5 % 0.4) pg/mL);
nanoparticles administration +78) /(8564 +6.3)% Tumor inhibition rate: CUR (CUR: 2.5 mg, iv,, 16, 17, 18, 19, 20 week
(once a week)) = 19%, nanoparticles (MTX/CUR: 5/2.5 mg, iv., 16, 17,
18, 19, 20 week (once a week)) =76%
CUR-loaded High DL Mean Size = 200 nm, PDI = 0.34, zeta potential = + 26.66 mV, DL = 67%, EE | MCF7 cells (24 h, CUR: ICsq = (20.63 * 2.2) ug/mL, nanoparticles: 2021
Chitosan = 40.2% I1Cs = (1.45 * 0.24) pg/mL);
nanoparticles MCF7 cells (NF-kb, TNF-o, IL-6, Bcl-2 |)
CUR-loaded Synergetic Mean Size = (652 + 10) nm, EE = 51.67% 4TI cells viability (TRAIL-PMSCs + nanoparticles: 24/48/72 h: 58/41/ | 2018'*
Chitosan administration 33%);
nanoparticles 4T tumor inhibition rate: TRAIL-PMSCs + nanoparticles (1x10°
TRAIL-PMSCs + 100 pg nanoparticles in 250 uL PBS) = 44%
(Continued)
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Table 2 (Continued).

Drug Delivery Features Characterization Pharmacokinetics/Tissue Distribution/Efficacy Ref.,
System Year
Tax and CUR co- Efficient Mean Size = (115 £ 15) nm, EE = MTX/CUR: (77.48 + 2.73)/ (30.70 + 3.56) | Pharmacokinetic parameters: Tax-CUR-PLMSN/Tax-CUR-solution 2018'%
loaded MSN % (Tax/CUR: 3/18 mg/kg, iv.) a. Tax: Cax, AUC, t;5, MRT 1, Vd, CL |

b. CUR: Cpox, AUC 1, Vd, ty15, CL, MRT;

In vivo NIR fluorescence real-time imaging (iv.): tumor > heart, liver,

spleen, lung and kidney;

4T tumor inhibition rate: Tax-CUR-PLMSN (iv.) = 58.4%, Tax-CUR-

PLMSN (pi.) = 58.3%, Tax-CUR = 17.3%;

7364 cells (CUR: IC5q = 53.16 uM, Tax: ICso = 0.19 pM, Tax-CUR-

PLMSN exhibits the strongest cytotoxic effect on BC cells)
CUR conjugated I. Small size Size = (~ 15 nm) MCF7 cells viability (25 pg/mL, CUR/nanoparticles: 45/43%); 2018'%
gold nanoparticles | 2. High DL MCF?7 cells (cell apoptosis: nanoparticles = 45.57%);

3. Low MCF7 cells (p-AKT, p-STAT3 |, Cleaved PARA 1);
cytotoxicity MDA-MB 231 tumor: tumor volume and weight decreased

significantly in the group treated with nanoparticles (20 mg/kg, ip.)

when compared to the control group.
Tax and CUR co- Efficient Mean Size = (128 = 10) nm, PDI = (25.5 * 1.2), zeta potential = (—3.0 £ I.1) | Combined CUR and Tax treatment exerted better cytotoxicity in 2022'%
loaded gold mV MDA-MB 231 and 4T1 cell lines without any cytotoxic effect on
nanoparticles normal cell lines (HEK-293);

MDA-MB 231 cells (cell apoptosis: CUR/Tax/CUR-Tax/Au-C/Au-P/Au-

CP = 34.73/23.1/65.07/50.79/33.63/73.56%);

4TI cells (cell apoptosis: CUR/Tax/CUR-Tax/Au-C/Au-P/Au-CP =

31.06/24.41/50.08/44.15/34.56/72.28%);

MDA-MB 231 and 4T cells (VEGF, STAT3, Cyclin D |, Caspase 9 1);

4TI tumor: mice treated with CUR and CUR-Tax combination

showed significant tumor reduction compared to control and Tax

treated mice, and the use of AuNP increased treatment efficacy in all

groups.
CUR-loaded O/W | Simple process | Mean Size = (33 £ 3) nm, zeta potential = (+5.0 £ 0.05) mV - 2021'%¢
nanoemulsions
CUR-loaded self- |. Efficient Mean Size = (28.53 % 0.18) nm, PDI = 0.129, zeta potential = (-22.17 * MCF7 cells (24 h, CUR: ICso = (6.67 £ 0.5) pg/mL, nanoparticles: ICso | 2020'%7
nanoemulsifying 2. High DL 2.90) mV, Equilibrium Solubility = CUR (20.695 * 0.052) mg/g = (4.76 £ 0.3) pg/mL)

drug delivery

systems
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CUR-loaded

exosomes

CUR-loaded

exosomes

CUR-loaded LLN

GO-CUR and
GQDs-CUR

Good
biocompatibility

Good
biocompatibility

High uptake
rate
Efficient

Mean Size = (84 + 7) nm, PDI = (0.19 % 0.02), DL = (18-24) %, EE = (53.9 +
6.7) %

Mean Size = (184.7 £ 13.2) nm

Mean Size= (169 * 4) nm, PDI= (0.19  0.05)

a. GO-CUR b. GQDs-CUR
Mean Size = b: (170 + 30) nm, zeta potential = a: (—13.5 + 0.8) mV, b: (—1.2
+£03)mV,DL=2a: (80 + 1) %, b: 83 £ 1) %

Tissue distribution: targeting efficiency in liver; brain, lung 1;
MDA-MB-231 cells inhibition rate (72h, CUR: 10-35%, exosomes: 70—
80%);

MDA-MB-231 cells (TNFa |)

Pharmacokinetic parameters: Free CUR (41 * |5 uM) peaked in
breast tissue 6 minutes after EXO-CUR administration, and free CUR
was not detected in breast tissue at any of the test times after free
CUR administration;

MCF7 and MDA-MB-231 cells inhibition rate (72h, exosomes > CUR);
MCF7 cells (cell apoptosis: exosomes > CUR);

MCF?7 cells (Caspase 3, Caspase 9 1)

MCEF-7 cells (72 h, CUR: ICso = (3.4 £ 0.2) uM, LLN: IC50 = (4.3 £ 0.2)
uM)

MCF-7 cells (48 h, GO-CUR: ICs, = (8 % 0.5) pg/mL, GQDs-CUR:
ICs0 = (5.5 £ 0.5) pg/mL);

MDA-MB-231 (48 h, GO-CUR: ICsq = (4.8 + 0.5) pg/mL, GQDs-CUR:
ICs0 = (2.8 £ 0.5) pg/mlL)

2017'%8

2022'%°

2018''°

2020'"
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(A) Tumor growth curve
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Figure 6 In vivo efficacy of different treatments against EMT-6 and BI6F10 tumor models. (A) Tumor growth kinetics and (B) tumor volume on day 6. Tumor-bearing mice
were injected with saline, Lipo-Cur (20 mg/kg), cisplatin (CDDP: |5 mg/kg), or combination (Lipo-Cur + CDDP) on day 0. Data = mean #* S.D (n=5). *p < 0.05, **p < 0.01,
*#¥p < 0.005. Reproduced with permission from Hamano N, Bottger R, Lee SE, et al. Robust microfluidic technology and new lipid composition for fabrication of curcumin-
loaded liposomes: effect on the anticancer activity and safety of cisplatin. Mol Pharm. 2019;16(9):3957-3967.%° Copyright 2019, American Chemical Society.

chitosan. These results show the possibility of using coated nanoliposomes made from marine and plant sources as
a regulated medication delivery system for the treatment of BC. Moreover, Li et al’' synthesized mercaptan-derived
chitosan (CSSH) and applied it to the coating of liposomes. The EE of CUR liposomes coated with CSSH (CUR-Lip-
CSSH) was 93.95%, the DL was 7.95%, the average particle size was 406.0 nm, and the positive zeta potential was
36.6 mV, which were higher than those of the uncoated liposomes. At pH 5.5 and pH 7.4, CUR-Lip-CSSH showed
slower in vitro release than uncoated liposomes.

In addition, multidrug combinations tend to demonstrate better efficacy than monotherapy.''* Multidrug combination therapy
can act on multiple pathways and multiple targets at the same time, providing synergistic antitumor effects, reducing toxic side
effects associated with single drugs, and overcoming treatment-related multidrug resistance, among other benefits.''*''¢
Mahmoudi et al’” inserted CUR into the bilayer membrane of DDP liposomes to obtain a dosage-controlled codelivery agent
that can induce apoptosis of BC cells. Response surface methodology (RSM) was used to optimize the concentrations of CUR
and DDP in nanoliposomes, and the results revealed 99.81% and 23.86% EE of CUR and DDP, respectively. The cytotoxicity
assessment of various CUR-DDP-NLP concentrations showed concentration dependence. Compared with free drugs and DDP
liposomes (DDP-NLP), CUR-DDP-NLP significantly reduced the activity of BC cells (82.5%) when the final concentrations of
CUR and DDP were 32 pug/mL and 20 pg/mL, respectively. Furthermore, flow cytometry demonstrated that CUR-DDP-NLP
caused almost ten times more apoptosis than DDP-NLP. With the potential to encapsulate and release both hydrophobic and
hydrophilic drugs, this codrug delivery system has the advantages of lowering cytotoxicity and achieving high efficacy.

Micell-Based CUR Delivery

In recent years, polymeric micelles have been widely used in preclinical studies for the delivery of microsoluble or
insoluble chemotherapeutic drugs in cancer therapy, and polymeric micelles have become a potential drug delivery
system."'” Compared with vesicles composed of lipids, micelles are nanosmall, monodisperse, relatively stable and
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economical, and can be surface modified or stimulated to sensitize by modulating their chemical structure.''®'"?

Due to their smaller size compared to other lipid carriers, polymeric micelles can prevent uptake by the
reticuloendothelial system through enhanced permeability and retention effects, resulting in a prolonged half-life
of polymeric micelles in the blood and enhanced aggregation of micelles into the tumor microenvironment.'?%'?!

Karabasz et al” synthesized an alginate CUR conjugate (AA-CUR) that formed stable micelles. The estimated amount of
CUR in 1 g of AA-CUR conjugate was 45 mg, and AA-CUR had good solubility in water (7 mg/mL). AA-CUR had an
average particle size of 205 nm, a critical micelle concentration (CMC) of 0.654 mg/mL., and a zeta potential of =53 mV. The
tested AA-CUR was nontoxic and safe but showed only moderate antitumor efficacy, according to the results of in vivo
toxicity and antitumor activity tests. Furthermore, a trifunctionalized amphiphilic polymer composed of a-tocopheryl
succinate (a-TOS), cholesterol and polyethylene glycol, in which the three parts are linked together by a trifunctional
group lysine, was synthesized by Muddineti et al.”* Due to the presence of two compatible lipid components, the newly
designed polymer has a larger lipid core for improved drug delivery. It is also biocompatible and biodegradable and exhibits
synergistic anticancer activity by inducing a-TOS-mediated apoptosis and multidrug resistance inhibition. The process was
optimized to prepare micelles with a DL of 14.2 + 0.24%, EE of 98.6 + 1.48%, and mean particle size, PDI and zeta potential
of 175.8 = 0.68 nm, 0.248 + 0.075 and 5.9 £ 0.78 mV, respectively. The micelles prepared in the article serve as
a biocompatible and efficient drug delivery system that can deliver insoluble hydrophobic drugs with good DL properties.

Nanogel-Based CUR Delivery

Nanogels with porous structures, good biocompatibility, large surface areas and excellent DL properties are promising drug
carriers.'**'** Sarika et al” loaded CUR into gum Arabic aldehyde gelatin nanogels using the inverse miniemulsion
technique. The nanogels had a hydrodynamic diameter of 452 + 8 nm, a zeta potential of —27 mV and an EE of 65 + 3%.
The in vitro anticancer activity was evaluated using MCF-7 cells, and the results showed that 50 pg/mL CUR nanogels were
acutely toxic to MCF-7 cells. The toxicity of CUR-loaded nanogels was less toxic at other doses than that of CUR.

Furthermore, Nguyen et al®®

prepared an amphiphilic heparin-polyoxyethylene ether P403 (HP403) nanogel using the
emulsification solvent evaporation method, which can efficiently coload CUR and DDP hydrate (CisOH) by two loading
mechanisms (HP403@CisOH@CUR). In comparison to neutral pH, the release rate of CUR and CisOH was accelerated at pH
5.5, demonstrating efficient transport of the drugs to the tumor site. HP403@CisOH@CUR nanogels significantly inhibited
MCEF-7 cells in vitro, and in mice, in vivo tests revealed that the dual drug platform extended survival duration and prevented
tail necrosis. In summary, HP403@CisOH@CUR offers an intriguing method for combining the anticancer benefits of DDP

and CUR on a well-designed delivery platform while avoiding the drawbacks of DDP in BC treatment.

Nanoparticle-Based CUR Delivery
Solid lipid nanoparticles (SLNs) are a new drug delivery system made by embedding or encapsulating drugs in lipid materials.
Most of the carriers are solid natural or synthetic lipids with low toxicity, excellent degradability and good compatibility. To
increase the half-life of pharmaceuticals, minimize drug degradation, and lessen leakage, SLNs are frequently utilized as drug
delivery systems for poorly soluble medications. Wang et al®’ loaded CUR into SLN’s to improve its therapeutic effect on BC.
The test findings demonstrate the good spherical structure of CUR-SLNs. The size was approximately 40 nm, and the zeta
potential was —25.3 = 1.3 mV. The DL and EE of SLN were 23.38% and 72.47%, respectively. CUR-SLNs have strong
cytotoxicity to SKBR3 cells. A significant absorption efficiency of CUR-SLN was observed in SKBR3 cells in an in vitro cell
uptake investigation. Furthermore, SKBR3 cells treated with CUR-SLNs induced more apoptosis than those treated with free
CUR. In addition, Abd Ellate et al’® prepared two kinds of biocompatible SLNs loaded with CUR (with or without chitosan
coating) to increase stability, uniform water dispersion and cell uptake. SLN loaded with CUR is 5-10 times more efficient
than free CUR at increasing intracellular retention and doxorubicin (DOX) toxicity in TNBC. Without showing any symptoms
of systemic toxicity, the SLN loaded with CUR also successfully preserved the sensitivity of DOX-resistant TNBC tumors.
These findings suggest that overcoming chemotherapeutic resistance in TNBC can be accomplished safely and effectively by
combining CUR-loaded SLN with DOX.

Polymer nanoparticles are carriers prepared from biocompatible and biodegradable polymers with a particle size range of
(10-1000) nm. They have the advantages of higher EE and structural stability and can be endowed with more functions through
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structural modification, so they have higher bioavailability and efficacy.'**'*> Numerous polymers, including poly (lactic-co-
glycolic acid) (PLGA) and chitosan, have been utilized to create nanoparticles. Lactic and glycolic acids are randomly
polymerized to form PLGA, a biodegradable functional polymer organic molecule. It possesses excellent encapsulation,
nontoxicity, biocompatibility, and film-forming capabilities.'*® Meena et al’’ used PLGA as the carrier to prepare positively
charged CUR nanoparticles by a nanoprecipitation method. The obtained nanoparticles had a small particle size (81.05 nm),
positive charge, high DL (21.8%) and slow release in vitro. In MDA-MB-231 cells, nanoparticles showed higher cytotoxicity
than free CUR. Moreover, Vakilinezhad et al'® prepared and evaluated PLGA nanoparticles for the codelivery of Methotrexate
(MTX) and CUR. When compared to free MTX, CUR, or even its independently loaded formulations, the coloaded nanopar-
ticles demonstrated noticeably greater cytotoxicity. MTX and CUR codelivery demonstrated synergistic effects on inhibiting the
progression of BC, according to in vivo results. The deacetylation of chitin in the exoskeleton of marine crustaceans generates
chitosan, a linear amino polysaccharide with repeating units of d-glucosamine and n-acetyl-d-glucosamine. Because of their
excellent biocompatibility and biodegradability, chitosan nanoparticles are often utilized in the field of drug delivery. They can
raise the local drug concentration in tumor tissue, decrease drug toxicity, and increase efficacy.'*’ "%’ Abdel-Hakeem et al'*'
synthesized chitosan/protamine nanocarriers and used them to encapsulate CUR. Cell-based assays showed that compared with
free CUR, after treatment with nanoparticles, cell viability and NF-kB, TNF-a and IL-6 levels were significantly reduced, and the
nanoparticles could effectively modulate the expression of Bcl-2 anti-apoptosis genes. Tumor necrosis TRAIL has the
characteristic of selective apoptosis in tumor cells and is considered a promising new adjuvant therapy for some cancers,
including BC. Furthermore, placental-derived mesenchymal stem cells (PDMSCs) were genetically engineered to deliver soluble
TRAIL at tumor sites.'**'*! Therefore, Kamalabadi Farahani et al'® prepared CUR-loaded chitosan nanoparticles to enhance the
apoptosis-promoting effect of TRAIL. The antitumor effects of this combination therapy were investigated in vitro and using BC
mouse models. The outcomes demonstrated that concurrent administration of TRAIL-expressing PDMSCs and CUR nanopar-
ticles could successfully cause tumor cell death and considerably slow tumor growth in vivo.

In biomedical research, mesoporous silica nanoparticles (MSNs) have emerged as a key drug delivery technology. The
importance of MSNs in drug delivery research is highlighted by their biocompatibility, variable porosity, controlled drug
release, high loading capacity, and stability.'**'** Lin et al'®® prepared highly ordered MSN's with a pore size of 2.754 nm and
a particle size of 115 £ 15 nm using an etching method. Homogeneous polyethylene glycolized lipid bilayers with a thickness
of 10—15 nm were wrapped around the MSN surface using a thin film hydration method. Afterward, paclitaxel (Tax) and CUR
were coencapsulated into PEGylated lipid bilayers of mesoporous silica nanoparticles (PLMSNs). The Box—Behnken method
was used to optimize the preparation process, and the final nanoparticle EE of Tax and CUR were 77.48 £+ 2.73% and 30.70 £
3.56%, respectively. The morphometry of the nanoparticles showed that the composite nanoparticles were spherical particles

with uniform dispersion. Furthermore, Gao et al'**

further investigated the pharmacokinetic properties, in vivo distribution
and tumor accumulation capacity, and therapeutic effects of the above drug delivery system. The results revealed that the
AUCs of both drugs were significantly enhanced by the drug delivery system, and both intratumoral and intravenous
administration groups had better tumor weight control than the control groups in terms of their anticancer effects.

Gold nanoparticles, as biocompatible high atomic number materials with easily modified surfaces and low in vivo
toxicity, have been widely used in tumor therapy and have promising clinical translation prospects.'*>'*¢ Khandelwal

etal'®™

endeavored to suffix CUR molecules on the surface of gold quantum clusters (Au QC) by a novel in situ synthesis
method, which not only provided an alternative pathway to reduce metal content but also to increase the water solubility
and DL of CUR. The cytotoxicity results showed lower cytotoxicity of CUR-incorporated Au QC (C-Au QC) to normal
cells and almost the same cytotoxicity to cancer cells compared to free CUR, suggesting that CUR retains its anticancer
properties even after binding to Au QC. Western blotting analysis demonstrated that C-Au QC induced cancer cell
apoptosis. C-Au QC efficiently reduced tumor growth in vivo, according to research, without significantly harming
internal organs. In addition, Vemuri et al'®> coloaded CUR with Tax in gold nanoparticles (Au-CP) and evaluated the
synergistic anti-metastatic activity of CUR and Tax. In vitro results showed that Au-CP exhibited excellent synergistic
cytotoxic effects against TNBC cell lines (MDA-MB 231 and 4T1 cells). Mechanistic studies showed that anticancer
effects were associated with downregulation of VEGF, Cyclin-D1 and STAT-3 gene expression and upregulation of the
apoptotic Caspase-9 gene. According to in vivo anticancer data, mice treated with the combination of CUR and Tax (with
or without gold nanoparticles) had much smaller tumors than mice treated with Tax alone and control groups.
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Nanoemulsion-Based CUR Delivery

Nanoemulsions, also known as microemulsions, are thermodynamically stable, transparent or translucent homogeneous disper-
sion systems formed spontaneously by water, oil, surfactants and cosurfactants, with particle sizes of 1 to 100 nm.
Nanoemulsions have the advantages of a straightforward preparation procedure, increases in drug solubility, decreases in drug
enzymatic dissolution in the body, a protective effect on medications, enhancements drug absorption in the gastrointestinal
system, enhancements of drug bioavailability, etc.'*”*° Bharmoria et al'® developed a biomaterial that is compatible with CUR
and has a suitable structure. The developed biomaterial started by preparing an oil-in-water nanoemulsion using a cytocompatible
copolymer (Pluronic F 127) coated with a positively charged protein (gelatin) designed as G-Cur-NE. The results showed that
G-Cur-NE enhances the stability of CUR and improves its bioaccessibility. Moreover, Kazi et al'®’
bioactive self-emulsifying drug delivery system (Bio-SNEDDS) for CUR as a drug candidate for cancer therapy. Representative
Bio-SNEDDS (Black Seed Oil/Imwitor 988/KolliphorEL (35/15/50) % w/w) showed a smaller droplet size (28.53 nm), higher
DL, and a clear appearance after aqueous dilution. Dynamic dispersion and in vitro lipolysis data demonstrated that Bio-

developed an oral lipid-based

SNEDDS was able to maintain CUR in soluble form in the gastrointestinal tract, and MTT assays showed that representative Bio-
SNEDDS treatment resulted in reduced cell viability of MCF-7 cells compared to free CUR and conventional SNEDDS.

Active Targeting Agent

Active TDDs refer to agents in which the drug carrier is capable of molecularly specific interactions with the target
tissue."*! Proteins, antibodies, peptides, or small chemical compounds are commonly used as ligands to modify the drug
delivery system’s surface and enable targeted drug administration by binding to surface antigens or receptors expressed in
tumor tissues (Figure 7)."*? The goal of active targeting is to raise the local concentration of drug nanocarriers at the
tumor location as opposed to healthy tissues and to assist in the internalization of the complex by tumor cells.'*?
Researchers have created a wide range of CUR-loaded active TDDSs to increase CUR effectiveness and reduce its

toxicity and adverse effects.'** The active TDDSs of CUR are summarized in Table 3.

Specific ligand

\ Receptor
M
S

Step 1

Cell Membrane

Figure 7 Specific ligands are used to modify the surface of the drug delivery system to specifically bind to surface antigens or receptors expressed in tumor tissue, thereby
triggering endocytosis of tumor cells and enabling targeted drug delivery.
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Table 3 Active TDDS of CUR

Drug Delivery System Ligand/Antibody Receptor/ | Efficacy Ref.,
Antigen Year
PEI-PEG-CUR-liposomes Branched HER2 Targeting efficiency: Ability of the DiO-LPPC/Herceptin complex to interact with various BC cells | 2019'%®
polyethylenimine (PEI) with different levels of HER2 surface expression: SKBR-3 cells (HER2™") > MCF7 cells (HER2") >
MDA-MB-231 cells (HER2 "*) > Hs578T cells (HER2 );
In vivo NIR fluorescence real-time imaging (iv.): SKBR-3 tumor > heart, liver, spleen, lung and
kidney;
SKBR-3 cells (CUR: ICso = (15.73 *+ 3.7) yM, CUR/LPPC: IC5q = (1.28 * 0.14) pM, CUR/LPPC/
Herceptin: 1C5o = (0.23 + 0.01) uM);
MCEF-7 cells (CUR: ICso = (10.21 * 1.13) uM, CUR/LPPC: ICsq = (0.96 * 0.23) yM, CUR/LPPC/
Herceptin: 1C5q = (0.27 * 0.09) uM);
MDA-MB-231 cells (CUR: ICsq = (12.15 + 5.23) uM, CUR/LPPC: ICso = (1.23 £ 0.12) pM, CUR/
LPPC/Herceptin: IC5q = (0.57 + 0.03) uM);
Hs578T cells (CUR: ICso = (12.46 % 1.65) yM, CUR/LPPC: ICso = (0.87 % 0.07) uM, CUR/LPPC/
Herceptin: 1C5q = (0.59 * 0.06) uM);
SKBR-3 tumor inhibition rate (iv., once every 3 days): CUR/LPPC/Herceptin (40 mg/kg CUR,
4 mg/kg Herceptin) = 94%, CUR-H/LPPC/Herceptin (200 mg/kg CUR, 4 mg/kg Herceptin) = 100%
HER?2 aptamer-decorated CUR-loaded HER2-bonding aptamer HER2 Cellular uptake (SK-BR3 cells > MCF-7 cells); 2019'4
human serum albumin nanoparticle (Apt- (HBS) SK-BR3 cells viability (72h, CUR > Apt-HSA/CUR NP);
HSA/CURNP) MCEF-7 cells viability (72h, CUR < Apt-HSA/CUR NP)
Fab’-CUR-NPs Fab’ (an antigen-binding HER2 Cellular uptake (BT-474 cells 1); 2018'“7
fragment cut from BT-474 cells viability (48h, CUR > CUR-NPs > TMAB-CUR-NPs > Fab’-CUR-NPs)
trastuzumab)
GEI 1-CUR-NPs GEIl EGFR Cellular uptake (MCF-7 cells 1); 2017'4
MCEF-7 cells (cell apoptosis: CUR = 1%, CUR-NPs = 14.9%, GEII-CUR-NPs = 18.9%; PI3K,
P-Akt |);
MCEF-7 cells viability (24h, CUR > GEI |-CUR-NPs);
MCF-7 tumor inhibition rate: GEI I-CUR-NPs (5 mg/kg, iv., once a day, 20 times) > CUR-NPs
(5 mg/kg, iv., once a day, 20 times) > CUR (5 mg/kg, iv., once a day, 20 times)
HA-CUR-MSN HA CD44 Cellular uptake (MDA-MB-231 and MCF7 cells 1); 2021'4°
MDA-MB-231 cells (48 h, CUR-MSN: ICsq = 213.03 pg/mL, HA-CUR-MSN: ICsq = 82.98 pg/mL);
MDA-MB-231 cells (cell apoptosis 1; NF-xB |, Bax, Cleaved caspase 3 1);
Ex-vivo optical imaging (iv.): tumor > kidney > heart, lung;
EAC tumor inhibition rate: HA-CUR-MSN (67.75 mg/kg, iv., every other day for 2 weeks) > CUR-
MSN (60.79 mg/kg, iv., every other day for 2 weeks)
HA coated Pluronic F127/ HA CD44 MDA-MB-231 cells (48 h, CUR: ICso = 4.1 1 pg/mL, CUR-PD micelles: ICso = 3.20 pg/mL, CUR- | 2021'%°

didecyldimethylammonium bromide (PD)

mixed nanomicelles

HA-PD micelles: ICsq = 2.83 pg/mL)
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HA/TN liposomes

HA-PEG-PLGA NPs

RGD-modified liposomes

Peptide-HSA/CUR NPs

FA-CUR lipid nanoparticles

CUR-loaded chitosan nanoparticles

CUR-loaded microspheres

Tf-PEG-CUR/DOX NPs

HA

HA

RGD

PDLI binding peptide

FA

FA
FA

Transferrin

CD44

CD44

avﬁ3

PDLI

FA receptor

FA receptor
FA receptor

Transferrin

recepto r

Cellular uptake (4T1 and RAW cells 1);

4TI cells (HA/TN-CCLP: IC5o = 12.3 pM);

RAW cells (HA/TN-CCLP: ICso = 9.2 pM);

HUVEC cells (HA/TN-CCLP: ICsq = 270.0 uM);

4TI cells (cell apoptosis: TN-CCLP = 27.12%, HA/TN-CCLP = 25.12%, cell migration |);
Ex-vivo optical imaging (iv.): tumor 1;

4TI tumor inhibition rate: TN-CCLP (20 mg/kg, iv., 9, 12, 15, 18 day) = 41%, HA/TN-CCLP
(20 mg/kg, iv, 9, 12, 15, 18 day) = 55%

Cellular uptake (MCF7 cells 1);

MCF7 cells (proliferation |, migration |; Vimentin |, E-cadherin 1)

MCF?7 cells viability (72h, 32 pg/mL, RGD-Lip-Cur = (18.39 * 4.02) %);

MCF7 cells (cell apoptosis: CUR = 46.64%, Lip-Cur = 76.86%, RGD-Lip-Cur = 79.8%)

Cellular uptake (MDA-MB-231 cells 1);

MDA-MB-231 cells (24/48/72 h, CUR: ICso = 278/259/234 uM, HSA/CUR NPs: ICsq = 261/157/
126 pM, peptide-HSA/CUR NPs: ICso = 249/100/61 puM);

MCF7 cells (24/48/72 h, CUR: ICso = 50/47/55 uM, HSA/CUR NPs: ICso = 40/35/30 uM, peptide-
HSA/CUR NPs: ICso = 45/42/31 uM);

SKBR-3 cells (24/48/72 h, CUR: ICsq = 396/199/167 uM, HSA/CUR NPs: ICso = 173/78/69 uM,
peptide-HSA/CUR NPs: ICsq = 181/71/54 pM);

MDA-MB-231 cells (cell apoptosis: CUR = (25.2 £ 1.9) %, HSA/CUR = (28.6 * |.14) %, peptide-
HSA/CUR NPs = (43.4 + 2.7) %)

MCF7 cells (CUR: ICso = (18.23 * 2.56) ug/mL, CUR-NLC: ICsq = (6.16 * 0.67) pg/mL, FA-CUR-
NLC: ICso = (1.75 + 0.29) pg/mL);

MCF7 tumor inhibition rate: CUR (iv, 0, 3, 6, 9, 12, 15 day) = 31%, CUR-NLC (iv, 0, 3, 6, 9, 12,
I5 day) = 66%, FA-CUR-NLC (iv,, 0, 3, 6, 9, 12, |5 day) = 83%

MCF?7 cells viability (nanoparticle < CUR)

Cellular uptake (MDA-MB-468 cells 1);

MDA-MB-468 cells (microsphere: LDsg =45 uM);

4TI cells (microsphere: LDsq = 40 puM)

MCF7 cells (72 h, Tf-PEG-CUR/DOX NPs: ICsq of CUR = (2.6 £ 0.3) uM, IC5o of DOX = (2.6 *
0.3) uM);

MCF7 tumor inhibition rate: Tf-PEG-CUR/DOX NPs (iv., once a week for 7 weeks) = 83.5%
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Human Epidermal Growth Factor Receptor 2 (HER2 Receptor)

Approximately 25% of invasive BCs have HER2 overexpression; however, its expression is at its lowest in normal adult
tissue.'”” Trastuzumab, a humanized monoclonal antibody that targets the HER2 receptor, is now the treatment of choice for
HER2-positive BC. HER2 has been considered a viable target for the targeted delivery of nanoparticles to BC because of its
increased expression on tumor cells, extracellular accessibility, and internalization upon antibody interaction.'®® Based on this,

1'** designed a CUR-loaded cationic liposome-PEG-PEI complex (LPPC) for targeted drug delivery to HER2-expressing

Lineta
BC cells. The branched polyethyleneimine (PEI) in LPPC provides a positive charge from its amine moiety through electrostatic
interactions to associate with the carboxyl group of the antibody. The branched PEI not only provides a positive charge to
associate with the antibody but also prepares a dense mesh with PEG to immobilize the protein on the surface of the LPPC. The
average size of the drug-loaded LPPC was approximately 250 nm, and the zeta potential was approximately 40 mV. Herceptin
was complexed to the surface of LPPC to form a drug/LPPC/herceptin complex. The CUR/LPPC/Herceptin complex had a size
0f 280 nm and a zeta potential of approximately 23 mV. Specific binding on the cell surface and in vivo IVIS pictures that showed
specific binding in HER2-positive SKBR3 cells compared to HER2-negative Hs578T cells provided evidence of this delivery
system’s targeting capacity. The cytotoxic activity of cancer cells was significantly elevated only by the drug/LPPC/Herceptin
complex. The immune complex was directed to HER2/neu-positive cells by Herceptin adsorbed on LPPC but not to HER2/neu-

negative cells, according to both in vitro and in vivo data (Figure 8). The results show that LPPC can be targeted for BC

a Hs578T MDA-MB-231 MCF7 SKBR-3 c EE G

(HER2 -) (HER2 -/+) (HER2 +) (HER2 ++) oh 2¢h 4th 7"

HER2
expression
(Herceptin/ @

FITC-2" Ab)

2 © ® w
Counts
2 0w W w

2 w0 ® w0 L
counts
2 0 0w w
cou

A "
A

0 o' 102 0 100 0 o' 102 08 [ 3 ' 2 10 0t
AiH AL

Herceptin/DiO- |
labeled LPPC : LPPC/Herceptin

Oh 24h 48h 72h

100 o W@ e W w0 o
A L

—— Cell alone — Rituximab — Herceptin

b 0.5h 1h 2h

Curcumin Merge Curcumin Merge Curcumin Merge
HsS78T SKBR3

SRR - 5 :
LPPCIRil i LPPCIF pti
Hs578T tumor &
SKBR3 tumor | 3

Liver

Curcumin

Epiorescence

Spleen

CurLPPC/
Rituxtimab

Stomach

Intestine

02

Radark Efficency

(olsaclonlsy
WWjens

Kidney

CurLPPC/
Herceptin

Heart

Lung

Figure 8 Targeting ability of the drug-loaded immunolipoplex. a The effect of antibody association with immunocomplexes on cell targeting in vitro. The HER2/neu receptor expressed
on different cancer cell lines were indirectly probed with the humanized antibodies, Herceptin or Rituximab, and FITC-conjugated goat anti-human IgG antibody. Herceptin or
Rituximab were adsorbed on DiO-labeling LPPC to monitor their ability to target BC cell lines when associated with LPPC complexes. b The intracellular accumulation of CUR. MCF-7
cells were treated with CUR, CUR/LPPC/Rituximab or CUR/LPPC/Herceptin at equal concentrations of CUR. The cell membranes were stained with red fluorescent dye Dil, the
nuclei were stained with DAPI, and the cellular distribution of CUR is shown as green fluorescence signal. The cells were imaged using a confocal microscope. ¢ Targeting ability of LPPC
in vivo. Dil-labeled LPPC/Rituximab or Dil-labeled LPPC/Herceptin complexes were iv. injected into athymic nude mice bearing HER2-negative Hs578T cell and HER2-positive SKBR3
cell-induced tumors. The images were obtained by IVIS at 0, 24, 48 and 72 h after injection. The photon counts of each mouse are indicated by the pseudo-color scales. d After 72 h, the
organs and tumors isolated from the treated nude mice were imaged by IVIS. Reproduced with permission from Lin Y-L, Tsai N-M, Chen C-H, et al. Specific drug delivery efficiently
induced human breast tumor regression using a lipoplex by non-covalent association with anti-tumor antibodies. | Nanobiotechnology. 2019;17(1):25. Creative Commons.'*®
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treatment, demonstrating important clinical implications. Saleh et al'*® developed a HER2-adapted CUR-loaded human serum
albumin nanoparticle (Apt-HSA/CCM NP) for targeted delivery to HER2-overexpressing BC cells. The obtained nanoparticles
had a hydrodynamic diameter of 281.1 + 11.1 nm and a zeta potential of —33.3 £ 2.5 mV. The data showed a 400-fold increase in
water solubility by desolvation of CUR encapsulated in the nanoparticles. Fluorescence microscopy images showed significantly
increased cytoplasmic uptake of Apt-HSA/CCMNPs in HER2-overexpressing SK-BR-3 cells compared to their unconjugated
counterparts. In both HER2-positive and HER2-negative cell lines, cytotoxicity experiments found no appreciable difference in
the cytotoxic effects of free CUR and nontargeted HSA/CCMNPs. However, the toxicity of Apt-HSA/CCMNPs was signifi-
cantly higher. These findings imply that this targeted delivery method might be a potentially effective therapy option for cancer
cells that are HER2-positive. A promising method for delivering actively targeted drugs to tumors uses nanoparticles modified
with bioligands. Trastuzumab (TMAB), among other targeting ligands, has a high molecular weight, which restricts its use in
targeting.'*"'*? Duan et al'*” prepared Fab’ (an antigen-binding fragment cut from TMAB)-modified nanoparticles (Fab’-NPs)
loaded with CUR as a model drug. The average particle size of the Fab’-CUR-NPs was 128.5 £ 1.3 nm, with a PDI of 0.125 +
0.012, and the EE was 79.5 £ 1.56%. In vitro cytotoxicity tests revealed that Fab’-CUR-NPs were significantly more effective at
killing BT-474 cells that overexpressed the HER2 protein than TMAB-CUR-NPs. Studies on the qualitative and quantitative
uptake of Fab’-NPs in BT-474 (HER2") cells revealed that they accumulated more than TMAB-NPs; however, there was no
significant difference in MDA-MB-231 (HER2") cells. Additionally, in vivo research revealed that Fab’-CUR-NPs accumulated
more in tumors than TMAB-Cur-NPs.

Epidermal Growth Factor Receptor (EGFR)

A membrane surface sensor with tyrosine kinase activity, known as the EGFR, is a member of the ErbB receptor family.
It is frequently expressed in human epidermal and stromal cells and is highly expressed in a number of human
malignancies, including non-small cell lung cancer and BC.'**'®* To determine the type of malignant tumor, the
EGFR gene can be checked for mutations, and subsequently targeted therapy can be performed.'®>'®® Jin et al'*®
prepared CUR-loaded GE11 peptide-modified PLGA nanoparticles (GE11-CUR-NPs). GE11 specifically binds EGFR,
has high affinity for high EGFR-expressing tumor cells and is currently the most widely used nonnatural targeting
peptide for targeted tumor research. The average particle size of GE11-CUR-NPs was 210 = 54 nm, the zeta potential
was —22 £+ 3.6 mV, the PDI was 0.112 £ 0.019, and the EE was 92.3 + 2.7%. GE11-CUR-NPs could effectively deliver
the anticancer agent CUR to EGFR-expressing MCF-7 cells in vitro and in vivo. When compared to free CUR, GE11-
CUR-NP treatment of BC cells and tumor-bearing mice reduced phosphatidylinositol 3 kinase signaling, decreased
cancer cell viability, and slowed drug removal from the circulation.

CD44

CD44 is a complex transmembrane adhesion glycoprotein that is normally overexpressed on BC cells and is involved in
tumorigenesis, progression and metastasis.'®”'°® The N-terminal end of the CD44 peptide chain can bind hyaluronic acid
(HA), so CD44 is also considered a receptor for hyaluronic acid.'® Based on this, Ghosh et al'* achieved the targeted
delivery of CUR in cancer cells by binding HA on the surface of MSNs. HA-CUR-MSN has a diameter of approximately
75 nm, a negatively charged surface, and a DL of 14.76%. By inducing ROS, cell cycle arrest, and regulation of the NF-
B- and Bax-mediated apoptosis pathways, it facilitates MDA-MB-231 cell death. Additionally, the enhanced bioavail-
ability and cellular uptake of CUR in tumor tissues allowed HA-CUR-MSNs to successfully reduce tumor volume in
tumor-bearing mice in comparison to free CUR. Collectively, the results of this study showed that HA-CUR-MSNs were
more effective against cancer than free CUR. Collectively, the results of this study showed that HA-CUR-MSN was more

effective against cancer than free CUR. Soleymani et al'>

prepared a facile method of HA-modified hybrid nanomicelles
containing CUR to provide an effective drug delivery system for targeted therapy of high CD44 receptor-expressing BC
cells. The DL and EE of CUR-HA-PD micelles were 2.8% and 95.1%, respectively. The average hydrodynamic
dimensions of the prepared nanomicelles before and after encapsulation with HA were 19.8 and 35.8 nm, respectively.
Compared to CUR-PD micelles and free CUR, CUR-HA-PD micelles were found to have increased cytotoxicity to
MDA-MB-231 cells in an in vitro cytotoxicity assay. It appears that CUR-HA-PD micelles have potential as a targeted

anticancer drug delivery system. Moreover, Sun et al'>' prepared a novel liposome (HA/TN-CCLP) modified with TN
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(TAT-NBD peptide, NF-kB essential modulator (NEMO)-binding domain peptide (NBD) and cell-permeable peptide
(TAT) that selectively blocks the NF-kB activation pathway, leading to tumor growth inhibition) and HA-coated with
coloaded CUR and celecoxib (Figure 9). HA/TN-CCLP had a mean particle size of 126.90 + 8.30 nm and a zeta potential
of —24.10 £ 1.10 mV. The DLs of CUR and celecoxib were 2.32 = 0.10% and 1.86 + 0.10%, respectively, and the EEs
were 89.50 £ 1.70% and 91.40 + 1.00%, respectively. In vitro experiments revealed that TN-CCLP performed better than
HA/CCLP. Contrary to the in vitro data, HA/TN-CCLP had the longest circulation time and the strongest tumor
aggregation, which led to the most substantial anti-inflammation, inhibition of macrophage recruitment, and antitumor
effects after systemic therapy in 4T1 mammary holotype mice. In particular, HA/TNCCLP has the potential to
prevent BC metastases to the lungs. In conclusion, by enhancing inflammatory infiltration of tumor tissue, the new
CD44-targeted TN-CCLP has the potential to prevent the growth and metastasis of tumors. In addition, Zhao et al'>
prepared HA-modified PLGA nanoparticles coloaded with CUR and salinomycin. To reduce therapeutic resistance and
cause cell death, the therapeutic drugs CUR and salinomycin perform complementary roles. Upon binding to HA, the
hydrodynamic size of the nanoparticles increased from 120.1 £ 5.5 to 153.4 + 4.6 nm. The surface charge also exhibited
negative zeta potential values upon HA conjugation. The DL of salinomycin and CUR in the nanoparticles was
approximately 70% and 82%, respectively. According to the results, coloaded nanoparticles can efficiently cause cell
death as well as prevent cell migration and attachment. This is likely due to a mechanism that prevents the G1 phase of
the cell cycle from progressing, which causes cell cycle arrest and the subsequent induction of apoptosis in BC cells.

Integrin a,p3
Because BC, lung cancer, and activated vascular endothelial cells express the integral protein a3 at high levels, whereas
other endothelial cells and the majority of noncancerous cells express it at low or no levels, this protein is a possible

option for targeted drug delivery.'”"'"? The arginine-glycine-aspartate (RGD) tripeptide has a strong affinity for a,p;.'”
RGD-conjugated nanoparticles can deliver chemotherapeutic drugs to BC cells through a,f; integrin recognition.'”*!”
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Figure 9 Schematic illustration of the in vivo fate of HA/TN-CCLP. After intravenous injection, HA/TN-CCLP preferentially accumulate at the tumor tissues. (A) HA shell
degraded or partially degraded by HAase, exposed TN-modified cationic liposome and CD44 receptor promoted cellular uptake; (B and C) Endo-lysosomal escape. The
released CXB, CUR and TN acted on NF-«B and STAT3. Reproduced with permission from Sun Y, Li X, Zhang L, et al. Cell permeable NBD peptide-modified liposomes by
hyaluronic acid coating for the synergistic targeted therapy of metastatic inflammatory breast cancer. Mol Pharm. 2019;16(3):1140—1155."*' Copyright 2019, American
Chemical Society.
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Mahmoudi et al'>* encapsulated CUR into RGD-modified liposomes (RGD-Lip-Cur). The average particle size of RGD-
Lip-Cur was 97.4 £ 7.1 nm, and the EE reached 99.5%. In comparison to Lip-Cur and CUR, the MTT assay revealed that
RGD-Lip-Cur had a significantly greater cytotoxic effect on MCF-7 cells at doses of 32, 16, and 4 ng/mL. The data show
that the RGD-Lip-Cur vector is novel and has a potent cytotoxic effect against the BC cell line.

PDLI

Under physiologically induced inflammation, the immune response is regulated by the immunological checkpoint protein
known as Programmed Death Ligand 1 (PDL1)."”® However, it has been demonstrated that chemotherapy and radiation
therapy can induce or increase the expression of this ligand in a number of tumor types, including BC."”” Cancer cells
have the ability to deplete T cells and suppress the immune response in the tumor microenvironment by upregulating
PDLI1 expression and interacting with PD1 receptors on the surface of immune cells, particularly T cells.'”® Several
studies have exploited PDL1 overexpression for tumor imaging and medication targeting. Several antibodies and peptides
have been investigated to inhibit the PD1/PDLI interaction and stimulate tumor-specific T cells.'”*-'*® Hasanpoor et al'>*
prepared human serum albumin-CUR nanoparticles (HSA/Cur NPs) and then functionalized them with PDL1-binding
peptide. PDL1-binding peptide was used for targeted delivery of CUR to BC cells with high PDL1 expression. Peptide-
HSA/Cur NPs had an average particle size of 246.5 + 2.5 nm, a PDI of 0.09 + 0.004, a zeta potential of —24.5 + 1.5 mV,
and EE and DL values of 77.8% and 5.52%, respectively. Peptide-HSA/Cur NPs were found to be more efficiently
internalized by high PDL1-expressing cancer cells than HSA/Cur NPs when cellular uptake was evaluated. In high
PDL1-expressing BC cells, peptide binding to HSA/Cur NPs greatly boosted cytotoxicity, according to cell viability and
apoptosis studies. These findings imply that PDL1 is a good target for the delivery of selective drugs and a therapeutic
option for BC cells that express PDLI.

Folic Acid Receptor

The folic acid (FA) receptor is a single-chain membrane glycoprotein receptor that has a high affinity for binding and
translocating FA into cells.'®' Because of its low cost and ease of customization, FA has become one of the most extensively
approved cancer targeting agents. FA receptors are overexpressed in a range of cancer cells, including breast, colon, and lung
cancers.'®? Furthermore, these FA receptors are suitable targeting agents because they are expressed at low levels in normal
tissue. FA receptors can therefore be a useful tool for actively targeting different drug delivery systems.'®* Lin et al'> prepared
CUR-loaded lipid nanoparticles (CUR-NLCs). The particle size of FA-CUR-NLC was 126.8 + 3.4 nm, the PDI was 0.16 +
0.04, the zeta potential was +12.6 = 1.8 mV, and the EE and DL were 82.7 £ 2.9 and 5.1 £ 0.8%, respectively. The in vitro
results showed that FA-CUR-NLC significantly inhibited the growth of MCF-7 cells. FA-CUR-NLCs also showed better
antitumor activity in vivo than other agents. Furthermore, Boroujeni et al'>® developed novel and inexpensive CUR-loaded
chitosan nanoparticles for FA targeting. The best formulated nanoparticles had a particle size of 197 + 20 nm, a zeta potential
of —=6.55 mV, an EE 0f 92.06 £+ 2.17% and a DL of 4.40 &+ 0.10%. Cell viability studies confirmed the good potential of CUR-
loaded NPs as a drug delivery system for BC therapy. In addition, Pal et al'>’ prepared gum acacia (GA) microspheres loaded
with CUR and coupled with FA. The prepared microspheres had a particle size of 813.3 nm, a PDI of 0.341 and a zeta potential
of —7.6 mV. The toxicity of the microspheres was evaluated on a TNBC cell line. They were found to induce apoptosis by
disrupting the mitochondrial membrane potential. In vivo studies in a BALB/C mouse model showed more tumor regression
in the presence of folic acid-targeted CUR-encapsulated GA microspheres.

Transferrin Receptor (TfR)

Transferrin is a serum glycoprotein that interacts with the cell surface transferrin receptor (TfR) to transport iron through
the bloodstream and into the cell through receptor-mediated endocytosis.'®* TfR is highly increased on metastatic and
drug-resistant malignant tumor cells (up to 100-fold higher than in normal cells), making transferrin and transferrin
mimetics attractive for cancer therapeutic delivery.'®> Furthermore, TfR is also expressed on the endothelial cells of brain
capillaries. The blood—brain barrier may impede the successful delivery of chemotherapeutic medicines, making TfR an
intriguing target for the delivery of chemotherapeutic medications to malignancies beyond the blood—brain barrier.'*® Cui
et al'® designed transferrin-modified nanoparticles (Tf-PEG-CUR/DOX NPs) to codeliver CUR and DOX for BC
treatment. The nanoparticles had a particle size of 88.7 + 3.9 nm, a PDI of 0.14 + 0.03, and a zeta potential of—15.6 + 1.6
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mV. The EE of CUR and DOX were 85.3 + 3.2 % and 82.7 &+ 4.1 %, respectively, and the CUR DL was 4.6 + 0.8 %.
MCF-7 cells and mice injected with MCF-7 cells were used for in vitro cytotoxicity tests and in vivo antitumor activity
tests, respectively. The system showed significantly higher efficiency than the other systems both in vitro and in vivo.
When compared to Tf-PEG-CUR NPs, in vitro cell viability tests revealed that the dual-loaded system was more
cytotoxic. It was shown that this coencapsulation strategy produced efficient tumor-targeted drug delivery, minimized

cytotoxic effects, and showed increased anticancer effects using a mouse transplantation tumor model of BC.

Physicochemical Targeted Drug Delivery System

Recent preclinical animal research has shown promising results with targeted medications based on nanotechnology.
Inactivation of numerous targeting ligands, tumor heterogeneity, hypoxia, endosomal escape, and difficulties in control-
ling drug release from nanocarriers are a few of the current issues confronting drug delivery systems that rely on EPR
effects and ligand recognition.'®” Thus, it is helpful for the targeted treatment of cancers if drug delivery systems are
developed on the basis of the tumor microenvironment to imitate biological responsiveness and achieve on-demand
reaction release of medications. These drug delivery systems are also known as physicochemical TDDSs because they
can release drugs in response to particular physical or chemical conditions.'®® To deliver targeted drugs, current
physicochemical TDDSs for CUR mostly depend on the chemical endogenous stimuli (pH) and exogenous physical
stimuli (temperature, light, and magnetism) of the tumor microenvironment. The physicochemical TDDS of CUR are
summarized in Table 4.

pH-Sensitive-Based CUR Delivery

In many cases, medication release into specific organs (eg, the gastrointestinal system or the vagina) or intracellular
compartments (eg, endonucleosomes or lysosomes) is triggered by pH changes associated with pathological diseases
such as cancer or inflammation.'”” The pH of normal human tissues is approximately 7.4, whereas cancer cells have
a high rate of glycolysis under aerobic or anaerobic conditions. A tumor’s microenvironment has an acidic pH of 6.0 to
7.2 as a result of glycolysis, and the endosomes and lysosomes of tumor cells have a lower pH of 4.0 to 6.0.2°° The pH
difference between tumor tissue and healthy tissue has been utilized by numerous anticancer drug delivery systems with
pH-responsive release to enable targeted drug release in tumor tissue. Rashidzadeh et al'® developed novel polymer-
CUR couples (PDCs) based on glycidyl azide polymers (GAPs) for tumor therapy. Since CUR readily couples to amine-
containing polymer carriers via imine bonds and the coupling remains stable under normal physiological conditions while
readily dissociating in acidic environments, the release of CUR at tumor tissues achieves tumor growth inhibition. The
results showed that the prepared PDCs self-assembled in aqueous solution to form nanomicelles with an average particle
size of 180 nm and good polydispersity. The drug release study showed that the PDC micelles were quite stable in the
physiological environment, but a mildly acidic environment triggered the release of CUR. The PDC micelles showed
a good cytotoxic effect on a mouse BC cell line (4T1 cells), while the unloaded micelles had no significant toxic effect on

tumor cells. Moreover, Ji et al'®°

constructed a pH-sensitive tumor self-targeted drug delivery system (CUR@HFn) by
wrapping CUR in recombinant human heavy chain apoferritin (HFn) cavities using a self-assembly technique
(Figure 10). The results show that CUR@HFn has a hydrodynamic diameter of 19.6 nm, a PDI of 0.272 and a zeta
potential of —10.8 mV. CUR@HFn was pH-sensitive and displayed sustained drug release under slightly acidic
conditions, according to in vitro release assays. CUR@HFn demonstrated more cytotoxicity, cellular uptake, and
targeting than CUR. In addition, Ghaffari et al'®' synthesized N-succinyl chitosan-functionalized ZnO nanoparticles as
a pH-sensitive drug delivery system (CUR-CS-ZnO) to enhance the therapeutic potential of CUR. The results showed
that the concentration of CUR in the formulation was approximately 130 pg/mg of the complex. The coupling efficiency
was 69.6%, and the hydrodynamic diameter of CUR-CS-ZnO was approximately 130 nm. The in vitro release results
showed that the cumulative release of CUR from CUR-CS-ZnO was significantly higher in a low pH environment, which
allowed the drug to be delivered to the tumor site for therapeutic effects. Cellular assay results showed that CUR-CS-

ZnO had better anticancer activity against BC cells (MDA-MB-231 cells) than free CUR.
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Table 4 Physicochemically TDDS for CUR

Drug Delivery System Stimulus-Response Properties Efficacy Ref.,
Year
GAP-CUR conjugates pH sensitivity: cumulative release of CUR: pH = 5.6 > pH | 4T1 cells (48/72 h, CUR: ICso = 19/15 pg/mL, PDCs: IC5o = 10/7 pg/mL) 2021'%°
=74
CUR loaded HFn pH sensitivity: cumulative release of CUR: pH = 5 > pH | Cellular uptake (4T1 cells 1); 2022'%°
=6>pH=74 4T1/MDA-MB-231 cells viability (CUR@HFn < CUR);
4TI cells (cell apoptosis: CUR = 8.25%, CUR@HFn = 14.39%);
4TI tumor inhibition rate: (CUR@HFn (20 mg/kg, iv., once every two days for 12 days)
> CUR (20 mg/kg, iv., once every two days for |12 days))
CUR-CS-ZnO nanoparticles pH sensitivity: cumulative release of CUR: pH =52 > pH | MDA-MB-231 cells (48 h, CUR: ICso = 5 ug/mL, CUR-CS-ZnO: ICso = 40.1 pg/mL, cell | 2020'°"
=74 apoptosis: CUR (3/5 ug/mL) = 24.46/44.83%, CUR-CS-ZnO (3/5 ug/mL) =90.3/97.2%)
Fe304-CRC-TRC-NPs Thermosensitive: cumulative release of CUR: Fe3O,- 4TI cells viability (Fe304-CRC-TRC-NPs (NO RF) > Fe;04-CRC-TRC-NPs (RF 80 2016'72
CRC-TRC-NPs (RF 80 W/2 min)> Fe;O4-CRC-TRC- WI/2 min));
NPs (NO RF) 4TI cells (cell apoptosis: Fe304-CRC-TRC-NPs (NO RF) = 43.3%, Fe;04-CRC-TRC-
NPs (RF 80 W/2 min) = 96.1%);
Ex-vivo optical imaging (iv.): tumor 1
CUR-loaded thermosensitive microgels Thermosensitive MDA-MB-231 cells (24 h, CUR: ICso = (2.5 # 0.6) pg/mL, microgels: ICso = (3.8 £ 0.2) | 2021'%
ug/mL)
CUR-loaded thermosensitive nanogels Thermosensitive: cumulative release of CUR: Cellular uptake (MDA-MB-231 cells 1); 2020'%*
AuNP@Ng/CUR (37 °C) > AuNP@Ng/CUR (25 °C) MDA-MB-231 cells viability (AuNP@Ng/CUR (NO laser) > AuNP@Ng/CUR (laser))
Photosensitive carrier-free CUR Light responsiveness: CUR ND drug release rate in the | Cellular uptake (4T1 cells (after light irradiation) 1); 2019'%
nanodrugs (CUR NDs) presence of radiation becomes much faster than in the | 4TI cells (24 h, CUR: ICsq = (23.61 % 0.16) ug/mL, CUR NDs: ICsq = (13.74 £ 0.13)
absence of radiation. pg/mL, CUR (Light: 450 nm/640 mW/I min): ICso = (19.38 £ 0.15) pg/mL, CUR NDs
(Light: 450 nm/640 mW/I min): ICso = (5.36 + 0.14) pg/mL, cell apoptosis: CUR =
(8.08 + 0.42) %, CUR NDs = (21.08 * 2.14) %, CUR (Light: 450 nm/640 mW/| min) =
(15.38 £ 1.73) %, CUR NDs (Light: 450 nm/640 mW/| min) = (32.22 + 1.99) %);
4TI cells (P-JNK, Bax, Cleaved caspase 3 1)
CUR-loaded layered double hydroxide Light responsiveness MDA-MB-231 cells lactate dehydrogenase release (24 h, CUR-LDH nanohybrid (465 | 2019'%
nanohybrid (CUR-LDH nanohybrid) nm; power density: 34 mW/cm?) > CUR-LDH nanohybrid (non-irradiated);
MDA-MB-231 cells (cell apoptosis: CUR-LDH nanohybrid (465 nm; power density: 34
mW/ecm?) (25/100 pg/ml) = 22.54/34%)
CUR loaded amino acids modified iron Magnetic HFF-2 and HEK 293 cells (F@QAAs@CUR NPs (No toxic effect)); 2018'%7
oxide magnetic nanoparticles MCF7 cells viability (40-80 puM, F@Lys@CUR NP and F@PhA@CUR NP > CUR)
(F@AAs@CUR NPs)
(Continued)
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Table 4 (Continued).

Drug Delivery System Stimulus-Response Properties Efficacy Ref.,
Year
Co-loaded letrozole and CUR magnetic | Magnetic MCF-10A cells (72 h, CUR: ICso = 561.51 ug/mL, letrozole: ICso = 587.27 ug/mL, CUR | 2021'?®

vesicle nanocarriers (NiCoFe,O4
@L-Silica@C-Niosome)

+ letrozole: ICso = 401.3 pg/ mL, NiCoFe,O,@L-Silica@C-Niosome: ICso = 842.2 pg/
mL);

SK-BR-3 cells (48 h, CUR: IC5o = 431.62 pg/mL, letrozole: IC5o = 337.82 pg/mL,
NiCoFe,O4@L-Silica@C-Niosome: ICso = 39.48 pg/mL, cell apoptosis: CUR = (13.13
* 1.45) %, letrozole = (10.94 + 0.80) %, CUR + letrozole = (17.32 + 0.69) %,
NiCoFe,O4@L-Silica@C-Niosome = (48.63 + 1.94) %);

MDA-MB-231 cells (48 h, CUR: IC5o = 414.15 ug/mL, letrozole: ICsq = 354.81 pg/mL,
NiCoFe,O,@L-Silica@C-Niosome: ICsq = 93.47 pg/mL, cell apoptosis: CUR = (9.43
* 0.46) %, letrozole = (7.10 = 1.82) %, CUR + letrozole = 15.54 * 2.33%, NiCoFe,O4
@L-Silica@C-Niosome = (37.70 £ 2.26) %);

SK-BR-3 and MDA-MB-231 cells (Bax, Caspase 3, Caspase 9 1, Bcl 2, Cyclin D, Cyclin
E, MMP-2, MMP-9 |);

SK-BR-3 and MDA-MB-231 cells (Migration rate |)

|e 19 SuenH

aro(q


https://www.dovepress.com
https://www.dovepress.com

Dove Huang et al

@ Ulea \ Asscmbly
Cuncumm \ \Q_L

HFn shell Cur@HFn NPs

- . "L‘. »
- R,
0 %
s
SE K
R 2 2/ Endo/lysosome 5
* > 4 ‘ (( .
o - \ 0 = @ <
e\ 1 @ P & -
- Cell death .* ° o |
a5 ¢ S s
(T . . &/.3 < -
-- .0 / ] £
2 el 3 D
. Endo/ly wsmm\ ‘® - B )
v dls‘rupnon : ’ S .. e .
N, Drug release .« *" \\ Intravenous injection
Wl e g

Poq o
FRO0E ene o o
¢ Pronw

Figure 10 Schematic illustration of Cur@HFn for anticancer therapy. Reproduced with permission from Ji P, Wang X, Yin J, et al. Selective delivery of curcumin to breast
cancer cells by self-targeting apoferritin nanocages with pH-responsive and low toxicity. Drug Deliv. 2022;29(1):986-996. Creative Commons.'?°

Thermoresponsive-Based CUR Delivery

Thermoresponsive release is among the most researched methods for delivering smart drugs is thermoresponsive
release because it can take advantage of local temperature rises caused by disease (eg, tumors, inflammation, or
infection).””! Thermoresponsive release is based on dramatic alteration of the physical properties of temperature-
sensitive materials. When there is a change in temperature close to the carrier, this rapid response can cause the
medicine to be released.?”> Rejinold et al'®* used noninvasive radiofrequency (RF) frequencies as an energy source to
activate Fe;04-embedded thermosensitive nanoparticles (Fe;O4-CRC-TRC-NPs) for targeted delivery of CUR to BC
cells with therapeutic efficacy. The prepared Fe;04-CRC-TRC-NPs had a particle size of 170 £ 24 nm and a zeta
potential of 22.76 £ 1.8 mV. Treatment of Fe;04-CRC-TRC-NPs with 80-watt RF for 2 min thermogenically reached
42 °C and induced controlled CUR release and apoptosis in cultured 4T1 cells. In addition, tumor localization studies
on in situ BC models revealed selective accumulation of Fe;O4-CRC-TRC-NPs at the primary tumor, which was
confirmed by in vivo live imaging, ex vivo tissue imaging and HPLC studies. Kulkarni et al'>® developed microgels
loaded with CUR based on Pluronic F-127. The hydrodynamic diameter of the microgels was approximately 544 nm,
and the DL was approximately 40%. In vitro release results showed that the microgels exhibited pH- and temperature-
dependent release, with the fastest release rate of CUR at 45 °C and a slow and sustained release of CUR at 37 °C and
under acidic conditions. In vitro cytotoxicity results performed on MDA-MB-231 cells showed that the microgels and

CUR showed comparable effects on cancer cells. In addition, Howaili et al'®*

synthesized plasma nanogels
(AuNP@Ng/CUR) with dual temperature-pH responsiveness by grafting poly-N-isopropylacrylamide (PNIPAM) onto
chitosan in the presence of a chemical cross-linker, which was used as a CUR carrier and further combined with gold
nanoparticles to provide simultaneous drug delivery and photothermal therapy. AuNP@Ng/CUR had a hydrodynamic
size of 226 + 1.49 nm, a PDI of 0.354, a zeta potential of 0.676 mV, and CUR EE and DL of 92 + 0.98% and 17.01 +
0.33%, respectively. To examine the photothermal activity of AuNP@Ng/CUR, the thermal analysis of AuNP@Ng/

CUR after exposure to an 808 nm near-infrared (NIR) laser was evaluated at different points in time. The results
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showed that the temperature of AuNP@Ng/CUR increased by 5.1 °C compared to the control. The prepared
nanoparticles showed better in vitro therapeutic effects under NIR laser (808 nm) irradiation.

Light-Based CUR Delivery

Due to its remote controllability and potential for high spatial and temporal resolution, the use of light as a stimulus to
promote drug release has drawn considerable interest in tumor therapy.”*> This treatment is also called photodynamic
therapy (PDT). PDT is carried out by providing a photosensitizer (Ps) followed by irradiation with light at the precise
wavelength of maximum absorption of Ps. In the presence of tissue oxygen, Ps molecules undergo electronic changes that
lead to the direct or indirect death of tumor cells by the generation of reactive oxygen species (ROS) and free radicals.?***%
Sun et al'®® prepared carrier-free CUR nanodrugs (CUR NDs) by a simple, green reprecipitation method without the use of
any toxic solvents. CUR NDs had a hydrodynamic diameter of approximately 74.56 nm and a zeta potential of —23.14 mV.
CUR NDs had unique optical properties and photosensitive drug release behavior, and compared to free CUR, the ROS
production was increased and the PDT effect on BC cells was enhanced. Under light irradiation, CUR ND resulted in
a significant decrease in 4T1 cell survival compared to free CUR. The study suggests that CUR NDs are an effective
nanodrug for PDT in BC and show considerable clinical translational potential. Moreover, Khorsandi et al'*® prepared
a layered double hydroxide nanohybrid (CUR-LDH nanohybrid) loaded with CUR. The particle size of the CUR-LDH
nanohybrid ranged from 70-90 nm. Cellular assays showed that CUR-LDH nanohybrid with irradiation had cytotoxic and
proliferation inhibitory effects on MDA-MB-231 cells. CUR-LDH nanohybrid with irradiation induced autophagy,
apoptosis and GO/G1 cell cycle arrest in human BC cell lines. Intracellular ROS were increased in MDA-MB-231 cancer
cell lines after treatment with the CUR-LDH nanohybrid along with irradiation.

Magnetism-Based CUR Delivery

Magnetic nanoparticles (MMPs) have the advantages of low toxicity, small size, easy preparation and low production cost and
have great potential for medical applications due to their unique physicochemical properties, especially as carriers for
TDDS.?% A natural amino acid modified iron oxide magnetic nanoparticle loaded with CUR was prepared by Nosrati et al.'"’
Two amino acids, L-lysine (Lys) and L-phenylalanine (PhA), were selected to modify the nanoparticles, and their effects on
CUR loading, release characteristics, biocompatibility and anticancer activity were investigated. The particle sizes of the two
nanoparticles, F@Lys@CUR NP and F@PhA@CUR NP, were 20.20 £ 2.51 nm and 23.11 + 4.56 nm, respectively, with zeta
potentials of —15.7 and —6.45 mV, respectively. The DL in F@Lys@CUR NP and F@PhA@CUR NP were 3.44% and 4.39%,
respectively. The results of nanoparticle magnetization studies showed a decrease in the saturation magnetization intensity of
F@Lys@CUR NP and F@PhA@CUR NP. The in vitro release results showed that the DL of F@PhA@CUR NPs was greater
than that of F@Lys@CUR NPs, but the release rate of F@Lys@CUR NPs was greater than that of F@PhA@CUR NPs. The
results of in vitro antitumor studies showed that the anticancer activity of F@PhA@CUR NPs and F@Lys@CUR NPs in the
CUR concentration range of 40-80 uM was lower than that of free CUR. In addition, Jamshidifar et al'*® coated the magnetic
NiCoFe,0, core with a thin layer of silica followed by a liposomal structure, loaded letrozole and CUR into the silica and
liposomal layers, respectively, and studied their synergistic effects on BC cells. The average hydrodynamic diameter of the
prepared dual-loaded nanoparticles (NiCoFe,O4@L-Silica@C-Niosome) was 138.7 nm with a PDI 0f 0.236. The EEs of CUR
and letrozole in the NiCoFe,04@L-Silica@C-Niosome were 81.21% and 92.73%, respectively. The study of the super
magnetic properties of NiCoFe,0, and NiCoFe,O4@Silica nanoparticles showed that the magnetic properties of NiCoFe,O,
nanoparticles were 17.58 emu/g, while the magnetic properties of NiCoFe,O4@Silica (11.71 emu/g) were slightly weaker
than those of NiCoFe,O,4 nanoparticles. The results of cellular assays showed that NiCoFe,04@L-Silica@C-Niosome had
a stronger inhibitory effect on cancer cells and triggered more apoptosis of tumor cells. Finally, NiCoFe,O4
@L-Silica@C-Niosome also significantly reduced the migration level of BC cells.

New Developments in CUR Drug Delivery Systems

Exosomes are extracellular microvesicles that can shuttle in and out of cells and carry large amounts of proteins, lipids,
RNA, and DNA. Because of their ability to do so, these particles may be employed as nanodrug carriers. Exosomes
have the advantages of good biocompatibility, high stability in blood, low immunoantigenicity, and natural targeting
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ability.??7 2% Aqil et al'®® demonstrated that CUR can be efficiently delivered using milk-derived exosomes. In the
presence of 10% ethanol: acetonitrile (1: 1), CUR loading in exosomes can reach 18-24%. Cancer cells ingest
exosomes through caveolae/clathrin-mediated endocytosis. ExoCUR levels in several organs were 3—5 times higher
in Sprague-Dawley rats after oral administration compared to free drug. In comparison to free CUR, ExoCUR
demonstrated improved antiproliferative efficacy against several cancer cell lines, including breast, lung, and cervical
cancers. In addition, Gonzélez-Sarrias et al'® loaded CUR and resveratrol (RSV) into breast-derived exosomes (EXO-
CUR and EXO-RSYV, respectively) and compared their delivery capacity to breast tissue and their anticancer activity.
The results showed that CUR and RSV peaked in breast tissue 6 min after intravenous injection of EXO-CUR and
EXO-RSV (41 £ 15) and (300 £ 80) uM, respectively. EXO-CUR or EXO-RSV exerted effective antiproliferative
effects on cancer cells but had no effect on normal cells. Milk EXOs served as a Trojan horse to circumvent’ ABC-
mediated chemoresistance in cancer cells, which increased the bioavailability and anticancer activity of CUR and RSV.

Colloidal systems made up of oily cores encased in a polymeric shell are called liquid lipid nanocapsules (LLNs).
Due to their hydrophobicity, they can achieve high EE,*'° and due to their polymeric shell, they can reduce tissue
irritation at the deposition site.”'' Gonzalez et al''® prepared an LLN covered with human serum albumin (HSA) protein
and loaded with CUR and measured the diameter of the LLN to be 169 £ 4 nm and the PDI to be 0.19 + 0.05. Cellular
uptake and killing ability were evaluated on the human BC cell line MCF-7, and the results showed that LLN exhibited
similar half maximum inhibitory concentration (ICso) capacity as free CUR and showed excellent uptake performance
with massive cell entry in less than 1 min.

Materials based on graphene have become increasingly interesting to researchers working in the field of nanobio-
technology in recent years.?'*?'3 The immune system can be stimulated by graphene, activating macrophages. In
addition, high levels of graphene can cause macrophages to undergo apoptosis and immune-suppressive reactions.”'*
Due to its large surface area to volume ratio and unique chemical and physical properties, graphene oxide (GO)
exhibits antibacterial, antifungal, and antiviral capabilities. To achieve synergistic benefits, graphene-based materials
combined with medications have been developed for cancer therapy.”'> De et al''' prepared GO and graphene
quantum dots (GQDs) with CUR in three different ratios (1:1, 1:3 and 1:5 w/v). UV—Vis estimated DL of 80 £ 1
% and 83 £ 1 % for GO-CUR and GQDs-CUR, respectively. The cytotoxic effects of different ratios of GO-CUR and
GQDs-CUR as anticancer drugs on human BC cell lines MCF-7 and MDA-MB-468 were tested by MTT assay. The
results showed that for both cell lines with a 1:5 ratio of GO-CUR and GQDs-CUR, cell death exceeded 90%, even at
very low concentrations of the complexes (10-20 pg/mL). In all concentration ranges, the complexes demonstrated
a higher rate of cell killing than free CUR. In comparison to GO-CUR, GQDs-CUR performed better in both BC cell
lines.

Conclusions

BC, one of the most common cancers, is a constant threat to human health. The survival rate of BC patients, especially in
developing countries, is less than 40%. Common treatments for BC include hormonal therapy, surgery, targeted therapy,
radiation therapy and chemotherapy. Approximately 70% of all BCs can be classified as ER positive and can be treated with
antiestrogenic drugs such as raloxifene or tamoxifen. However, the use of single molecules is not particularly effective in
treatment, and a number of factors, such as side effects during treatment and poor surgical healing, have motivated
researchers to seek an alternative treatment. The use of natural drugs to treat BC is considered to be a promising approach,
as natural drugs have the advantage of being less toxic and having fewer side effects than chemical drugs. Today, an
increasing number of cancer patients are already using natural drugs as a supplement and alternative to conventional drugs.
Among various natural drugs, CUR has received much attention for its broad range of anticancer activities, and CUR is
considered to be an effective anticancer agent that regulates a variety of intracellular signaling pathways. Discussions of the
anticancer effects of CUR have emerged in recent decades. Sharma et al*'® treated 15 patients with standard chemotherapy-
refractory advanced colorectal cancer with CUR for up to 4 months successfully treated colon cancer with CUR in a Phase

I clinical trial. Cruz-Correa et al*!”

evaluated the efficacy of the combination of CUR and quercetin in the treatment of
adenoma regression in patients with familial adenomatous polyposis (FAP) (FAP is a genetic disease that predisposes

patients to colon cancer). The combination of CUR and quercetin was found to reduce the number and size of ileal and rectal
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adenomas in patients with FAP without significant toxicity. In addition, the results of a Phase II clinical study by Howells
et al showed that CUR is a safe and tolerated adjuvant to chemotherapy in patients with metastatic colorectal cancer.?'®
Many studies on different cancer treatments (both preclinical and clinical trials) have shown that CUR is a promising
anticancer agent that can be used alone or in combination with other drugs.?'®%**

However, CUR’s clinical application in BC is constrained by its low bioavailability, poor water solubility, short half-
life, fast metabolism, and inadequate tumor targeting capacity. Therefore, researchers have developed different drug
delivery systems to address these problems, and great progress has been made in recent years. CUR-loaded drug delivery
systems can be divided into three categories according to the type of targeting: passive targeting, active targeting and
physicochemical targeting. First, passively TDDSs loaded with CUR include liposomes, micelles, nanogels, nanoparti-
cles (containing SLN, polymer nanoparticles, MSN and gold nanoparticles), nanoemulsions and so on, which signifi-
cantly improve the bioavailability, solubility, absorption and metabolism of CUR in vivo. The EPR effect enables these
drug delivery systems to passively accumulate CUR in tumor tissues, and slow, continuous drug release considerably
improves CUR’s antitumor activity. Second, active TDDSs loaded with CUR can further enhance the antitumor effect of
CUR by modifying specific ligands, such as proteins, antibodies, peptides or small chemical molecules, on the surface of
the drug delivery system so that they specifically bind to surface antigens or receptors expressed in tumor tissues, thus
triggering endocytosis of tumor cells, achieving targeted drug delivery and reducing the distribution of the drug in normal
tissues. In this paper, active TDDSs are classified according to the targeted antigen or receptor into the HER2 receptor,
EGFR, CD44, integral protein avp3, PDL1, FA receptor and TfR. They all have a common feature in that their
expression in tumor tissues is different from that in normal tissues and can bind specifically to TDDSs, thus achieving
drug enrichment in tumor tissues. Finally, the physicochemical TDDS loaded with CUR is based on the tumor
microenvironment to design a drug release system that mimics biological responsiveness to achieve on-demand drug
release, which is beneficial to the precision treatment of tumors. The physicochemical TDDSs loaded with CUR
summarized in this paper are mainly divided into chemical endogenous stimulus (pH) response and exogenous physical
stimulus (temperature, light and magnetic) response systems, which are important for controlling drug release at the
target site.

Considerable research has been conducted on CUR TDDSs, but many challenges remain before these systems can be used
in clinical practice. First, for passive TDDSs, drugs are mainly delivered to different parts of the body through normal
physiological processes using particles (liposomes, micelles, nanogels, nanoparticles, nanoemulsions, etc.) as carriers, and
they demonstrate a certain superiority over free drugs. However, different passive TDDSs have their own drawbacks, such as
the low encapsulation rate of liposomes, and the drug can easily leak from the liposomes and thus cannot effectively play its
modifying or encapsulating role.”*>*%® In addition, poor stability needs to be addressed in the commercialization of
liposomes.??”*%® The poor stability of micelles is also an important reason they are difficult to apply. Moreover, the enrichment
of micelles is not great, resulting in only moderately pronounced efficacy, which is also a major limitation.*****! Nanogels are
formed by physical or chemical cross-linking of carrier materials, and each has its own shortcomings depending on its
preparation method. Nanogels prepared by physical crosslinking methods have the disadvantage of poor stability because the
noncovalent interaction is relatively weak, and when the external conditions change, the nanogel will be destroyed and the
drug will be easily released from the nanogel, while nanogels prepared by chemical crosslinking methods have relatively good
stability, but chemical substances and surfactants may be introduced during the preparation process, thus creating safety
problems.?**%*3 Therefore, it is necessary to seek a green and safe synthesis technology. For nanoparticles, problems such as
low DL, organic solvent residues during preparation, poor dispersibility and agglomeration are common.*****> For nanoe-
mulsions, their poor thermal stability, limited industrial production, low-toxicity and efficient surfactants and cosurfactants
still need to be developed, and the preparation process needs to be improved, which are major obstacles to their promotion and
application and are also the main factors leading to few varieties on the market.****” Second, active TDDSs can deliver the
drug to the target area in a directed and concentrated way to exert the drug effect, which is highly concentrated and therefore
has fewer toxic side effects.”*® However, there are some problems in its application, such as its preparation process being
generally complex, expensive, and difficult to adapt to industrial production, and when it is truly applied in the clinic, its effect
will be different depending on each person’s constitution.*° Finally, for physicochemical TDDSs, certain physicochemical
methods can be applied to make the targeted agents effective at specific sites.”** The main problems facing its development are
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that it is expensive, prone to allergic reactions, and its efficacy varies in different individuals due to tumor heterogeneity.**'>*>

The current research on physicochemical TDDS is not yet in depth, and more extensive and in-depth research is needed in the
future. In conclusion, whether passive, active or physicochemical TDDSs are to be used in clinical practice, safety issues
should be considered first, followed by problems faced by industrialization, such as preparation processes and production
costs. The advancement of CUR TDDSs to clinical practice depends on the continuous resolution of the above issues.

In the past few years, CUR-TDDSs have demonstrated their therapeutic potential as cancer drugs, and while they
have shown promise for cancer diagnosis and precision drug delivery, more research is needed to minimize their toxicity
and improve their efficacy. The ideal CUR-TDDS for clinical applications should be able to deliver the drug to the target
site in a precise and stable manner with stable controlled drug release, and the delivery vehicle and materials should be
nontoxic and biodegradable to maximize efficacy and minimize health risks. Moreover, as nanotechnology research
continues, the development of new theories will open up new directions for CUR nanotechnology in the diagnosis and
treatment of cancer and other diseases. Based on the existing theories of nanosolubilization, targeted modulation or touch
release, the integration of frontier scientific theories with nanotechnology using artificial intelligence, 3D printing,
biomedicine and bioinformatics will be an opportunity for nanotechnology to further flourish. Under the guidance of
the new theories, nanotechnology will be more energetic, comprehensively improve the clinical treatment effect of
various diseases, and further improve the scientific process of human disease diagnosis, prevention and treatment.
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