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Curcumin is a natural compound that has been widely investigated thanks to its various biological properties, including
antiproliferative. This molecule acts on different cancers such as lung, breast, pancreatic, colorectal, etc. However, the
bioactive actions of curcumin have limitations when its physicochemical properties compromise its pharmacological
potential. As a therapeutic strategy against cancer, curcumin has been associated with inorganic nanoparticles. These
nanocarriers are capable of delivering curcumin and offering physicochemical properties that synergistically enhance
anticancer properties.
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| 1. Introduction

Cancer is categorized as a leading cause of mortality worldwide [, It is a pathological state that results from a build-up of
genetic abnormalities and is characterized by the unchecked growth, proliferation, and differentiation of cells [&. Current
treatments are based on curative, reconstructive, and/or palliative care B4, Notwithstanding the progress made in the last
few decades, the treatment of cancer might be resistant to traditional chemotherapeutic agents. Hence, new targeted
drugs remain a significant endeavor in cancer therapy . Recently, there has been a greater focus on employing natural
chemicals in chemotherapy to raise the therapeutic index of certain anticancer molecules and to act as a complementary
treatment . In this context, curcumin emerges as a potential bioactive with extensive anticancer potential against
different types of cancer . Curcumin is a major natural compound obtained from the rhizome of Curcuma longa L. 1.

Despite its high biological potential, it has biopharmaceutical limitations that compromise its clinical use in cancer therapy
]

Nanoparticles are a nanotechnology tool that has been successfully applied in delivering anticancer molecules with
biopharmaceutical limitations RAILI2 These can be used to treat cancer due to their specific advantages such as
biocompatibility, reduced toxicity, enhanced permeability and retention (EPR) effect, and precise targeting 13141 |n this
perspective, different nanoparticles of organic nature (i.e., polymeric and lipid) for curcumin delivery were developed as
anticancer therapeutic alternatives 13I[181127]

Other nanoparticles for curcumin delivery that deserve greater attention are inorganic nanoparticles. These are
nanocarriers made of metallic structures, metallic oxides, among others 8. These nanoparticles are more advantageous
than those of an organic nature when it comes to their optimized physicochemical properties, which make a difference in

cancer therapy 1. They can successfully carry curcumin and show synergy with this natural compound in cancer therapy
[20][21](22]

| 2. Curcumin and Its Anticancer Effects

Different natural compounds obtained from plants have shown anticancer activity. Among these, polyphenols are a class
of natural plant chemicals that have demonstrated anticancer properties 23], These bioactives derive from phenylalanine
and contain an aromatic ring with one or more hydroxyl groups. They include a large class of antioxidants such as
flavonoids, phenolic acids and their derivatives, lignans, and stilbenes 2. Numerous mechanisms relate to polyphenols’
anticancer effects, such as the following: (i) removing cancer cells by altering signaling pathways; (ii) inhibiting cell cycle
events; (iii) inducing apoptosis; and (iv) regulating the activities of enzymes involved in tumor cell proliferation 23,

In this scenario, scholars find curcumin, a polyphenol isolated from the rhizome of Curcuma longa L. [8. Its chemical
structure consists of two aromatic rings containing hydroxyl and methoxy groups, which are linked through a chain



containing seven carbons of an a,B-unsaturated B-diketone moiety (281271, This molecule shows high tolerability and safety
in physiological environments (i.e., human models) [282BAEL 55 well as significant biological potential for therapeutic
application. Among its potentialities, curcumin acts both in chemoprevention and directly in cancer cells 282 |n vitro and
in vivo studies have shown the anticancer activity of curcumin against (i) breast, (ii) lung, (iii) prostate, (iv) pancreas, and
(v) colorectal cancer, among other types [Z[331341(35],

Curcumin induces apoptosis while inhibiting the proliferation and invasion of tumors by suppressing various cellular
signaling pathways. More specifically, curcumin can (i) restrict proliferation, reducing the cell cycle through inhibition of the
Whnt/B-catenin pathway, increasing the levels of p53, p21, and p27, and inhibiting the levels of CDK4 and Cyclin D1 B2, |t
can (ii) increase E-cadherin levels and decrease N-cadherin, vimentin, fibronectin, slug, and snail levels through
suppression of the TGF-B/Smad2/3 pathway, inhibiting migration and invasion B8, Further, it can (iii) stimulate the
production of ROS through the activation of the p38 MAPK, JNK, and ERK pathways. Additionally, curcumin can (iv) set
ferroptosis, increasing the levels of TFRC, FTL, and FTH1, and (v) promote apoptosis by enhancing the expression or
cleavage of apoptotic proteins (Bax, Cleaved-caspase-3, Cleaved-caspase-9, and Cleaved-PARP) and by inhibiting the
expression of anti-apoptotic proteins (Bcl-2) B4, Curcumin (vi) can enhance the expressions of Beclinl, Atg5, Atg3, and
LC3B-1l/l and promote autophagy by the PI3K/Akt/mTOR pathway. Furthermore, curcumin can (vii) reduce the levels of
Oct4, Sox2, and Nanog suppressing stemness through the inhibition of JAK/STAT3 pathways; (viii) suppress the
TLR4/NF-kB signaling pathway attenuating inflammation (TNF-a, IL-6, and IL-13); and (ix) mitigate angiogenesis through
the inhibition of the expressions of VEGF, CD31, aSMC, iNOS, and COX-2 [138],

Although curcumin reveals promising properties, it presents critical limitations, such as (i) quick systemic elimination; (ii)
significant first-pass intestinal (phase 1) and hepatic (phase Il) metabolism; (iii) instability in intestinal pH; (iv) poor
intestinal permeability; and (v) low water solubility B[204142] These aspects have been key in limiting curcumin’s clinical
acceptance as a therapeutic agent 431,

One of the strategies to improve its biological efficacy (i.e., anticancer) has been its complexation with metals 4. The
a,B-unsaturated -diketo moiety of curcumin is reported to be a strong chelating agent; it interacts with various metal ions
(431 Based on these advantageous interactions, developing inorganic-based nanoparticles, whose nanostructures provide
important characteristics for increasing the effectiveness of cancer therapy, is key to curcumin delivery 241,

3. Curcumin-Based Inorganic Nanoparticles—Physicochemical
Characteristics

3.1. Metal Nanoparticles

Metal nanoparticles (MNPs) are nanomaterials that are made of one chemical element. They can be synthesized from
their metal precursors and modified with several functional groups. This allows them to be conjugated with antibodies,
ligands, and drugs of interest presenting a wide range of applications 4847 Among their applications, MNPs can
modulate (i) apoptosis and (ii) cell cycle arrest; and inhibit (iii) tumor angiogenesis, (iv) metastasis, and (v) inflammation to
stop cancer proliferation. Moreover, metal nanoparticles have shown synergistic potential with marketed anticancer drugs,
improving their bioactivity and bioavailability 29. In this scenario, curcumin has been conjugated with MNPs, by capping
the surface of the nanostructures mediated by interactions with the hydroxyl moieties of the two phenolic groups and one
enolic group from this molecule (Figure 1).
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Figure 1. Overall scheme of curcumin hydroxyl from enol and phenol groups’ interaction to metal nanoparticles’ (MNPSs’)
surfaces. Based on Amaldoss et al., 2022; Wanninger et al., 2015; and Prasad et al., 2021 [21/[441[45]



MNPs can be built from different elements. In the biomedical field, gold is extensively used thanks to its advantageous
properties. One could mention its high electrical conductivity and reflectivity, low cytotoxicity, biocompatibility, optical
properties, malleability, and resistance to corrosion and oxidation. Further, it presents a high degree of size and shape
control, besides a relatively bio-inert surface, which can be easily modified (48],

Based on these properties, Mahalunkar and colleagues 2 developed folate—curcumin-loaded gold—polyvinylpyrrolidone
nanoparticles (FA—CurAu-PVP NPs). Polyvinylpyrrolidone (PVP) is a non-toxic, non-ionic polymer used in NP synthesis
B9 pvp acts as a surface stabilizer, growth modifier, nanoparticle dispersant, and reducing agent depending on the
specific synthetic conditions and material system B2,

These authors 29 obtained FA-CurAu-PVP NPs by LBL (layer-by-layer) assembly. AUNPs, AuPVP NPs, CurAu-PVP NPs,
and FA-CurAu-PVP NPs presented hydrodynamic diameters of 36.85 nm, 62.50 nm, 72.56 nm, and 358.7 nm,
respectively. The increase in the particle size of AUNPs and AuPVP NPs is related to partial cross-linking between the
particles during the conjugation process. The increase in particle size after functionalization with folate (FA) was expected,
as reported in the literature B2, The coating of the nanoparticles with PVP and functionalization with FA were confirmed
using UV-Vis by monitoring the wavelength scan at each stage of synthesis. TEM analysis of FA-CurAu-PVP NCs showed
structures with discrete spherical outlines and monodisperse size distribution (~250 nm). The droplet size obtained by
TEM (solid diameter) was smaller than the hydrodynamic diameter from DLS, indicating a large electrical double layer in
suspension. The solid diameter obtained by TEM was ideal for the passive targeting of tumors 42,

Alibolandi and colleagues 23! also developed gold nanoparticles; however, they were stabilized by dendrimers (PAMAM)
complexed with PEG and functionalized with MUC-1 aptamer. PAMAM dendrimers are well-defined, highly branched,
nanoscaled macromolecules with numerous active amine groups on the surface 24, These compounds are soluble in the
aqueous medium, whereas the three-dimensional interior hollow environment could entrap hydrophobic components,
including Au-NP and hydrophobic chemotherapeutic agents 53!,

3.2. Metal Oxide Nanoparticles

Metal oxide nanoparticles (MOx) are a fascinating class and diverse form of nanomaterials. These nanostructures are
formed from metallic elements and oxygen under different conditions, generating different structural forms. Metal oxide
nanoparticles have been associated with curcumin, from the interaction of the nanoparticle surface with the keto—enol
functionality of this molecule (Figure 2) 58],

Figure 2. Overall scheme of curcumin’s oxygen atoms from the keto—enol groups’ interaction to metal oxide nanoparticles
(MOXx). Based on Bhandari et al., 2016 58],

In this sense, Yallapu and partners developed magnetic metal oxide curcumin nanoparticles (MagNP-CUR) through the
method of co-precipitation of Fe2* and Fe3* salts B2, Magnetic nanoparticles (MagNPs) have been used because they are
easy to prepare, chemically functional, have small sizes, excellent biocompatibility, stability, efficient drug conjugation, and
remarkable magnetic capacity 28, The production of iron-based MagNPs has been preferred compared to other metals,
mainly due to biocompatibility and low toxic effects, which are essential due to the accumulation of the toxic effects of
MNPs B9,



3.3. Mesoporous Silica Nanoparticles (MSNPs)

Mesoporous silica nanoparticles (MSNPs) are inorganic nanoparticles or mesoporous forms of silica with particle sizes
between 30 and 300 nm that can promote endocytosis by target cells with minimal toxicity [£4. MSNPs are of special
interest because of their excellent biocompatibility, high drug-loading capacity, rigid framework, well-defined pore
structure, easily controllable morphology, and tunable surface chemistry 61621 The porous structure of mesoporous silica
materials provides cavities that can host and release a great variety of biomolecules and therapeutic agents, such as
anticancer drugs [63I64I65] | this perspective, curcumin has been associated with MSNPs through hydrogen bonds with
silica matrix groups (SI-OH) (Figure 3) [68I671(68]

Figure 3. Scheme of curcumin incorporation to mesoporous nanoparticles’ (MSNPSs’) pores by hydrogen bonds with SI-
OH groups. Based on Jambhrunkar et al., 2014; Lungare et al., 2016; and Ribeiro et al., 2022 [ESIE71(68]

3.4. Metal-Organic Frameworks (MOFs)

Metal-organic frameworks (MOFs) are a new type of crystalline porous material that is self-assembled by the coordination
of metal cations/clusters with organic linkers E2lZ9 MOFs have exhibited promising catalytic potentials towards many
types of reactions, owing to their designable metal-oxo clusters bridging organic linkers, modifiable structure, and intrinsic
porosities 4, This nanomaterial has been widely developed as a carrier for the effective delivery of drugs to tumor tissues
[72 These systems have been associated with curcumin through interactions between the phenol and enol sites of this
molecule, showing strong evidence of chelation-type bonds with the MOFs (Figure 4) 73],
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Figure 4. Scheme of metal-organic frameworks (MOFs)’ interactions of metals to curcumin hydroxyl groups. Based on
Munasinghe et al., 2023 [13],

| 4. Curcumin In Vivo Cancer Studies

4.1. Pancreatic Cancer

Pancreatic cancer (PC) remains one of the greatest challenges in oncology, with just over 11% of patients alive 5 years
following diagnosis. Chemotherapy and surgery are the two main treatments for PC. Nevertheless, at diagnosis, only 15—
20% of individuals are candidates for surgery 4. Most PC patients have distant metastases when they are first
diagnosed. As a result, excising the main lesion by surgical treatment is unlikely to improve the prognosis.

Curcumin-loaded magnetic nanoparticles were developed, evaluated in vitro (cellular uptake, cell proliferation, and
clonogenic assay), and in vivo in a PC model B4, For the in vivo model, HPAF-Il human pancreatic cancer cells were



inoculated into male athymic nude (nu/nu) mice for 13 days. The animals were treated with 20 pg of curcumin dispersed in
100 pL of 0.1% Tween® 20, while 20 pg of curcumin loaded in magnetic nanoparticles were dispersed in 100 pL PBS.
Magnetic nanoparticles without curcumin and surfactant were evaluated to eliminate possible biases. Tumor size was
monitored between 7 and 40 days. Immunohistochemistry and immunofluorescence of the tumor tissues were assessed.
At the end of the treatment, curcumin-loaded metallic nanoparticles showed 71.2% of tumor inhibition, while free curcumin
only inhibited 35.9%. The tumor increased over days in the control groups. Such an inhibitory profile of nanoparticles is
related to the potentiation of the drug and the release modulation of curcumin by the system, increasing bioavailability for
a larger period. Such hypotheses were corroborated by the immunohistochemically and immunofluorescence assays
performed by the authors.

4.2. Lung Cancer

Lung cancer is a type of cancer that starts when abnormal cells grow out of control in the lungs. It is a health problem that
can cause serious harm and it has one of the highest incidence rates of mortality (22781, Given this scenario, studies on
molecules with anticancer potential have been conducted. Among these, curcumin appears to be an important candidate,
as studies suggest that it inhibits the growth of lung cancer cells through multiple pathways, inducing apoptosis, and
inhibiting cell proliferation and epigenetic changes 77,

4.3. Breast Cancer

Breast cancer is the most common malignant tumor in women in the world. It accounts for as much as 36% of oncological
patients. Furthermore, its incidence is constantly increasing in all regions of the world 8. The molecular characteristics of
breast cancer are possible targets for therapies. These include the activation of human epidermal growth factor receptor 2
(HER2) and hormone receptors (estrogen receptor [ER] and progesterone receptor [PR]) 2.

Given curcumin’s anti-breast cancer potential and the damage caused to tumor cells by inorganic nanoparticles,
curcumin-based metal oxide nanoparticles were developed and their performance against breast cancer was evaluated
(891 phenylboronic acid-functionalized ZnO nanoparticles (PBA-CURC-ZnO-NC) were synthesized. Initially, researchers
evaluated the impact of these nanoparticles on cellular viability, intracellular reactive oxygen species, potential
mitochondrial membrane, and cell death examination in an in vitro perspective to better assess the mechanism of action
of this system against cancer cells. Subsequently, the effect of this system in an in vivo solid tumor model was assessed.
To this end, Ehrlich ascites carcinoma (EAC) was injected into mice for tumor development. PBA-CURC-ZnO-NCs
showed pronounced anticancer activity compared to empty nanopatrticles and free curcumin. However, in terms of tumor
volume alone free curcumin and PBA-CURC-ZnO-NCs showed no significant changes.

Taking a different formulation route, Mahalunkar et al. studied functionalized folate—curcumin-loaded gold—
polyvinylpyrrolidone (FA-Curc-AU-PVP) nanoparticles for targeted delivery in breast cancer models 2. In vitro tests such
as viability and cell cycle investigation were performed. The in vivo approach of this study involved tumors stimulated from
4T1 mammary carcinoma injection in female BALB/C mice. After tumor growth, mice were treated by intratumoral
administration (10 mg/kg) of free and nano-encapsulated curcumin (FA-Curc-AU-PVP nanoparticles) for 2 weeks. Tumor
volume was used as an antitumor efficacy parameter. No significant decrease in tumor volume was observed after free
curcumin treatment; however, FA-Curc-AU-PVP nanoparticles significantly inhibited tumor growth. The above data
suggest that FA-Curc-AU-PVP nanoparticles increased the efficacy of curcumin at a dose as low as 10 mg/kg body
weight. Such responses were attributed to the functionalization of nanoparticles, which allows recognition in folic acid
receptors, promoting tumor targeting and consequently drug potentiation 42,

In the same pathway, Sahne and colleagues 22 developed graphene oxide nanoparticles with a single layer of CMC
conjugated to PVP and functionalized with folic acid (Cur-FA-CMC/PVP GP NPs). The researchers assessed the in vivo
effectiveness of these particles in treating breast cancer. To conduct the study, they induced a 4T1 tumor model in
BALB/C mice and administered 200 uL of Cur-FA-CMC/PVP GO NPs (equivalent to a curcumin dose of 4 mg/kg). They
examined drug uptake in tumor cells using immunohistochemistry analysis and assessed the antitumor efficacy by
monitoring daily changes in tumor size and body weight. Upon completion of the study, they examined the tumor to
assess apoptosis, tumor blood vessels, and inflammatory response. The results revealed a notable concentration of
particles at the tumor site, a favorable in vivo pharmacokinetic profile, and an effective tumor targeting and accumulation.
The accumulation of particles induced apoptosis, leading to the inhibition of tumor growth.



4.4, Colorectal Cancer

Colorectal cancer (CRC) is a disease that is highly prevalent and recurrent. This cancer accounts for approximately 10%
of all cancer cases and is the second leading cause of cancer-related deaths worldwide B, Furthermore, it is estimated
that colorectal cancer will increase by 60% in 2030, leading to a mortality rate of over 1.1 million 2,

Given this scenario, molecules with anticancer potential such as curcumin have been investigated. Curcumin can interrupt
the cell cycle, in addition to accelerating cell death, inhibiting the spread of colorectal cancer 2],

Accordingly, Alibolandi et al. developed a curcumin theragnostic nanomedicine B3l. Theragnostic merges the ability to
target and deliver therapeutic agents with imaging for diagnostic purposes. Nanomaterials such as gold and iron oxide
nanoparticles are often studied for these purposes 4. In this study, in vitro cytotoxicity, in vivo cytotoxicity, and CT
scanning assays were performed to evaluate Apt-PEG-AuPAMAM-CUR efficiency as a theragnostic agent 231, First, to
assess toxicity and the impact of MUC-1 aptamer, two cell lines MUC-1 positive (HT29 and C26, human and murine colon
cancer) and one cell line MUC-1 negative (CHO, Chinese hamster ovary) were used. Further, a C26 tumor-bearing mice
model was used for anticancer activity. After 14 days of subcutaneous inoculation, mice were treated intravenously with
free curcumin, PEG-AuUPAMAM-CUR, Apt-PEG-AuUPAMAM-CUR (curcumin equivalent to 2 mg/kg), or saline 0.9% as
negative control twice per week for three weeks.

| 5. Summary

Natural products have always made contributions to medicine, and it is no different in cancer therapy. Natural compounds
such as polyphenols have been linked to anticancer potential. Curcumin is a polyphenol molecule of natural origin with
high anticancer therapeutic potential. However, its biopharmaceutical limitations may compromise its therapeutic efficacy.
This molecule has been associated with nanoparticles, a promising strategy for increasing the apparent solubility, stability,
targeting, permeability enhancement, and selectivity for cancer cells. Among the universe of nanoparticles, inorganic
nanoparticles stand out, which have optimized physicochemical properties when compared to the organic ones commonly
used in recent years.
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