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Abstract

Curcumin (CUR) is the bio-active agent found in turmeric and has been used for
centuries as a flavouring and colouring agent in the Southeast Asian cuisine. It
possesses a wide range of biological activities, such as anti-inflammatory, anti-
oxidant, antimicrobial, antirheumatic and anticancer characteristics. CUR is a
desirable anticancer agent as it selectively induces apoptosis in cancer cells with-
out affecting healthy cells. It has been shown to directly interfere with numerous
signalling molecules involved in the growth, promotion and angiogenesis of can-
cer cells. Furthermore, the consumption of large amounts of CUR of up to 12 g
per day has demonstrated acceptable tolerance and safety for human consump-
tion. However, the in vivo application of CUR is limited by its low water solubil-
ity, stability and bioavailability. The encapsulation of CUR in nano-formulations
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has been shown to improve the efficacy of CUR as an anticancer agent by
increasing its solubility in aqueous media, prolonging in vivo circulation time
and decreasing the rate of degradation. Nano-formulations open a door for devel-
oping CUR as an anticancer drug with minimal side effects. In the present chap-
ter, anticancer efficacy of various CUR nano-formulations, such as polymeric
nanoparticles, polymeric micelles, liposomes, dendrimers, solid lipid nanoparti-
cles, protein-based nanoparticles, mesoporous silica nanoparticles, inorganic
nanoparticles and magnetic nanoparticles has been discussed.
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7.1 Introduction

Curcumin (CUR) is a natural polyphenolic compound derived from Curcuma longa
Linn., rhizomes found in the tropical regions of Asia. As a powder, it is referred to
as turmeric and has been most commonly used for imparting colour and flavour in
Southeast Asian cuisine (Debnath et al. 2013). Turmeric has also been used as folk
medicine in both traditional Indian and Chinese medicinal therapies for over
2000 years for various diseases due to its extensive range of pharmacological activi-
ties such as anti-inflammatory, antioxidant, antimicrobial, antirheumatic and anti-
cancer effects (Verderio et al. 2013; Yoon et al. 2015; Zeighamian et al. 2016).
Turmeric powder is made of approximately 2—-6% (w/w) of curcuminoids, which
consists mostly of CUR, followed by demethoxy CUR(<20%) and bis-demethoxy
CUR (2%). Mitobedzka et al. (1910) first determined the chemical structure of CUR
as diferuloylmethane or 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione) (Fig. 7.1).

Cancer cells arise from genetic and epigenetic mutations as well as disruptions
in cell cycle resulting in the dysregulation of multiple cellular pathways involved in
the regulation of cell proliferation (Stefanska et al. 2012). Experimental studies
have shown that CUR has the ability to modulate various signal transduction path-
ways and molecular targets that have been implicated in cancer development
(Lopez-Lazaro 2008). Various studies have reported that CUR both alone and in
combination with other drugs can play a role in preventing and treating various

Fig. 7.1 Chemical
structure of CUR
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forms of cancer such as breast (Liu et al. 2013; Farhangi et al. 2015), prostate (Ide
et al. 2010; Kakarala et al. 2010), pancreatic (Durgaprasad et al. 2005; Kanai 2014),
colon (Carroll et al. 2011; He et al. 2011) and lungs cancers (Gupta et al. 2013).
Preclinical studies in animal models of carcinogenesis have shown that CUR has the
potential to inhibit tumour formation (Gou et al. 2011; Dhule et al. 2012; Alizadeh
et al. 2015; Bisht et al. 2016; Zaman et al. 2016). CUR is also a desirable anticancer
agent in comparison to other conventional anticancer agents due to its ability to
induce apoptosis in cancer cells without affecting healthy cells (Verderio et al.
2013). Furthermore, clinical studies by Lao and colleagues reported that the con-
sumption of large amounts of CUR of up to 12 g per day was well tolerated and
considered safe with no adverse effects (Lao et al. 2006), therefore indicating that
CUR is safe and tolerable for human consumption with low intrinsic toxicity at high
doses. In 2012, it was estimated that approximately 1.67 million new cases of breast
cancer were diagnosed worldwide, claiming over 500,000 deaths and making it the
main cause of cancer-related deaths in women (Smith et al. 2016). Various in vitro
and in vivo studies have demonstrated CUR’s ability to interfere with breast carci-
nogenesis in three stages: tumour growth, promotion and angiogenesis. The biologi-
cal activities of CUR on signalling pathways in breast cancer cells have been
summarized in Fig. 7.2. To date, there is only one published Phase I clinical trial by
Bayet-Robert et al. (2010) who explored the combinational use of docetaxel (DTX)
in combination with CUR in patients diagnosed with advanced metastatic breast
cancer. DTX is a microtubule-targeting agent that arrests cells at their G/M transi-
tion, disrupting cell division resulting in cellular toxicity. Patients were adminis-
tered with a 1 h intravenous infusion of DTX (100 mg/m?) every 3 weeks for
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Fig. 7.2 Signalling pathways affected by CUR in breast cancer cells
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six cycles. CUR was orally administered starting from a dose of 500 mg/day for 7
consecutive days by cycle with a dose escalation until a point that dose-limiting
toxicity occurred. The study found that the recommended dose of 6000 mg/day of
CUR for 7 consecutive days every 3 weeks in combination with the standard DTX
dose of 100 mg/m? is required for anticancer activity. Both DTX and CUR were
reported to inhibit angiogenesis in vitro and in vivo via suppression of VEGF levels.
This clinical trial showed that this combination of anti-cancer therapy has the poten-
tial to significantly reduce VEGF levels resulting in the possible reduction of tumour
size and metastasis in breast cancer patients. Phase II randomized clinical trials on
this combination in advanced and metastatic breast cancer patients are currently
being carried out to confirm the efficacy of this combination. Despite showing
promising characteristics as an anticancer agent in breast cancer, a major problem
with CUR is its poor solubility in an aqueous environment and instability in an
alkaline environment which restricts its clinical efficacy (Yoon et al. 2015;
Khosropanah et al. 2016). In vivo studies have previously reported that the com-
pound exhibits poor absorption and undergoes rapid metabolism and elimination
resulting in poor bioavailability (Suwannateep et al. 2011). Yang et al. (2007)
reported that administration of 10 mg/kg of CUR intravenously in rats achieved the
maximum plasma concentration (0.36 pg/ml), due to its poor solubility.

To overcome these limitations, scientists have adopted various approaches and
strategies to enhance the bioavailability of CUR, including the fabrication of
nanoparticles (NP). Nanotechnology is a rapidly developing field especially in drug
delivery as it overcomes problems associated with the delivery of hydrophobic
drugs. In recent years, numerous nano-formulations of CUR have been prepared in
the form of, but not limited to, polymeric NP, liposomes, dendrimers and solid lipid
NP (SLN) in an attempt to improve the efficacy of CUR as an anticancer agent
(Fig. 7.3). These nano-formulations enhance CUR’s anticancer properties by
improving its solubility in an aqueous media, prolonging in vivo circulation time
and decreasing the rate of degradation. A comparative study of nanoCUR (theracur-
min) and CUR powder by Sasaki and colleagues in humans found that nanoCUR
brought about a 27-fold higher blood level of CUR in comparison to native CUR
powder, indicating that the nano-formulation significantly enhanced CUR solubility
(Sasaki et al. 2011). Besides enhancing the solubility of poorly soluble drugs, NP
are also beneficial in drug delivery by directing anticancer agents towards the
tumour through passive targeting NP that range around ~200 nm in size have been
shown to be subjected to the enhanced permeation and retention (EPR) effect when
administered intravenously into the bloodstream (Bertrand et al. 2014; Nikpoor
et al. 2015). This phenomenon occurs as when a solid tumour reaches a certain size,
the delivery of oxygen and nutrients by simple diffusion becomes insufficient for
tumour cell proliferation, and the tumour becomes diffusion limited. To overcome
this, the tumour undergoes the process of angiogenesis, the formation of new blood
vessels which occurs under a strict control of molecular factors. However, in tumour
cells, this process is abnormal due to an imbalance of molecular factors influencing
the process of angiogenesis (Bertrand et al. 2014). As a result, the basal membrane
of the formed blood vessels is either discontinuous or absent, thus resulting in
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Fig. 7.3 Schematic drawing of different types of nanoparticles

irregular capillaries with large fenestrations ranging from 200 to 2000 nm in size.
Therefore, administration of NP which are smaller than the fenestration and larger
than the tight endothelial junctions of normal capillaries may result in the extravasa-
tion of the NP through the fenestration and accumulation within the tumour intersti-
tium. This phenomenon denotes the enhanced permeation portion of the EPR effect.
At the same time, tumours also lack well-defined lymphatic drainage as a conse-
quence of the rapidly proliferating tumour cells (Baeza et al. 2016). Therefore, NP
that extravasate out into the tumour interstitium tend to be retained, representing the
enhanced retention portion of the EPR effect. The combined effect of leaky vascu-
lature and poor drainage comprises the EPR effect, which leads to preferential accu-
mulation of NP at the tumour site over time. Apart from passive targeting through
the EPR effect, active targeting has been widely studied as certain receptors have
been found to be up-regulated on the surface of tumour cells. During angiogenesis,
various receptors have been reported to be up-regulated on the surface of tumour
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tissues in comparison to normal healthy tissues to accommodate for the enhanced
rate of cell proliferation. The concept of active targeting involves conjugation of
cell-specific or tissue-specific ligands to the surface of the NP. In turn, this allows
for the preferential accumulation of NP into the desired target site. In the present
chapter, anticancer efficacy of various CUR nano-formulations such as polymeric
NP, polymeric micelles, liposomes, dendrimers, solid lipid NP, protein-based NP,
mesoporous silica NP, inorganic NP and magnetic NP has been discussed.

7.2 CUR Nano-formulations

These are of the following types.

7.2.1 Polymeric Nanoparticles

For over 40 years, polymeric NP have been the interest of many research groups due
to its favourable properties such as biodegradability, biocompatibility, non-toxicity,
prolonged circulation and wide payload spectrum of therapeutic agents (Duan et al.
2012; Yoon et al. 2015). Polymeric NP are solid colloidal particles with sizes rang-
ing from 1 to 1000 nm and are desired carriers in the field of anti-cancer therapy due
to their ability to control the release of drug molecules at selective target sites.
Polymeric NP can be easily produced through various techniques such as solvent
evaporation, salting out, dialysis, supercritical fluid technology, microemulsion,
mini-emulsion, surfactant-free emulsion and interfacial polymerization (Jawahar
and Meyyanathan 2012).

7.2.1.1 Curcumin-Loaded Polymeric Nanoparticles

One of the most researched and commonly utilized polymeric nano-formulation is
poly(lactic-co-glycolide) (PLGA) NP due to their biocompatibility, biodegradabil-
ity, in vivo stability as well as particle diameter which gives them the ability to
accumulate within the tumour environment via the EPR mechanism (Verderio et al.
2013; Yoon et al. 2015). Yallapu et al. (2010) fabricated CUR-PLGA-NP to improve
the therapeutic effects of CUR. Studies performed in MDA-MB-231 cells displayed
enhanced accumulation in cancer cells with dose-dependent cytotoxic effects
through apoptosis in comparison to free CUR (in DMSO). Similarly, Verderio et al.
(2013) synthesized CUR-loaded PLGA-NP (CUR-PLGA-NP) through a single-
emulsion process. The CUR-PLGA-NP were found to release CUR following
Fickian-law diffusion and suppressed the proliferation of cells in a time- and dose-
dependent manner through specific G,/M phase block (Verderio et al. 2013). Yoon
et al. (2015) also formulated PLGA-NP for the intravenous delivery of CUR. In
vitro anticancer efficacy of the CUR-PLGA-NP in MDA-MB-231 cells was found
to be comparable to that of free CUR. The authors postulated that the similarity was
attributed to the presence of different cellular uptake mechanisms for CUR-
PLGA-NP and free CUR; CUR-PLGA-NP are expected to enter cells via
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endocytosis, whereas free CUR enters cells via simple passive diffusion. As CUR is
gradually released from the PLGA-NP, the anticipated higher cytotoxicity in com-
parison to CUR solution was not seen. In vivo studies in rats showed that CUR-
PLGA-NP had prolonged circulation in the bloodstream in comparison to CUR in
solution. Thus, they deduced that CUR-PLGA-NP would be more cytotoxic towards
cancer cells due to the prolonged systemic exposure and pH-dependent release
capability (Yoon et al. 2015). However, further in vivo studies on the suppression of
tumour size are required to confirm their hypothesis.

A major biological obstacle in the delivery of NP is the recognition of hydropho-
bic particles by the reticuloendothelial system (RES), which effectively removes NP
from the bloodstream to be taken up by the liver and spleen (Tabatabaei Mirakabad
et al. 2016). To overcome this limitation, NP are commonly modified by coating the
surface of the particles with hydrophilic molecules to render the particles invisible
to the RES. The most common hydrophilic molecule used for surface modification
is non-ionic polymer, polyethylene glycol (PEG). In in vitro studies, PEG surface-
modified PLGA-NP encapsulating CUR (CUR-PLGA-PEG-NP) exhibited a greater
cytotoxic effect in MCF-7 cells in comparison to free CUR (in methanol) (Tabatabaei
Mirakabad et al. 2016).

Metastasis involves the migration of cancer cells through the lymphatic system
or vascular compartment from the primary malignant site to a distant organ fol-
lowed by the generation of a secondary tumour (Palange et al. 2014). These circulat-
ing tumour cells are postulated to overexpress certain receptor molecules that are
easily recognized by counter-molecules found on endothelial cells in distant organs,
thereby allowing them to be captured from the bloodstream through the stable for-
mation of cellular molecular bonds (Palange et al. 2014). The vascular docking of
circulating tumour cells has also been associated with certain adhesion molecules
associated with vascular inflammation such as intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion protein 1 (VCAM-1) (Kawai et al. 2008;
Liang and Dong 2008). CUR-loaded NP comprising of PLGA and mixture of lipids
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-
glycero-3-phospho ethanolamine-N-[succinyl(PEG)-2000 (DSPE-PEG)) were syn-
thesized by Palange et al. (2014). Confocal microscopy analysis of MDA-MB-231
cells exposed to CUR-loaded NP had shown CUR to be distributed uniformly within
the cytosol. Upon internalization of CUR-loaded NP into the cells, CUR is released
through the gradual degradation of the PLGA matrix in the lysosomal environment.
In comparison to free CUR, CUR-NP were found to be more cytotoxic to
MDA-MB-231 cells. The effect of CUR on the vascular adhesion of circulating
tumour cells was also investigated. MDA-MB-231 cells treated with 10 pM of
CUR-loaded NP and 10 pM of free CUR exhibited a reduction in cancer cell vascu-
lar adhesion propensity by 70 and 50%, respectively. Immunohistochemistry analy-
sis of the cancer cells displayed the presence of Mucinl molecule, which has been
reported to be involved in the adhesion process of tumour cells to vascular walls.
Overall, the prepared CUR-loaded NP showed good potential to interfere with the
cell adhesion process which plays a critical role in the metastatic cascade.
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Raja et al. (2016) fabricated CUR-loaded oleate alginate ester (OAE) NP through
a simple sonication method to investigate the cell uptake and cytotoxicity of the
NP. In vitro studies in MCF-7 cells found that cell uptake of CUR from CUR-
OAE-NP was both time- and concentration-dependent, and the NP displayed a sus-
tained cytotoxic effect on the cells. Similarly, several other studies that have
displayed enhanced suppression of cancer cell proliferation by CUR-loaded poly-
meric NP which include CUR-loaded PEG-poly(lactic acid) (PLA) nanospheres
(Liang et al. 2017) in MDA-MB-231 and dipolymeric ethylcellulose and methylcel-
lulose nanospheres (Suwannateep et al. 2011) and poly(N-isopropylacrylamide-co-
methacrylic acid) (PNIPAAm-MAA) NP (Zeighamian et al. 2016) in MCF-7 cells.

Chun et al. (2012) formulated CUR polymer NP using N-isopropyl acrylamide,
vinylpyrrolidone and acrylic acid through a free-radical reaction. The aim of the
study was to determine if CUR administered intraductally would have the ability to
reduce the incidence of mammary tumour following chemical carcinogenesis by
M-methyl-N-nitrosourea (MNU). Treatment of rats post-MNU exposure with
CUR-NP and free CUR (in corn oil) revealed that the CUR-NP at a dose of 2 mg
CUR significantly reduced the incidence of mammary tumours in comparison to
free CUR, with protection effects comparable to that of rats administered with
30-40 mg of CUR orally. An alternative type of polymeric NP involves the use of
polyelectrolytes which contain ionizable groups in its polymer structure, enabling
them to either partially or completely dissociate in aqueous solution. In comparison
to neutral polymers, which typically have random coil formations, polyelectrolytes
are more stretched out due to the presence of charges which cause repulsion of the
chains (Sarika and James 2016). A polyelectrolyte complex carrier was formulated
from cationically modified gelatin (CG) and sodium alginate (Alg) for the delivery
of CUR (Sarika and James 2016). They performed a comparative study of the anti-
cancer activity of free CUR (in DMSO) and CUR-CG/Alg-NP in MCF-7 cells and
reported that at a CUR dose of 50 pg/ml, CUR-CG/Alg-NP showed comparable
toxicity to free CUR. At lower doses of 12.5pug/ml, free CUR was shown to have
greater cytotoxicity than CUR-CG/Alg-NP due to the high solubility of CUR in
DMSO, allowing it to be fully available to the cells to cause severe cytotoxicity.
Another well-known polymer that has been widely used in the field of biomedical
sciences is chitosan (CS), a naturally occurring polymer derived from the shells of
crustaceans. An advantage of using CS in the formulation of polymeric NP is its
ability to undergo phase transition in response to external stimuli such as tempera-
ture. Rejinold et al. (2011) formulated a thermo-responsive CS-g-poly(N-
isopropylacrylamide) NP (TRCS-NP) for the delivery of CUR to cancer cells.
Cytotoxicity studies in MCF-7 cells showed that CUR-TRCS-NP exhibited specific
dose-dependent toxicity to cancer cells through apoptotic cell death, while empty
TRCS-NP showed no significant cytotoxicity.

7.2.1.2 Synergistic Curcumin Polymeric Nanoparticle Combinations

Synergistic relationships of CUR with well-established anticancer agents have been
shown to exhibit enhanced efficacy in the treatment of breast cancer. An example of
an established anticancer agent used for the treatment of breast cancer is



7 Curcumin-Loaded Nanoparticles and Their Potential as Anticancer Agents... 155

doxorubicin (DOX). The therapeutic efficacy of DOX in certain breast cancer sub-
types is limited due to the active efflux of drug molecules by transporters found on
cancer cells, leading to multi-drug resistance (MDR) (Duan et al. 2012). On the
other hand, CUR has been reported to cause the downregulation of intracellular-
level efflux transporters such as P-gp, MDR-associated protein 1 and mitoxantrone
resistance protein (ABCG?2). Therefore, to overcome this phenomenon, Duan et al.
(2012) have formulated poly(butyl cyanoacrylate) (PBCA) NP co-encapsulating
CUR and DOX (CUR+DOX-PBCA-NP). In vitro studies showed that co-
encapsulation of DOX and CUR achieved the highest cytotoxicity with downregula-
tion of P-gp in MCF-7 cells resistant to Adriamycin (MCF-7/ADR) in comparison
to either free drug combination or one free drug/another agent-loaded combination
(Duan et al. 2012). Similarly, Guo et al. (2014) synthesized NP consisting of a
CUR-loaded poly(L-lactide) (PLLA) core and heparin shell adsorbed with
DOX. Cell studies on 4 T1 cells demonstrated enhanced cellular uptake and cyto-
toxicity in comparison to the combination of drugs in solution or drug alone.
Furthermore, the co-delivery of CUR and DOX in NP also inhibited the growth of
tumour and prolonged the survival of mice inoculated with 4 T1 cells. Another
potent anticancer agent, docetaxel (DTX), is similar to DOX, whereby its clinical
success is also limited by MDR. Co-encapsulation of DTX with CUR has been
shown to be able to overcome this problem through the downregulation of P-gp and
MDR protein expression (Pawar et al. 2016). They fabricated a DTX+CUR-
PLGA-NP via a modified emulsion solvent evaporation technique. DTX+CUR-
PLGA-NP showed enhanced cellular uptake in MCF-7 cells with an initial burst
release of DTX and CUR followed by a sustained release for 5 days. DTX+CUR-
PLGA-NP also showed a reduction in haemolytic toxicity in comparison with com-
mercial DTX intravenous injection, Taxotere®. When administered in rats,
DTX+CUR-PLGA-NP showed prolonged residence time in the systemic blood cir-
culation, therefore allowing for a longer duration of action and reduction in dose
and frequency of administration. The co-encapsulation of DTX with CUR may also
aid in overcoming MDR associated with DTX through the reduction of P-gp protein
expression, allowing for a safe plasma concentration of DTX to be achieved.

7.2.2 Polymeric Micelles

Polymeric micelles consist of a lipid-soluble hydrophobic core and an external
water-soluble hydrophilic surface. During the formulation process, amphiphilic
block copolymers spontaneously form a self-assembled micellar structure in an
aqueous environment at critical micellar concentration (CMC) (Guzzarlamudi et al.
2016). The macromolecules in contact with both the inner hydrophobic region and
outer hydrophilic regions are made up of distinct block domains. Upon exposure to
an aqueous environment, the block copolymers aggregate to form an entropically
favoured supramolecular assembly (Biswas et al. 2016). Polymeric micelles are
advantageous because their hydrophobic core allows for the solubilization of hydro-
phobic drug molecule, while their hydrophilic segments allow for the compatibility
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with an aqueous environment (Guzzarlamudi et al. 2016). Furthermore, size manip-
ulation of size of polymeric micelles allows for the EPR mechanism, thereby result-
ing in enhanced accumulation within tumour sites. Some common methods used for
the preparation of polymeric micelles include oil/water emulsion, water/oil/water
emulsion, dialysis, co-solvent evaporation and lyophilization (Miller et al. 2013).

7.2.2.1 Curcumin-Loaded Polymeric Micelles
Liu et al. (2013) performed a comparative study to evaluate the anticancer activity of
free CUR and CUR-loaded methoxy PEG-poly(3-caprolactone) (mPEG-PCL) copoly-
mer micelles (Liu et al. 2013). The formulated CUR-mPEG-PCL micelles were found
to inhibit the growth of 4 T1 cells more significantly in comparison to free CUR
in vitro. The authors also evaluated the inhibition of tumour growth and spontaneous
pulmonary metastasis of subcutaneous 4 T1 cells in vivo. The mice were administered
CUR-mPEG-PCL micelles and free CUR, each at 30 mg/kg body weight, and 100 pL.
blank mPEG-PCL micelles for a span of 10 days. While blank mPEG-PCL micelles
showed no signs of tumour growth inhibition, CUR-mPEG-PCL micelles were found
to inhibit tumour growth more efficiently, resulting in significantly lower tumour
weight (0.97 +0.29 g) in comparison to the group treated with free CUR (2.15 £ 0.60 g).
To determine the pro-apoptotic potential of CUR-mPEG-PCL micelles, immunofluo-
rescent TUNEL staining assay was carried out, and a higher number of apoptotic cells
in tumour tissues were observed in the CUR-mPEG-PCL micelles treated group.
Following an immunofluorescence CD31 staining assay to analyse 4 T1 tumour angio-
genesis, CUR-mPEG-PCL micelles treated cells displayed the least immunoreactive
microvessels in tumour tissues among all formulations. Immunohistochemical staining
of tumours also showed weak Ki-67 immunoreactivity in CUR-mPEG-PCL micelles
treated group, indicating a reduction in tumour cell proliferation. The results of the
study indicate that CUR-mPEG-PCL micelles have the potential to induce apoptosis,
inhibit tumour angiogenesis and suppress tumour cell proliferation, which are all
essential components of the metastatic cascade. Yu et al. (2014) constructed a multi-
stage drug delivery system for CUR by synthesizing a series of amphiphilic and pH-
sensitive mPEG-PLA-PAE copolymers. The CUR-mPEG-PLA-PAE micelles were
found to be cytotoxic towards MCF-7 cells in vitro. Interestingly, when exposed to
weakly acidic pH of the tumour microenvironment, the drop in pH caused protonation
of PAE, resulting in an increase in the surface charge as well as shrinking of the micelles
size, allowing for enhanced cellular uptake and prolonged circulation time and accu-
mulation at tumours sites (Yu et al. 2014). The results of the in vivo studies correlated
with that of the in vitro studies, with greater accumulation and uptake of CUR-mPEG-
PLA-PAE micelles by the tumour cells and enhanced tumour growth suppression.
Alizadeh et al. (2015) synthesized a diblock copolymer micelles encapsulating
CUR from the esterification of oleoyl chloride and mPEG 2000 for the delivery of
CUR in vitro and in vivo. The CUR-loaded micelles suppressed the cell prolifera-
tion of 4 T1 cells in vitro and significantly suppressed the growth of tumour in vivo.
Immunohistochemistry studies further revealed that breast tumours of mice treated
with CUR-loaded micelles had an increase in Bax (pro-apoptotic) protein expres-
sion in comparison with the control group treated with normal saline. A reduction in
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Bcl-2 (anti-apoptotic) protein expression and activity was also observed in the
CUR-loaded micelle-treated group.

In the pursuit of fabricating an alternative treatment from the existing breast
cancer treatment, Guzzarlamudi et al. (2016) synthesized CUR-loaded mPEG and
linoleic acid conjugated (Cla) polymeric micelles via dialysis method. Cla, most
commonly found in dairy products, are a family of stereo and positional isomers of
linoleic acid that have been shown to affect the growth of mammary tumours in
mice (Visonneau et al. 1997; Wong et al. 1997). They also inhibit the proliferation
of oestrogen receptor (ER)-positive MCF-7 cells by interfering with the hormone-
regulated mitogenic pathway (Durgam and Fernandes 1997). This formulation not
only overcomes the solubility issue associated with the delivery of CUR but also
presents a synergistic effect with Cla against MCF-7 cells. Cell viability studies
found that CUR-mPEG-Cla micelles were 5.83- and 1.34-fold more cytotoxic than
free CUR (in PBS) and blank PM, respectively. This enhanced cytotoxicity was
attributed to the synergistic effect of CUR with Cla. Cell cycle arrest studies found
that the highest percentage of cells treated with CUR-mPEG-Cla micelles was in the
G, phase. Flow cytometry carried out 36 h postexposure to blank PM, free CUR and
CUR-mPEG-Cla micelles revealed 2.54, 7.46 and 11.74% of cells in early apoptosis
phase, respectively, and 0.46, 0.30 and 9.22% in late state apoptosis phase, respec-
tively. This implies that CUR-mPEG-Cla micelles significantly improved CUR-
dependent apoptosis in MCF-7 cells. Pharmacokinetics studies in rats showed
enhanced biodistribution and half-life of CUR-mPEG-Cla micelles in vivo in com-
parison to free CUR. The improved retention time of the CUR-mPEG-Cla micelles
as a result of micellar structure also allowed controlled release of CUR from the
shell. Furthermore, the presence of PEG may have also aided in the avoidance of the
RES, thereby improving the circulation time. Cai et al. (2016) synthesized pluronic
P123-poly(p-amino ester) (P123-PAE) micelles encapsulating CUR and found that
the CUR-P123-PAE micelles exhibited similar anticancer effects against MCF-7
cells compared to CUR in solution as a result of the sustained release of CUR from
the NP. The P123-PAE micelles had significantly prolonged the retention time of
CUR in vivo. However, further studies are warranted to determine if the P123-PAE
micelles have superior anticancer activity in comparison to CUR solution in vivo.

Alternatively, Kumar et al. (2014) formulated a polymer-/lipid-based NP consist-
ing of polyhydroxyethylmethacrylate (PHEMA)/stearic acid (SA) via the
emulsification-solvent evaporation method. SA is a non-toxic, biocompatible fatty
acid. The interaction of SA with hydrophilic polymer, PHEMA, during the assembly
of NP has been shown to exhibit good physical and chemical stability, providing pro-
tection of the encapsulated drug against degradation. The authors constructed
PHEMA-SA-NP encapsulating CUR for the evaluation of efficacy in MCF-7 cell
in vitro. CUR-PHEMA-SA micelles and CUR alone (in PBS) had ICs, values of 7 pg/
mL and 10.72 pg/mL, respectively, indicating a better cellular uptake and enhanced
efficacy of the CUR-PHEMA-SA micelles in MCF-7 cells. Cell cycle analysis
reported a higher percentage of cell in the G, phase when treated with CUR-
PHEMA-SA micelles. The results were in agreement with an earlier study carried out
by Srivastava et al. (2007). Apoptosis analysis of the cells was also carried out using
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flow cytometry; the cells treated with CUR-PHEMA-SA micelles had a higher num-
ber of cells in the necrotic and late apoptotic stages than CUR-treated and untreated
cells. Collectively, the studies show that CUR-PHEMA-SA micelles had higher local-
ization into cells with greater apoptotic activity in comparison to CUR alone in the
MCEF-7 cell line. Alternatively, Lee et al. (2015) engineered monodispersed CUR
micellar NP coated with polyvinyl alcohol (PVA) of varying sizes for the qualitative
and quantitative studies on cellular uptake to determine the effect of size on potency
of the NP as an anticancer agent. While the study showed that the CUR-NP was not
as potent against MCF-7 cells in comparison to melanoma cancer MM96L and bone
osteosarcoma MG-63 cells, the CUR micelles still had a 2.53-fold times lower ICs,
with higher cellular uptake than CUR alone (in DMSO). The study also found the cel-
lular uptake to be size dependent with smaller CUR micelles demonstrating greater
internalization through endocytosis in the following order: 205, 106 and 28 nm.

7.2.2.2 Synergistic Curcumin Polymeric Micelles Combinations

As previously mentioned, P-gp-mediated drug efflux poses as an obstacle in anti-
cancer therapy of certain cancer types. To improve the anticancer efficacy of DOX,
Wang et al. (2015) fabricated D-a-tocopherol polyethylene glycol succinate and
(TPGS) 2000 and PEG 2000-DSPE polymeric micelles for the co-delivery of DOX
and CUR. While both DOX+CUR micelles and DOX micelles alone showed sig-
nificant cytotoxicity in vitro, DOX+CUR micelles showed the highest cell growth
inhibition in MCF-7 cells. Cellular uptake studies carried out in MCF-7/ADR cells
overexpressing P-gp showed that DOX+CUR micelles significantly improved cel-
lular internalization of DOX in comparison to DOX micelles and DOX micelles
administered with CUR in solution. The authors concluded that DOX+CUR micelles
reversed MDR through two pathways. Firstly, upon endocytosis of the micelles,
P-gp efflux pump is inhibited by TPGS 2000, thereby improving DOX uptake. This
is followed by the simultaneous inhibition of P-gp by CUR released from DOX+CUR
micelles, which further reduces the efflux of DOX. DOX+CUR micelles were also
shown to have greater tumour growth inhibitory effects in 4 T1 tumours in vivo in
comparison to DOX and CUR in solution or DOX micelles, therefore indicating that
the co-administration of DOX+CUR micelles can achieve a synergistic therapeutic
effect in anticancer therapy.

7.2.3 Dendrimers

Analogous to polymers, dendrimers are repeating branched polymeric molecules
which first emerged in 1978 (Dykes 2001). It was only in the early 1990s that den-
drimers gained popularity, and their potential as a drug delivery system began to be
the focus of many researchers. Dendrimers consist of three distinct parts: initiator
core, branches and terminal functional groups attached to the outermost branching
unit (Mollazade et al. 2013; Kesharwani et al. 2015a). Dendrimers are usually glob-
ular in shape and have sizes within the range of 1-100 nm (Kesharwani et al. 2015b).
Poly(amidoamine) (PAMAM) dendrimer is the most frequently used and most
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studied dendrimer due to its widespread application in drug and gene delivery
(Kesharwani et al. 2015b). PAMAM possesses highly functionalized terminal sur-
face polyvalently displaying amine groups and has an exceptional degree of molec-
ular uniformity in an aqueous environment (Debnath et al. 2013). Other than
PAMAM’s good water solubility, which can enhance the solubility of poor water-
soluble drugs, it also exploits the EPR effect due its larger size and the presence of
leaky vasculatures in tumours.

7.2.3.1 Curcumin-Loaded Dendrimers

In the pursuit to enhance CUR delivery to breast cancer cells, Mollazade et al.
(2013) fabricated CUR-loaded PAMAM dendrimers and carried out a comparative
study with free CUR. Cytotoxicity studies revealed that CUR-loaded PAMAM had
greater inhibition of T47D cell growth in comparison to free CUR (in DMSO) with
ICs values of 10.5 and 22.5 pM, respectively, at 24 h. It was hypothesized that CUR
interferes with cancer cells via the suppression of telomerase activity, thereby sup-
pressing cancer cell proliferation. The authors investigated the telomerase activity
in the treated T47D cells and reported that both free CUR and CUR-loaded PAMAM
exhibited concentration-dependent inhibition of telomerase activity. At same CUR
concentrations, CUR-loaded PAMAM displayed greater inhibition implying that
the PAMAM dendrimer has a profound effect on enhancing CUR’s potential in
inhibiting telomerase activity. Similarly, Debnath et al. (2013) synthesized a
PAMAM dendrimer-CUR conjugate to increase the water solubility and cytotoxic
effects of CUR against breast cancer cell lines. Cell studies revealed a reduction of
ICs values by 3.77-fold and 10.8-fold in SKBr3 and BT549 cells through apoptosis
in comparison to free CUR (in DMSO) as measured by caspase-3 activation, indi-
cating enhanced cytotoxicity by the PAMAM dendrimer-CUR conjugate.

7.2.4 Lipid Vesicles

Lipid vesicles, best known as liposomes were discovered over 50 years ago and are
made up of amphiphilic phospholipids molecules consisting of a hydrophilic head
and a hydrophobic tail (Hasan et al. 2014). In an aqueous environment, the phos-
pholipids self-associate to form an enclosed lipid bilayer membrane with an aque-
ous compartment (Nguyen et al. 2016). Based on their size and lamellarity,
liposomes exist as multilamellar vesicles (500-5000 nm), large unilamellar vesicles
(200-800 nm) and small unilamellar vesicles (~100 nm) (Fig. 7.4) (Maherani et al.
2011). Liposomes have been widely researched due to their biocompatibility, long
circulating half-lives, ability to entrap both hydrophobic and hydrophilic drugs and
ease of modification of their physical properties (size, zeta potential) through addi-
tion of new ingredients or method of preparation (Torchilin 2005). Common meth-
ods of preparing liposomes include vortexing or handshaking method, extrusion
method, homogenization, ultrasonication, thin-film hydration method, injection
method, reverse evaporation, gel exclusion chromatography and dialysis (Maherani
etal. 2011).



160 L. De Silva et al.

Multilamellar vesicle Large unilamellar vesicle Small unilamellar vesicle

Fig. 7.4 Liposomes in the form of multilamellar, large unilamellar and small unilamellar vesicle

7.2.4.1 Curcumin-Loaded Liposomes

Dhule et al. (2012) formulated nano-liposomes and CUR-2-hydroxypropyl-y-
cyclodextrin (HPyCD) nano-liposomes using phospholipids (1,2-dimyristoyl-sn-
glycero-3-(phospho-rac-(1-glycerol)) (DMPG) and 1,2-dipalmitoyl-sn-glycero-3
-phosphocholine (DPPC)) via thin-film hydration method. The study reported that
both nano-liposomes suppressed the cell viability of MCF-7 cells more significantly
compared to non-liposomal formulations. It was reported that MCF-7 cells were
most susceptible to the anticancer effects of CUR at a concentration range of
4-28 pg/ml. In another study, Hasan et al. (2014) formulated various nano-lipo-
somes using lecithin from various sources via high-pressure homogenization. The
CUR-loaded nano-liposomes formulated with lecithin showed dose-dependent
cytotoxicity on MCF-7 cells at 12 and 20 mM. However, at 5 mM, no significant
difference in cell viability was observed. Alternatively, Kangarlou et al. (2017) for-
mulated CUR-loaded nano-liposomes from oleyl-peptide and lecithin via thin-film
hydration method and conjugated the nano-liposomes with integrin-homing peptide
and neuropilin-1 for targeted delivery and receptor-mediated internalization, respec-
tively. In vitro cytotoxicity tests of CUR-loaded nano-liposomes on MCF-7 and
MDA-MB-468 cells showed a significant reduction in cell viabilities in both cell
lines with ICs, values of 3.8 pM and 5.4 pM, respectively. The higher ICs, values
seen in MDA-MB-468 cells is due to its more aggressive nature with greater meta-
static potential.

7.2.4.2 Curcumin-Loaded Dendrosomes

Analogous to liposomes, dendrosomes are an upcoming nano-formulation charac-
terized by its spherical, amphipathic and biodegradable nature. Dendrosomes are
liposomal systems containing an entrapped dendrimer-DNA complex for the
enhancement of gene/DNA delivery (Babaei et al. 2012). Briefly, dendrimers inter-
act with nucleic acids through electrostatic interactions forming dendriplexes,
which are smaller in size than liposomes. Dendrimers condense nucleic acids,
thereby enhancing DNA expression while also acting as an endosomal pH buffer
(Movassaghian et al. 2011). However, Farhangi et al. (2015) formulated
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dendrosomal CUR (DNC) and reported significant time- and dose-dependent sup-
pression of 4 T1 cells with ICs, values of 32.5, 25.0 and 17.5 pM after 24, 48 and
72 h, respectively. In contrast, the viability of the cells were reported to only be
affected by free CUR (in acetone) at 72 h signifying enhanced cellular uptake of the
DNC by the cancer cells. Scratch assay and adhesion assay studies also found DNC
to cause inhibition of migration and adhesion of 4 T1 cells in vitro. Meanwhile,
in vivo analysis in BALB/c mice dosed with 40 and 80 mg/kg of DNC for 35 days
showed a significant reduction in size and weights of tumours as well as a reduction
in metastasis incidences. Polymerase chain reaction (PCR) analysis revealed a
reduction in NF-xp p105 in 4 T1 breast tumours as well as a reduction in metastases
in the lungs, liver, brain and spleen tissue, therefore indicating the potential of DNC
as an anti-metastatic agent. The same group of authors continued their study on
DNC by investigating the M1/M2 macrophage balance in the tumour microenviron-
ment of metastatic 4 T1 cells (Shiri et al. 2015). M1 macrophages have a high
capacity for antigen presentation and secretion of IL-12 (antitumour cytokine) that
activates signal transducer and activator of transcription 4 (STAT4), a transcription
factor involved in anticancer immune responses. In contrast, M2 macrophages are
better known as tumour promoters as they do not present antigens or elicit immune
responses. M2 macrophages secrete high levels of IL-10, resulting in the activation
of STAT3, which are found to be up-regulated in a variety of tumours including
breast cancer. To determine the role of these macrophages in the anticancer effects
of CUR, the researchers administered 40 to 80 mg/kg of DNC into mice for 35 days,
3 days after the tumour injection, and euthanized the mice 42 days post cell injec-
tion. PCR analysis of the tumour microenvironment demonstrated that mice treated
with DNC displayed an increase in mRNA expression of IL-12 and STAT4 with a
more pronounced effect in mice dosed with 80 mg/kg of CUR. The dose-dependent
increase in gene expressions indicated high levels of M1 macrophages in the tumour
and spleen tissues. Furthermore, there was also a reduction in tumour-promoting
M2 macrophages in the tumour and spleen as indicated by the suppression of
STAT3, IL-10 and arginase 1 (M2 macrophage marker) gene expression. Overall,
the study demonstrated that DNC has good potential as an anti-metastatic agent, but
further immunohistochemistry and immunofluorescence studies are required in
order to determine the characteristics, differentiation and quantity of M1 and M2
subpopulations.

7.2.5 Solid Lipid Nanoparticles

Introduced in 1991, solid lipid NP (SLN) have since gained its fame as a drug deliv-
ery system and as an alternative to the conventional colloidal carriers such as vesic-
ular systems, polymeric NP and polymeric micelles. SLN not only maintains the
advantages associated with the traditional drug delivery systems but also overcomes
some of their disadvantages such as physical instability associated with drug load-
ing, cytotoxicity associated with degradation of certain polymers and lack of a
method for large-scale productions (Miiller et al. 2000). There has since been a shift
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of research efforts from various areas of drug formulation research to SLN due to
their unique size-dependent properties, efficient release profiles and good physical
stability (Mukherjee et al. 2009; Naseri et al. 2015). SLN are spherical in shape and
typically range between 40 and 1000 nm. SLN are mainly composed of a solid lipid
phase with surfactants which act as emulsifiers. SLN are commonly produced by
high-pressure homogenization under hot or cold temperatures, high-shear homog-
enization, breaking of oil/water microemulsion, double emulsion, solvent
emulsification-evaporation, solvent injections or spray drying (Naseri et al. 2015).

7.2.5.1 Curcumin-Loaded Solid Lipid Nanoparticles

Sun et al. (2013) aimed to enhance the chemical stability and dispersibility of CUR
through encapsulation within SLN prepared from triglycerides Dynasan 114® and
Sefsol-218® via high-pressure homogenization. The authors compared proliferation
inhibition efficacy of CUR-encapsulated SLN (CUR-SLN) against free CUR (in
DMSO) in MCF-7 cells. Concentration- and time-dependent inhibitory effects were
observed in both CUR-SLN and free CUR at 24, 48 and 72 h. They found that free
CUR exhibited greater anticancer activity in comparison to CUR-SLN at 24 and
48 h. However, beyond 72 h, the free CUR-treated cells exhibited significant recov-
ery, whereas CUR-SLN-treated cells maintained the same level of inhibition as that
observed at 48 h, indicating that CUR-SLN exhibited prolonged inhibitory activity
in cancer cells.

Transferrin (Tf) is an iron-binding protein found on the surface of glycoproteins
necessary for cell proliferation. Due to the increased rate of proliferation in cancer
cells and the need for a higher iron demand, these receptors are commonly up-
regulated in tumour cells. Therefore, Mulik et al. (2010) fabricated a Tf-targeted
CUR-loaded SLN (Tf-CUR-SLN) to enhance the cellular uptake and cytotoxicity in
breast cancer cells. The study found that at a dose of 9 pM, the MCF-7 cell viability
was 14.5 £ 0.7%, 41.3 = 1.3% and 64.2 £ 1.2% for Tf-CUR-SLN, CUR-SLN and
free CUR (solubilized in 0.1% (w/v) poloxamer 188), respectively, indicating that
Tf-CUR-SLN were the most cytotoxic, among all. However, at a dose of 27 pM,
there was no significant difference between cell viabilities of those treated with
CUR in solution and CUR-SLN with cell viabilities of 28.91 + 1.21% and
22.45 + 1.44%, respectively, while the cell viability of Tf-CUR-SLN was signifi-
cantly reduced to 4.01%. The authors conjectured that while CUR-SLN and CUR in
solution entered the cells similarly via non-specific pathway, Tf~-CUR-SLN entered
the cells via Tf receptor-mediated endocytosis, thereby increasing their therapeutic
potency in cancer cells.

7.2.5.2 Synergistic Curcumin Solid Lipid Nanoparticle Combinations

Pawar et al. (2016) synthesized a folic acid (FA)-targeted SLN encapsulating DTX
and CUR (FA-DTX+CUR+SLN) to improve the pharmacokinetic efficacy of DTX
therapy. FA, also known as vitamin By is essential in nucleic acid metabolism,
amino acid production as well as prevention of DNA changes. Rapidly growing
cancer cells express high surface levels of FA receptors to obtain enough FA for
their DNA replication during cell division and cell proliferation (Pawar et al. 2016).
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By measuring the fluorescence intensity, the authors discovered that the
FA-DTX+CUR-SLN had significantly greater cell uptake in comparison to nontar-
geted DTX+CUR-SLN in MCF-7 cells. They also investigated the in vitro antican-
cer effects of the targeted and nontargeted SLN in MCF-7 cells and found that
FA-DTX+CUR-SLN decreased cell viability to a maximum extent followed by
nontargeted DTX+CUR-SLN and DTX-SLN with the order of cytotoxicity of
FA-DTX+CUR-SLN > DTX+CUR-SLN > DTX-SLN. The authors concluded that
the presence of FA significantly enhanced the cellular uptake of the SLN resulting
in greater reduction in cell viability compared to the nontargeted SLN.

7.2.6 Protein-Based Nanoparticles

Proteins are a class of natural macromolecules that are essential in order for cells
and organisms to function properly (Zaman et al. 2014). Protein-based NP are
favourable in the field of nanomaterials due to their biodegradability, non-toxicity,
nonantigenicity and metabolizable nature in vivo into naturally occurring compo-
nents (Elzoghby et al. 2012; Jahanshahi and Babaei 2008). The unique primary
structure of protein molecules also offers the possibility of surface modification and
covalent attachments allowing for drug loading and functionalization with targeting
ligands (Zaman et al. 2014). Proteins are also less likely to undergo opsonization by
the RES due to the presence of an aqueous steric barrier on their surface (Elzoghby
et al. 2012). Common proteins used in the formulation of protein-based NP include
albumin, gelatin and soy.

7.2.6.1 Curcumin-Loaded Albumin Nanoparticles

In the early 2000s, Abraxis BioScience developed a novel patented albumin-bound
NP known as Abraxane®, approved by the Food and Drug Administration (FDA) for
the treatment of breast cancer (Gong et al. 2015; Thadakapally et al. 2016). It was a
revolutionary finding as this technology offered a solvent-free, nonantigenic, safe
and efficient delivery of drug through the exploitation of the natural properties of
albumin (Thadakapally et al. 2016). Albumin can be easily obtained from various
sources such as egg white (ovalbumin), bovine serum albumin (BSA) and human
serum albumin (HSA). It is a major soluble plasma protein found in the circulation
system (Jahanshahi and Babaei 2008). The presence of reactive groups (thiol, amino
and carboxylic groups) on the surface of albumin makes it an attractive NP as high
drug loading can be achieved in the particle matrix (Jahanshahi and Babaei 2008).
CUR has been reported to have a high loading efficiency in albumin NP with mini-
mal toxic effects due to the endogenous nature of albumin which metabolizes in vivo
to produce innocuous degradation products (Zaman et al. 2014). In addition to its
enhanced endocytic uptake of drugs, albumin NP can also exploit the EPR mecha-
nism and retain itself within the tumour microenvironment, a characteristic attributed
to its large size of about ~200 nm (Jithan et al. 2011). Jithan et al. (2011) prepared
CUR-albumin NP by desolvation and showed that CUR-albumin NP inhibited
MDA-MB-231 cell proliferation more significantly than free CUR (dissolved in
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ethanol and PEG). Rats administered with 10 mg of CUR-albumin NP and free CUR
were found to have a maximum serum concentration of 425 and 276 ng/ml, respec-
tively. Moreover, CUR-albumin NP were detected in the rat body for a longer period
of about 25 days, in comparison to free CUR which was only detectable for 24 h. The
increased bioavailability of CUR observed was a result of sustained release of CUR
from the NP. Furthermore, the CUR-albumin NP also demonstrated better tissue-
targeting ability with higher CUR concentration found in the brain and lungs which
are common sites of breast cancer metastases. On the other hand, Gong et al. (2015)
engineered human serum albumin (HSA) CUR-NP (HSA-Cur-NP) by
B-mercaptoethanol (3-ME) denaturation. The authors investigated the tumour-target-
ing capabilities of HSA-Cur-NP in vitro and discovered its accumulation within the
cytoplasm of MCF-7 cells. The HSA-Cur-NP were also labelled with NIR-797 iso-
thiocyanate for in vivo imaging. It was also observed that after 10 and 16 days, accu-
mulation of NIR-797-HSA-Cur-NP was detected at the tumour sites, while free
NIR-797 could not be detected indicating improved tumour-targeting capability by
HSA-Cur-NP. More recently, Thadakapally et al. (2016) prepared a CUR-loaded
PEG-albumin NP (CUR-PEG-albumin-NP) to increase the solubility, permeability
and tumour accumulation of CUR in breast cancer cells. In vitro studies in BT549
and MDA-MB-231 cells showed that CUR-PEG-albumin-NP had enhanced cell
cytotoxicity in comparison to free CUR (dissolved in ethanol and PEG).

7.2.6.2 Curcumin-Loaded Silk-Fibroin Nanoparticles

Another protein-based NP that has been garnering attention is silk-fibroin (SF)-
derived NP due to its biocompatible and biodegradable properties. Fibroin proteins
are naturally occurring copolymers, consisting of repetitive hydrophobic and hydro-
philic peptide sequences. Hydrophobic peptides such as alanine, glycine and tyro-
sine can interact with hydrophobic drugs such as CUR through hydrophobic
interactions. On the other hand, hydrophilic peptides give the NP water solubility
and the ability to form NP in aqueous solutions (Kasoju and Bora 2012; Li et al.
2016). Gupta et al. (2009) engineered CUR-loaded SF and CS NP (CUR-SF-
CS-NP) and CUR-SF-NP. Cell uptake studies on MCF-7 and MDA-MB-231 cells
showed that CUR-SF-NP had a higher CUR intracellular uptake and cell cytotoxic-
ity in comparison to CUR-SF-CS-NP. It was postulated that the presence of CS had
increased the hydrophilic character of the NP, resulting in decreased entrapment
efficiency of hydrophobic CUR, thereby resulting in lower cell cytotoxicity. More
recently, Li et al. (2016) prepared 5-fluorouracil-(5-FU) and CUR-loaded SF NP
(5-FU+CUR-SF-NP) for the treatment of breast cancer. Being a highly potent anti-
cancer agent, 5-FU interrupts DNA replication via suppression of the methylation
reaction of deoxyuridylic acid to thymidylic acid. Cellular morphological analysis
revealed that 4 T1 cells treated with 5-FU+CUR-SF-NP underwent changes in cell
shape from spindle form to spherical form, indicating cell apoptosis. There was also
a significant increase in reactive oxygen species (ROS) levels in the 5-FU+CUR-
SF-NP treated group, indicating that apoptosis of cells may have occurred as a result
of ROS generations within the cells. The efficacy of the 5-FU+CUR-SF-NP was
also investigated in vivo, with results showing that it was effective in reducing
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tumour size more significantly than free CUR (in ethanol) and with close to no
changes in tumour size for the control group.

7.2.7 Inorganic Nanoparticles

Inorganic NP have been widely utilized in the field of diagnostics and as potential
therapeutic agents in vitro and in vivo. Inorganic NP have gained significant atten-
tion due to their size-dependent physicochemical properties, biocompatibility, inert-
ness, stability and ease of functionalization for targeted delivery (Kim and Hyeon
2014). In comparison to their organic and polymeric counterparts, inorganic NP
also possess several unique material-dependent characteristics (Huang et al. 2011).
For example, certain inorganic NP have the ability to respond to specific external
stimuli such as near-infrared light (NIR) or magnetic fields to facilitate the delivery
of drugs to desired regions (Anselmo and Mitragotri 2015).

7.2.7.1 Curcumin-Loaded Mesoporous Silica Nanoparticles
In recent years, mesoporous silica (MS) NP have gained a great deal of attraction as
a nanoparticulate drug delivery system in the field of biomedical applications.
MS-NP have desirable properties as a drug carrier, such as well-defined pores with
narrow diameter distribution and high pore volume, facile surface multi-
functionalization and more importantly chemical inertness, biocompatibility and
biodegradability (Ma’mani et al. 2014; Kotcherlakota et al. 2016; Taebnia et al.
2016). The surface of the MS-NP is hydrophilic in nature, and simple chemical mod-
ification of the surfaces with suitable functional groups can provide binding sites for
hydrophobic drugs to be loaded into the particle matrix (Taebnia et al. 2016).
Ma'mani et al. (2014) integrated novel guanidine functionalized PEGylated la3d
mesoporous silica NP KIT-6 (Gu@PEGylated KIT-6) for the delivery of CUR to
breast cancer cells. The three-dimensional cubic /a3d mesoporous silica NP was
functionalized with PEG due to its ability to increase circulation half-life through
the avoidance of RES, enhance cellular uptake as well as ability to impart colloidal
stability to molecules in aqueous dispersions (Ma'mani et al. 2014). CUR was
loaded onto the MS-NP pores through electrostatic interactions between the car-
bonyl functional groups on CUR and the guanidine functional groups and PEG
groups on the MS. The cytotoxicity of CUR-loaded Gu@PEGylated KIT-6 evalu-
ated in MCF-7 and 4 T1 cells displayed significant inhibition of cell proliferation in
a dose- and time-dependent manner in comparison to CUR alone. Flow cytometry
analysis performed on MCF-7 cells at 12, 24 and 48 h posttreatment showed that the
percentage of viable cells were 89.0, 73.2 and 7.6% proving the potent cytotoxic
effects of the CUR-loaded Gu@PEGylated in vitro. However, Kotcherlakota et al.
(2016) developed KIT-6, MSU-2 and MCM-41 MS-NP that have been functional-
ized with amine groups through 3-aminopropyltriethoxysilane (APTES) followed
by the conjugation of MS-NP to CUR. Studies in MCF-7 cells showed that only
CUR-loaded MSU-2 MS-NP caused significant suppression of cell viability in com-
parison to CUR-loaded KIT-6 and MCM-41 MS-NP and free CUR as a result of
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enhanced cellular uptake in cancer cells. In contrast, KIT-6 and MCM-41 MS-NP
only exhibited slight suppressions which may be a result of the functionalization
effect. The study also reported that the CUR uptake caused apoptosis of cancer cells
as a result of generation of intracellular ROS and downregulation of poly ADP-
ribose polymerase (PARP) enzymes levels. Alternatively, Zhang et al. (2015) engi-
neered a novel NIR-responsive DNA-hybrid-gated NP based on MS-coated Cu, 3S
NP (Cu, sS@MS-NP). In the recent years, aptamers have emerged as a novel class
of molecule rivaling antibodies for active targeting. AS1411 is a 26-base DNA oli-
gonucleotide that possesses high selectivity and affinity for protein nucleolin allow-
ing for cell membrane penetration through receptor-mediated endocytosis. The
Cu, sS@MS-NP were conjugated with aptamer (AS1411)-modified GC-rich DNA-
helix to allow for the loading of DOX and targeted delivery. Under a 980 nm laser,
the AS1411-Cu, sS NP possesses high photothermal conversion efficiency, allowing
for the denaturation of DNA double strands and triggered release of DNA-helix-
loaded DOX and MS-loaded CUR. Cellular uptake studies in MCF-7 cells demon-
strated that DOX+CUR-Cu, sS@MS-NP had a greater affinity for MCF-7 cells in
comparison to nontargeted DOX+CUR-Cu, ;S@MS-NP due to the overexpression
of nucleolin on the surface of MCF-7 cells. Cell toxicity studies showed that upon
exposure to A = 980, the AS1411-DOX+CUR-Cu,3sS@MS-NP had a sixfold
decrease in ICs, value (based on DOX concentration) compared to the combination
of free CUR and DOX (in DMSO) in MCF-7 cells. However, negligible cell deaths
of MCF-7 cells were observed in the absence of NIR irradiation. The authors
inferred that NIR light was required to uncap the mesopores via denaturation of
double-strand DNA and trigger the release of drugs from the MS-NP. Flow cytom-
etry analysis revealed that the cytotoxic effect of the aptamer-conjugated AS1411-
DOX+CUR-Cu, S @MS-NP was elicited through mitochondria-mediated apoptosis
as indicated by the levels of pro-caspase 3 expression and enhanced ratio of Bax/
Bcl-2.

7.2.7.2 Curcumin-Loaded Magnetic Nanoparticles
Iron oxide NP (Fe,O; NP) also known as magnetic NP (MNP) have been utilized for
a variety of biomedical applications such as magnetic resonance imaging (MRI)
(Briley-Saebo et al. 2004), magnetic drug delivery (Alexiou et al. 2002; Ito et al.
2004; Mahmoudi et al. 2010), magnetic hyperthermia treatment (MHT) (Hergt et al.
2004; Fortin et al. 2007), biosensors (Safarik and Safarikova 1997) and magnetofec-
tion. MNP are typically ‘superparamagnetic’, where they possess magnetism in the
presence of an external magnetic field but lose their magnetism when the field is
removed. MNP have the benefit that they are ultrasmall in size (<20 nm), and under
the presence of an external magnetic field, MNP can be drawn to a specific site
allowing for the preferential accumulation within a tumour site (Balasubramanian
et al. 2014; Saikia et al. 2016).

A study by Yallapu et al. (2012) prepared CUR-loaded MNP (CUR-MNP) by the
chemical precipitation method. In vitro studies in MDA-MB-231 cells exhibited
internalization by endocytosis of CUR-MNP after 6 h. CUR-MNP were shown to
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have enhanced anticancer properties with amplified loss of mitochondrial mem-
brane potential integrity and generation of ROS in comparison to free CUR (in
DMSO). CUR-MNP had enhanced cellular uptake of CUR in the presence of mag-
netic field, indicating that MNP increases the targeting capability of CUR. Saikia
etal. (2016) fabricated CUR-loaded aminated starch coated MNP via co-precipitation
method, while, in vitro studies found the CUR-MNP to be compatible with human
lymphocyte cells, it was found to significantly inhibit the growth of MCF-7 cells.
The same authors then continued their study of MNP by synthesizing a FA-targeted
aminated starch and zinc oxide (ZnO)-coated MNP for the delivery of CUR. The
FA-targeted CUR-MNP showed no toxicity in human lymphocytes but was found to
suppress the cell viability of MCF-7 cells more significantly than free CUR with
cell viabilities of 58 and 80%, respectively. While the MNP increased the internal-
ization of CUR, the presence of FA on the surface further enhanced the cell internal-
ization of CUR, resulting in enhanced cytotoxicity. Alternatively, Balasubramanian
et al. (2014) synthesized a FA- and Tf-targeted MNP-encapsulated PLGA-NP for
the co-delivery of CUR and 5-FU [(CUR+5-FU)-PLGA-MNP]. The dual-targeted
CUR+5-FU-PLGA-MNP were found to have enhanced accumulation in MCF-7
cells in comparison to single-targeted CUR+5-FU-PLGA-MNP with enhanced
dose-dependent and pH-responsive cytotoxic activity.

7.2.7.3 Curcumin-Loaded Gold Nanoparticles

Gold NP (AuNP) have earned the status as a nanoparticulate drug delivery system
due to their good biocompatibility and stability in vitro and in vivo, facile synthetic
methods and ease of surface functionalization for the attachment of ligands for
active targeting (Dey et al. 2016; Haume et al. 2016). An advantage of AuNP is their
ability to achieve much smaller particle size diameters which is not only advanta-
geous for passive targeting via EPR but also for the avoidance of clearance by the
RES. The synthesis of AuNP typically involves two distinct steps: firstly, the reduc-
tion of Au** to Au® in the presence of a reducing agent and, secondly, stabilization
of the AuNP to direct the shape of the formed AuNP. This is to avoid agglomeration
as AuNP have been reported to be highly unstable with the tendency to form aggre-
gates upon slight pH and electrolyte concentration changes (Muddineti et al. 2016).
Common reducing agents used for the formation of AuNP include sodium borohy-
drate and trisodium citrate, whereas common stabilizing agents used are a variety of
natural gums, surfactants, polymers and carbohydrates. Dey et al. (2016) synthe-
sized methotrexate (MTX)- and CUR-loaded AuNP stabilized by biopolymer, algi-
nate (Alg). MTX has a structure analogous to FA and is a potent anticancer agent as
it interrupts the synthesis of DNA and RNA in cancer cells resulting in cellular
apoptosis. The study found that MTX+CUR-Alg-AuNP were more cytotoxic
against MCF-7 cells in comparison to individual drugs alone. The authors con-
cluded that the enhanced cytotoxicity of MTX+CUR-Alg-AuNP was attributed to
the presence of MTX, the ‘anti-folate’ drug, which facilitated active targeting of the
AuNP in MCF-7 cells which overexpress FA receptors.
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7.2.7.4 Curcumin-Loaded Zirconium Nanoparticles

Another promising inorganic nanoparticulate drug carrier is zirconium phosphate
(ZrP) due to its high temperature stability, biocompatibility and chemical and bio-
logical inertness (Kalita et al. 2016). While only limited reports on ZrP-NP are cur-
rently available, common methods of preparation include solvothermal (Feng et al.
2014), chemical precipitation (Hajipour and Karimi 2014) and water-in-oil-
microemulsion (Bellezza et al. 2006). A study by Kalita et al. (2016) prepared a
pH-sensitive ZrP-NP for the delivery of CUR through a simple sonication method.
The ICs, values of CUR-loaded ZrP-NP and free CUR in MDA-MB-231 cells were
found to be 13.24 and 16.41 pg/ml, respectively. This indicated higher suppression
efficiency of the CUR-loaded ZrP-NP as a result of the triggered CUR release from
the pH-sensitive ZrP-NP in the acidic intracellular environment of the cancer cells.

7.2.7.5 Curcumin-Loaded Copper Nanoparticles

The most common method for the preparation of metal NP includes chemical reduc-
tion, photochemical reduction, electrochemical techniques and physical vapour
condensation. It has been previously reported that CUR-copper (Co) complexes
exhibit enhanced antioxidant and superoxide scavenging activities in comparison to
CUR alone (Barik et al. 2005). Kamble et al. (2016) formulated a CUR-capped
Co-NP (CUR-Co-NP) via the Creighton method using sodium borohydride (NaBH,)
as the reducing agent for the possible suppression of breast cancer cells and angio-
genesis. Interestingly, it was found that the MDA-MB-231 cells treated with CUR-
Cu-NP had an increase in cell proliferation, whereas cells treated with free CUR
alone (in ethanol) resulted in the suppression of cell proliferation. Furthermore,
while free CUR alone was found to possess anti-angiogenic potential, CUR-Cu-NP
did not demonstrate such activity in a significant manner. Similarly, free CUR alone
was found to suppress the migration of MDA-MB-231 cells in a concentration-
dependent manner, whereas CUR-Cu-NP did not arrest cell migration despite
increases in concentration. The results of the study clearly demonstrate that native
CUR had more anticancer activity than CUR-Cu-NP. The authors postulated that
the carbonyl group (C=0) is the key functional group in the biological activity of
CUR, and the reduction of the C=0 group by NaBH, during the synthesis may be
responsible for the lack of biological activity of CUR-Cu-NP. Hence Co-NP may be
of limited benefit for the delivery of CUR in this sense.

7.2.7.6 Curcumin-Loaded Titanium Oxide Nanoparticles

Titanium oxide (TiO,) NP has also attracted a lot of attention in the field of cancer
drug delivery due to its ability to generate highly reactive ROS under ultraviolet
(UV) light radiation causing cancer cell death (Ding et al. 2016). TiO, NP are
ultrasmall in size with large surface areas, which increase their chemical reactivity
and cell penetration. Ding et al. (2016) engineered FA-targeted PEG-modified TiO,
NP co-encapsulating salvianolic acid B and CUR (FA-SalB+CUR-PEG-TiO,)
NP. SalB, a polyphenolic acid, has been shown to not only have antioxidant, anti-
inflammatory and anti-coagulant effects but has also been shown to have potent
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anticancer effects against a variety cancer types. In addition to the synergistic anti-
cancer activity with CUR, SalB also protects against myocardial damage caused by
the TiO, NP. The FA-SalB+CUR-PEG-TiO, NP were found to be more cytotoxic
with enhanced cellular uptake in MCF-7 and MDA-MB-231 cells in comparison to
the nontargeted group and free CUR (in dichloromethane) and SalB (in ultrapure
water). In vivo studies in mice bearing MDA-MB-231 tumours also found
FA-SalB+CUR-PEG-TiO, NP (5 mg/kg CUR, 1.35 mg/kg Sal B, and 1 mg/kg cis-
platin) to have significantly greater tumour suppressive effects in comparison to the
anticancer drug cisplatin, nontargeted TiO, NP and free CUR and SalB in solution
due to the FA receptor-mediated targeted function. Furthermore, histopathological
studies on the heart tissue of the targeted and nontargeted TiO, NP showed normal
heart morphological structures in comparison to that with the cisplatin group which
had signs of local inflammatory cell infiltration. Therefore, co-encapsulation of
SalB can be a promising delivery approach in the delivery of CUR-loaded TiO, NP
for the treatment of breast cancer due to the dual mechanism of SalB, providing
cardioprotection from the TiO, NP.

7.2.8 Other Nano-Formulations

7.2.8.1 Curcumin-Loaded Nano-droplets

Ultrasound-responsive nano-droplet is a new emerging class of smart drug delivery
systems. The concept of ultrasound-mediated anticancer modality is based on the
systemic administration of a phase-shift drug-loaded nano-droplets (Baghbani et al.
2017). Under the presence of ultrasound, the nano-droplets vaporize and convert
into microbubbles via acoustic droplet vaporization resulting in the release of
encapsulated drugs. Upon acoustic droplet vaporization, the nano-droplets undergo
expansion which also leads to mechanical tissue erosion and consequently cell dam-
age, thereby promoting vascular permeability and ablation of the tumour tissue.
Baghbani et al. (2017) set out to formulate novel ultrasound-responsive chitosan/
perfluorohexane (PFH) nano-droplets to enhance the bioavailability and anticancer
efficiency of CUR through an image-guided ultrasound-mediated triggered drug
release. From the experiments, no CUR was released from the nano-droplets over a
period of 10 min in the absence of ultrasound exposure, demonstrating good drug
retention of the nano-droplets shell. In contrast, ultrasound exposure resulted in the
triggered release of 63.5% of CUR within 4 mins, indicating that the nano-droplets
had undergone acoustic droplet vaporization. The cytotoxicity of the CUR-loaded
nano-droplets in the presence and absence of ultrasound and free CUR (in DMSO)
was also examined in 4 T1 cells. All formulations showed dose-dependent cytotox-
icity with CUR-loaded nano-droplets in the presence of 1 MHz ultrasound having
the highest cytotoxicity (92.1% at 0.4 pg/ml), followed by CUR-loaded nano-drop-
lets in the absence of ultrasound (55.5% at 0.4 pg/ml). The cytotoxicity of free CUR
was significantly lower than the CUR-loaded nano-droplets as a result of poor sta-
bility in its free form and lipophilic nature resulting in lower cellular uptake.
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7.2.8.2 Curcumin-Loaded Nanocrystal Suspension

Another method used to increase the solubility of poorly soluble drugs is the formu-
lation of nanocrystal suspension (nano-suspension) formed from pure drug crystals
in the presence of a surfactant or polymer for stabilization. Gao et al. (2011) formu-
lated a CUR nano-suspension using soya lecithin and sodium deoxycholate (SDS)
by high-pressure homogenization for the intravenous delivery of CUR. In vitro
cytotoxicity studies in MCF-7 cells demonstrated that CUR-nano-suspension had
superior anticancer activity to free CUR (in DMSO) with ICs, values of 26.45 and
36.64 ng/ml, respectively (Gao et al. 2011).

7.2.8.3 Curcumin-Loaded Nano-emulsion

Steuber et al. (2016) developed a CUR-loaded tocotrienol nano-emulsion to improve
the solubility and enhance the delivery and anticancer activity of CUR. The authors
reported that the CUR-loaded nano-emulsion demonstrated pronounced anticancer
activity against MCF-7 cells with maximum cell apoptosis (>90%) when the con-
centration of CUR was 30 pM. The ICs, of CUR nano-emulsion was also found to
be 3 and 49 times more potent than free CUR (in hydroalcoholic solution) and
empty tocotrienol nano-emulsion, respectively.

7.2.8.4 Curcumin-Loaded Nano-fibres

Magnesium oxide (MgO) NP has been reported to possess antibacterial, antioxidant
and anticancer activities against a variety of cell lines (Heydary et al. 2015;
Mahmoud et al. 2016; Sudakaran et al. 2017). Sudakaran et al. (2017) formulated
MgO NP in poly (L-lactic acid-co-e-caprolactone) (PLACL) nano-fibres for the co-
delivery of CUR and B-cyclodextrin for anticancer therapy. The CUR-loaded nano-
fibres and CUR and fp-cyclodextrin-loaded nano-fibres were shown to be cytotoxic
to MCF-7 cells as the cells displayed a shrunken shape indicating apoptosis. In
contrast, the cells of the empty nano-fibres exhibited a distorted polygonal shape,
therefore indicating little to no apoptotic effect in comparison to the drug-loaded
nano-fibres. The study established that interaction of CUR with MgO resulted in
higher suppression of MCF-7 cells in comparison to all other nano-fibrous scaffolds
that were fabricated, thereby indicating that CUR-loaded MgO nano-fibres may be
a promising biocomposite material system for breast cancer treatment.

7.2.8.5 Curcumin-Loaded Nanoparticles with Surfactants

Dev et al. (2012) prepared CUR-NP with didodecyl-dimethylammonium bromide
(DDAB) and pluronic F127 through a continuous flow microfluidic rotating tube
processor (RTP). The anticancer activity of the CUR-NP and free CUR (in DMSO)
was evaluated in MCA-MB-468 and MCF-7 cells. At CUR concentrations of 25 and
50 pg/ml, the anticancer effects of CUR-NP were found to be significantly higher
than free CUR indicating that the nano-formulation more effectively delivered CUR
to cells. CUR-NP were prepared by the desolvation method and surface modified
with Tf and gelatin (GT) through adsorption to enhance their targeting ability and
stability (Choi 2016). In comparison to CUR-NP, Tf-CUR-NP and GT-CUR-NP
showed significantly higher cellular uptake in MCF-7 cells. The cytotoxicity studies
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were consistent with the findings of the cellular uptake studies which showed that at
a CUR concentration of 20 pg/ml, GT-CUR-NP, Tf-CUR-NP, CUR-NP and free
CUR (pure) had cytotoxicities of 40.8, 30.1, 13.9 and 9.5% in MCF-7 cells,
respectively.

7.2.8.6 Curcumin-Loaded f-Cyclodextrin Inclusion Complex
Kazemi-Lomedasht et al. (2013) engineered a fB-cyclodextrin-CUR (CD-CUR)
inclusion complex and evaluated its effect on human telomerase reverse transcrip-
tase (hTERT) gene expression in T47D cell line in comparison to free CUR. The
1C5, values of CD-CUR and free CUR (in DMSO) after 24 h of treatment was 18
and 22 pM, respectively, signifying enhanced cellular uptake of CD-CUR with
respect to free CUR. As telomerase activity has been closely linked to most cancers,
targeting of telomerase could be a promising strategy in anticancer treatment. The
authors reported that CD-CUR suppressed the proliferation of T47D cells and
decreased the level of hTERT mRNA expression more significantly than free CUR
proving that CD-CUR was more cytotoxic than free CUR in the breast cancer cell
line. Zhang et al. (2011) aimed to enhance the solubility of CUR by formulating
CUR-NP with rubusoside (RUB), a steviol glycoside that possesses solubilizing
properties. The anticancer activity of formulated CUR-RUB-NP and free CUR (in
DMSO) was evaluated in MDA-MB-231 cells and was found to have no significant
differences in ICs, values. The authors interpreted this as CUR-RUB-NP being as
equally as bioavailable and efficacious as CUR solubilized in DMSO indicating that
the bioactivity of CUR can be maintained completely when formulated as water-
soluble RUB-NP.

7.3 Conclusions and Future Prospects

CUR holds great potential as an anticancer agent for the treatment of breast cancer
that affects women in both developed and developing countries. CUR modulates
various molecular pathways involved in the growth, promotion and metastatic path-
ways of breast cancer. However, CUR’s potential in in vivo application is limited by
its poor solubility in an aqueous environment, rapid degradation and elimination
resulting in poor bioavailability. Nanotechnology provides a pathway to overcome
this limitation by improving CUR solubility, efficacy in vitro and in vivo and phar-
macokinetic stability in vivo. During the formulation process, special consider-
ations should be taken into the structure of CUR and the mechanism of formulation
of the nano-formulation as to prevent loss of CUR activity in the final product.
While a few papers reported comparable results to that of free CUR and CUR nano-
formulation, a majority of studies conducted in cell lines and preclinical animal
models have proven the cytotoxic efficacy of CUR nano-formulation. All animal
studies also reported CUR nano-formulations to have an enhanced biodistribution
with a prolonged half-life in vivo in comparison to that of free CUR. The synergistic
effect of CUR when administrated with other more potent anticancer drugs has also
shown to be highly beneficial in not only enhancing the efficacy of anticancer drugs
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by overcoming MDR but also allowing safe and effective plasma concentrations to
be achieved with minimal systemic toxicity.

While hundreds of papers have demonstrated the potential CUR nano-
formulations as an anticancer agent in vitro and in vivo, there are currently only a
total of four clinical trials in the field of CUR as a treatment for breast cancer, none
of which are delivered in the form of a CUR nano-formulation. A published Phase I
clinical trial study by Bayet-Robert et al. (2010) on the dose escalation of DTX plus
CUR taken orally in patients with advanced and metastatic breast cancer was previ-
ously discussed. Phase II clinical trial is currently ongoing at the Centre Jean Perrin
in Clermont-Ferrand, France, to determine the response rate of breast cancer recur-
rence in metastatic breast cancer patients treated with DTX and CUR in comparison
to DTX alone. There is also an ongoing Phase I trial at the National Center of
Oncology in Yerevan, Armenia, to determine the response rate of CUR administered
intravenously with paclitaxel in patients with advanced breast cancer. Another
Phase II clinical trial is currently being carried out to investigate if CUR adminis-
tered orally can reduce NF-«xf§ DNA binding in peripheral blood mononuclear cells
of chemotherapy-treated breast cancer patients undergoing radiotherapy at Emory
University in Atlanta, United States.

Moving forward from a laboratory setting, future perspectives should include
further preclinical and clinical studies focusing on the targeted delivery of CUR
nano-formulations. Future researchers in this field should also carry out more stud-
ies investigating the chemical stability of CUR nano-formulations with a specific
focus on the kinetics and degradation of CUR in vivo. There is currently also a lack
of data of the safety and toxicity profiles of CUR nano-formulations, limiting its
justification to move forward with human clinical trials. Lastly, more consideration
should also be given into the feasibility in terms of large-scale industrial production
for the commercial drug product manufacture of CUR nano-formulations.
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