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Curcumin, a promising anti-cancer therapeutic: a
review of its chemical properties, bioactivity and
approaches to cancer cell delivery

Melessa Salem,? Sohrab Rohani® and Elizabeth R. Gillies**©

The development of new anti-cancer treatments with greater efficacy and fewer side effects remains a
significant challenge of modern scientific and medical research. Curcumin, a natural polyphenol found in
the dietary spice turmeric, has been demonstrated to inhibit cancer cell survival and proliferation, and to
induce apoptosis without promoting the development of side effects. However, due to its sparing solubility
and low bioavailability, curcumin has not yet been clinically used to treat cancer. This review describes the
main physicochemical properties of curcumin, including its chemical structure, stability, and degradation
products as a function of pH and temperature. It also describes the proposed mechanisms by which
curcumin exhibits anti-cancer activity. Finally, we review the various approaches that have been studied to
enhance the solubility and bioavailability of curcumin, including the preparation of co-crystals, and the
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Introduction

For the past few decades there has been rapid growth in the
interest of using natural products for therapeutic applications.
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development of delivery systems based on liposomes, micelles, exosomes, nanoparticles and dendrimers.

Although this idea seems recent, our ancestors frequently used
natural compounds to combat illness. The development of
synthetic pharmaceuticals revolutionized modern medicine
over the last century, but the undesirable properties and side
effects of these drugs has inspired a search for natural
approaches to disease prevention and treatment with the hope
that naturally occurring compounds may be better tolerated
than their synthetic counterparts. Of particular interest is cur-
cumin, the principal active ingredient in the traditional dietary
spice turmeric, responsible for its colour, taste, and most of its
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chemical and biological properties. Curcumin is derived from
Curcuma longa, a plant of the ginger family. The other two
curcuminoids present in turmeric in lower concentrations are
demethoxycurcumin, and bis-demethoxycurcumin.

While curcumin gained immense attention as a medicinal
drug in modern medical applications only a few decades ago, it
has been used for hundreds of years in some areas of the world.
In Asia, specifically India and China, turmeric has been used as
a drug for more than two thousand years.* Ayurveda, an ancient
medicinal system practiced in India, incorporated the use of
natural herbs to treat various illnesses. Amongst the commonly
used herbs, turmeric was used most abundantly due to the
medical effects of curcumin. In the traditional Ayurvedic
approach, turmeric was crushed into a paste for the treatment
of eye infections, burns, bug bites, and any skin related
diseases. Furthermore, new mothers in India are given a drink
containing turmeric paste, honey, ginger, and milk to drink
daily following child birth.* Turmeric is also used in different
forms to cure cough and respiratory complications, along with
dental diseases, flatulence, and indigestion. Curcumin was also
used as a medicine in ancient Polynesian culture. It has been
noted in historical documents that the Polynesian people
carried turmeric with them during long voyages to Hawaii.”
Today, Hawaiians utilize curcumin for various medicinal
purposes. It is known to them as Olena.

Curcumin was not introduced to Western cultures until the
14™ century when European explorers were introduced to Asian
countries. In particular, Marco Polo was introduced to curcu-
min during his visit to the Asian continent in 1280 AD.>* It was
noted in his writings that the native people of India and China
used a vegetable that contained all the properties of saffron, but
this spice was not quite saffron. In addition, the Portuguese
sailor, Vasco de Gama, sailed to India approximately 500 years
ago specifically in search of spices for their medicinal use.* It
was not until his return to Europe that curcumin was truly
introduced into Western cultures. Despite curcumin's extensive
history, scientists were not able to isolate the curcumin
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molecule until the 1800s. In 1870, scientists obtained the crys-
talline form of curcumin, and elucidated its overall structure in
19102 Its chemical structure is responsible for its unique
physicochemical and biological properties.

Physicochemical properties

Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione, is a hydrophobic polyphenol. It is a golden-yellow
solid, with a molecular weight of 368 g mol ' and a melting
point of 183 °C. It is often used as a dye owing to its vibrant
colour. As shown in Fig. 1, curcumin can exist in different
tautomeric forms. The aromatic rings are functionalized with
methoxy and hydroxy groups in an ortho position with respect to
one another. The aromatic rings are connected to one another
via a seven-carbon spacer that contains two o, B-unsaturated
carbonyl groups. As a result of this structure, a beta-diketone
and equilibrating keto-enol tautomeric forms of curcumin are
possible.®

Effect of pH

Among the factors that affect the properties of curcumin is pH.
Although curcumin has been shown by X-ray diffraction anal-
ysis to exist in the keto-enol form in the solid state,® there has
been controversy concerning whether curcumin exists in its
beta-diketo or keto-enol form at neutral and slightly acidic pH.?
For example, Jovanovic et al. have proposed that the beta-
diketone form of curcumin predominates in mildly acidic
aqueous solution and in cell membranes.” They have also sug-
gested that the central methylene group of the diketone form
can act as a potent hydrogen atom donor in radical reactions,
potentially mediating its biological activity. However, Payton
et al. have recently performed detailed NMR studies supporting
that curcumin exists as keto-enol tautomers in a range of
hydrophobic and hydrophilic solvents, over a pH range from
3-9.° These results are in agreement with density functional
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Fig. 1 Tautomeric forms of curcumin.

This journal is © The Royal Society of Chemistry 2014


https://doi.org/10.1039/c3ra46396f

Published on 04 Februari 2014. Downloaded on 06/02/2026 10:45:23.

Review

theory calculations by Shen and Li,* which correlated the
calculated absorption wavelength and oscillator strength of
curcumin with the experimental values, supporting the
predominance of the keto-enol tautomers. The keto-enol form
was calculated to be more stable than the diketone form by 7.75
kcal mol . This was attributed to the planar structure of the
enol form, allowing for resonance stabilization to occur, while
that of the ketone form was twisted.

As shown in Fig. 2, at pH less than 1, a protonated form of
curcumin is observed and the molecule can adopt a fully
conjugated protonated form.” Fig. 2 also illustrates the
proposed deprotonated forms of curcumin that can occur as
the pH is increased.’ As a consequence of deprotonation, cur-
cumin exhibits increased aqueous solubility in alkaline solu-
tions while it is practically insoluble in water at acidic and
neutral pH. However, curcumin has been demonstrated to
undergo degradation under alkaline conditions, as demon-
strated by Tonnesen et al. and Wang et al.>*°

Effect of temperature

Solid curcumin is generally stored at —20 °C, though there is no
evidence that curcumin is not stable at somewhat higher
temperatures. Wang et al. studied the stability of curcumin at
body temperature.’ In this study, curcumin was incubated
under various physiological conditions at 37 °C to measure its
stability. Curcumin was incubated in 0.1 M phosphate buffer
solution, culture medium, culture medium with 10% serum,
and human blood. Samples were analyzed by high performance
liquid chromatography (HPLC) after one, four, and eight hours
of incubation. It was noted that the rate of curcumin
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Fig.2 Proposed structure of curcumin in (a) acidic, (b) neutral, and (c)
basic environments.
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degradation was dependent on the conditions. When no serum
was present, curcumin underwent degradation more rapidly
than in the medium with serum or in human blood. This
difference was accounted for by the stabilization of curcumin by
the serum and it was suggested that care must be taken in the
manipulation of curcumin under serum-free conditions,
particularly in the interpretation of the results of biological
studies, where the presence of degradation products such as
vanillin should be taken into account.

In another study, Gopinath et al. investigated curcumin
incorporated collagen films (CICFs) for dermal wound heal-
ing."* CICFs were prepared by dissolving a weighed amount of
curcumin in ethanol, and mixing this solution with 50 mL of
collagen/acetic acid solution at 4 °C for 24 hours. Micro-
shrinkage temperature measurements were carried out on both
CICF and pure collagen. It was found that without curcumin,
the shrinkage temperature of collagen was 55 °C, which was
increased to 78 °C when curcumin was incorporated in the
collagen. It was concluded from this finding that curcumin
increases the thermal stability of collagen. This group previ-
ously reported that quercetin also increased the thermal
stability of collagen, allowing them to draw the conclusion that
polyphenols are generally capable of enhancing the tempera-
ture stability of collagen and matrices of different types.

Previous studies have demonstrated that natural phenolic
compounds suffer from biodegradation, change of structure,
and loss of biological activity when heated. Based on this, Liu
et al. set out to investigate the thermal stability of curcu-
min."”” Specifically, the relationship between the pre-incuba-
tion temperature of curcumin and its inhibitory effect on
amyloid fibrillation of hen egg-white lysozyme (HEWL) was
studied. Unmodified HEWL was used as a control agent,
along with HEWL modified with curcumin pre-incubated at
10, 25, 40, 55, and 70 °C for 329 hours. The result of the
thioflavin T (ThT) fluorescence assay is shown in Fig. 3,
where a decrease in fluorescence corresponds to a decrease in
amyloids.

As shown in Fig. 3, the unmodified HEWL exhibited the
highest amyloid content, and the HEWL sample modified with
curcumin pre-incubated at 70 °C provided similar results. This
can be attributed to the lack of biologically active curcumin
following incubation at this temperature. However, at a pre-
incubation temperature of 55 °C, it was evident that not all of
the curcumin degraded, as the fluorescence decreased by
approximately 50%. Therefore, a clear dependence of curcumin
stability on temperature was observed. This trend was further
verified using transmission electron microscopy (TEM), where
the images clearly illustrated the presence of high amounts of
amyloid fibrils in the unmodified HEWL, and that modified
with curcumin pre-incubated at 70 °C. However, the samples
containing curcumin pre-incubated at lower temperatures
exhibited fewer amyloid fibrils, with the amount decreasing
with decreasing pre-incubation temperature. Similar results
were obtained in the cell viability study, leading the authors to
conclude that curcumin is most stable in the temperature range
of 10-55 °C and degraded almost completely at 70 °C within
24 hours.
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Fig. 3 ThT assay results, showing that the ability of curcumin to inhibit
the amyloid fibrillation of HEWL, decreased with increasing incubation
to and temperature (inhibition is detected as a decrease in fluores-
cence intensity). Reprinted from ref. 12, with permission from Elsevier.
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Fig. 4 Proposed degradation products of curcumin.

Thus, it can be generally concluded that curcumin is most
stable at low temperatures; however, its stability is still main-
tained at room temperature and physiological temperature,
allowing it to be used in medical applications. At very high
temperatures however, curcumin degrades into different prod-
ucts, which will be discussed briefly below.

Degradation products of curcumin

Under certain conditions curcumin becomes unstable, as
previously discussed, and degrades, yielding other compounds.
The three degradation products often found are vanillin, ferulic
acid, and feruloylmethane.” In the previously described study
by Wang et al. it was noted that when curcumin degraded in
different media, the resulting degradation products were char-
acterized by HPLC-mass spectrometry to be vanillin, ferulic
acid, and feruloylmethane (Fig. 4)." However, in this study
there was also an unknown product present in larger amounts.
It was hypothesized that this product was ¢rans-6-(4'-hydroxy-3’-
methoxyphenyl)-2, 4-dioxo-5-hexenal.
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A study conducted by Schieffer investigated the degradation
products of curcumin obtained after exposure to light.** Cur-
cumin is extremely sensitive to light and undergoes degradation
in its presence. The study concluded that curcumin underwent
photolytic degradation to produce several products with the
most abundant being p-hydroxybenzaldehyde, vanillic acid,
vanillin, and ferulic acid. The difference in some of the products
proposed in this study versus those obtained by Wang et al.
suggests that the thermal and photochemical degradation
pathways of curcumin may be different, though it is generally
agreed that the degradation of curcumin is much more rapid in
the presence of light.

Singh et al. explored the photodegradation of curcumin in
the presence of a TiO, catalyst.” It was reported that curcumin
formed a complex with TiO,, which was evidenced by the
presence of a broad, red-shifted absorption band. Photo-
degradation was carried out in two solvent media, water-
methanol and water-acetonitrile, and the degradation products
were evaluated using gas chromatography. The results were
similar for both media, with the predominant degradation
product being vanillin, along with minimal amounts of CO,, 4-
hydroxybenzaldehyde, and methoxyvanillin.

It is widely proposed that vanillin and ferulic acid are the
major degradation products and in fact contribute to the ther-
apeutic effects of curcumin. In fact, there is a variety of work
concerning the therapeutic effects of vanillin."***® Despite the
potential therapeutic effects of vanillin, the recent work of
Wang et al. outlined above," casts doubt on the proposition
that vanillin is in fact a major degradation product of curcumin.
In the case of this study, vanillin and ferulic acid were only
minor degradation products, and there existed a major degra-
dation product with currently unconfirmed identity.

Gordon and Schneider, and Griesser et al. also performed
similar degradation reactions in order to challenge the belief
that vanillin, ferulic acid, and feruloylmethane are the major
degradation products of curcumin.'*®® The results obtained
using HPLC suggested the presence of one major product, while
vanillin, ferulic acid, and feruloylmethane were close to unde-
tectable. Further analysis revealed a molecular weight of 400 g
mol ', indicating insertion of oxygen to curcumin. Based on 1D
and 2D homo- and heteronuclear NMR experiments, the
unknown compound was identified as a bicyclopentadione
form of curcumin. Fig. 5 illustrates the proposed autoxidation
mechanism leading to this product. It was proposed that this
degradation mechanism accounts for curcumin's antioxidant
properties, and not the alternative degradation products.

Ketron et al. also investigated the oxidative properties of the
bicyclopentadione form of curcumin, exploring its effects on
human type II topoisomerases.”* A series of experiments were
performed to evaluate the effect of the bicyclopentadione form
of curcumin, stable curcumin, vanillin, ferulic acid, and fer-
uloylmethane on the human enzymes. The results revealed that
the bicyclopentadione form of curcumin poisons human top-
oisomerases, in contrast to curcumin and its three fragmenta-
tion products, which did not reveal a significant effect. Thus,
while vanillin, ferulic acid, and feruloylmethane may exhibit
therapeutic effects, it still remains to be confirmed which

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Proposed mechanism for the autoxidation of curcumin.®

therapeutic effects of curcumin arise from the parent molecule,
and which arise from the various possible degradation
products.

Effects of curcumin on cancer cells

Although curcumin has been used as a traditional medicine to
treat several conditions including inflammation, respiratory
infection, and blood clotting, there is rapidly growing interest in
its effects on cancer. The motivation for the use of curcumin
arises not only from its potential therapeutic effects, but also
from the knowledge that it may be better tolerated by patients,
in comparison with most chemotherapeutic drugs that suffer
from numerous harmful side effects such as nausea and vom-
iting, diarrhea, hair loss,”> and more serious long term condi-
tions such as liver failure.”® Several studies comparing the
incidences of cancer and cancer related deaths in India and the
West revealed lower risk of cancer in India (Table 1).>* It is
proposed that one of the major reasons for the drastic differ-
ence in cancer occurrences in these regions is the increased
intake of dietary agents such as curcumin, and other plant
derivatives in Asia.

Why does curcumin possess anti-cancer properties? Gener-
ally, cancer with its diverse origins has several molecular
markers involved in its onset and progression. Curcumin is

Table 1 Comparison of incidences and deaths in India and United
States for common cancers?*

USA India
Cancer Cases Deaths Cases Deaths
Lung 660 580 38 37
Breast 660 160 79 41
Prostate 690 130 20 9
Colon/rectum 530 220 30 18
Bladdar 202 43 15 11
Thyroid 55 5 12 3
Leukemia 100 70 19 17

This journal is © The Royal Society of Chemistry 2014
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capable of interfering with several biochemical pathways
involved in the proliferation and survival of cancer cells by
directly and indirectly binding to different targets. Curcumin
has been shown to interact with various targets including
transcription factors, growth factors, DNA, RNA, and several
proteins that are involved in cell signal transduction path-
ways.”>?* There are several features of curcumin's chemical
structure that make it a favourable and versatile binding partner
for a wide variety of molecular targets (Fig. 6). For example,
curcumin possesses two hydrophobic phenyl groups connected
by a relatively flexible linker. This allows the molecule to
assume different conformations that can maximize -7 and
van der Waals interactions with aromatic and other hydro-
phobic amino acid residues of proteins. The phenolic hydroxyl
and methoxy groups, as well as the ketone and enol groups
present on the ends and in the middle of the molecule respec-
tively can participate in strong and directed hydrogen-bonding
interactions. The possibility for keto-enol tautomerism intro-
duces additional functionality, with the possibility to arrange
donor and acceptor groups for hydrogen bonding in multiple
ways. Furthermore, the a,B-unsaturated ketone moiety can serve
as a Michael acceptor for nucleophilic attack by the thiol
moieties of cysteine residues or the Se~ moieties of

Hydrophobic
-, es
Hydrogen
N Hydrogen
Bonding O O Bonding

2
Michael %’o
Acceptor Site Hydrogen ’77&_

Bonding ?e,,o

Hydrogen
Bonding

Fig. 6 Structural features of curcumin involved in binding to protein
targets.
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selenocysteine. The proposed pathways by which curcumin
exhibits anti-cancer properties have been described in detail in
several recent reviews*?° and some of these mechanisms are
described below.

Curcumin's mechanism of action can occur both intrinsi-
cally (mitochondrial) and extrinsically (mediated via cell surface
transmembrane death receptors).’*® The intrinsic pathway is
generally initiated by activation of tumour suppressor p53 (p53),
which is a cell cycle regulator, as well as through members of
the B-cell lymphoma 2 (Bcl-2) family. Up-regulation of p53
activates Bcl-2 homologous antagonist killer (Bak) and Bcl-2
associated x protein (Bax), which are pro-apoptotic members of
the Bcl-2 family. Bak and Bax promote apoptosis by forming
pores in the mitochondrial membrane releasing cytochrome c
into the cytoplasm, thereby activating a caspase cascade.*”
Curcumin is capable of inhibiting Bcl-2 and B-cell lymphoma
extra large (Bcl-x;) which is another pro-survival protein of the
Bel-2 family. Luthra et al. showed using molecular docking
studies that curcumin may inhibit Bel-2 by directly binding to
cavity 2 of the protein through interactions with multiple amino
acids.*" Guo et al. showed that curcumin significantly inhibited
growth of human colorectal carcinoma LoVo cells.*” Nuclear
and annexin V/PI staining confirmed that curcumin induced
apoptosis in LoVo cells, in addition to decreasing the mito-
chondrial membrane potential and activating caspase-3 and -9
at concentrations of 0-30 puM.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a tran-
scription factor involved in the primary defence pathway
against the effects of oxidative stress.**** Under normal condi-
tions, Nrf2 is located in the cytoplasm with its activity sup-
pressed by the chaperon protein Kelch like-ECH-associated
protein 1 (Keap1). Under conditions of oxidative stress, which
alter the thiol groups on Keap 1, the Nrf2-Keap1 interaction is
disturbed, causing Nrf2 to be transported to the nucleus where
it binds to the anti-oxidative response element (ARE) and acti-
vates the transcription of genes encoding for detoxifying
enzymes such as hemeoxygenase-1 (HO-1), which protect
against various forms of stress.*® It has been proposed that
Michael addition of curcumin to thiols on Keap1 may resultin a
conformational change that disrupts the Nrf2-Keap1 complex,
promoting Nrf2 binding to AREs, but this still requires struc-
tural verification.?®

Another transcription factor commonly studied as a target
for cancer treatment is nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB). This transcription factor
is involved in cell response to free radicals, cytokines, ultraviolet
radiation, and viral or bacterial antigens. Because NF-kB is
present in the cytoplasm in an inactive form until stimulated, it
is considered a first responder transcription factor as it does not
require synthesis for activation. Upon stimulation, NF-kB is
translocated to the nucleus triggering the expression of certain
genes that suppress apoptosis and promote proliferation and
metastasis.

In the work of Youns et al. the effects of curcumin were
studied on human pancreatic cell lines expressing different
levels of cyclooxygenase-2 (COX-2), an enzyme that plays an
important role in response to inflammation.*” Curcumin was

10820 | RSC Adv., 2014, 4, 10815-10829

View Article Online

Review

capable of inhibiting proliferation and inducing apoptosis
through the extrinsic pathway mediated through tumour
necrosis factor (TNF) receptor activation. The TNF pathway
triggers caspase-8 and -3 activation, which are pro-apoptotic,
but also induces NF-kB, which regulates the expression of the
COX-2 gene. Curcumin also resulted in down-regulation of
COX-2, suggesting the suppression of NF-kB activation. Using
molecular docking studies, curcumin has been shown to bind
to TNF-a through various van der Waals and hydrogen bonding
interactions, which may inhibit the binding of TNF-a to its
receptor, thus preventing the activation of NF-kB.*®

In another study, curcumin's ability to chemosensitize
breast cancer cells to 5-fluorouracil was investigated.*® 5-Fluo-
rouracil has been noted to up-regulate the NF-kB pathway
inducing the expression of its regulated genes, leading to che-
moresistance. IkB kinase (IKK) is a signal-induced enzyme,
which phosphorylates IkBa, an NF-kB inhibitory protein. Upon
phosphorylation, IkBa is detached from NF-«B, leaving NF-kB
free to translocate to the nucleus and induce the expression of
different genes. The authors showed that curcumin inhibited
the phosphorylation of IkBa by IKK, preventing the dissociation
of IkBo from NF-kB, keeping NF-kB dormant. As a result, che-
moresistance towards 5-fluorouracil treatment was significantly
decreased.

Activated protein-1 (AP-1), composed of Jun, FOS, and ATF
protein dimers,* is another transcription factor commonly
used as a target for cancer treatment as it is responsible for
differentiation, proliferation, apoptosis, and oncogenic trans-
formations.** Activation of AP-1 by stimuli such as growth
factors, bacterial/viral infections, cytokines, stress signals, or
oncogenic factors promotes the binding of AP-1 to the TPA
responsive element (TRE) causing the expression of several
genes such as cyclin-D1, MMP, VEGF, and uPA, some of which
mirror genes activated by NF-kB and are involved in the
angiogenesis and growth of cancer cells.>* Curcumin has been
proposed to inhibit this pathway via direct interaction with the
AP-1 DNA-binding site.*” Spectroscopic evidence has shown that
curcumin can in general bind to DNA through O, of thymine in
the minor groove, N7 of guanine and adenine in the major
groove and to the backbone phosphate moieties with a binding
constant of 4.3 x 10* M~'.%

Curcumin was shown to suppress binding of AP-1 to DNA in
human leukemia cells,* and transformed keratinocytes.*
Furthermore, curcumin possesses cytotoxic activities towards
human papillomavirus (HPV)-16 and HPV-18 infected cells
associated with the development of cervical cancer, in addition
to promotion of cervical cancer cell apoptosis, and inhibition of
AP-1-DNA binding, thereby preventing HPV gene expression.*
The down regulation of AP-1 by curcumin has also been
reported for prostate cancer.*”*® It was reported that exogenous
hydrogen peroxide induces prostate cancer LNCaP cell prolif-
eration via activation of AP-1 and consequent stimulation of
heparin affin regulatory peptide (HARP) gene.* This cascade is
halted by curcumin inhibition of the hydrogen peroxide
induced HARP expression.

The Janus kinase/signal transducer and activator of tran-
scription (JAK/STAT) signalling pathway is another cascade

This journal is © The Royal Society of Chemistry 2014
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noted to be involved in the progression of cancer.*® JAK belongs
to the non-protein receptor tyrosine kinase family, and STATs
are latent cytoplasmic transcription factors. The JAK/STAT
pathway plays a role in immune response, mediating interac-
tions of cytokines, hormones, and growth factors and their
respective receptors. Upon binding of a ligand to its receptor,
JAK is activated and the increased kinase activity induces
phosphorylation of tyrosine residues on the receptor. Tyrosine
phosphorylation creates phosphotyrosine sites on the receptor,
which STATs are capable of binding to. The STATSs recruited to
these binding sites are themselves phosphorylated, creating
phosphotyrosine sites for other STATSs, thereby creating dimers.
STAT dimers accumulate in the nucleus and activate their target
genes. Kroon et al. studied the effect of this pathway on prostate
cancer cells, specifically with respect to STAT3 which of the
seven known STAT proteins has been reported to be closely
associated to a variety of human cancers.*

Yang et al. investigated the effect of curcumin on the JAK/
STAT signalling pathway in small lung cancer cells.”> The
authors reported that curcumin was capable of suppressing cell
proliferation and migration through inhibition of STAT3
phosphorylation, thus suppressing downstream target genes.
To further ensure the role of this cascade on the cancer cells, the
authors showed that activation of STAT3 induced by inter-
leukin-6 (IL-6), a pro-inflammatory cytokine, lead to increased
proliferation and cell survival. These results supported the
conclusion that this pathway can be a potential target for cancer
treatment with curcumin. Comparable results were demon-
strated earlier on glioblastomas by Weissenberger et al. in
2010.%®

In addition to the above, other molecular signalling path-
ways reported to be associated with cancer cell proliferation
have also been studied in the context of curcumin. The effect of
curcumin on both the phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT)/mammalian target of rapamycin (mTOR)
pathway and the mitogen-activated protein kinases (MAPK)
pathway has been investigated by Ono et al.>* PI3K, a family of
enzymes involved in cell growth, survival, and proliferation, are
activated via ligand/receptor interactions where they are
recruited to the inner cell membrane. PI3K activates AKT, which
in turn activates mTOR through direct phosphorylation,
promoting cell survival.>> MAPK are activated by a series of
phosphorylation cycles in response to a variety of stimuli. The
authors were able to demonstrate that curcumin inhibited the
phosphorylation of mTOR by AKT, suppressing its downstream
targets and inducing apoptosis. Interestingly, curcumin
enhanced MAPK activity. Specifically, ERK1/2, a subgroup of
MAPK, activation by curcumin promoted apoptosis in colorectal
carcinoma cells. As determined by Western blotting, both
pathways were associated with G,/M phase arrest, and poly
(ADP-ribose) polymerase (PARP) cleavage, which is character-
istic of cells undergoing apoptosis.

The exportin 1 (CRM1)-dependent nuclear export pathway is
a less commonly investigated cascade. CRM-1 facilitates the
transport of large molecules across the nuclear membrane to
the cytoplasm.*® Furthermore, the structure of CRM1 allows the
binding of Ran protein bound to GTP promoting the binding of
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different cargo proteins to CRM1 in response to a nuclear export
signal (NES). Nui et al. showed that curcumin targets CRM1
through the Michael addition reaction of the a, f-unsaturated
carbonyl of curcumin and the nucleophilic Cys®*®of CRM1.%
Mass spectrometry revealed that curcumin bound directly to a
CRM1-derived peptide containing the Cys®*® moiety, making it
capable of arresting this cascade. Furthermore, the authors
investigated the effect of curcumin on cargo proteins, as many
cancer-promoting proteins are trafficked by CRM1. It was found
that curcumin treatment caused the up-regulation of tumour
suppressor cargo proteins p73 and p27, and a down-regulation
of the pro-survival COX-2 and Cyclin D1.

In other work, the TNF-related apoptosis-inducing ligand
(TRAIL) pathway and its enhancement by curcumin has been
investigated.”® TRAIL is a protein that acts as a ligand, binding
to death receptor (DR)-4 and —5, to activate caspase-8. Caspase-
8 cascade activates procaspase-3, -6, and -7 downstream to
induce apoptosis. It was reported that breast cancer cells pre-
incubated with curcumin became sensitized to TRAIL,
promoting cell death.*® However, the enhancement of TRAIL
sensitization was cell-type dependent, with the extent of sensi-
tization differing from one breast cancer cell line to another.

Steroid receptors such as estrogen receptors (ER), proges-
terone receptors (PR), and androgen receptors (AR) function as
transcription factors, regulating their respective target genes.
Abnormal expression of steroid receptors' transcription cor-
egulators causes the deviation away from their normal functions,
thereby participating in the onset and progression of cancers.*
For this reason, anti-steroid receptor compounds are used clin-
ically to treat cancer due to their apoptosis-inducing properties.

Curcumin analogues were shown to behave as androgen
receptor antagonists in human prostate cancer as studied by
Ohtsu et al.*® Curcumin was identified as a binding ligand for
the nuclear vitamin D receptor (VDR) correlated with human
colon cancer, playing a role in cancer chemoprevention.®* In
particular, curcumin was capable of competing with 1,25-dihy-
droxyvitamin D; (1,25D) for the direct binding to VDR. Occu-
pation of the VDR binding site by curcumin caused
conformational changes to the receptor, transforming it to its
transcriptionally active form, thereby inducing the expression
of tumour suppressor genes. Moreover, the use of curcumin in
breast cancer treatment showed that it can interact with breast
cell lines expressing varying cellular receptor phenotypes
involved in breast cancer, thus inducing anti-proliferative
effects.®>*

In addition to anti-proliferative and apoptotic effects, cur-
cumin possess chemosensitizing,*** radiosensitizing,***® and
radioprotective effects.®>®” Furthermore, the effect of curcumin
on newly identified pathways associated with microRNA, stem
cells, and autophagy have been studied.”® MicroRNA are small,
noncoding RNAs that negatively regulate the expression of
genes by binding to the 3’ region of the untranslated target
mRNA, thereby inhibiting translation or inducing mRNA
degradation. Because microRNA possess both oncogenic
and tumour suppressing properties, anti-cancer effects
were achieved upon treatment with curcumin, through the up-
and down-regulation of certain microRNA.**7° Cancer stem
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cells—undifferentiated cancer cells that can generate tumours
by self-renewal—have been shown to drive and sustain human
cancers, and treatment with curcumin has been demonstrated
to interfere with the self-renewal of cancer stem cells.”*7”?
Moreover, autophagy is the catabolic or “self-eating” mecha-
nism involving the sequestration of unnecessary, dysfunctional
components or organelles into autophagosomes and their
degradation in lysosomes.”™ This process is altered in cancer
cells, promoting cell survival. Curcumin was shown to trigger
autophagy in pleural mesothelioma,” oral cell carcinoma,’”® and
glioma cells.”””® With the many molecular targets of curcumin,
indeed it can serve as a potential therapeutic for the destruction
of cancer cells.

Clinical studies

Thus far, more than 20 clinical trials with curcumin for various
cancers including colorectal, pancreatic, breast, prostate,
multiple myeloma, lung, head and neck, and cancer lesions
have been completed. The results of these studies have been
summarized in recent review articles,****”® so we describe here
only a few recent noteworthy examples.

At a dose of 360 mg, three times per day, curcumin was
found to increase body weight, increase the number of
apoptotic cells, and enhance the expression of p53 in colorectal
cancer patients after diagnosis and before surgery.*® However,
the health improvement related to increase p53 expression still
needs to be studied. Curcumin was also shown to reduce the
formation of aberrant crypt foci (ACF), the precursor of colo-
rectal polyps, in smokers at a dose of 4 g per day, suggesting a
potential cancer chemopreventive role for curcumin.® A recent
study demonstrated that following doses of 2.35 g per day for 14
days prior to biopsy or colonic resection, curcuminoids were
detectable in colonic tissue, mucosa and urine of most patients,
with minimal side effects observed.®* The efficacy of curcumin
in combination with gemcitabine against advanced pancreatic
cancer was also recently evaluated in two different trials.®®*
Kanai et al. found that curcumin at a 8 g per day in combination
with gemcitabine was safe and well-tolerated.** However, Epel-
baum and coworkers found that some patients experienced
abdominal pain at this dose, and did not obtain a highly
promising therapeutic response.*® Curcumin in combination
with docetaxel in patients with advanced and metastatic breast
cancer was also recently studied in a Phase 1 trial.** It was found
that the maximum tolerable dose of curcumin was 8 g per day
and in combination with the standard dose of docetaxel, the
recommended dose was 6 g per day for seven consecutive days
every three weeks. The safety, tolerability, and efficacy of cur-
cumin in patients with asymptomatic, relapsed, or plateau
phase multiple myeloma has also evaluated by Vadhan-Raj
et al.*® At doses of 4 to 8 g per day for a year, curcumin was found
to down-regulate the activation of NF-«B and STAT3, and
suppress COX-2 expression, but further studies are required to
demonstrate efficacy against multiple myeloma. In patients
with familial ademonmatous polyposis, curcumin was reported
to provide improvements in patients with precancerous lesions
at a dose of 12 g per day (0.5% curcumin).””
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Based on a search of https://www.clinicaltrials.gov, there are
currently more than 15 clinical trials ongoing for the treatment
of various cancers with curcumin. Curcumin is approved by the
United States Food and Drug Administration as being generally
regarded as safe (GRAS). It is marketed in various forms as a
dietary supplement in many countries. However, there is not yet
an approved drug license for curcumin. This can likely be
attributed in part to the multi-targeting property of curcumin.®®
It also results from the extremely poor solubility in aqueous
media and very low bioavailability of curcumin.?**® The next
section of the review discusses potential means of increasing
the solubility and bioavailability of curcumin in order for the
drug to make the transition from the lab into clinical use.

Enhancement of curcumin solubility and bioavailability

Curcumin has been reported to be safe at doses up to 12 g per
day.®** However, because curcumin undergoes rapid metabo-
lism and clearance when administered, it has very poor
bioavailability.** A study demonstrated that when curcumin was
administered orally to rats at a dose of 500 mg kg~ ', a peak
concentration of 1.8 ng mL ™' was detected in the plasma, while
curcumin given intravenously showed no trace of the drug in
plasma within 1 hour of administration.®® In another study, an
intraperitoneal injection of 0.1 g kg™" in mice showed a plasma
concentration of 2.25 pug mL™" after 15 minutes of administra-
tion, with concentrations of 177.04, 26.06, 26.9, and 7.51 pg
mL ™" in the intestines, spleen, liver, and kidneys, respectively.”
A human study revealed that a total oral dose of 3.6 g per day of
curcumin resulted in nanomolar amounts of curcumin in
plasma samples on day one at the 1 hour mark, with similar
amounts on day 2, 8, and 29.”” How can the bioavailability of
curcumin be enhanced knowing that concentrations of at least
107" to 10~ * M are required for the drug to have any therapeutic
impact?®® One approach can involve the co-administration of
adjuvants that can block the metabolic processing of curcumin.
For example, the coadministration of curcumin and piperine, a
known inhibitor of intestinal and hepatic glucuronidase,
involved in curcumin glucuronidation, was shown to increase
the bioavailability of curcumin by 2000%.°* There has also been
ongoing research on drug delivery systems that may be used to
transport curcumin to the desired site, or simply enhance its
solubility.

Preparation of curcumin co-crystals

A promising approach to solubility enhancement is the devel-
opment of co-crystals. Co-crystals are a class of solid drugs
formed using an active pharmaceutical ingredient (API), and a
solubilizing agent.®® The resulting co-crystals generally possess
enhanced physicochemical properties such as solubility and
stability, due to increased hydrogen bonds in the system.**
Sanphui and coworkers studied co-crystals synthesized using
curcumin as the API with two different solubilizing agents,
resorcinol and pyrogallol (Fig. 7), by a liquid-assisted grinding
method.” The melting point of the co-crystals was reported to
be between that of pure curcumin and the solubilizing agent,
with curcumin-pyrogallol having a lower melting point than
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Fig. 7 Common coformers used with curcumin to produce
cocrystals.

curcumin-resorcinol. Curcumin-resorcinol co-crystals exhibited
a dissolution rate 5-fold that of curcumin alone, while curcu-
min-pyrogallol co-crystals had a dissolution rate 12-fold higher
than that of curcumin.

In another study, curcumin co-crystals were synthesized with
five different coformers including nicotinamide, ferulic acid,
hydroquinone, p-hydroxybenzoic acid, and vr-tartaric acid
(Fig. 7). All five co-crystal solids were noted to be eutectic,
having lower melting points than both constituents alone, and
dissolved faster than pure curcumin, with curcumin-nicotin-
amide having the fastest dissolution rate. Undoubtedly, curcu-
min co-crystals can serve as a solution to increase the
bioavailability of curcumin when administered orally. With the
wide variety of coformers such as therapeutic drugs, salts, or
even natural spices, that can be used, curcumin co-crystals can
potentially be synthesized to treat several conditions.

Delivery systems for curcumin

Alternative to co-crystals, which simply enhance the dissolution
rate of the drug, methods have been developed to transport
curcumin throughout the body to the desired sites for thera-
peutic applications. A variety of nano-vehicles including lipo-
somes, exosomes, micelles, nanoparticles, and dendrimers
have been used to encapsulate and deliver curcumin, resulting
in enhanced water solubility, stability and bioactivity (Fig. 8).
Liposomes can be described as phospholipid bilayers
surrounding an aqueous core, and have been investigated for
the delivery of a wide variety of different pharmaceutical
agents.' In fact, lipid-based drug delivery systems are available
in the clinic; one such product is Doxil, which is a PEGylated

Dendrimer Exosomes

Nanoparticles

Liposome Micelle

Fig. 8 Curcumin-loaded drug delivery systems.
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liposomal doxorubicin.'** Li et al. have studied the in vitro and
in vivo effects of liposome-encapsulated curcumin on human
pancreatic carcinoma cells.*® The liposomes were prepared
from a 10 : 1 weight ratio of lipid (1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and/or 1,2-dimyristoyl-sn-glycero-3-
phosphor-rac-(1-glycerol) sodium salt (DMPG)) to curcumin. It
was demonstrated that liposomal curcumin was capable of
down-regulating NF-«kB machinery, resulting in suppressed
growth and increased apoptosis of various human pancreatic
cancer cell lines in vitro. In addition, tumour suppressive and
anti-angiogenic effects were observed for both BxPC-3 and
MiaPaCa2 cell lines in murine models. In a recent study,
Saengkrit et al. investigated the cellular uptake of curcumin-
loaded didecyldimethylammonium bromide (DDAB)-modified
liposomes compared to non-modified liposomes on cervical
cancer cells.'” Liposomes were prepared using various ratios of
soybean lecithin, non-ionic surfactant, cholesterol and DDAB by
means of the conventional thin film hydration method. The
authors reported that cell uptake was enhanced with DDAB-
containing liposomes, however the cytotoxicity of these cationic
liposomes was high and more work is required to optimize this.
Furthermore, in vitro release studies showed that curcumin was
released faster from DDAB-containing liposomes, which the
authors hypothesized to be a consequence of reduced interac-
tion forces between lipid chains due to the cationic charges
of DDAB.

An alternative to synthetic phospholipid vesicles is the
naturally occurring analogue, referred to as exosomes. Exo-
somes are small, endocytic membrane vesicles that are excreted
by many cells. They are generally formed by budding from the
membrane of multivesicular endosomes found in different cell
types, and thus contain different protein families (Fig. 9). Exo-
somes are usually 30-100 nm in diameter and are capable of
floating on sucrose gradients making them easy to separate
from other contaminants.'™ Due to their small size and
biocompatibility, these vesicles can potentially be used for the
delivery of pharmaceuticals.

Sun et al. studied the anti-inflammatory effects of curcumin
when encapsulated in exosomes.'® Curcumin was mixed at
22 °C with exosomes derived from EL-4 cells, and the mixture
was purified by sucrose gradient separation. A loading capacity
of 2.9 g curcumin per 1 g exosomes was reported and the
solubility of curcumin was five-fold higher with exosome-
entrapment in comparison to free curcumin. Furthermore, a
stability study was conducted and it was found that in phos-
phate buffered saline at 37 °C, in the absence of exosomes, 75%
of curcumin was degraded over 2.5 hours, while only 20%
degradation was observed for exosome-encapsulated curcumin.
An in vivo study was carried out on mice with a dose of 100 mg

s B
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Cell Cytoplasm

Fig. 9 Schematic of the collection and loading of exosomes.
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kg™ ' of curcumin administered orally or intraperitoneally.
Exosomal curcumin was present in peripheral blood at
concentrations five to ten-fold higher than free curcumin, with
no detectable amount of free curcumin circulating in the blood.
The in vivo anti-inflammatory effects of curcumin were also
evaluated, using a lipopolysaccharide-induced septic shock
model. A significant survival advantage and lower cytokine
levels were demonstrated for mice treated with exosomal cur-
cumin in comparison with free curcumin or curcumin-free
exosome and saline controls.

Mohanty et al. proposed a polymeric micelle as a drug
delivery system for curcumin encapsulation to be used for
cancer therapy.'®® Curcumin-containing micelles were synthe-
sized using a methoxy poly(ethylene glycol) (mPEG)/poly-e-cap-
rolactone (PCL) formulation. The micelles were loaded with
curcumin via a dialysis method at room temperature. The
micellar solution was then freeze dried to obtain a dry solid
form of curcumin-containing micelles. The authors reported a
curcumin encapsulation efficiency of 60%, with a micelle size of
110 nm. The loaded micelles showed sustained release of cur-
cumin lasting for one week. Furthermore, curcumin uptake was
investigated on PANC-1 pancreatic cancer cell line using both
curcumin-loaded micelles, and unmodified curcumin for
comparison. Curcumin concentrations of 10, 20, and 30 pM
were studied. The authors observed that cell uptake of curcu-
min-loaded micelles at a concentration of 10 uM was ~3-fold
higher than that of unmodified curcumin. However, at the
highest curcumin concentration (30 pM), the micellar uptake
was only ~2-fold higher than unmodified curcumin. This led
the authors to conclude that cell uptake is more efficient at
lower concentrations, rationalizing that at higher concentra-
tions of curcumin-loaded micelles, saturation may occur,
causing decreased entry of micelles into the cells.

In another study, Podaralla et al. investigated a micellar
formulation of curcumin prepared from mPEG conjugated to
zein, a hydrophobic plant protein.”” Curcumin was encapsu-
lated in mPEG-zein micelles by dissolving mPEG-zein and cur-
cumin (100 : 2 wt/wt) in 90% ethanol, followed by dialysis to
remove the remaining ethanol and free curcumin. The authors
reported a micelle size range of 95-125 nm, and release of
curcumin over a period of ~24 hours in vitro. The micellar
system resulted in 1000-2000-fold enhancement in curcumin
water solubility and a ~6-fold increase in stability, as evaluated
by UV-visible spectroscopy. The uptake of curcumin-loaded
micelles by ovarian cancer cells was 2-3-fold higher than free
curcumin, leading the authors to conclude that this delivery
system is highly promising for the delivery of anti-cancer drugs.
They also suggested that the core or shell could potentially be
modified by cross-linking in order to further sustain the release.

Gao et al. studied biodegradable mPEG-poly(lactide) copol-
ymer (mPEG-PLA) micelles for curcumin delivery in colon
cancer therapy.'*® The micelles were prepared by a self-assembly
method, and were reported to have a narrow size distribution
with an average diameter of 30 nm. In vitro release studies
carried out in PBS containing 0.5% w/w Tween-80 at physio-
logical temperature showed that free curcumin was rapidly
released reaching maximum release (83%) within 12 hours.

10824 | RSC Adv., 2014, 4, 10815-10829

View Article Online

Review

However, curcumin-loaded micelles showed more sustained
release, reaching approximately 60% curcumin release in the
same time period. The authors also reported enhanced uptake
and apoptosis of colon cancer cells demonstrated by curcumin-
loaded micelles compared to free curcumin alone.

Nanoparticle vehicles for the encapsulation and trans-
portation of curcumin have also been developed. For example,
in the formulation THERACURMIN®, curcumin powder and
glycerin was added to a solution of polysaccharides from ghatti
trees, then the mixture was processed by wet grinding and high-
pressure homogenization to produce a stable colloidal disper-
sion of nanoparticles with diameters of 190 nm.'* In clinical
trials, the area under the blood concentration-time curve was
found to be 27-fold higher for this formulation than for cur-
cumin powder.'” In addition, in pancreatic or biliary tract
cancer patients receiving gemcitabine no increase in adverse
effects was observed for THERACURMIN® at a curcumin dose
of 200 or 400 mg per day."*’

O'Toole et al. have used chitosan-based particles to encap-
sulate curcumin.'™ The authors used a spray drying method to
encapsulate curcumin inside chitosan/Tween 20 particles where
the ratio of chitosan/Tween 20 was varied. The particle size was
noted to be 285 £+ 30 nm, with a curcumin encapsulation effi-
ciency of nearly 100%. In release experiments, a burst release
profile was observed with all of the curcumin released over a
period of 2 hours. While suitable for applications in which a
rapid release of curcumin is desired, additional work may be
required to prolong the curcumin release for some applications.

Misra and Sahoo have co-encapsulated curcumin with
doxorubicin in poly(p,i-lactide-co-glycolide) nanoparticles.'*?
Doxorubicin is used to treat a variety of cancers, including
leukemia; however, a number of cancer cells, including the
chronic myeloid leukemia blasts such as K562 cells are resistant
to doxorubicin due to its sequestration into cytoplasmic vesicles
and the induction of multi-drug resistance (MDR). Along with
its other anti-cancer properties, as curcumin has been demon-
strated to down-regulate MDR transporters, it was of particular
interest to investigate the potential beneficial effects of incor-
porating both drugs into a single nanoparticle. The particles
were prepared by a single emulsion, solvent evaporation tech-
nique, which resulted in particles with diameters of ~250 nm.
Incorporation of the drugs into the nanoparticles resulted in
~8-fold higher uptake than for the free drugs in solution. The
dual drug nanoparticle formulation also resulted in increased
nuclear retention of doxorubicin. This was found to correspond
to lower levels of expression of resistance genes MDR1 and BCl-
2 in K562 cells, attributed to curcumin inhibition. Combined,
these properties resulted in increased in vitro cytotoxicity for the
dual drug nanoparticles in comparison to doxorubicin nano-
particles or the dual drugs in solution.

Curcumin was also encapsulated in another nanoparticle
system developed by Mohanty and Sahoo."® Curcumin was
loaded in glycerol monooleate (GMO)/Pluronic F-127 particles
using an emulsification technique upon the addition of 0.5% w/v
polyvinyl alcohol. The nanoparticles displayed an average
diameter of 192 + 7 nm and had a spherical morphology. HPLC
studies revealed an encapsulation efficiency of 90 + 3%, and
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invitro release experiments demonstrated an initial burst of 46%
of drug released in 24 hours, after which the remaining drug was
released over a period of 10 days. Similar to the cell uptake of
curcumin-loaded micelles investigated by Mohanty et al., the
authors found that cell uptake was concentration dependent,
with lower concentrations of curcumin-loaded nanoparticles
exhibiting better cell uptake than unmodified curcumin, in
addition to more effective anti-proliferative activity.

Sindhu et al. synthesized spherical gold nanoparticles using
curcumin alone as a reducing agent.'** The particles were
spherical, with an average size of 58 nm and a zeta potential of
—23 mV. The authors reported that the particles were stable at
room temperature for up to 6 months, and that they were non-
toxic in vitro. Mesoporous silica nanoparticles (MSN) (type
MCM-41) have also been used to encapsulate curcumin within
the pores of the nanoparticles in order to enhance its solu-
bility."** The authors demonstrated that the solubility of cur-
cumin encapsulated in the silica nanoparticles (0.53 pg mL™")
was increased by 71% compared to that of curcumin alone (0.31
pg mL~ ") and curcumin-MSN physical mixture (0.36 pg mL™").
The authors noted that in vitro curcumin release was much
more rapid when encapsulated in the MSN, reaching 29% over
72 hours due to the formation of curcumin nano-aggregates in
the pores, compared to 8.9% and 9.0% as demonstrated by
curcumin and curcumin-MSN physical mixture, respectively.
This resulted in enhanced cytotoxic effects for curcumin-MSN
on human breast cancer cells compared to free curcumin and
curcumin-MSN physical mixture.

Though not formally nanomaterials in their simplest form,
hydrogels, composed of networks of polymer chains, are high
water-content materials that can possess strength and flexibility
similar to human tissue (Fig. 10)."*® Because there exists a large
array of water-soluble polymers that can be used for the prep-
aration of hydrogels having a wide variety of physical
morphologies (e.g. particles, slabs, and films) and properties,
hydrogels can potentially be used for many different biomedical
applications including drug delivery. Curcumin-encapsulating
hydrogels containing 0.5, 1, or 2 wt% of a 20 amino acid peptide
referred to as MAX8, have been synthesized via a self-assembly
method upon the addition of salt solution buffered to pH 7.4 or
cell culture medium at the same pH, where curcumin-encap-
sulation and hydrogel formation occurs concurrently.'”
Hydrogels containing curcumin displayed solid-like properties
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Fig. 10 Schematic of a hydrogel with encapsulated curcumin.
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even after shear thinning, where they were capable of re-healing
quickly according to the oscillatory rheology and shear stiffness
study conducted. This suggested their potential as injectable
materials for localized curcumin delivery. The release of cur-
cumin occurred over a period of 14 days and could be modu-
lated to some extent as a function of the MAX8 peptide
concentration. In addition, through in vitro experiments, it was
demonstrated that the presence of curcumin in the hydrogels
inhibited the growth of human medulloblastoma cells on the
hydrogel. The bioactivity of the released curcumin was also
confirmed by its ability to inhibit growth of the same cell line.

An emerging field of hydrogels, called “smart” hydrogels have
gained immense interest. Smart hydrogels are capable of
dramatically changing their properties in response to stimuli
such as temperature, pH, and chemicals."*® Chen et al. reported a
curcumin-loaded thermosensitive hydrogel for brain targeting
applications through intranasal administration.”*®* Hydrogels
were synthesized using Pluronic F127 and Poloxamer 188. The
curcumin-loaded hydrogels underwent sol-gel transition in the
temperature range 32-35 °C, therefore undergoing gelation at
physiological temperatures. In vitro release studies revealed that
80% of curcumin was released within 6 hours, and in vivo studies
showed that curcumin-loaded hydrogels took approximately one
hour to pass from the nasal cavity of rats to their oropharynx. In
addition, brain tissue distribution analyses showed the presence
of curcumin in the cerebellum, cerebrum, hippocampus, olfac-
tory bulb, and plasma after the administration of 250 pug kg~ * of
the nasal hydrogel. This suggests the application of these cur-
cumin hydrogels for targeting of brain tumours.

In addition to assemblies of phospholipids and polymers
into which curcumin can be physically encapsulated, den-
drimers have also been widely studied for drug delivery and
have often been used for the preparation of covalent drug
conjugates.”® Dendrimers are highly branched polymers with
precise architectures that result from their step-wise
synthesis.”" Because these structures are prepared on a gener-
ation-by-generation basis, they can be tailored for use in many
applications. Shi et al. used dendrimers for the enhancement of
curcumin's bioavailability and its effects in the dissolution of
amyloid fibrils."** The group produced monofunctional deriva-
tives of curcumin where one of the phenolic groups of curcumin
was modified with azide, alkyne, or carboxylic acid. These
monofunctional derivatives of curcumin were then used to
produce other forms of curcumin, among them a polyamido-
amine (PAMAM) dendrimer-curcumin conjugate (Fig. 11). The
PAMAM-curcumin conjugate was synthesized using a fourth
generation PAMAM dendrimer with a cystamine core and amine
surface groups. Curcumin monocarboxylic acid was coupled to
the amine termini using 1,3-dicyclohexyl-carbodiimide, N-
hydroxysuccinimide, and triethanolamine. The biological
activity of curcumin was not disrupted by its chemical modifi-
cation as reported; in fact the chemical properties of curcumin
were enhanced. The water-soluble PAMAM-curcumin conjugate
was able to stain and dissolve amyloid fibrils in vitro. The
enhanced water solubility of curcumin by attachment to den-
drimers suggests promising therapeutic applications.
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Curcumin-conjugated dendrimer

Fig. 11 Schematic of the synthesis of a curcumin-conjugated
dendrimer.

In another study, with the aim of understanding curcumin's
wound healing properties despite its rapid degradation in
aqueous solution, the stabilization of curcumin by four
different plasma proteins, human serum albumin (HSA),
fibrinogen, immunoglobulin G (IgG), and transferrin was
investigated.'*® It was reported that curcumin degradation was
suppressed with a yield of 94.2 £+ 13.9% when stabilized with
HSA, and 93.6 + 14.0% with fibrinogen. Transferrin did not
suppress curcumin degradation as efficiently (47.8 + 14.1%),
and IgG had no effect on degradation. The impressive degra-
dation suppression of HSA and fibrinogen were attributed to the
hydrophobic interactions between the proteins and curcumin,
where binding of curcumin takes place in the hydrophobic
pocket in the protein. This eliminates interactions with
surrounding water molecules inhibiting curcumin degradation
by hydrolysis.

With the potential application of the wide range of above
vehicles as drug delivery systems come several challenges.
Vesicles often require complex preparation procedures, and are
often too large for drug delivery applications. The large size
(>200 nm) results in clearance by the reticuloendothelial system
(RES) thereby eliminating the drug from the -circulatory
system.'** Nanoparticles are also often too large to exhibit long
circulation times in vivo, frequently having diameters >200 nm.
In addition, they have some tendency to exhibit an undesirable
“burst” release of the drug. Micelles on the other hand are
smaller, and can sometimes exhibit long circulation times
in vivo. However, as they are prepared by self-assembly
approaches, their behaviour in vivo in the presence of
membranes and hydrophobic serum proteins, will not always
be the same as their in vitro behaviour in simpler model
systems. In addition, the metabolic fate of these carriers is often
difficult to determine, and some may not be biodegradable.
Nevertheless, the work this far has demonstrated the great
potential of drug delivery systems to overcome some of curcu-
min's problematic properties such as its extremely low aqueous
solubility, stability, and bioavailability.

Conclusions and future prospects

Although there is still much to be investigated with respect to
curcumin and its therapeutic properties, it has great potential
in cancer therapy and prevention. Curcumin is proposed to
exert its anti-cancer effects through a variety of mechanisms
including the down-regulation of NF-kB, the suppression of
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AP-1 activity, various effects on STAT proteins, as well as other
mechanisms. The controversy regarding curcumin's chemical
structure in aqueous solution at neutral pH appears to be
solved, with the dominance of the keto-enol form well sup-
ported by NMR spectroscopy as well as theoretical studies.
However, there is still debate as to whether it is curcumin itself
or its degradation products that provide the observed biological
activities. This issue highlights one of the main challenges in
working with curcumin - its susceptibility to rapid degradation
in a wide range of environments and its sensitivity to pH and
light. Other major challenges include curcumin's extremely low
aqueous solubility and bioavailability. While curcumin has
been safely administered at high doses in many clinical trials,
has achieved the status of GRAS, and is marketed as a dietary
supplement in many countries, it has yet to be licensed as a
drug, likely due to the above-mentioned limitations as well as its
multi-target property.

To address the solubility and bioavailability limitations, a
variety of approaches have been explored to improve its solu-
bility and to deliver it to cancer cells. The formation of co-
crystals with a variety of molecules has resulted in significant
enhancements in the curcumin dissolution rate. Liposomes,
micelles, nanoparticles, and other delivery systems have
generally led to enhanced curcumin solubility, stability, cell
uptake, and improved biological activities, and are starting to
be evaluated in clinical trials.

Despite the immense progress made on the study and
application of curcumin over the last couple of decades, many
questions and challenges still exist. For example, it will be
critical to determine whether the biological properties of cur-
cumin indeed result from the parent compound or from its
degradation products. This is important not only for the
fundamental understanding of this drug but also because the
drug delivery systems tend to stabilize curcumin, an advantage
that only persists if this is the bioactive molecule. It will also be
important to continue the development of viable drug delivery
systems for curcumin. Here, the critical aspects will involve the
enhancement of curcumin solubility and bioavailability, as well
as approaches for selectively targeting these delivery systems to
the disease sites. With this promising progression, the use of
curcumin for the treatment of cancer and other diseases can be
envisioned in the near future.
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