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Colorectal cancer (CRQC) is the third most prevalent form of cancer, after lung cancer
and breast cancer, with the second highest death incidence. Over the years, natural
compounds have been explored as an alternative to conventional cancer therapies such
as surgery, radiotherapy, and chemotherapy. Curcumin, an active constituent of turmeric
has been associated with various health benefits. It has gained much attention as an
anticancer agent due to its ability to regulate multiple cell signaling pathways, including
NF-kB, STAT3, activated protein-1 (AP-1), epidermal growth response-1 (Egr-1), and
p53, which are crucial in cancer development and progression. Nevertheless, the clinical
application of curcumin is greatly restricted because of its low water solubility, poor oral
absorption, and rapid metabolism. These issues have led to the development of curcumin
nanoformulations to overcome the limitations of the compound. Nanotechnology-based
delivery systems have been widely used in improving the delivery of poorly-water soluble
drugs. Besides, these systems also come with the added benefits of possible cellular
targeting and improvement in cellular uptake. An ideal improved formulation should
display a greater anticancer activity compared to free curcumin, and at the same time be
non-toxic to the normal cells. In this review, we focus on the design and development of
various nanoformulations to deliver curcumin for use in CRC such as liposomes, micelles,
polymer nanoparticles, nanogels, cyclodextrin complexes, solid lipid nanoparticles (SLN),
phytosomes, and gold nanoparticles. We also discuss the current pre-clinical and clinical
evidences of curcumin nanoformulations in CRC therapy, analyse the research gap, and
address the future direction of this research area.

Keywords: colorectal cancer, colon cancer, curcumin, nanoformulations, nanoparticles, liposomes, micelles,
nanogels

INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer in the world, ranked after lung and
breast cancer; and is the second most common cause of cancer death (WHO, 2018). Approximately
1.4 million people have newly identified CRC in 2012 alone (World Cancer Research Fund
International, 2015). Conventional treatment options for cancer include chemotherapy, radiation,
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and surgery. Chemotherapy and radiotherapy are often
associated with serious side effects and toxicity, thus significantly
affecting patients’ quality of life. Cancer cells have also been
found to be able to develop resistance toward chemotherapy
and radiotherapy over time (Yallapu et al., 2013). Overcoming
the challenges in cancer treatment is crucial for better patient
outcomes. This has led scientists to look for newer, alternative
treatments. Lately, the use of natural compounds such as
curcumin (CUR), resveratrol, lycopene, gingerol, and folate
has gained much attention as alternatives to conventional
therapies. These natural compounds have been shown to possess
chemopreventive and/or anticancer activities with minimal
side effects (Guilford and Pezzuto, 2008). Over the years, CUR
has gained much attention for its widely reported anticancer
effect. CUR is isolated from Curcuma longa (turmeric), a spice
native to India. It has been shown to be therapeutically effective
against many human conditions, owing to its anti-inflammatory,
anti-oxidant, antibacterial, anticancer, wound healing properties,
to name a few (Krausz et al.,, 2015; Vallianou et al., 2015).
However, clinical use of CUR is often restricted due to its
low water solubility, resulting in poor absorption following
oral administration (Anand et al, 2007). It is also rapidly
metabolized by the liver and excreted in the feces (Metzler et al.,
2013). These unfavorable characteristics have caused CUR to
have a very low bioavailability, resulting in sub-therapeutic
blood concentration. Therefore, CUR nanoformulations are
developed to improve curcumin delivery, thereby overcoming
the low therapeutic effects (Torchilin, 2009; Lee et al., 2014).
Over the past decades, various nanotechnology-based systems,
such as liposomes, micelles, polymeric nanoparticles, nanogels,
dendrimers, nanoemulsion, cyclodextrin complexes, solid lipid
nanoparticles (SLN), phytosomes, gold nanoparticles, and
magnetic nanoparticles are being explored in the pursuit to
improve aqueous solubility and drug delivery to the pathological
site (Bose et al., 2015; Yallapu et al., 2015).

This review focuses on the design and development of various
CUR nanoformulations with special emphasis on CRC therapy.
The key properties of CUR, pharmacokinetics and efficacy of
CUR nanoformulations in CRC conducted in vitro and in vivo
are discussed, as well as clinical trials of CUR nanoformulations
on CRC.

BACKGROUND OF
COLORECTAL CANCER

Cancer remains as one of the leading causes of death worldwide
that is responsible for up to 9.6 million deaths in 2018, resulting
in ~1 in 6 deaths (WHO, 2018). Based on the data from 2013
to 2015, the lifetime risk of an individual developing cancer is ~
4.2%. CRC is responsible for 8.1% of all newly diagnosed cancer
cases, and 8.3% of all cancer deaths in 2018. The 5 year survival
rate of a patient after being diagnosed with CRC is 64.5% (NIH,
2018). The common risk factors for CRC are non-modifiable
factors such as age and genetic factors. The risk of developing
CRC increases after 40 years of age, and more than 90% of CRC
cases were diagnosed in patients older than 50 years old. Family

history of CRC or adenomatous polyps accounts for up to 20% of
individuals with CRC. Furthermore, inherited genetic conditions
such as familial adenomatous polyposis (FAP) and hereditary
non-polyposis colorectal cancer (HNPCC) are responsible for
about 5 to 10% of CRC. Genetic mutations are especially notable
in these inherited conditions, where mutations in the tumor
suppressor gene APC take place in FAP, and mutations in the
MLH1 and MSH2 genes in the DNA repair pathway are observed
in HNPCC (Haggar and Boushey, 2009). The most common
tumor location in CRC is in the proximal colon, followed by
rectum and distal colon. Different tumor sites in CRC have
different clinical and biological presentations, prognosis, as well
as response to treatment (Siegel et al., 2017).

CRC usually begins as a polyp, which is a localized growth on
the inner lining of the colon or rectum. Polyps with malignant
features have the potential to progress to cancer, though not
all polyps evolve to be invasive cancer. Adenomas are polyps
with malignant potential, accountable for about 96% of CRC
(American Cancer Society, 2017). Over time, the size of polyp
increases due to proliferation of cells. This causes genetic
mutations and epigenetic changes, therefore the polyp continues
to invade nearby tissues and protrude into the bowel wall. As
the tumor continues to grow, it becomes more vascularized
and eventually the cancerous cells spread to distant metastatic
sites through the lymph and circulatory systems (Simon, 2016;
American Cancer Society, 2017). Thus, screening and early
detection of pre-cancerous polyps are crucial in preventing
the progression of polyp to cancer and reducing the incidence
rate of CRC. The American Cancer Society recommends that
individuals with average risk of CRC should undergo screening
at the beginning of 50 years of age. Individuals with increased
risk may start screening earlier, before the age of 50. CRC
screening includes visual examinations and stool-based tests
where a positive result warrants a colonoscopy for diagnosis of
CRC (American Cancer Society, 2017).

KEY PROPERTIES OF CURCUMIN

CUR is the active constituent of C. longa (turmeric), a native
Indian spice. In Asian countries, it has a long history of use
against many human ailments and skin conditions including
acne and psoriasis (Sandur et al., 2007). Besides that, it is
also a coloring agent and food additive. It is a crystalline
compound with bright orange-yellow appearance, contributing
to its use as a coloring agent. Commercial CUR products
contain a mixture of curcuminoids, including ~77% CUR, 17%
demethoxycurcumin, and 3% bis-demethoxycurcumin. Figure 1
shows the chemical structures of the three curcuminoids. Sandur
et al. showed that curcuminoids have different potencies in
suppressing the activation of tumor necrosis factor (TNF)-
induced nuclear factor-kB (NF-kB). This is most likely due to
the differences in the number of methoxy groups found on the
ortho position of phenyl ring. At 25 wM, CUR has been shown to
be the most potent among the three curcuminoids, followed by
demethoxycurcumin and bis-demethoxycurcumin at equivalent
concentration (Sandur et al., 2007).
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FIGURE 1 | Chemical structures of (A) CUR, (B) demethoxycurcumin, (C)
bis-demethoxycurcumin.

Physicochemical Properties

The chemical formula of CUR is C; H,(Qg, with IUPAC
nomenclature of [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione] and molecular weight of 368.38 Da
(Priyadarsini, 2014). CUR displays keto-enol tautomerism
with two isomer forms, enol form, and B-diketo form. The
predominant isomer depends on the nature of solvent. In acidic
and neutral solution, the keto form will predominate; while in
alkaline medium, the stable enol form will predominate (Shen
and Ji, 2007; Liu et al., 2013). The enol form is more stable when
compared to diketo form by 7.75 kcal/mol, due to the presence
of strong internal hydrogen bond and extended conjugation
along the molecule in the stable enol form (Shen and Ji, 2007).
CUR has a log P value of 2.5, allowing it to diffuse readily across
cellular membranes (Fujisawa et al., 2004). CUR is soluble in
organic solvents such as dimethylsulfoxide, methanol, ethanol
and chloroform, but insoluble in water. CUR exhibits two strong
absorption bands: one between 410 and 430 nm in the visible
region; and another at 265nm in the ultraviolet region. The
three pKa values of CUR were reported to be 7.8, 8.5, and 9.0,
attributed by the dissociation of enolic proton and two phenolic
protons in CUR (Tonnesen et al, 2002). The estimation of
pKa values is based on Nuclear Magnetic Resonance (NMR)
and absorption spectrometry. However, it is still debatable
whether to assign the lowest pKa value to dissociation of enolic
proton or phenolic proton due to differences in experimental
techniques (Priyadarsini, 2014). At physiological pH, CUR
undergoes degradation rapidly where autoxidation is the major
degradation pathway. The early degradation products identified
are responsible for topoisomerase poisoning, suggesting that
oxidative transformation is necessary to generate an active
compound. Topoisomerase poisoning is important in mediating
the anticancer properties of many anticancer drugs in clinical
use (Gordon et al., 2015).

Absorption and Metabolism

Oral administration of CUR is well-tolerated at doses up to 12
g/day in clinical studies. However, it often has poor bioavailability
due to the low aqueous solubility, poor absorption, high first-
pass metabolism, and rapid excretion. CUR has a very low
solubility of 0.6 jg/ml in water and undergoes rapid degradation
in alkaline environment (Naksuriya et al, 2014). The low
solubility of CUR leads to poor absorption from the digestive
tract following administration through oral route. Early studies
performed in rats have shown that about 75% of CUR was
eliminated in the feces after oral administration of a 1 g/kg
dose of CUR (Wahlstrom and Blennow, 1978). Similarly, a
rodent study conducted by Yang et al. showed a maximum
plasma concentration of 0.06 &= 0.01 jLg/ml after administration
of 500 mg/kg CUR orally (Yang et al., 2007). In a clinical study
using human volunteers, CUR serum concentration 1h post-
administration of 2g CUR orally was either undetectable or
very low (<10ng/ml) (Shoba et al., 1998). All of these studies
have concluded that the serum concentration of CUR was only
found in the nano-molar range after more than 1g of oral
CUR doses, indicating the low oral bioavailability of CUR.
CUR is mainly metabolized in the liver, and to a lesser extent,
in the intestine where glucuronidation is the predominating
metabolism pathway. Among the metabolites detected in plasma
include glucuronide and sulfate conjugates, with the major
metabolite being the glucuronide of hexahydrocurcumin (Asai
and Miyazawa, 2000; Ireson et al., 2001; Vareed et al., 2008).
In a clinical study, co-administration of 2g CUR and 20 mg
piperine appeared to cause a remarkable 2,000% increase in
oral bioavailability. It was found that piperine has the ability to
alter the metabolism of CUR by blocking the glucuronidation
process in the liver and intestine, thereby improving the CUR oral
bioavailability significantly (Shoba et al., 1998).

Anticancer Properties

CUR, alone or in combination, displays chemopreventive and
anticancer activities with reported uses against various cancers,
including colorectal (Shehzad et al., 2013), pancreatic (Ma et al.,
2014), breast (Lv et al., 2014), prostate (Guo et al., 2013),
lung (Jin et al., 2015), and oral cancers (Zhen et al., 2014).
CUR exerts its effects by downregulating multiple cell signaling
pathways, which include NF-kB, STAT3, activated protein-1
(AP-1) and epidermal growth response-1 (Egr-1), which are all
crucial in the development and progression of cancer. These
transcription factors are usually upregulated in most cancers to
assist in cell proliferation, angiogenesis, and the formation of
tumors. The downregulation of NF-kB pathways modulates the
expression of a variety of genes such as cyclin D1, Bcl-2, Bcl-xL,
cyclooxygenase 2 (COX-2), matrix metalloproteinase (MMP)-9,
thereby promoting cell cycle arrest, suppressing cell proliferation,
and inducing apoptosis (Zhou et al., 2011; Kunnumakkara et al.,
2017). CUR also modulates both AP-1 and STAT3 in cellular
proliferation of cancer cells. The downregulation of both AP-1
and STATS3 results in retardation of the growth of cancer cells.
Epidermal growth factor receptor (EGFR) is a crucial target
in cancer treatment as it can be found in many solid tumors
including CRC. The downregulation of EGFR is associated with
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the inhibition of cancer cell growth, invasion and metastasis
(Kunnumakkara et al.,, 2017). CUR was found to suppress the
expression of EGFR, mediated by the reduction of Egr-1 activity
in Caco2 and HT29 colon cancer cells, inhibiting colon cancer
cell growth (Chen et al., 2006). Furthermore, CUR could also
promote apoptosis via the upregulation of tumor suppressor gene
p53, causing cell death at G2 phase. The downstream effect of p53
activation leads to a net effect of apoptosis in colon carcinoma
cells through the downregulation of anti-apoptotic genes Bcl-
2/Bcl-xL and upregulation of pro-apoptotic genes Bax (Sa and
Das, 2008). The effects of CUR on multiple signaling pathways
are summarized in Figure 2. Despite having the above mentioned
anticancer properties, its poor oral bioavailability still remains
as a main drawback, limiting its clinical potential (Anand et al.,
2007). As a result, these issues have led to the development of
CUR nanoformulations in the quest of improving CUR delivery
for better therapeutic outcome.

CURCUMIN NANOFORMULATIONS IN
COLORECTAL CANCER

Over the years, various nanoformulations were being explored
to enhance CUR delivery to tumor sites. Nanoformulations are
primarily used to improve water solubility and to provide a more
stable delivery system for CUR. Ideally, CUR nanoformulation
for cancer should have enhanced anticancer activity compared
to free CUR, at the same time being non-toxic to normal cells.
CUR nanoformulations for CRC that have been reported
in the literature include liposomes, micelles, polymeric
nanoparticles, nanogels, cyclodextrin, SLN, phytosomes,
and gold nanoparticles. The diagrams of these nanoformulations
are shown in Figure 3, and the findings from the literature are
summarized in Table 1.

Curcumin Loaded Liposomes

Li et al. assessed both in vitro and in vivo antitumor activity
of CUR encapsulated in liposome for use in CRC. After 72h
of treatment in Lovo cells, it was found that liposomal CUR
exhibited a lower IC50 (IC50 = 7.5 pmol/L), demonstrating
a greater growth inhibitory effect than oxaliplatin (IC50 >40
pwmol/L), the standard chemotherapy used for CRC. However,
both liposomal CUR and oxaliplatin show equivalent effect in
Colo25 cells. In the same study. liposomal CUR was also found
to be able to induce apoptosis reflected by PARP cleavage; and
prevent angiogenesis by the reduction of angiogenic factors,
including CD-31, VEGF and interleukin-8. Similar to in vitro
studies, liposomal CUR showed significantly greater growth
inhibitory effect when compared to oxaliplatin in xenograft
models (both Colo25 and LoVo) without overt toxicity. As
combination regimen is often employed in cancer therapy to
target the different mechanisms on cancer pathway, liposomal
CUR was also co-administered with oxaliplatin at a ratio of 4:1.
This combination has resulted in a synergistic effect in vitro.
However, similar effect was not observed in vivo. From this study,
we can conclude that liposomal CUR has the potential to replace
conventional chemotherapeutic agents in CRC, owing to its

greater antitumor activity than oxaliplatin. Nevertheless, formal
toxicology studies should be performed on liposomal CUR before
introduction into clinical setting (Li et al., 2007). Moreover, there
has been some inconsistencies in results whereby different cell
lines responded differently to the treatments, and the disparities
between in vitro and in vivo results. Hence, careful investigation
should be carried out to understand if different genetic make ups
would respond differently to the treatment.

In another study, liposomal formulation made of egg
phosphatidylcholine (EPC) was used to incorporate CUR, with
CUR to lipid molar ratio of 1:14. It was shown that in HCT116
colorectal cells, liposomal CUR exhibited greater uptake rate,
suggesting that liposomal CUR provided a more stable delivery of
CUR to cells, despite a reduced total intracellular amount of CUR
detected in vitro. EPC liposomal CUR also has lower IC50 and
demonstrated superior cytotoxic activity compared to free CUR
in a 2 weeks long-term assay against CRC cell lines (Pandelidou
et al., 2011). Thus, it was concluded that incorporating CUR
into liposomes can overcome the absorption issues of CUR in
the gastrointestinal tract, allowing systemic administration whilst
maintaining or even improving its antitumor activity. A recent
study performed using C26 murine colon cancer cells revealed
that co-encapsulation of CUR and doxorubicin (DOX) in long
circulating liposomes (LCL) at a molar ratio of 1:167 caused a
remarkable reduction in C26 cell proliferation as compared to
free DOX in vitro, It was also reported that the extent of the
synergistic cytotoxic effects of DOX and CUR depends on the
CUR concentration encapsulated; whereby higher CUR amount
leads to greater cytotoxic effects (Tefas et al., 2017). Sesarman
et al. reported a similar finding when co-delivering CUR and
DOX, using the same liposomal formulation as Tefas et al.
(LCL-CUR-DOX) in C26 cells. The enhancement in cytotoxic
activity of LCL-CUR-DOX over free CUR-DOX encouraged the
authors to further investigate the protumor process responsible
for the cytotoxicity effects on C26 cells. LCL-CUR-DOX causes a
slight inhibition on NF-kB activation, at the same time inhibits
majority of proteins involved in tumor development. However,
it has less impact on oxidative stress reduction in vitro when
compared to free CUR-DOX. This could be due to different
uptake mechanism of liposomes from free drugs. Liposomes
are taken up into the cells via the endocytosis process which
enables a greater internalization of CUR. In contrast, free CUR
enters the cells via transmembrane diffusion (Sesarman et al,,
2018). LCL also differs from conventional liposomes in the sense
that the PEGylated surface offers a greater accumulation and a
higher CUR concentration at the tumor site through enhanced
permeability and retention (EPR) effect, thereby enhancing the
antitumor actions.

As previously shown, co-administration of CUR with other
chemotherapeutic agents could have synergistic antitumor
activity, and this could be a potential solution to the
drug resistance and dose-limiting toxicity associated with
chemotherapy. Recently, calcium carbonate (CaCO3) was
investigated in nanoparticles design for its pH sensitive
properties to achieve specific targeting of drug release. A new
method for the development of liposomes, W/O emulsion
mediated film dispersion has proven successful in loading CUR
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FIGURE 3 | Curcumin nanoformulations used in colorectal cancer found in the literature.

into liposomes and CaCOj3 encapsulated liposomes (LCC). LCC ~ promote CUR accumulation in response to low pH environment
showed greater cytotoxicity than liposomal CUR and free CUR  in lysosome, facilitating CUR release in cytosol. However, the pH
in HCT116 cells. This was followed by an in vivo study on  sensitivity of LCC against lysosome was not studied against other
colon cancer model which revealed the greatest reduction of  human cell lines in vitro and in vivo, therefore it could not be
tumor volume with LCC. This is attributed to LLC’s ability to  concluded that LCC provided specific targeting to tumor tissues,
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since lysosomes can be found in normal tissues as well (Chen
et al., 2018).

On the other hand, Rahman et al. explored the effects of
using a combination of nanocarriers in the delivery of CUR.
They have formulated 3-CD-CUR (BCD-C) inclusion complexes
that were entrapped within liposomes. The CD-C complexes
display a much greater water solubility compared to free CUR.
The formulation was then subjected to in vitro cytotoxicity
studies that were conducted using SW-620 colon cancer cell
lines. Both BCD and liposomes encapsulation did not reduce
the anticancer effects of CUR in inhibiting cell proliferation.
However, CUR-loaded liposomes containing BCD-C (3.25 pM)
were reported to have EC50 value greater than CUR-loaded
liposomal formulations (0.96 wM). A possible explanation for
the less effective anticancer effects for liposomes containing
BCD-C may be the fact that it is caused by a reduced in
vitro drug release, which was not investigated in this study
(Rahman et al,, 2012). Though the entrapment of cyclodextrin
within liposomes comes with the combined advantages of both
liposomes and cyclodextrin delivery systems, the drug release
mechanisms should be investigated and improved for maximum
therapeutic effects.

Curcumin Loaded Micelles
A single-step nano-precipitation method was used to load CUR
into monomethoxy poly (ethylene glycol)-poly (e-caprolactone)
(MPEG-PCL) micelles. The encapsulation of CUR in micelles
enables it to be completely soluble in water, forming an
injectable CUR formulation. After 48 h of exposure, C-26 colon
carcinoma cells that were treated with CUR-loaded micelles
showed a slightly lower cytotoxicity than free CUR, indicating
slow release of CUR in vitro. Furthermore, CUR/MPEG-PCL
micelles induced angiogenesis inhibition in vivo to a greater
extent, compared to free CUR in alginate-encapsulated tumor
cell assay. In mouse model, CUR/MPEG-PCL micelles treated
group showed smaller tumor volumes, reflecting the ability of this
CUR formulation to prevent C-26 colon carcinoma subcutaneous
growth. This in vivo result proved that CUR loaded MPEG-
PCL micelles could improve the anticancer activity of CUR by
overcoming the problem of low solubility (Gou et al., 2011).
Wang et al. have showed that CUR-loaded steric acid-g-chitosan
oligosaccharide (CSO-SA) micelles could protect CUR from
biotransformation and hydrolysis, thus improving CUR stability.
CUR-loaded CSO-SA micelles increased the cellular uptake in
CRC cells; it also exhibited about 6-fold higher cytotoxic activity
than free CUR at the same concentration in vitro in primary CRC
cells. After 14 days of treatment, CUR-loaded CSO-SA micelles
also caused a reduction in tumor size and the subpopulation of
CD44+4-/CD24+ cell in nude mice tumor tissue. The increased
stability of CUR and improved CUR delivery to tumor sites might
be the reason for the enhancement of therapeutic effect of CUR.
The inhibition of CD44+/CD24+ cell population showed that
CUR could be further explored with the ability to eradicate CRC
stem cells as well as bulk cancer cells (Wang et al., 2012).
Pluronic/Polycaprolactone (Pluronic/PCL) amphiphilic block
copolymer was used to encapsulate CUR where hydrophobic PCL
formed the core to improve CUR loading efficiency. Pluronic

block copolymers have been previously reported to stabilize
nanoparticles, apart from improving cancer targeting and
sensitivity of multidrug resistance tumors. The resultant CUR-
loaded micelles have improved the cellular uptake of CUR into
Caco2 CRC cells as well as in vitro cytotoxicity due to enhanced
aqueous solubility when compared to free CUR (Raveendran
et al,, 2013). On the other hand, Abouzeid et al. investigated the
anticancer effects of GLUT1-targeted micelles loaded with CUR
and DOX. The overexpression of GLUT1 glucose transporter in
many cancer types enables cancer targeting with minimal toxicity
on normal tissues. The formulated micelles demonstrated strong
in vitro cytotoxic activity in HCT116 at low doses of DOX in
combination with CUR, evidenced through the reduction in IC50
values of CUR. The GLUT1-targeted formulations significantly
inhibited the growth of tumors and improved the survival rate
of nude mice with HCT116 tumors in vivo. The micelles were
also found to have increased internalization via GLUT], resulting
in greater tumor inhibition. In contrast, the synergistic effects of
CUR and DOX were not demonstrated in this study, perhaps
due to suboptimal dose of DOX used. These results should be
investigated in detailed at higher doses to assess the synergistic
effects of combination regimen (Abouzeid et al., 2013).

Yang et al. have developed CUR-loaded amphiphilic block
copolymers micelles using monomethyl poly (ethylene glycol)-
poly (e-caprolactone) (MPEG-PCL) with the incorporation of
trimethylene carbonate (TMC) to form [MPEG-P(CL-co-TMC)]
micelles. TMC was incorporated to help stabilize micelles
by inhibiting the crystallization of PCL. In this study, CUR
micelles result in an increased cellular uptake into CT26 cells,
causing a cytotoxic effect and increasing apoptosis induction
in vitro. However, there were no significant differences in terms
of cytotoxic activity against CT26 colon carcinoma cells in
comparison to free CUR. Nevertheless, CUR micelles treated
group has a significantly lower tumor weight than free CUR,
reflecting a stronger in vivo antitumor activity. Furthermore,
the growth of subcutaneous CT26 tumor was inhibited by CUR
micelles in vivo via the following mechanisms: prevention of
tumor cell proliferation and angiogenesis; and promotion of
apoptosis. These findings reveal that addition of TMC could
improve the micelles stability, making MPEG-P (CL-co-TMC)
micelles a suitable nanocarrier for CUR in colon carcinoma (Yang
et al., 2015).

Chang et al. also demonstrated that the size of micelles could
impact on CUR delivery to WiDr human colon carcinoma cells.
Two different chain lengths of amphiphilic block copolymers
were made up of hydrophilic poly (ethylene glycol) methyl ether
methacrylate (PEGMEMA) and hydrophobic polystyrene (PS)
through reversible addition-fragment chain-transfer (RAFT)
polymerization. CUR-loaded micelles showed a greater cellular
internalization than unloaded micelles, indicating the presence
of CUR was able to improve the micelles thermodynamic
stability. After 72h of exposure, smaller CUR-loaded micelles
showed a remarkable reduction in WiDr cell proliferation when
compared with unloaded micelles and free CUR. The results also
showed that larger micelles undergo endocytosis and exocytosis
more rapidly than smaller micelles, affecting the uptake and
cytotoxicity effect. Hence, the size of micelles is an important
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aspect that influences the endocytosis and exocytosis kinetics in
the formulation of nanomedicine (Chang et al., 2016).

In recent years, the focus of CUR researches in CRC have
been shifted to investigate the potential of CUR to reverse
chemotherapy cancer resistant cells as a combinatorial agent
with chemotherapy. Combination therapy with CUR-loaded and
Erlotinib-loaded MPEG-PCL micelles was evaluated in erlotinib-
resistant SW480 colon cancer cells, which were treated with
different doses of CUR and erlotinib. In this respect, previous
studies have demonstrated that upregulation of avp3 integrin
and downregulation of pyruvate dehydrogenase kinase 4 (PDK4)
led to the development of drug resistance. In this study, the
combination therapy was shown to increase the expression of
PDK4 and decrease the expression of avf3 integrin in resistant
cells compared to non-resistant cells, suggesting the role of CUR
in prevention of drug resistance (Javadi et al., 2018).

Curcumin Loaded Polymeric Nanoparticles
Chuah and co-workers have formulated CUR-containing
chitosan nanoparticles (CUR-CS-NP) to improve the delivery
of CUR to the colon via mucoadhesion. It was anticipated that
chitosan would adhere to the mucus in colon, prolonging the
contact time of CUR with colon. Interestingly, they observed
better mucoadhesion properties of the CUR-CS-NP compared
to empty chitosan nanoparticles (CS-NP), suggesting the
involvement of CUR in the mucoadhesion process (Chuah
et al., 2014a). The mucoadhesion process was also confirmed via
reduction in zeta potential of the CUR-CS-NP, as well as Atomic
Force Microscopy (AFM) and Nanoparticle Tracking Analysis
(NTA) (Chuah et al., 2014b). The formulated CUR-CS-NP also
showed greater CUR uptake in CRC cells (HT29) than free
CUR due to the mucoadhesive properties, which prolonged the
exposure of CUR to the cells. Superior anticancer effects were also
observed with CUR-CS-NP whereby cell viability was reduced to
a greater extent, along with a reduction in IC50. Both CUR and
CUR-CS-NP induced cell apoptosis in HT29 cells, causing cell
cycle arrest at Ga/M phase (Chuah et al., 2014a). On the other
hand, polymeric nanoparticles functionalized with targeting
ligands have been studied to improve the delivery of CUR to
target cancerous cells. These CUR-loaded PLGA-lecithin-PEG
nanoparticles were prepared via nanoprecipitation method. CUR
nanoparticles were functionalized with aptamers (Apt) that bind
specifically to epithelial cell adhesion molecule (EpCAM) found
on tumor surfaces. The in vitro cytotoxicity study of Apt-CUR
nanoparticles showed that Apt-CUR nanoparticles have strong
antiproliferation activity in HT29 colon cells compared to free
CUR at equivalent concentration of 4ug/mL; and stronger
cytotoxic effect in EpCAM~+ HT29 cells relative to EpCAM-
HEK293T (human embryonic kidney cells). This could be due
to the 64-fold increase in binding of Apt-CUR nanoparticles
to HT29 cells, therefore increasing CUR internalization. Based
on the in vivo pharmacokinetics study in rat models, the CUR
nanoparticles caused a 6-fold increase of half-life as compared
to suspension of free CUR, leading to enhanced bioavailability
(Li et al., 2014). Taken together, polymeric nanoparticles can be
functionalized to actively target delivery of CUR to CRC cells
while sparing the cytotoxicity on normal tissues.

Anitha et al. attempted to improve the effectiveness of 5-
fluorouracil (5-FU) by means of co-encapsulation with CUR.
CUR was found to work in synergy in improving 5-FU
effectiveness by inhibiting the overexpression of COX2 in colon
cancer. Combination treatment of CUR and 5-FU loaded in
N,O-carboxymethyl chitosan nanoparticles (N,0-CMC NPs)
enhanced the anticancer effects against HT29 cells as compared
to that of individual treatments. In vivo studies in Swiss Albino
mice showed an improvement in plasma concentration with
an extension in the plasma half-life of up to 72h, indicating
an enhanced bioavailability with NPs encapsulation compared
with the free drug (Anitha et al., 2014). However, the clinical
efficacy of combination regimen of 5-FU and CUR loaded
NPs were not investigated in colon xenografts despite showing
compatibility with blood. Additional safety and efficacy profile in
colon xenografts models are necessary to translate these findings
to a clinical perspective.

Similarly, in another study, Xiao et al. explored in vitro
cytotoxicity using Colon-26 cells and the synergistic effects
of co-delivery of camptothecin (CPT) and CUR loaded in
chitosan-functionalized poly(lactic acid/glycolic acid) (PLGA)
nanoparticles. Chitosan functionalization was hypothesized to
convert the surface of PLGA nanoparticles to positive charge,
promoting binding to negatively charged cell surface and
improve cellular uptake. Interestingly, cationic CPT-loaded
nanoparticles demonstrated a better cellular uptake compared to
free CPT and CPT-loaded nanoparticles, suggesting an enhanced
cell surface interaction. Cationic CPT/CUR nanoparticles with a
4:1 weight ratio showed the most effective anticancer activity than
the individual treatment groups with the greatest reduction in
anti-apoptotic Bcl-2 expression and induction of cell apoptosis
(Xiao et al., 2015b). The same authors also conducted a similar
study where chitosan was replaced with hyaluronic acid (HA).
In this study, HA-CPT/CUR nanoparticles with a 1:1 weight
ratio demonstrated the best anticancer activity and the greatest
reduction of IC50 values compared to HA-CPT nanoparticles,
suggesting that CUR enhanced the efficacy of CPT. The presence
of HA also enhanced tumor targeting and cellular uptake in
comparison with chitosan nanoparticles due to high affinity
of HA for the overexpressed CD44 receptors in colon cancer,
mediating the endocytosis process. Ex vivo study in colon cancer
mouse model revealed that HA-functionalized CUR-loaded
polymeric nanoparticles (HA-CUR-NPs) were able to penetrate
and accumulate at the colon tumor, but not at the adjacent
healthy colon tissues (Xiao et al., 2015a). The results from
these two studies corroborate each other, where the combination
treatment of CPT and CUR loaded in PLGA nanoparticles on
Colon-26 cells display higher cytotoxicity in vitro than free CPT.
This indicates that CPT and CUR provided a synergistic anti-
cancer effect against CRC.

In another study, chitosan and gum arabic were used
to formulate CUR-loaded nanoparticles to improve CUR
encapsulation and loading efficiency. These positively charged
nanoparticles displayed superior anti-CRC activity against
HCT116 colon and HT29 CRC cells when compared to free CUR,
due to the greater cellular uptake of CUR into the negatively
charged cancer cells. The authors also reported an increase in
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cell population in the subG1 phase during cell cycle analysis,
indicating that CUR-NPs were able to induce apoptosis more
readily than free CUR (Udompornmongkol and Chiang, 2015).
Another polymeric nanoparticles were prepared using Eudragit®
E100 cationic copolymer to improve the oral bioavailability
and anticancer effects of CUR. This nanoparticle formulation
showed a 19-fold higher growth inhibition of Colon-26 cells
than CUR alone, reflecting better binding and cellular uptake
of polymeric nanoparticles, thus improving cytotoxic activity.
CUR-loaded polymeric nanoparticles also reported a greater
suppression of tumor growth in tumor-bearing mice after 30 days
of administration (Chaurasia et al., 2016). These observations
are consistent with earlier reports of polymeric nanoparticles on
CRC therapy despite different polymers being used.

Silk fibroin (SF), a natural polymer has recently been
investigated to replace synthetic polymers in the preparation
of polymeric nanoparticles in an attempt to resolve the
biocompatibility issues found in synthetic polymers. CUR-SF
nanoparticles were expected to provide a controlled release of
CUR to colon cancer cells. The study proved that after a 6
days treatment on HCT116 cells, CUR-SF nanoparticles possess
better anticancer potential than free CUR at 5pg/mL. When
CUR and 5-FU were used at the same concentrations above
10 pg/mL, CUR-SF showed greater anticancer effects than 5-
FU. Furthermore, it exhibited a reduced cytotoxicity to normal
human colon mucosal epithelial cells (NCM460 cells) compared
to all other treatment groups. These findings suggest that the
incorporation of CUR into SF nanoparticles provide a greater
CUR cellular uptake into cancer cells and reduced toxicity to
normal cells due to its slow release characteristics (Xie et al.,
2017). CUR nanoparticles that were prepared using natural
polymers showed no toxicity and is compatible to normal cells.
Therefore, it has the potential to replace the use of synthetic
polymers in the development of polymeric nanoparticles.

Lately, co-administration of natural compounds with
established anticancer activity has been explored based on
the use of combinational chemotherapy in clinical settings.
PEGylated PLGA nanoparticles containing CUR and chrysin
(Chr) were prepared to enhance the poor solubility of both CUR
and Chr. The synergistic cytotoxic activity of CUR and Chr was
proven by median-effect method with combination indices of
<1. CUR-Chr nanoparticles significantly inhibit proliferation
of Caco2 cells compared to free CUR-Chr, CUR alone, and Chr
alone. The improvement in cytotoxicity seen with combinational
nanoformulation is associated with a greater reduction of
hTERT expression, an enzyme involved in telomerase activity
(Lotfi-Attari et al, 2017). Though synergism of both natural
compounds was proven, this study lacks the comparison of
its finding against the standard chemotherapy agents used in
CRC such as 5-FU or oxaliplatin. A direct comparison of such
findings would be useful in further developing the formulation
for clinical use.

Polymeric nanocapsules with self-emulsification ability were
developed for the delivery of CUR to target colonic sites. The
self-emulsifying properties could improve CUR solubility when
exposed to alkaline conditions such as the colonic regions. In
this study, researchers have observed that the enteric polymer

would dissolve at colonic pH (pH7.2), along with a 5-h lag
time in CUR release from the polymeric nanocapsules, allowing
targeted delivery of CUR to colon. Furthermore, these polymeric
nanocapsules exhibited significant cytotoxicity against HT29 cell
lines. A reduction in IC50 value was achieved from 28.56 to
20.32 wM when CUR was formulated in polymeric nanocapsules.
In vivo study was performed in guinea pig model where the
formulations were administered orally with same dose (100
mg/kg) of CUR, either in the form of polymeric nanocapsules
suspension or pure suspension. This study showed that polymeric
nanocapsules had low plasma concentration of 200ng/mL,
indicating limited systemic absorption. Therefore, it had reduced
clearance and prolonged elimination of half-life, permitting a
localized delivery of CUR (Wadhwa et al., 2014). The limitation
of this study is that the in vivo study was not conducted
using animal models with colon tumors, therefore the in vivo
cytotoxicity against colon cancer is not justified.

Curcumin Loaded Nanogels

Nanogels formulation has been used to encapsulate CUR to
protect it from degradation and to provide structural stability.
In this study, gelatin polymer and acrylamidoglycolic acid
(AGA) polymers act as monomers to form interpenetrating
polymeric network nanogels (IPN-NGs) through simple
emulsion polymerization for the encapsulation of hydrophobic
CUR. Notably, CUR-loaded NGs release CUR to a greater extent
at pH 7.4 than at pH 1.2 in vitro, suggesting that these nanogels
exhibit pH sensitive properties. This pH sensitive properties can
be explained by the increase in ionic repulsion at higher pH,
causing the swelling of nanogels, allowing a greater release of
CUR. CUR-loaded NGs exhibited excellent anticancer activity
in vitro toward HCT116 cell line compared to pure CUR at a
dose of 1 mg/ml after 48 h incubation. The greater anticancer
activity is attributed to the higher aqueous dispersibility of the
NGs, thus increasing the bioavailability of CUR. This unique pH
sensitive behavior of IPN-NGs allowed these nanogels to have
a better stability profile at physiological pH (pH 7.4), thereby
allowing more CUR release as well as providing protection from
degradation (Madhusudana Rao et al., 2015).

Curcumin Loaded Cyclodextrin

In another formulation, CUR-loaded cyclodextrin (CD) was
attached to cellulose nanocrystals (CNCx) to form CUR-
CD/CNCx nano complexes. These complexes were reported to
show the greatest cellular accumulation of CUR, followed by
CUR-CD and CUR when applied to HT29 cells, suggesting
the involvement of CNCx in improving cellular uptake. These
CNCx possess tumor targeting properties which can improve
CUR transport into tumor vasculature via the EPR effect.
Furthermore, the in vitro study showed a lower IC50 value and
a 3-fold greater antiproliferative effect than CUR alone. These
results reflected the effects of better aqueous solubility of CUR
with the attachment of CNCx to nanoformulations, therefore
improving cellular uptake (Ndong Ntoutoume et al., 2016).
A preliminary study performed on CRC HT29 cells evaluated
the effects of CUR-loaded nanoparticles with different molar
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ratios of chitosan, HA, sulphobutyl-ether-B-CD (Curc/SBE-
p-CD) on CUR internalization and cell proliferation. The
drug complexation within cyclodextrin increased the water
solubility of CUR from 3.72 to 70 pg/mL. Cyclodextrin act as
a solubilizing agent, allowing the incorporation of hydrophobic
CUR in chitosan nanoparticles. After 4h of treatment, cellular
internalization of CUR was reduced in 1407 cells (normal
human intestinal epithelial cells) with the treatment of CUR-
loaded chitosan, HA and sulphobutyl-ether-$-CD nanoparticles
formulated with the molar ratios of 20:0:1. This formulation also
showed an optimal cellular uptake into HT29 cells, suggesting a
reduced cytotoxic effect on normal epithelial cells. Impressively,
in vitro studies performed on HT29 cells showed that these
nanoparticles significantly reduced cell proliferation compared to
untreated group, but there was no significant difference between
both loaded and unloaded nanoparticles in terms of reduction in
HT?29 cell proliferation after 24 h of treatment, due to insufficient
CUR concentration (0.5 wM). The authors concluded that the
unloaded nanoparticles were able to cause cell cycle arrest and
induce apoptosis of HT29 cells. In this case, CUR did not
contribute to the decrease of cell proliferation; on the contrary,
the nanoparticle formulation was responsible for the anticancer
effects (Abruzzo et al., 2016).

Recently, Dash and Konkimalla have loaded CUR into
hydroxypropyl-p-cyclodextrin  (HP-B-CD)  with  Polyvinyl
alcohol (PVA) as stabilizer to improve encapsulation of CUR.
This nano-curcumin formulation has enhanced the aqueous
solubility of CUR. It was used in combination therapy to
overcome the problem of drug resistance toward DOX due to
p-glycoprotein (P-gp) overexpression. After prescreening, CUR
was selected over other P-gp inhibitors as combinatorial agent in
this study as it caused sensitization of DOX-resistance Colo205
cells at the lowest concentration of 40 WM. Beyond 40 pM, CUR-
loaded HP-B-CD significantly reversed DOX resistance acquired
by administration of DOX liposomes with concentration ranging
from 0.1 to 10 wM (Dash and Konkimalla, 2017).

Curcumin Loaded
Lipid-Based Nanoparticles

To date, only one study was reported in the literature on the
use of CUR SLN formulation for colon cancer therapy. CUR was
filled into SLN by coacervation based on fatty acid precipitation.
SLN was able to enhance CUR stability by providing protection
against hydrolytic and oxidative degradation. According to the in
vitro preliminary study on HCT116 colon cancer cells, both CUR-
loaded and unloaded SLN showed similar cytotoxicity activity at
1:100 and 1:200 dilutions, possibly due to low CUR concentration
entrapped within the SLN(Chirio et al., 2011). As the result from
this study show no benefits of SLN in improving CUR delivery,
SLN might not be a suitable carrier for CUR at this point of time.

Phytosome preparation of CUR involves using phospholipids
for the complexation of CUR with the goal of enhancing CUR
bioavailability. Comparative analysis of phytosomal CUR alone
and in combination with 5-FU was investigated in CT26 cells
and colitis-associated CRC mouse model. Phytosomal CUR was
shown to enhance the anti-proliferation of 5-FU, shrinking

the CRC spheroids and reducing cell invasion and migration
compared to untreated group in C26 cells. Based on the in
vivo study in mouse models, CUR/5-FU with 25 mg/kg/day of
CUR and 35 mg/kg once weekly of 5-FU significantly suppressed
tumor growth via the Wnt/B-catenin pathway (Marjaneh et al.,
2018). These are in agreement with the results from other studies
that reported CUR enhanced efficacy of current therapy in CRC.

Curcumin Loaded Gold Nanoparticles

Sanoj Rejinold et al. evaluated the use of gold nanoparticles (Au-
NPs) in chitosan-graft-poly(N-vinyl caprolactam) nanoparticles
(Au-CRC-TRC-NPs) to develop pH-, radiofrequency-
and thermo-responsive nanoparticles. When exposed to
radiofrequency pulses, the Au-NPs could induce heat, triggering
CUR release according to the lower critical solution temperature
(LCST) action imparted by poly(N-vinyl caprolactam). The
in vivo tumor localization studies conducted in mice bearing
CT26 xenografts showed that Au-CRC-TRC-NPs remained
in the tumor for up to 2 weeks, showing the high retention
capacity of these positively charged nanoparticles. They were
also found to have extended the circulation time of CUR in the
blood for up to a week, compared to CUR alone, which was
completely eliminated after 6 h. In ex vivo imaging study using
the formulation, maximum CUR accumulation was observed
in the tumor compared to other organs. The promising results
showed that Au-CRC-TRC-NPs are tumor specific and could
potentially provide a targeted colon cancer treatment regimen
(Sanoj Rejinold et al., 2015).

CLINICAL TRIALS OF
CUR NANOFORMULATIONS

The successful developments of CUR nanoformulations and
their associated positive in vitro and in vivo outcomes have led
to the commencement of several clinical trials involving these
formulations. Clinical trials evaluation is crucial in translating
preclinical effects into human body, to further validate the
feasibility and efficacy of such formulations for human use
in a clinical setting. To date, a total of three clinical trials
on CUR nanoformulations for use in CRC and colorectal
adenomatous polyps have been registered in the clinical trials
database ClinicalTrials.gov.

CUR conjugated with plant exosomes are being explored
to improve the delivery of CUR to colon tissues and colon
tumors. Exosomes can strongly bind to CUR and many other
hydrophobic drugs. The intestine cells and immune cells are able
to take up these plant-derived exosomes fairly well, facilitating
treatment for intestinal diseases. The subjects were divided
into three groups: the first group was given tablets containing
3.6g of CUR conjugated with plant exosomes daily for 7
days; the second group received tablets containing 3.6g of
CUR alone daily for 7 days; the third group did not receive
any intervention. The concentration of CUR in normal and
cancer tissues were evaluated as the primary outcome while the
secondary outcomes measured the safety, immune response and
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metabolic characteristics of free CUR and CUR loaded exosomes
(NCT number: NCT01294072, 2011).
A phase II clinical study reports on CUR phytosome

©

Meriva™~, a patented CUR formulation that incorporates food-

©

grade lecithin. The study intervention includes Meriva™~ and

Mirtoselect®, an anthocynanin mixture. This study aims to
investigate the expression of proteins necessary for the formation
of colon tumor caused by the treatment, compared to placebo.
Patients with colorectal adenomatous polyps were given 1,000 mg
of Mirtoselect® and 1,000 mg of Meriva® daily for 28 days. The
change in the expression of biomarker B-catenin in adenomatous
tissue and normal rectal mucosa were compared as primary
outcome. The immunohistochemical expression of NF-Kf, Ki-
67, and p53 were measured as secondary outcomes (NCT
number: NCT01948661, 2013).

Another phase II clinical trial investigates nanostructured
lipid CUR particles in the form of a dietary supplement in
addition to standard chemotherapy treatment. The recruited
subjects are patients with unresectable metastases of CRC.
Avastin with folinic acid, fluorouracil and irinotecan (FOLFIRI)
chemotherapy are given as the treatment every 14 days. Oral
supplement of CUR is given at a dose of 100 mg twice daily until
the completion of chemotherapy. The nanostructured lipid CUR
particles are expected to increase CUR bioavailability. Subjects
will be monitored for 2 years for progression-free survival after
the intervention. The overall survival rate and response rate,
safety, quality of life, and fatigue scale will also be assessed as the
secondary outcomes (NCT number: NCT02439385, 2015).

RESEARCH GAP AND
FUTURE DIRECTIONS

Most of the CUR nanoformulations reports found in the
literature described the efforts to improve curcumin delivery
to overcome the issues of low solubility, poor absorption,
rapid metabolism, and limited bioavailability. These were
mainly achieved by ways of controlled release, mucoadhesion,
targeted delivery, improved stability, and increased cellular
uptake. While the majority of these literature showed positive
results with enhanced anticancer activities toward CRC, some
nanoformulations did not demonstrate superior efficacy than the
use of CUR alone. Therefore, it cannot be concluded that the use
of all CUR nanoformulations would lead to enhanced anticancer
effects toward CRC, rather the effects are specific to certain
nanoformulations. Moreover, the efficacy of such formulations
also greatly depends on the dose of CUR used. Studies that
revealed opposing results warrant further investigations to
identify any inconsistencies and address the differences in results.
There also appeared to be some limitations in the reported works,
such as the absence of in vivo studies. It is understandable that
there could be time and budget constraints when carrying out
the studies. Given that in vitro results do not always give rise
to similar results in vivo, further testing is crucial to make sure
that the formulations work as well in an in vivo condition,
before proceeding to human studies. The latest advances on
3D cell culture model was proposed to be able to mimic the

in vivo tumor features more closely, and has recently been
tested for CUR and CUR emulsions in HCT116 cells (Low
et al., 2019; Tan et al.,, 2019). The results from these studies
look promising, though the correlation between the 3D in vitro
cell culture and in vivo data has yet to be established. The
pharmacokinetics and biodistribution of these formulations also
remain largely unexplored. Tracking of nanoformulations in vivo
using imaging techniques has been proven to be able to generate
useful information regarding the stability, accumulation, and
biodistribution of the nanoformulations. Furthermore, there is
also a lack of information on the toxicity and biocompatibility
of these formulations. These are essential components in the
development of a formulation for human consumption. Hence,
the gap in this area must be bridged to bring the research on CUR
nanoformulations forward.

It is also noteworthy that from the literature, different
cell lines responded to treatments differently, possibly due
to different characteristics or genetic make ups exhibited
by the cells. In relation to patient treatment, it is not
surprising that different patients would respond differently to
the same treatment. As cancer cells are constantly evolving,
a patient could possibly have a clinical presentation with
mixed characteristics that would respond to different anticancer
agents. In this respect, combination therapy offers a good
option as different compounds can target different molecular
pathways in halting the progression of cancer. This is especially
useful in overcoming chemoresistance toward conventional
cancer drugs. Co-administration of curcumin with conventional
chemotherapeutic agents have been shown to have synergy
effects, which is a promising approach as it also allows the use
of lower doses of chemotherapeutic agents. This will inevitably
reduce the side effects associated with such treatment. On the
other hand, co-encapsulation of two or more natural compounds
with anticancer activities is proven useful as well, with the benefit
of eliminating the use of toxic chemotherapy completely.

Recently, there has been a lot of debates on the clinical
efficacy of CUR. CUR has been classified as both a PAINS
(pan-assay interference compounds) and an IMPS (invalid
metabolic panaceas) candidate by some researchers (Baell and
Walters, 2014; Nelson et al., 2017). It was claimed that these
compounds interfere with assays and demonstrate non-drug like
mechanisms. The positive results from in vitro and in vivo studies
on curcumin were not seen in clinical trials, where more than
120 clinical trials of curcuminoids against several diseases have
failed (Nelson et al., 2017). To date, all the clinical trials on the use
of CUR nanoformulations for CRC did not report the outcome,
possibly due to on-going investigation or discontinuation of the
studies, which is still unknown at the time of writing. Despite
the negative remarks, it is no doubt that CUR is safe and well-
tolerated in patients, and its benefits most obvious when used in
combination with other compounds (Ferri et al., 2018). In fact,
the failure of CUR in clinical studies shall not be blamed solely
on the likely false activities as claimed by some researchers. It is
well-known that CUR has very poor solubility and bioavailability.
Without proper formulation, oral administration of CUR indeed
has very limited benefit. Careful choice of formulation is desirable
to ensure the pharmacological effects of CUR in human studies.
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Moreover, the source of curcumin also plays an important role, as
the purity of the compound greatly affects its activity. Therefore,
it is important that CUR be derived from trustable sources
with tested purity. Furthermore, to avoid the likely claim of
CUR interfering with assays, multiple assays should be carried
out to make sure consistent positive results are obtained. It is
also vital to validate its mechanism of action and investigate
the exact binding site on the proteins for more accurate and
convincing data.

With all the research efforts, positive outcomes from
such studies would definitely push the development of CUR
nanoformulations for CRC another step forward, for the benefit
of patients. Before this can happen, the investigations of
CUR efficacy should be validated. Thorough characterization
of the CUR nanoformulations should be carried out; along
with detailed in vitro and in vivo evaluation; as well as
biocompatibility and toxicity assessments. With a strategic
research direction, formulation scientists can work toward
developing safe and effective CUR nanoformulations for the
treatment of CRC.

CONCLUSION

In pre-clinical studies, most of the CUR nanoformulations
in CRC therapy have been proven successful in enhancing
the aqueous solubility, delivery and efficacy over conventional
delivery using free CUR except for SLN and conflicting results
were seen with cyclodextrin formulation. A large pool of
literature on CUR nanoformulations for CRC was conducted
in vitro using colon and CRC cell lines. However, very
limited studies were performed in vivo to ascertain the toxicity
and therapeutic effect of CUR in animal models to allow

REFERENCES

Abouzeid, A. H., Patel, N. R., Rachman, I. M., Senn, S., and Torchilin, V. P. (2013).
Anti-cancer activity of anti-GLUT1 antibody-targeted polymeric micelles
co-loaded with curcumin and doxorubicin. J. Drug Target 21, 994-1000.
doi: 10.3109/1061186X.2013.840639

Abruzzo, A., Zuccheri, G., Belluti, F., Provenzano, S., Verardi, L., Bigucci, F.,
et al. (2016). Chitosan nanoparticles for lipophilic anticancer drug delivery:
development, characterization and in vitro studies on HT29 cancer cells.
Colloids Surf. B Biointerfaces 145, 362-372. doi: 10.1016/j.colsurfb.2016.05.023

American Cancer Society (2017). Colorectal Cancer Facts & Figures 2017-2019.
Atlanta, GA: American Cancer Society. Available online at: https://www.cancer.
org/content/dam/cancer-org/research/cancer-facts-and-statistics/colorectal-
cancer-facts-and- figures/colorectal- cancer- facts-and- figures-2017-2019.pdf
(Accessed November 21, 2018).

Anand, P., Kunnumakkara, A. B., Newman, R. A., and Aggarwal, B. B. (2007).
Bioavailability of curcumin: problems and promises. Mol. Pharm. 4, 807-818.
doi: 10.1021/mp700113r

Anitha, A., Sreeranganathan, M., Chennazhi, K. P., Lakshmanan, V. K., and
Jayakumar, R. (2014). In vitro combinatorial anticancer effects of 5-fluorouracil
and curcumin loaded N,O-carboxymethyl chitosan nanoparticles toward colon
cancer and in vivo pharmacokinetic studies. Eur. J. Pharm. Biopharm. 88,
238-251. doi: 10.1016/j.jpb.2014.04.017

Asai, A., and Miyazawa, T. (2000). Occurrence of orally administered curcuminoid
as glucuronide and glucuronide/sulfate conjugates in rat plasma. Life Sci. 67,
2785-2793. doi: 10.1016/S0024-3205(00)00868-7

translation of these preclinical findings to a clinical perspective.
Despite a few reported clinical studies in CRC therapy, more
extensive studies and investigations are necessary to prove an
increased bioavailability via the encapsulation of CUR into
nanoformulations. The complete mechanism as well as the
interactions between these nanoformulations and cancer cells are
still unknown. Future studies should focus on understanding the
effects of CUR nanoformulations on colon and CRC cells through
long term studies, as well as CUR interactions with both normal
and cancer cells. These are essential for the development of a safer
and more effective chemotherapeutic agent taken from bench
to bedside.

AUTHOR CONTRIBUTIONS

The paper was conceptualized by L-HC and written by KW.
L-HC, K-GC, SN, B-HG, and L-HL provided vital guidance and
insight into the work.

FUNDING

This project is partially supported by Advanced Engineering
Platform (AEP) Smart Living Lab (S2L) grant by Monash
University Malaysia awarded to L-HC and University of Malaya
Research Grants PG136-2016A and PG082-2015B awarded
to K-GC.

ACKNOWLEDGMENTS

This work was a project under Monash University
B.Pharm (Hons) course, Unit PAC3512 Current Aspects of
Pharmaceutical Research.

Baell, J., and Walters, M. A. (2014). Chemical con artists foil drug discovery. Nature
513,481-483. doi: 10.1038/513481a

Bose, S., Panda, A. K., Mukherjee, S., and Sa, G. (2015). Curcumin and
tumor immune-editing: resurrecting the immune system. Cell Div. 10:6.
doi: 10.1186/s13008-015-0012-z

Chang, T., Trench, D., Putnam, J., Stenzel, M. H,, and Lord, M. S. (2016).
Curcumin-loading-dependent stability of PEGMEMA-based micelles affects
endocytosis and exocytosis in colon carcinoma cells. Mol. Pharm. 13, 924-932.
doi: 10.1021/acs.molpharmaceut.5b00820

Chaurasia, S., Chaubey, P., Patel, R. R, Kumar, N., and Mishra, B. (2016).

Curcumin-polymeric  nanoparticles against colon-26  tumor-bearing
mice: cytotoxicity, pharmacokinetic and anticancer efficacy studies.
Drug Dev. Ind. Pharm. 42, 694-700. doi: 10.3109/03639045.2015.
1064941

Chen, A., Xu, J., and Johnson, A. C. (2006). Curcumin inhibits human colon cancer
cell growth by suppressing gene expression of epidermal growth factor receptor
through reducing the activity of the transcription factor Egr-1. Oncogene 25,
278-287. doi: 10.1038/sj.0nc.1209019

Chen, Y., Du, Q,, Guo, Q., Huang, J., Liu, L., Shen, X,, et al. (2018). A W/O
emulsion mediated film dispersion method for curcumin encapsulated pH-
sensitive liposomes in the colon tumor treatment. Drug Dev. Ind. Pharm.
45:282-291. doi: 10.1080/03639045.2018.1539099

Chirio, D., Gallarate, M., Peira, E., Battaglia, L., Serpe, L., and Trotta, M.
(2011). Formulation of curcumin-loaded solid lipid nanoparticles produced
by fatty acids coacervation technique. J. Microencapsul. 28, 537-548.
doi: 10.3109/02652048.2011.590615

Frontiers in Pharmacology | www.frontiersin.org

March 2019 | Volume 10 | Article 152


https://doi.org/10.3109/1061186X.2013.840639
https://doi.org/10.1016/j.colsurfb.2016.05.023
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/colorectal-cancer-facts-and-figures/colorectal-cancer-facts-and-figures-2017-2019.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/colorectal-cancer-facts-and-figures/colorectal-cancer-facts-and-figures-2017-2019.pdf
https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/colorectal-cancer-facts-and-figures/colorectal-cancer-facts-and-figures-2017-2019.pdf
https://doi.org/10.1021/mp700113r
https://doi.org/10.1016/j.ejpb.2014.04.017
https://doi.org/10.1016/S0024-3205(00)00868-7
https://doi.org/10.1038/513481a
https://doi.org/10.1186/s13008-015-0012-z
https://doi.org/10.1021/acs.molpharmaceut.5b00820
https://doi.org/10.3109/03639045.2015.1064941
https://doi.org/10.1038/sj.onc.1209019
https://doi.org/10.1080/03639045.2018.1539099
https://doi.org/10.3109/02652048.2011.590615
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Wong et al.

Curcumin Nanoformulations for Colorectal Cancer

Chuah, L. H., Roberts, C. J., Billa, N., Abdullah, S., and Rosli, R. (2014a).
Cellular uptake and anticancer effects of mucoadhesive curcumin-containing
chitosan nanoparticles. Colloids Surf. B Biointerfaces 116, 228-236.
doi: 10.1016/j.colsurfb.2014.01.007

Chuah, L. H., Roberts, C. J., Billa, N., Abdullah, S., Rosli, R., and
Manickam, S. (2014b). Using Nanoparticle Tracking Analysis (NTA)
to decipher mucoadhesion propensity of curcumin-containing chitosan
nanoparticles and curcumin release. J. Dispers. Sci. Technol. 35, 1201-1207.
doi: 10.1080/01932691.2013.800458

Dash, T. K., and Konkimalla, V. S. B. (2017). Selection and optimization of nano-
formulation of P-glycoprotein inhibitor for reversal of doxorubicin resistance
in COLO205 cells. J. Pharm. Pharmacol. 69, 834-843. doi: 10.1111/jphp.12722

Ferri, C., West, K., Otero, K., and Kim, Y. H. (2018). Effectiveness of curcumin
for treating cancer during chemotherapy. Altern. Complement. Ther. 24, 13-18.
doi: 10.1089/act.2017.29147.yhk

Fujisawa, S., Atsumi, T., Ishihara, M., and Kadoma, Y. (2004). Cytotoxicity,
ROS-generation activity and radical-scavenging activity of curcumin and
related compounds. Anticancer Res. 24, 563-569. Available online at: http://ar.
ilarjournals.org/content/24/2B/563.short

Gordon, O. N, Luis, P. B,, Sintim, H. O., and Schneider, C. (2015). Unraveling
curcumin degradation: autoxidation proceeds through spiroepoxide and
vinylether intermediates en route to the main bicyclopentadione. J. Biol. Chem.
290, 4817-4828. doi: 10.1074/jbc.M114.618785

Gou, M., Men, K, Shi, H,, Xiang, M., Zhang, J., Song, J., et al. (2011). Curcumin-
loaded biodegradable polymeric micelles for colon cancer therapy in vitro and
in vivo. Nanoscale 3, 1558-1567. doi: 10.1039/cOnr00758g

Guilford, J. M., and Pezzuto, J. M. (2008). Natural products as inhibitors
of carcinogenesis. Expert Opin. Investig. Drugs 17, 1341-1352.
doi: 10.1517/13543784.17.9.1341

Guo, H,, Xu, Y. M,, Ye, Z. Q., Yu, J. H, and Hu, X. Y. (2013). Curcumin
induces cell cycle arrest and apoptosis of prostate cancer cells by regulating
the expression of IkappaBalpha, c-Jun and androgen receptor. Pharmazie 68,
431-434. doi: 10.1691/ph.2013.2861

Haggar, F. A., and Boushey, R. P. (2009). Colorectal cancer epidemiology:
incidence, mortality, survival, and risk factors. Clin. Colon. Rectal. Surg. 22,
191-197. doi: 10.1055/s-0029-1242458

Ireson, C., Orr, S., Jones, D. J., Verschoyle, R., Lim, C. K., Luo, J. L., et al. (2001).
Characterization of metabolites of the chemopreventive agent curcumin in
human and rat hepatocytes and in the rat in vivo, and evaluation of their ability
to inhibit phorbol ester-induced prostaglandin E2 production. Cancer Res. 61,
1058-1064. Available online at: http://cancerres.aacrjournals.org/content/61/3/
1058

Javadi, S., Rostamizadeh, K., Hejazi, J., Parsa, M., and Fathi, M. (2018). Curcumin
mediated down-regulation of alphaV beta3 integrin and up-regulation of
pyruvate dehydrogenase kinase 4 (PDK4) in Erlotinib resistant SW480 colon
cancer cells. Phytother. Res. 32, 355-364. doi: 10.1002/ptr.5984

Jin, H., Qiao, F., Wang, Y., Xu, Y., and Shang, Y. (2015). Curcumin inhibits
cell proliferation and induces apoptosis of human non-small cell lung
cancer cells through the upregulation of miR-192-5p and suppression of
PI3K/Akt signaling pathway. Oncol. Rep. 34, 2782-2789. doi: 10.3892/or.
2015.4258

Krausz, A. E., Adler, B. L., Cabral, V., Navati, M., Doerner, J., Charafeddine,
R. A, et al. (2015). Curcumin-encapsulated nanoparticles as innovative
antimicrobial and wound healing agent. Nanomedicine 11, 195-206.
doi: 10.1016/j.nano0.2014.09.004

Kunnumakkara, A. B., Bordoloi, D., Harsha, C., Banik, K., Gupta, S. C,
and Aggarwal, B. B. (2017). Curcumin mediates anticancer effects by
modulating multiple cell signaling pathways. Clin. Sci. 131, 1781-1799.
doi: 10.1042/CS20160935

Lee, W. H., Loo, C. Y., Young, P. M., Traini, D., Mason, R. S., and Rohanizadeh,
R. (2014). Recent advances in curcumin nanoformulation for cancer therapy.
Expert Opin. Drug Deliv. 11, 1183-1201. doi: 10.1517/17425247.2014.916686

Li, L, Ahmed, B., Mehta, K., and Kurzrock, R. (2007). Liposomal curcumin
with and without oxaliplatin: effects on cell growth, apoptosis, and
angiogenesis in colorectal cancer. Mol. Cancer Ther. 6, 1276-1282.
doi: 10.1158/1535-7163.MCT-06-0556

Li, L, Xiang, D., Shigdar, S., Yang, W., Li, Q., Lin, J., et al. (2014). Epithelial
cell adhesion molecule aptamer functionalized PLGA-lecithin-curcumin-PEG

nanoparticles for targeted drug delivery to human colorectal adenocarcinoma
cells. Int. J. Nanomedicine 9, 1083-1096. doi: 10.2147/IJN.S59779

Liu, J., Chen, S, Ly, L., Song, L., Guo, S., and Huang, S. (2013). Recent progress in
studying curcumin and its nano-preparations for cancer therapy. Curr. Pharm.
Des. 19, 1974-1993. doi: 10.2174/1381612811319110003

Lotfi-Attari, J., Pilehvar-Soltanahmadi, Y., Dadashpour, M., Alipour, S., Farajzadeh,
R, Javidfar, S., et al. (2017). Co-delivery of curcumin and chrysin by
polymeric nanoparticles inhibit synergistically growth and hTERT gene
expression in human colorectal cancer cells. Nutr. Cancer 69, 1290-1299.
doi: 10.1080/01635581.2017.1367932

Low, L. E,, Tan, L. T. H,, Goh, B. H,, Tey, B. T., Ong, B. H., and Tang, S. Y. (2019).
Magnetic cellulose nanocrystal stabilized Pickering emulsions for enhanced
bioactive release and human colon cancer therapy. Int. J. Biol. Macromol. 127,
76-84. doi: 10.1016/j.ijbiomac.2019.01.037

Lv, Z. D., Liu, X. P, Zhao, W. ], Dong, Q., Li, F. N., Wang, H. B,, et al. (2014).
Curcumin induces apoptosis in breast cancer cells and inhibits tumor growth
in vitro and in vivo. Int. J. Clin. Exp. Pathol. 7, 2818-2824.

Ma, J., Fang, B., Zeng, F., Pang, H., Zhang, J., Shi, Y., et al. (2014). Curcumin
inhibits cell growth and invasion through up-regulation of miR-7 in pancreatic
cancer cells. Toxicol. Lett. 231, 82-91. doi: 10.1016/j.toxlet.2014.09.014

Madhusudana Rao, K., Krishna Rao, K. S., Ramanjaneyulu, G., and Ha, C. S.
(2015). Curcumin encapsulated pH sensitive gelatin based interpenetrating
polymeric network nanogels for anti cancer drug delivery. Int. J. Pharm. 478,
788-795. doi: 10.1016/j.ijpharm.2014.12.001

Marjaneh, R. M., Rahmani, F., Hassanian, S. M., Rezaei, N., Hashemzehi, M.,
Bahrami, A., et al. (2018). Phytosomal curcumin inhibits tumor growth
in colitis-associated colorectal cancer. J. Cell. Physiol. 233, 6785-6798.
doi: 10.1002/jcp.26538

Metzler, M., Pfeiffer, E., Schulz, S. I, and Dempe, J. S. (2013). Curcumin uptake
and metabolism. Biofactors 39, 14-20. doi: 10.1002/biof.1042

Naksuriya, O., Okonogi, S., Schiffelers, R. M., and Hennink, W. E. (2014).
Curcumin nanoformulations: a review of pharmaceutical properties and
preclinical studies and clinical data related to cancer treatment. Biomaterials
35, 3365-3383. doi: 10.1016/j.biomaterials.2013.12.090

NCT01294072 (2011). Study Investigating the Ability of Plant Exosomes to Deliver
Curcumin to Normal and Colon Cancer Tissue. Available online at:https://
ClinicalTrials.gov/show/NCT01294072 (Accessed April 4, 2018).

NCT01948661 (2013). Anthocyanin Extract and Phospholipid Curcumin in
Colorectal Adenoma. Available online at: https://ClinicalTrials.gov/show/
NCT01948661 (Accessed April 4, 2018).

NCT02439385 (2015). Avastin/FOLFIRI in Combination With Curcumin in
Colorectal Cancer Patients With Unresectable Metastasis. Available online at:
https://ClinicalTrials.gov/show/NCT02439385 (Accessed April 4, 2018).

Ndong Ntoutoume, G. M. A, Granet, R, Mbakidi, J. P., Brégier, F,
Léger, D. Y., Fidanzi-Dugas, C., et al. (2016). Development of curcumin-
cyclodextrin/cellulose nanocrystals complexes: new anticancer drug delivery
systems. Bioorg. Med. Chem. Lett. 26, 941-945. doi: 10.1016/j.bmcl.2015.12.060

Nelson, K. M., Dahlin, J. L., Bisson, J., Graham, J., Pauli, G. F., and Walters, M.
A. (2017). The essential medicinal chemistry of curcumin. J. Med. Chem. 60,
1620-1637. doi: 10.1021/acs.jmedchem.6b00975

NIH (2018). Cancer Stat Facts: Colorectal Cancer. Available online at: https://seer.
cancer.gov/statfacts/html/colorect.html (Accessed November 21, 2018).

Pandelidou, M., Dimas, K., Georgopoulos, A., Hatziantoniou, S., and Demetzos,
C. (2011). Preparation and characterization of lyophilised egg PC liposomes
incorporating curcumin and evaluation of its activity against colorectal
cancer cell lines. J. Nanosci. Nanotechnol. 11, 1259-1266. doi: 10.1166/jnn.
2011.3093

Priyadarsini, K. I  (2014).
extraction to  therapeutic
doi: 10.3390/molecules191220091

Rahman, S., Cao, S., Steadman, K. J., Wei, M., and Parekh, H. S. (2012). Native
and beta-cyclodextrin-enclosed curcumin: entrapment within liposomes and
their in vitro cytotoxicity in lung and colon cancer. Drug Deliv. 19, 346-353.
doi: 10.3109/10717544.2012.721143

Raveendran, R., Bhuvaneshwar, G., and Sharma, C. P. (2013). In vitro
cytotoxicity and cellular uptake of curcumin-loaded Pluronic/Polycaprolactone
micelles in colorectal adenocarcinoma cells. J. Biomater. Appl. 27, 811-827.
doi: 10.1177/0885328211427473

The
agent.

of curcumin: from

19,  20091-20112.

chemistry
Molecules

Frontiers in Pharmacology | www.frontiersin.org

16

March 2019 | Volume 10 | Article 152


https://doi.org/10.1016/j.colsurfb.2014.01.007
https://doi.org/10.1080/01932691.2013.800458
https://doi.org/10.1111/jphp.12722
https://doi.org/10.1089/act.2017.29147.yhk
http://ar.iiarjournals.org/content/24/2B/563.short
http://ar.iiarjournals.org/content/24/2B/563.short
https://doi.org/10.1074/jbc.M114.618785
https://doi.org/10.1039/c0nr00758g
https://doi.org/10.1517/13543784.17.9.1341
https://doi.org/10.1691/ph.2013.2861
https://doi.org/10.1055/s-0029-1242458
http://cancerres.aacrjournals.org/content/61/3/1058
http://cancerres.aacrjournals.org/content/61/3/1058
https://doi.org/10.1002/ptr.5984
https://doi.org/10.3892/or.2015.4258
https://doi.org/10.1016/j.nano.2014.09.004
https://doi.org/10.1042/CS20160935
https://doi.org/10.1517/17425247.2014.916686
https://doi.org/10.1158/1535-7163.MCT-06-0556
https://doi.org/10.2147/IJN.S59779
https://doi.org/10.2174/1381612811319110003
https://doi.org/10.1080/01635581.2017.1367932
https://doi.org/10.1016/j.ijbiomac.2019.01.037
https://doi.org/10.1016/j.toxlet.2014.09.014
https://doi.org/10.1016/j.ijpharm.2014.12.001
https://doi.org/10.1002/jcp.26538
https://doi.org/10.1002/biof.1042
https://doi.org/10.1016/j.biomaterials.2013.12.090
https://ClinicalTrials.gov/show/NCT01294072
https://ClinicalTrials.gov/show/NCT01294072
https://ClinicalTrials.gov/show/NCT01948661
https://ClinicalTrials.gov/show/NCT01948661
https://ClinicalTrials.gov/show/NCT02439385
https://doi.org/10.1016/j.bmcl.2015.12.060
https://doi.org/10.1021/acs.jmedchem.6b00975
https://seer.cancer.gov/statfacts/html/colorect.html
https://seer.cancer.gov/statfacts/html/colorect.html
https://doi.org/10.1166/jnn.2011.3093
https://doi.org/10.3390/molecules191220091
https://doi.org/10.3109/10717544.2012.721143
https://doi.org/10.1177/0885328211427473
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Wong et al.

Curcumin Nanoformulations for Colorectal Cancer

Sa, G., and Das, T. (2008). Anti cancer effects of curcumin: cycle of life and death.
Cell Div. 3:14. doi: 10.1186/1747-1028-3-14

Sandur, S. K., Pandey, M. K., Sung, B., Ahn, K. S., Murakami, A., Sethi,
G., et al. (2007). Curcumin, demethoxycurcumin, bisdemethoxycurcumin,
tetrahydrocurcumin and turmerones differentially regulate anti-inflammatory
and anti-proliferative responses through a ROS-independent mechanism.
Carcinogenesis 28, 1765-1773. doi: 10.1093/carcin/bgm123

Sanoj Rejinold, N., Thomas, R. G., Muthiah, M., Chennazhi, K. P., Manzoor, K.,
Park, I. K., et al. (2015). Anti-cancer, pharmacokinetics and tumor localization
studies of pH-, RF- and thermo-responsive nanoparticles. Int. J. Biol. Macromol.
74, 249-262. doi: 10.1016/j.ijbiomac.2014.11.044

Sesarman, A., Tefas, L., Sylvester, B., Licarete, E., Rauca, V., Luput, L., et al. (2018).
Anti-angiogenic and anti-inflammatory effects of long-circulating liposomes
co-encapsulating curcumin and doxorubicin on C26 murine colon cancer cells.
Pharmacol. Rep. 70, 331-339. doi: 10.1016/j.pharep.2017.10.004

Shehzad, A, Lee, J., Huh, T. L., and Lee, Y. S. (2013). Curcumin induces apoptosis
in human colorectal carcinoma (HCT-15) cells by regulating expression of Prp4
and p53. Mol. Cells 35, 526-532. doi: 10.1007/s10059-013-0038-5

Shen, L., and Ji, H. F. (2007). Theoretical study on physicochemical properties
of curcumin. Spectrochim. Acta A Mol. Biomol. Spectrosc. 67, 619-623.
doi: 10.1016/j.52a.2006.08.018

Shoba, G., Joy, D., Joseph, T., Majeed, M., Rajendran, R., and Srinivas, P.
S. (1998). Influence of piperine on the pharmacokinetics of curcumin in
animals and human volunteers. Planta Med. 64, 353-356. doi: 10.1055/s-2006-
957450

Siegel, R. L., Miller, K. D., Fedewa, S. A., Ahnen, D. J., Meester, R. G. S., Barzi, A.,
et al. (2017). Colorectal cancer statistics, 2017. CA Cancer J. Clin. 67, 177-193.
doi: 10.3322/caac.21395

Simon, K. (2016). Colorectal cancer development and advances in screening. Clin.
Interv. Aging 11, 967-976. doi: 10.2147/CIA.S5109285

Tan, L. T. H,, Low, L. E,, Tang, S. Y., Yap, W. H., Chuah, L. H., Chan, C. K., et al.
(2019). A reliable and affordable 3D tumor spheroid model for natural product
drug discovery: a case study of curcumin. Prog. Drug Discov. Biomed. Sci. 2.
Available online at: http://www.journals.hh-publisher.com/index.php/pddbs/
article/view/46/41

Tefas, L. R., Sylvester, B, Tomuta, I, Sesarman, A., Licarete, E., Banciu,
M., et al. (2017). Development of antiproliferative long-circulating
liposomes co-encapsulating doxorubicin and curcumin, through the use
of a quality-by-design approach. Drug Des. Devel. Ther. 11, 1605-1621.
doi: 10.2147/DDDT.S129008

Tonnesen, H. H., Masson, M., and Loftsson, T. (2002). Studies of curcumin
and curcuminoids. XXVIL.  Cyclodextrin = complexation:  solubility,
chemical and photochemical stability. Int. J. Pharm. 244, 127-135.
doi: 10.1016/S0378-5173(02)00323-X

Torchilin, V. (2009). stimuli-sensitive
pharmaceutical nanocarriers. Eur. J. Pharm. Biopharm. 71, 431-444.
doi: 10.1016/j.ejpb.2008.09.026

Udompornmongkol, P., and Chiang, B. H. (2015). Curcumin-loaded polymeric
nanoparticles for enhanced anti-colorectal cancer applications. J. Biomater.
Appl. 30, 537-546. doi: 10.1177/0885328215594479

Vallianou, N. G., Evangelopoulos, A., Schizas, N., and Kazazis, C. (2015). Potential
anticancer properties and mechanisms of action of curcumin. Anticancer Res.
35, 645-651. Available online at: http://ar.iiarjournals.org/content/35/2/645.
long

Vareed, S. K., Kakarala, M., Ruffin, M. T., Crowell, J. A., Normolle, D. P,
Djuric, Z., et al. (2008). Pharmacokinetics of curcumin conjugate metabolites
in healthy human subjects. Cancer Epidemiol. Biomarkers Prev. 17, 1411-1417.
doi: 10.1158/1055-9965.EPI-07-2693

Multifunctional and

Wadhwa, J., Asthana, A., Gupta, S., Shilkari Asthana, G., and Singh, R. (2014).
Development and optimization of polymeric self-emulsifying nanocapsules
for localized drug delivery: design of experiment approach. Sci. World J.
2014:516069. doi: 10.1155/2014/516069

Wabhlstrém, B., and Blennow, G. (1978). A study on the fate of curcumin in the rat.
Acta Pharmacol. Toxicol. 43, 86-92. doi: 10.1111/j.1600-0773.1978.tb02240.x

Wang, K., Zhang, T., Liu, L, Wang, X, Wu, P.,, Chen, Z, et al. (2012).
Novel micelle formulation of curcumin for enhancing antitumor activity
and inhibiting colorectal cancer stem cells. Int. J. Nanomed. 7, 4487-4497.
doi: 10.2147/1JN.S34702

WHO (2018). Cancer Fact Sheet. WHO Media Centre. Available online at:
http://www.who.int/mediacentre/factsheets/fs297/en/ (Accessed November 21,
2018).

World Cancer Research Fund International (2015). Colorectal Cancer Statistics.
London. Available online at: http://www.wcrf.org/int/cancer-facts- figures/
data-specific- cancers/colorectal-cancer-statistics (Accessed November 21,
2018).

Xiao, B., Han, M. K., Viennois, E, Wang, L., Zhang, M., Si, X,, et al
(2015a). Hyaluronic acid-functionalized polymeric nanoparticles for colon
cancer-targeted combination chemotherapy. Nanoscale 7, 17745-17755.
doi: 10.1039/C5NR04831A

Xiao, B., Si, X., Han, M. K,, Viennois, E., Zhang, M., and Merlin, D. (2015b). Co-
delivery of camptothecin and curcumin by cationic polymeric nanoparticles
for synergistic colon cancer combination chemotherapy. /] Mater Chem B 3,
7724-7733. doi: 10.1039/C5TB01245G

Xie, M., Fan, D., Li, Y., He, X, Chen, X., Chen, Y., et al. (2017). Supercritical carbon
dioxide-developed silk fibroin nanoplatform for smart colon cancer therapy.
Int. J. Nanomed. 12, 7751-7761. doi: 10.2147/1JN.S145012

Yallapu, M. M., Jaggi, M., and Chauhan, S. C. (2013). Curcumin nanomedicine:
a road to cancer therapeutics. Curr. Pharm. Des. 19, 1994-2010.
doi: 10.2174/138161213805289219

Yallapu, M. M., Nagesh, P. K., Jaggi, M., and Chauhan, S. C. (2015).
Therapeutic applications of curcumin nanoformulations. AAPS . 17,
1341-1356. doi: 10.1208/s12248-015-9811-z

Yang, K. Y., Lin, L. C, Tseng, T. Y., Wang, S. C,, and Tsai, T. H. (2007). Oral
bioavailability of curcumin in rat and the herbal analysis from Curcuma
longa by LC-MS/MS. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 853,
183-189. doi: 10.1016/j.jchromb.2007.03.010

Yang, X,, Li, Z, Wang, N,, Li, L., Song, L., He, T., et al. (2015). Curcumin-
encapsulated polymeric micelles suppress the development of colon cancer
in vitro and in vivo. Sci. Rep. 5:10322. doi: 10.1038/srep10322

Zhen, L., Fan, D., Yi, X., Cao, X., Chen, D., and Wang, L. (2014). Curcumin inhibits
oral squamous cell carcinoma proliferation and invasion via EGFR signaling
pathways. Int. J. Clin. Exp. Pathol. 7, 6438-6446.

Zhou, H., Beevers, C. S., and Huang, S. (2011). Targets of curcumin. Curr. Drug
Targets 12, 332-347. doi: 10.2174/138945011794815356

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Wong, Ngai, Chan, Lee, Goh and Chuah. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org

March 2019 | Volume 10 | Article 152


https://doi.org/10.1186/1747-1028-3-14
https://doi.org/10.1093/carcin/bgm123
https://doi.org/10.1016/j.ijbiomac.2014.11.044
https://doi.org/10.1016/j.pharep.2017.10.004
https://doi.org/10.1007/s10059-013-0038-5
https://doi.org/10.1016/j.saa.2006.08.018
https://doi.org/10.1055/s-2006-957450
https://doi.org/10.3322/caac.21395
https://doi.org/10.2147/CIA.S109285
http://www.journals.hh-publisher.com/index.php/pddbs/article/view/46/41
http://www.journals.hh-publisher.com/index.php/pddbs/article/view/46/41
https://doi.org/10.2147/DDDT.S129008
https://doi.org/10.1016/S0378-5173(02)00323-X
https://doi.org/10.1016/j.ejpb.2008.09.026
https://doi.org/10.1177/0885328215594479
http://ar.iiarjournals.org/content/35/2/645.long
http://ar.iiarjournals.org/content/35/2/645.long
https://doi.org/10.1158/1055-9965.EPI-07-2693
https://doi.org/10.1155/2014/516069
https://doi.org/10.1111/j.1600-0773.1978.tb02240.x
https://doi.org/10.2147/IJN.S34702
http://www.who.int/mediacentre/factsheets/fs297/en/
http://www.wcrf.org/int/cancer-facts-figures/data-specific-cancers/colorectal-cancer-statistics
http://www.wcrf.org/int/cancer-facts-figures/data-specific-cancers/colorectal-cancer-statistics
https://doi.org/10.1039/C5NR04831A
https://doi.org/10.1039/C5TB01245G
https://doi.org/10.2147/IJN.S145012
https://doi.org/10.2174/138161213805289219
https://doi.org/10.1208/s12248-015-9811-z
https://doi.org/10.1016/j.jchromb.2007.03.010
https://doi.org/10.1038/srep10322
https://doi.org/10.2174/138945011794815356
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Curcumin Nanoformulations for Colorectal Cancer: A Review
	Introduction
	Background of Colorectal Cancer
	Key Properties of Curcumin
	Physicochemical Properties
	Absorption and Metabolism
	Anticancer Properties

	Curcumin Nanoformulations in Colorectal Cancer
	Curcumin Loaded Liposomes
	Curcumin Loaded Micelles
	Curcumin Loaded Polymeric Nanoparticles
	Curcumin Loaded Nanogels
	Curcumin Loaded Cyclodextrin
	Curcumin Loaded Lipid-Based Nanoparticles
	Curcumin Loaded Gold Nanoparticles

	Clinical Trials of CUR Nanoformulations
	Research Gap and Future Directions
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


