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Abstract

Substantial human and preclinical studies have shown that curcumin, a di-
etary compound from turmeric, has a variety of health-promoting effects
including but not limited to antioxidant, antimicrobial, anti-inflammatory,
and anticancer actions.However, curcumin has poor bioavailability, and high
doses of curcumin are usually needed to exert its health-promoting effects
in vivo, limiting its applications for disease prevention. Here, we discuss the
health-promoting effects of curcumin, factors limiting its bioavailability, and
strategies to improve its oral bioavailability.
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INTRODUCTION

Curcumin is a yellow pigment derived from turmeric, a rhizome from the herb Curcuma longa.
Turmeric is commonly used as the main ingredient in curry spices and provides their distinctive
colors and flavors. Traditionally, turmeric has been used for centuries as an ingredient for medic-
inal spice mixtures and as part of Ayurveda or Chinese medicine to promote health (Ammon &
Wahl 1991, Shishodia et al. 2005). Over the past few decades, substantial studies have shown that
curcumin has a variety of health-promoting effects, including but not limited to antioxidant, an-
timicrobial, anti-inflammatory, and anticancer actions (Aggarwal et al. 2003, Menon & Sudheer
2007). Currently, many human studies evaluate the health-promoting effects of curcumin. How-
ever, curcumin has poor bioavailability (Prasad et al. 2014); therefore, high doses of curcumin
are typically needed to exert its health-promoting effects in vivo (Vareed et al. 2008). Long-term
intake of high-dose curcumin could cause adverse effects and reduce compliance, limiting the ap-
plication of curcumin for disease prevention (Aggarwal & Sung 2009,Vareed et al. 2008).Here,we
discuss the health-promoting effects of curcumin, factors limiting its bioavailability, and strategies
to improve its oral bioavailability.

HEALTH BENEFITS AND BIOLOGICAL ACTIVITIES OF CURCUMIN

Curcumin is among the most promising dietary compounds for reducing the risks of a variety of
diseases because of its anti-inflammatory and antioxidant properties, which have been character-
ized in various in vitro cellular, molecular, and in vivo animal studies. Because of the promising
efficacy and low toxicity of curcumin, many clinical trials have since been conducted to evaluate
the therapeutic applications of curcumin on diseases relating to oxidative stress and chronic in-
flammation, including but not limited to arthritis, cancer, and metabolic syndrome (MetS). The
following section describes the mechanisms behind curcumin’s properties, summarizes some of
these human clinical trials, and further describes recent human trials that address concerns about
improvements for the bioavailability of curcumin.

Effects of Curcumin on Inflammation

As has been widely reported, one of the most beneficial characteristics of curcumin is its anti-
inflammatory property. Cellular and molecular studies have shown that curcumin is able to de-
crease essential pathways regulating inflammation, including nuclear factor kappa B (NF-κB),
cyclooxygenase (COX), and lipoxygenase pathways, which leads to a decrease in proinflamma-
tory cytokine levels and a decrease in prostaglandin production (Chan 1995, Huang et al. 1991,
Killian et al. 2012, Midura-Kiela et al. 2012, Singh & Aggarwal 1995). This decrease of cytokines
and prostaglandins also affects the subsequent signal transduction pathways in which they are in-
volved (Aggarwal et al. 2006, Li et al. 2004, Midura-Kiela et al. 2012). Also, curcumin has been
used to alleviate inflammation in animal models of colon inflammation (Sugimoto et al. 2002,
Venkataranganna et al. 2007). Because of these studies, curcumin is being considered as a ther-
apeutic for many diseases related to chronic inflammation. In fact, some consider curcumin a
replacement for nonsteroidal anti-inflammatory drugs (NSAIDs) because it shares similar mech-
anisms to those of NSAIDS, is a naturally occurring compound, and exhibits fewer long-term
adverse effects (Aggarwal & Harikumar 2009).

Chuengsamarn et al. (2014) studied the effects of curcumin treatment on atherosclerosis, an
inflammation-associated cardiovascular condition, in type 2 diabetes patients. A curcumin dose of
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1.5 g/day was given to 240 patients for 9 months. At the end of the treatment period, there was a
decrease in pulse wave velocity (PWV), an acceptedmarker of atherosclerosis, in curcumin-treated
patients. In addition to decreased PWV, curcumin-treated patients also had decreased atheroscle-
rosis risk factors, including decreased insulin resistance, triglycerides, uric acid, and visceral and
total body fat.

Researchers have also considered curcumin for the treatment of ulcerative colitis (UC), an
inflammatory bowel disease that causes ulcers in the digestive tract due to long-lasting chronic in-
flammation. To determine whether adjuvant curcumin treatment can induce remission in patients
with UC, Lang et al. (2015) gave 50 patients with active mild-to-moderate UC either curcumin
capsules (Cur-Cure, containing 95% pure curcumin) at a dose of 3 g/day or a placebo for one
month. Their findings showed that 14 out of 26 (53.8%) patients were able to achieve clinical
remission, as defined by the Simple Clinical Colitis Activity Index, whereas 0 patients treated with
placebo had induction of remission. Furthermore, another trial showed that not only could ad-
juvant curcumin treatment induce clinical remission, but it could also prevent the relapse of UC
(Hanai et al. 2006). Ninety patients with quiescent UC were given either 2 g/day of curcumin
or placebo for 6 months. At the end of the trial, only 2 (4.65%) patients in the curcumin treat-
ment group relapsed compared with 8 (20.51%) patients in the placebo treatment group. Also,
curcumin-treated patients showed improvement in the Clinical Activity Index and Endoscopic
Index compared with placebo-treated patients.

Effects of Curcumin on Oxidative Stress

Curcumin can protect the body from reactive oxygen species and other free radicals that can
potentially damage DNA, thus leading to mutations that increase the risk of tumor formation.
This ability is due to its antioxidative properties, including metal chelating, radical scavenging,
and hydrogen peroxide scavenging (Ak & Gülçin 2008, Manikandan et al. 2004, Motterlini et al.
2000). Because of its antioxidative properties, human clinical trials were used to evaluate further
the effect of curcumin on conditions under which oxidative stress is a concern.

Radiotherapy is an important method for the treatment of cancer, but it can produce active
oxygen radicals that may increase oxidative stress in the body. Therefore, Hejazi et al. (2016)
evaluated the effect of curcumin supplementation on the oxidative status of patients with prostate
cancer who would undergo radiotherapy. Forty patients were given either curcumin with a dose
of 3 g/day or placebo, starting 1 week before the initiation of radiotherapy and continuing until
3 months after their radiotherapy ended. Curcumin-treated patients had an increase in plasma
total antioxidant capacity and a decrease in superoxide dismutase (SOD) activity—both effects
suggesting a decrease in oxidative stress—after radiotherapy compared with the placebo-treated
patients.

Oxidative stress also plays a role in MetS, which can increase the risk of cardiovascular disease
and diabetes (Roberts & Sindhu 2009). Oxidative stress has also been implicated in osteoarthritis
(Lepetsos & Papavassiliou 2016). Because of this, Panahi et al. (2015, 2016) evaluated the effects
of curcumin on oxidative stress and inflammation in subjects with MetS and knee osteoarthritis.
One-hundred subjects with MetS were given either 1 g/day of curcumin, with the addition of
10 mg/day piperine to boost bioavailability (Shoba et al. 1998), or placebo, whereas the subjects
with osteoarthritis were given 1.5 g/day curcumin with 15 mg/day of piperine or placebo. In both
trials, subjects in the curcumin group had improved serum SOD activities and a decrease in mal-
ondialdehyde concentration, both of which suggest that there was a decrease in oxidative stress
compared with subjects in the placebo group. In addition, C-reactive protein concentrations in
plasma of curcumin-treated subjects were also decreased, suggesting a decrease in inflammation.
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Effects of Curcumin on Cancer

Curcumin displays potent anticancer effects through several mechanisms, including the above-
mentioned anti-inflammatory mechanisms as well as through (a) inhibition of proliferation via
cell cycle arrest and apoptosis, cell migration, and invasion of human cancer cell lines (Aggarwal
et al. 2006; Anto et al. 2002; Cheng et al. 2007; Li et al. 2004, 2005;Mudduluru et al. 2011;Watson
et al. 2008); (b) suppression of angiogenesis and lymphangiogenesis, both of which play a role in
tumor growth and metastasis (Arbiser et al. 1998, Ejaz et al. 2009, Li et al. 2005,Wang et al. 2015);
and (c) increases in the number of tumor suppressor proteins (Chen et al. 2008). Curcumin has
demonstrated its anticancer effects in several animal models of certain cancers, including pancre-
atic, colon, and breast cancer (Bachmeier et al. 2007, Huang et al. 1994, Rao et al. 1995).

Because of the therapeutic potential of curcumin for the treatment of cancer, researchers fur-
ther evaluated curcumin in clinical trials. Cheng et al. (2001) conducted the first clinical study to
test and determine a biologically active dose of curcumin for cancer treatment. Twenty-five pa-
tients that had the following varying cancers and conditions were chosen: urinary bladder cancer,
uterine cervical intraepithelial neoplasm, intestinal metaplasia in the stomach, oral leukoplakia,
and arsenic-related Bowen’s disease of the skin. These patients were given a starting oral cur-
cumin dose of 0.5 g/day, which was steadily doubled to 12 g, depending on lack of toxicity. Seven
of the patients saw a histologic improvement of precancerous lesions and the dose of 8 g/day was
shown to be the most effective and promising.

Using the oral dose of 8 g/day of curcumin, Dhillon et al. (2008) proceeded with a Phase II
trial to study the effect of curcumin in patients with pancreatic cancer. Among the 21 patients
with adenocarcinoma of the pancreas that were given curcumin, only 2 showed a decrease in tumor
pathology. Still,most patients had decreasedNF-κB,COX2, and pSTAT3 activation—all of which
are important in the body’s inflammatory response—in their peripheral blood mononuclear cells.

FACTORS LIMITING THE BIOAVAILABILITY OF CURCUMIN

Substantial studies have shown that curcumin has poor bioavailability and a weak pharmacokinet-
ics profile: Notably, a previous study showed that after a single oral dose of 10 or 12 g of curcumin,
the free form of curcumin was barely detected in human plasma (Vareed et al. 2008). As a result,
high doses of curcumin are usually needed to exert its health-promoting effects in vivo (Vareed
et al. 2008). In their review, Prasad et al. (2014) discuss in detail the bioavailability of curcumin.
A recent Phase IIα clinical trial showed that oral administration of 4 g/day curcumin for 30 days
caused a 40% reduction in aberrant crypt foci, a biomarker for colorectal neoplasia, whereas at a
lower dose (1 g/day) curcumin had no effect (Carroll et al. 2011). As discussed above,many human
studies support that high doses of curcumin (several grams of curcumin per day) are needed to ex-
ert health-promoting effects. Long-term intake of high-dose curcumin could cause adverse effects
and reduce compliance, limiting the application of curcumin for disease prevention (Vareed et al.
2008). The low bioavailability of curcumin is caused by many mechanisms, including low solubil-
ity in aqueous gastrointestinal fluids, low chemical stability at physiological pH, low absorption
in the gastrointestinal tract (GIT), and rapid metabolism in the GIT and liver. Below, we discuss
the factors limiting the bioavailability of curcumin.

Bioaccessibility

For nutraceuticals, in this case curcumin, to exert biological activities, they need to be bioaccessible
to be absorbed into the GIT epithelium and then transported into the systemic circulation. For
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that, solubilization of the compounds in the aqueous gastrointestinal fluids is crucial. Curcumin is
a highly hydrophobic compound, and therefore it has poor solubility in the aqueous fluids leading
to poor bioaccessibility (Tønnesen & Karlsen 1985).

In addition, recent research showed that curcumin has poor stability in aqueous solution and
that it rapidly degrades in aqueous solution in a pH-dependent manner: At a pH of 3–6.5, the
half-life of curcumin is ∼100–200 minutes; at a pH of 7.2–8.0, the half-life of curcumin dramat-
ically reduces to as short as 1–9 minutes. With the presence of proteins, chemical degradation
of curcumin is slower but still processes at a significant rate. Within 1 h, ∼20% of curcumin de-
grades in human blood and in a cell culture medium with 10% fetal bovine serum (Gordon et al.
2015, Griesser et al. 2011, Nimiya et al. 2016, Schneider et al. 2015, Wang et al. 1997). Regard-
ing the underlying mechanism, recent studies showed that the chemical degradation of curcumin
at physiological pH is mediated by a radical-dependent oxidation process (Gordon et al. 2015,
Griesser et al. 2011, Nimiya et al. 2016, Schneider et al. 2015). It is proposed that the first step
of curcumin degradation is hydrogen abstraction from the phenolic group to form a curcumin
phenolic radical, which then migrates to the conjugated heptadienedione chain and reacts with
oxygen to generate various degradation products.The radical could be then transferred to another
curcumin molecule, leading to oxidation of another curcumin molecule and resulting in a chain
reaction causing rapid curcumin degradation (Schneider et al. 2015). Bicyclopentadione, an au-
toxidation product of curcumin, has been shown to be the most abundant degradation product of
curcumin at physiological pH (Gordon et al. 2015,Griesser et al. 2011, Schneider et al. 2015).Our
recent study showed that coadministration of radical scavenging antioxidants suppressed autoxi-
dation of curcumin at physiological pH and enhanced its chemical stability and biological activity
(Nimiya et al. 2016), further supporting the idea that the chemical degradation of curcumin in
aqueous solution is mainly mediated by a redox-dependent mechanism.

The chemical degradation of curcumin in aqueous solution leads to the formation of a series
of compounds, including alkaline hydrolysis products, such as ferulic acid, vanillin, ferulaldehyde,
and feruloyl methane, and autoxidation products such as bicyclopentadione (Gordon et al. 2015,
Griesser et al. 2011, Schneider et al. 2015). Compared with curcumin, the biological activities
of these compounds are generally less active or inactive (see Zhu et al. 2017). Therefore, it is
feasible that the chemical degradation of curcumin in aqueous solution could contribute to poor
bioavailability and reduced activity of curcumin, although it remains to be determined whether
the chemical degradation of curcumin could indeed happen in vivo.

Coingestion of curcumin with lipids can help increase curcumin solubility and bioaccessibility
through encapsulation of curcumin into mixed micelles formed from hydrolysis of the lipid in the
GIT.This mixture not only helps protect curcumin from degradation but also increases its chance
to be absorbed into the GIT epithelium lining. The length of the fatty acid chains and degree of
saturation determines the solubility of nutraceuticals in the mixed micelles. In this case, medium-
chain triglycerides (MCT) and long-chain triglycerides (LCT) have been reported to be suitable
vehicles for increasing the solubility and bioaccessibility of curcumin (Zou et al. 2015c, 2016a).

Absorption

One reason for the low bioavailability of curcumin is its poor absorption. The main absorption
site of curcumin in the GIT is in the small intestine (Ravindranath & Chandrasekhara 1980).
However, curcumin is a lipophilic phenolic compound, which makes it difficult to orally adminis-
ter the curcumin to be absorbed by the small intestine epithelium cells (Prasad et al. 2014). Even
if it were absorbed into the epithelium, its hydrophobic property would cause it to be flushed
back into the lumen through the efflux system. A previous study showed that after a dosage of
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10–400 mg [3H]curcumin in animals, the primary route to eliminating curcumin was through
feces, suggesting poor absorption of curcumin (Ravindranath & Chandrasekhara 1982). Piperine,
an active compound derived from peppers, had been reported to be able to reduce efflux transport
back to the lumen by modulating cell membrane dynamics and altering the lipid fluidity due to
its apolar nature (Khajuria et al. 2002).

Tissue Distribution

After being absorbed and circulated, how curcumin is distributed throughout the body tissues is
an important factor for its biological activities. However, few studies have been conducted to ad-
dress this issue. Ravindranath & Chandrasekhara (1980) showed that only traces of free-formed
curcumin were found in the liver and kidney of rats after oral administration of 400 mg of cur-
cumin. Another study using tritium-labeled curcumin showed that after a dosage of 10–400 mg
[3H]curcumin, radioactivity was detectable in the blood, liver, and kidney of the treated animal
(Ravindranath & Chandrasekhara 1982). More studies are needed to assess the tissue distribution
of curcumin using different administration processes.

Metabolic Transformation

After oral intake, curcumin undergoes rapid metabolic reduction (Phase I metabolism) and conju-
gation (Phase II metabolism) in tissues such as those of the GIT and liver, which contributes to its
poor systemic bioavailability. Curcumin could be metabolized by NADPH-reductase to generate
a series of reduction products, including dihydrocurcumin, tetrahydrocurcumin, hexahydrocur-
cumin, and octahydrocurcumin (Lin et al. 2000, Pan et al. 1999). Notably, Hassaninasab et al.
(2011) showed that human gut bacteria E. coli could also catalyze the reductive metabolism of
curcumin through the unique bacterial enzyme CurA (NADPH-dependent curcumin or dihy-
drocurcumin reductase). The metabolism of curcumin by CurA leads to the formation of dihy-
drocurcumin and tetrahydrocurcumin, and the lack of further reduction products suggests that
the CurA enzyme can catalyze only the reduction of the C=C bond, not the C=O bond.

Curcumin has two phenolic groups,making it susceptible for metabolization by Phase II detox-
ification enzymes such as glucuronosyltransferase and sulfotransferase, leading to the formation
of glucuronide and sulfate conjugates, respectively. A study in mice with oral administration of
0.1 g/kg of curcumin yielded a peak plasma concentration of free curcumin of only 2.25 μg/ml
(Pan et al. 1999). Another study in rats showed that free-form curcumin was completely unde-
tectable in plasma within 1 h after a 40 mg/kg intravenous dose. On the basis of enzymatic hy-
drolysis studies, the significant curcumin metabolites observed were curcumin glucuronide and
curcumin sulfate (Ireson et al. 2001). Human studies also showed that after oral administration
of curcumin, most of the curcumin found in the plasma was in its conjugate forms, with a ratio
of curcumin glucuronide to curcumin sulfate of 1.92:1 (Vareed et al. 2008). Compared with cur-
cumin, curcumin glucuronide and curcumin sulfate have been shown to be less active or inactive
(Wang et al. 2015, Zhu et al. 2017); therefore, the Phase II metabolism leads to reduced biological
activities of curcumin.

Along with enzymatic Phase I and Phase II metabolisms, curcumin has an α,β-unsaturated
carbonyl moiety, which can react with protein thiols to form covalently linked protein conjugates
via a Michael reaction. Therefore, it is likely that after consumption of curcumin, a proportion of
curcumin can enter intracellular space and react with protein thiols to form intracellular protein
adducts. This process could also contribute to the low circulating concentration of free-form cur-
cumin after curcumin consumption. The biological significance of the curcumin–protein adduct
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formation requires more study. Previous research showed that the cysteine residues (or protein
thiols) play critical roles in regulating many critical biological processes. For example, covalent
modification of cysteine residues of Keap1 proteins leads to the disruption of the Keap1-Nrf2
complex and activation of the Nrf2-mediated Phase II detoxification signaling pathway (Zhang &
Hannink 2003). Recent research showed that curcumin could covalently modify a signaling pro-
tein termed casein kinase I gamma, which plays a critical role in the biological action of curcumin
(Abegg et al. 2015). Therefore, the formation of curcumin–protein adducts could contribute to
the biological effects of curcumin.

FOOD MATRIX DESIGN STRATEGIES FOR IMPROVING
CURCUMIN BIOAVAILABILITY

Curcumin may be delivered to consumers in various forms. Curcumin is naturally present in
turmeric, which is used as a colorant and spice in many food products, particularly in Asian coun-
tries. Alternatively, curcumin may be isolated from its natural environment, purified, and then
used as a nutraceutical ingredient in processed foods and beverages (McClements & Xiao 2012,
Oehlke et al. 2014, Ting et al. 2014, Wang et al. 2014, Yada et al. 2014). The problems associ-
ated with the low oral bioavailability of curcumin can be overcome by carefully designing food
matrices (McClements & Xiao 2014). In this section, we consider the following two approaches
to improving the bioavailability of curcumin in natural or processed foods that depend on food
matrix design:

� Delivery systems: In this case, curcumin is isolated from its usual environment and then
encapsulated within a suitable delivery system, which may take the form of a curcumin-
enriched food or beverage, such as a drink, sauce, dip, yogurt, spread, or bread. In many
of these applications, curcumin would have to be encapsulated within a colloidal delivery
system that is then mixed with the food or beverage. This delivery system would have to
be designed to be compatible with the food matrix and to enhance the bioavailability of the
curcumin after ingestion.

� Excipient systems: In this case, the curcumin is left in its typical environment, such as in
turmeric powder or a supplement (pill, capsule, or tablet). This powder or supplement is
then coingested with an excipient food whose composition and structure are carefully de-
signed to enhance the bioavailability of the curcumin. The precise nature of the excipient
food is determined by the physicochemical and sensory requirements of the food or bever-
age product (e.g., appearance, flavor, texture, and stability), as well as the major factors that
typically inhibit its bioavailability (e.g., bioaccessibility, absorption, or transformation).

Colloidal dispersions, which consist of small particles dispersed within an aqueous solution,
can be used to create both delivery and excipient systems suitable for improving the oral bioavail-
ability of curcumin. In the following section, we review several colloidal systems that have strong
potential for application in foods and beverages. Only emulsions have so far been investigated for
their potential to act as excipient systems for curcumin, but other systems may also be effective.

Colloidal Delivery and Excipient Systems

In recent years, there have been major advances in the design and fabrication of food-grade col-
loidal dispersions that can be used as delivery or excipient systems (McClements 2012, Ting et al.
2014, Wang et al. 2014, Yada et al. 2014). Numerous types of colloidal delivery systems have
been developed for this purpose, including emulsions,microemulsions, nanoemulsions, liposomes,
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solid lipid nanoparticles (SLNs), biopolymer nanoparticles, and microgels. Each type of col-
loidal dispersion has certain advantages and limitations for specific applications, and many factors
have to be considered when deciding on the most appropriate for a particular application. Some
of the most important factors are (a) the molecular and physicochemical attributes of the bioactive
to be encapsulated (such as polarity, charge,molecular weight, and chemical sensitivity); (b) the na-
ture of the food matrix (such as appearance, rheology, flavor profile); (c) the environmental stresses
the food experiences during manufacturing, storage, and utilization (such as pH, ionic strength,
water activity, light exposure, oxygen levels, and temperature profile); (d) the ease, robustness,
and cost of manufacture; (e) consumer perception and labeling requirements; and ( f ) government
regulations. Various colloidal delivery systems have been investigated for their potential to encap-
sulate, protect, and deliver curcumin (for review, see Ahmad et al. 2016, Di Martino et al. 2017,
Mahmood et al. 2015, Mehanny et al. 2016, Nayak et al. 2016, Subramanian et al. 2016). Many of
these systems were initially developed for the pharmaceutical industry and are assembled using in-
gredients or processing methods that would not be suitable for food applications. However, some
of them can be constructed from food-grade ingredients using commercially viable production
methods, and could, therefore, be utilized in food or beverage applications.

In the remainder of this section, we provide a brief overview of some of the most essential
food-grade colloidal systems that have been developed to improve the efficacy of curcumin and
highlight their advantages and limitations for application in functional foods and beverages.

Micelles and Microemulsions.Micelles are relatively small colloidal particles that form spon-
taneously when certain types of surfactants are dispersed in water (Paul & Moulik 1997). The
surfactant molecules assemble so that their nonpolar tails are located in the interior of the parti-
cle, while the polar heads are located at the exterior of the particle. The main driving force for the
adoption of this structure is the hydrophobic effect, i.e., the tendency to minimize the thermo-
dynamically unfavorable interactions between the nonpolar surfactant tails and the surrounding
water molecules (Israelachvili 2011).Micelles are usually formed from relatively hydrophilic non-
ionic or ionic surfactants [hydrophile-lipophile balance (HLB) > 10], such as Tweens and sodium
dodecyl sulfate (SDS). Microemulsions have relatively similar structures to micelles, consisting
of a hydrophobic core of surfactant tails and oil molecules surrounded by a hydrophilic shell of
surfactant head groups. Microemulsions are usually formed from a combination of surfactants,
oil, and possibly cosurfactants. Micelles and microemulsions can solubilize nonpolar curcumin
molecules into their hydrophobic cores, and thereby increase their water solubility and alter their
transport properties (Narang et al. 2007). Microemulsions would be expected to solubilize more
curcumin molecules than micelles because their hydrophobic cores are larger, and therefore they
have a higher solubilization capacity. Typically, micelles have diameters between approximately
5 and 15 nm (the length of two surfactant molecules), whereas microemulsions have dimensions
ranging from approximately 10 to 100 nm (because they may also contain an oil core). Micelles
and microemulsions tend to have a spherical shape, although nonspherical shapes can be obtained
for certain types of surfactants and environmental conditions.

At the relatively low concentrations used in foods, micelles and microemulsions tend to have
relatively low viscosities, but they may be highly viscous or gel-like when used at higher concen-
trations. Suspensions of micelles tend to be optically transparent because the colloidal particles are
much smaller than the wavelength of light. However, the appearance of microemulsion suspen-
sions may vary from clear to turbid to opaque depending on the size of the particles they contain.
Micelles and microemulsions are thermodynamically stable systems, and therefore they should re-
main stable once they have been formed.However, the structure of these systems is often sensitive
to environmental conditions (such as temperature, dilution, and ionic strength), and so changes
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in these conditions can lead to changes in their stability. The relatively high levels of surfactants
used to formulate micelles and microemulsions can lead to flavor problems, as some surfactants
have unpleasant bitter or soapy tastes.

Curcumin has been incorporated into microemulsions fabricated from food-grade ingredients,
such as Tween 20, lecithin, vitamin E, and ethanol (Bergonzi et al. 2014). These microemulsions
were shown to increase the water dispersibility of curcumin considerably, i.e., by 1,000- to 10,000-
fold depending on the system composition. They were also shown to increase the permeation
rate of curcumin through membranes, which may be useful for increasing its absorption through
epithelial cells. The particle size of the curcumin-loaded microemulsions was relatively low
(<20 nm), which meant that they were optically transparent, which would be an advantage for
some applications. Microemulsions with similar attributes have also been fabricated using Tween
80, lecithin, and ethyl oleate, which are also all food-grade ingredients (Lin et al. 2009). The rate
of chemical degradation of curcumin in aqueous solutions has been shown to be greatly reduced
(300–500-fold) when it is incorporated into surfactant micelles (Naksuriya et al. 2016); this is in
part because the curcumin is trapped within the nonpolar core of the micelles and therefore iso-
lated from hydrophilic species that normally promote its degradation. Recent studies have shown
that curcumin can be incorporated into micelles fabricated from chemically modified food car-
bohydrates (octenylsuccinated corn dextrin), which greatly increased its water solubility (Ye et al.
2017). Yu &Huang (2011) showed that curcumin solubilized within the mixed micelles formed af-
ter lipid digestion facilitates its transport across model epithelial cells. Furthermore, animal studies
have shown that administration of curcumin in the form of microemulsions increases their oral
bioavailability (Cui et al. 2009, Wu et al. 2011). In summary, these studies have shown that mi-
celles and microemulsions can increase the water dispersibility, chemical stability, bioaccessibility,
absorption, and overall bioavailability of curcumin.

The potential advantages of using micelles or microemulsions to encapsulate curcumin are
that they are relatively easy to prepare, can be optically transparent, and are thermodynamically
stable. However, they typically require relatively large quantities of synthetic surfactants, which
is undesirable from a cost, taste, toxicity, and consumer acceptability perspective. Moreover, they
tend to have a relatively low loading capacity compared to some of the other systems discussed.

Liposomes. Liposomes are usually assembled from phospholipid molecules that self-assemble
into bilayer structures where the nonpolar tails are in contact with each other while the polar
heads are in contact with water (Maherani et al. 2011; Mozafari et al. 2008a,b; Taylor et al. 2005).
Typically, the bilayers are organized into one (unilamellar) or more (multilamellar) concentric
rings that trap a pool of water within their interior. The main driving force for the formation of
the bilayer structures is the hydrophobic effect, whereas the size of the liposomes is determined by
their optimum curvature (Israelachvili 2011). These systems can be referred to as nanoliposomes
(d< 200 nm) or liposomes (d> 200 nm) depending on their average particle diameters. Liposomes
can be fabricated using a variety of different preparation methods, including film evaporation, in-
jection, sonication, and microfluidization methods (Maherani et al. 2011; Mozafari et al. 2008a,b),
which vary considerably in their suitability for large-scale economic production.

Many studies have shown that curcumin can be successfully encapsulated in liposomes for-
mulated from food-grade phospholipids, such as those isolated from eggs, milk, fish, or soybeans
(Hasan et al. 2016, Jin et al. 2016, Pandelidou et al. 2011). Encapsulation of curcumin in liposomes
enhances its water dispersibility and increases its chemical stability (X. Chen et al. 2015) presum-
ably by isolating it from components in the aqueous phase that normally promote degradation.
Other in vitro studies have shown that encapsulation of curcumin in liposomes increases its wa-
ter dispersibility and antioxidant and anti-inflammatory properties (Basnet et al. 2012). In vivo
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studies using rats have shown that the oral bioavailability and bioactivity of curcumin is improved
when it is encapsulated in liposomes (Takahashi et al. 2009). Indeed, the bioavailability [area under
the curve (AUC)] was ∼20-fold higher and the antioxidant activity was ∼2- or 3-fold higher for
rats administered encapsulated curcumin compared to those administered free curcumin. A study
showed that coating curcumin-loaded liposomes with cationic chitosan using an electrostatic de-
position method improved its storage stability, encapsulation efficiency, mucoadhesive properties,
and bioavailability (Shin et al. 2013).Therefore, this coating approachmay be useful for enhancing
the functionality of liposomes in food applications. In summary, the encapsulation of curcumin in
liposomes has been shown to improve its water dispersibility, chemical stability, bioaccessibility,
and bioavailability.

One of the advantages of using liposomes is that they can be used to solubilize hydrophilic,
amphiphilic, and lipophilic agents within the same colloidal system and that they can be fabricated
entirely from natural food ingredients (phospholipids). However, two of the major challenges to
using liposomes commercially is that they are difficult to produce economically on a large scale
and that they have relatively low stability under the environmental conditions found in many
foods. However, this latter challenge may be overcome by coating the liposomes with a layer of
biopolymers.

Emulsions and nanoemulsions.Oil-in-water emulsions and nanoemulsions consist of small oil
droplets dispersed within an aqueous phase (McClements 2011,McClements & Rao 2011). Emul-
sions contain relatively large droplets (d > 100 nm), whereas nanoemulsions contain relatively
small droplets (d< 100 nm). For the sake of convenience, both of these systems will be referred to
as emulsions. The oil droplets are coated by a layer of emulsifier molecules that helps to prevent
them from aggregating by generating repulsive colloidal interactions between them. The most
commonly used emulsifiers in the food industry are small molecule surfactants, phospholipids,
proteins, and polysaccharides (McClements 2015). Emulsions may be formed using high-intensity
methods (such as high shear mixing, colloid mills, high-pressure homogenization, microfluidiza-
tion, or sonication) or using low-intensity methods (such as phase inversion temperature or spon-
taneous emulsification) (McClements 2011, McClements & Rao 2011). For delivery systems, the
curcumin is typically dispersed in the oil phase before forming the emulsion. For excipient sys-
tems, the emulsion would be mixed with food or supplements that contained curcumin. After
being introduced into emulsions, curcumin molecules will be predominately located within the
hydrophobic interior of the oil droplets, but some of them may also be located close to the oil–
water interface because of the polar groups on the curcumin. Several studies have examined the
possibility of using emulsion-based systems to improve the bioavailability of curcumin.

The water dispersibility of curcumin can be greatly increased by incorporating it into emul-
sions because it is solubilized within the hydrophobic core of the oil droplets (Ahmed et al. 2012,
Kumar et al. 2012). In this case, the total amount of curcumin that can be incorporated into the
system is limited by its oil solubility (see Bergonzi et al. 2014, Jang et al. 2014) and the oil droplet
concentration. Research has shown that the stability of curcumin to chemical degradation is en-
hanced when it is dispersed within oil droplets rather than present in aqueous solutions (Kharat
et al. 2017). Presumably, this is because curcumin is protected from hydrophilic species within
the aqueous phase that would typically promote its degradation (such as hydroxyl ions). Stud-
ies in our laboratory have also shown that curcumin may be protected from metabolism when
it is incorporated in oil droplets compared to when it is dissolved in aqueous GIT solutions.
The encapsulation of curcumin in triacylglycerol emulsions can also increase its bioaccessibil-
ity in gastrointestinal fluids (Ahmed et al. 2012). The triacylglycerols are converted into free
fatty acids and monoacylglycerols due to the action of lipase in the small intestine. These lipid
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digestion products then interact with bile salts and phospholipids to form mixed micelles that
can solubilize the curcumin in their hydrophobic interiors. The small micelles then transport the
curcumin through the mucus layer and to the surfaces of the epithelium cells where it can be
absorbed.

Emulsions have been used as both delivery and excipient systems for curcumin. In vitro studies
using a simulated GIT have shown that the bioavailability of powdered curcumin can be im-
proved by coingesting curcumin with excipient nanoemulsions (Zou et al. 2016b). The droplet
size, composition, concentration, and interfacial properties were shown to impact the bioavail-
ability of curcumin due to their influence on its bioaccessibility and transformation (Zou et al.
2015a,b,c; 2016a).

In vitro and in vivo studies have shown that encapsulation of curcumin within nanoemul-
sions improves its bioavailability when compared to curcumin crystals dispersed in water (Yu &
Huang 2012). In particular, the curcumin levels in the plasma of mice were much higher after
they were administered curcumin in the form of nanoemulsions rather than crystals. For example,
the bioavailability was 9.3-fold higher for the nanoemulsion than for the crystals. Another study
showed that the encapsulation of curcumin within nanoemulsions containing lipid droplets coated
with chitosan increased the plasma levels of rats compared to curcumin crystals (Vecchione et al.
2016). In this case, the oral bioavailability was 33-fold higher for the curcumin in the nanoemul-
sion form than in the crystalline form.Moreover, including piperine in the nanoemulsions caused
a further increase in curcumin bioavailability so that it became 64-fold higher than crystalline cur-
cumin, which was attributed to the ability of the piperine to block the efflux transporters in ep-
ithelial cells. In another study using rats, Jang et al. (2014) showed that encapsulation of curcumin
in spray-dried nanoemulsions improved the oral bioavailability of curcumin approximately sev-
enfold compared to curcumin crystals. In vitro studies have shown that the GIT fate of curcumin
encapsulated in nanoemulsions stabilized by biopolymers depends on the interfacial composition,
i.e., lactoferrin or lactoferrin-alginate (Pinheiro et al. 2016). In particular, this study showed that
bioavailability of curcumin increased as the level of lipid digestion increased, which highlights the
importance of the formation of mixed micelles on the bioaccessibility of curcumin. Studies have
shown that the bioavailability and bioactivity of curcumin encapsulated in emulsions can be im-
proved by also including piperine in the oil phase (Gulseren et al. 2014), given piperine can inhibit
efflux mechanisms.

Joung et al.’s (2016) study showed that curcumin-loaded nanoemulsions can be successfully
incorporated into commercial food products, such as milk. This study demonstrated that the ad-
dition of the emulsified curcumin reduced the lipid oxidation in the milk. Studies have also shown
that curcumin loaded emulsions can be converted into a powdered form using spray drying ( Jang
et al. 2014), which would be useful for many commercial applications in foods and beverages.

The main advantage of using emulsions and nanoemulsions is that they can be fabricated en-
tirely from natural food-grade ingredients using widely used processing methods (McClements
2015). Consequently, they can be produced on a large scale at a relatively low cost, which makes
them one of the most commercially viable colloidal delivery or excipient systems for application
in the food industry. The main disadvantage is that they are thermodynamically unstable systems,
and therefore they always tend to break down over time, which occurs due to physicochemi-
cal mechanisms such as gravitational separation, flocculation, coalescence, Ostwald ripening, and
phase inversion (McClements 2015).Nevertheless, they can usually be designed to overcome these
problems through careful ingredient selection.

Solid lipid nanoparticles. SLNs havemany similar characteristics as oil-in-water nanoemulsions,
except that the lipid particles are solid rather than liquid (McClements et al. 2009, Weiss et al.
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2008). Typically, a nanoemulsion is formed first by homogenizing an oil phase with a high melting
point (Tm) and an aqueous phase containing a hydrophilic surfactant together at a temperature
>Tm. After formation, the nanoemulsion is cooled below Tm, which causes the lipid phase to be-
come fully or partially solidified.The resulting SLN suspension consists of solidified lipid particles
coated by a layer of emulsifier. For delivery systems, the hydrophobic curcuminmolecules are usu-
ally dispersed in the molten oil phase before forming the nanoemulsions. Consequently, they can
be trapped within the hydrophobic interior of the SLNs when the system is cooled. The presence
of a solid lipid matrix around the curcumin molecules should enhance their stability by inhibiting
molecular diffusion processes (Weiss et al. 2008). However, one must carefully select an appropri-
ate lipid phase and emulsifier when designing SLN systems; otherwise, they may be physically or
chemically unstable. The solidification of certain types of lipid phases can promote expulsion of
the encapsulated bioactive agent or aggregation of the SLNs (Helgason et al. 2009a,b). Bioactive
expulsion can occur when the lipid phase forms highly ordered crystalline structures that cannot
accommodate the bioactive molecules, and so they are expelled to the surface of the particles or
into the aqueous phase, where they are more susceptible to chemical degradation. Particle ag-
gregation can occur when the lipid particles change from a spherical shape to an irregular shape,
given this increases the surface area of the system. Consequently, there may be insufficient emul-
sifier molecules present to completely cover the surfaces of the lipid nanoparticles, which can
lead to particle aggregation due to the hydrophobic effect. For these reasons, some researchers
have developed nanostructured lipid carriers to encapsulate hydrophobic bioactives (Tamjidi et al.
2013). In this case, a lipid phase is selected that does not crystallize into a highly ordered structure,
thereby improving its ability to retain the bioactive within the particle interiors and inhibiting the
shape change that usually leads to particle aggregation.

Encapsulation of curcumin within SLNs has been shown to increase its water dispersibility and
bioactivity (Yadav et al. 2009, Yen et al. 2010) as well as improve its chemical stability in aqueous
solutions ( Jiang et al. 2017).Also, in vitro studies have shown that curcumin encapsulation in SLNs
increases the amount absorbed by model epithelial cells (Guri et al. 2013). In vivo studies using
rats showed that administration of curcumin in SLNs greatly improved its bioavailability when
compared to free curcumin ( Ji et al. 2016). Indeed, these researchers showed that there was more
than a 12-fold increase in bioavailability when the curcumin was encapsulated in SLNs ( Ji et al.
2016).Recently, researchers have used SLNs to coencapsulate two different kinds of nutraceuticals
in a single delivery system: curcumin and tea polyphenols (Li et al. 2017). These delivery systems
were then shown to have good anticancer activity using an in vitro model. The bioavailability and
bioactivity of curcumin in SLNs can be improved by coencapsulating it with piperine (Tang et al.
2017), given this phytochemical can inhibit efflux mechanisms.

A variety of different lipid phases have been used to form curcumin-loaded SLNs, including
shea butter (Ali et al. 2016), glycerol stearate (Ramalingam et al. 2016), trimyristin, tristearin ( Jiang
et al. 2017), tripalmitin (Puglia et al. 2013), palmitic acid (Ramalingam et al. 2016), cholesterol
( Jourghanian et al. 2016), and mono-, di-, and tri-acylglycerol mixtures of behenic acid (Righeschi
et al. 2016).These lipid phases vary in their physicochemical properties (such asTm), label friendli-
ness, and cost. For food applications, it would be advantageous to use an edible high-melting-point
lipid whose melting temperature was above ambient, but not too high, or else it would be difficult
to prepare the SLNs.

One of the major advantages of SLNs is that they can potentially be fabricated on a large
scale using existing commercial equipment, such as high-pressure homogenizers. Also, if they are
formulated correctly, they can lead to delivery systems that provide good long-term physical and
chemical stability. However, the major limitations are that they are often highly prone to bioac-
tive expulsion and particle aggregation if not formulated correctly. In addition, the utilization
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of high-melting-point fats (such as saturated fats) may not be perceived as being beneficial for
health purposes.

Biopolymer particles.This type of colloidal dispersion consists of biopolymer-rich particles sus-
pended in an aqueous solution and covers a variety of different systems, including biopolymer
nanoparticles,microgels, and hydrogel beads (Chen et al. 2006, Joye&McClements 2014, Shewan
& Stokes 2013, Wang et al. 2014). The size of the biopolymer particles may vary from approx-
imately 50 to 1,000 nm, depending on the ingredients and preparation method used. Typically,
the biopolymers within the particles are physically or chemically cross-linked with each other to
form a three-dimensional network that can trap solvent and bioactive components inside. The
biopolymers used may be hydrophobic (such as zein or gliadin) or hydrophilic (such as alginate,
carrageenan, pectin, or whey protein) ( Joye &McClements 2014). For hydrophobic biopolymers,
the nonpolar curcumin molecules can be directly added to the biopolymer phase before particle
formation. For hydrophilic biopolymers, the curcumin normally has to be trapped inside lipid
droplets (or other colloidal particles with hydrophobic cores) before it is added to the biopoly-
mer phase. Biopolymer particles can be fabricated using a variety of different methods, including
antisolvent precipitation, injection–gelation, phase separation–gelation, and emulsion templating
methods ( Joye & McClements 2014,Wang et al. 2014). The interior of the biopolymer particles
can often bemade to control the retention, release, and stability characteristics of the encapsulated
components. For example, the pore size or interactions between the curcumin and biopolymer
network can be controlled, or antioxidants can be added.

Recent studies have shown that curcumin-loaded oil droplets can be encapsulated within mi-
crogels fabricated from food-grade polysaccharides (Zhang et al. 2016). These microgels were
formed by the injection of solutions of anionic polysaccharides (alginate or carrageenan) into so-
lutions containing cationic ions (calcium or potassium) that promote cross-linking. The bioacces-
sibility of the curcumin under small intestine conditions was reduced when it was encapsulated in
the microgels, which was attributed to their ability to inhibit the access of the digestive enzymes
to the encapsulated lipid droplets. Nguyen et al. (2014) encapsulated curcumin within pectin mi-
crogels and showed that its release rate depended on the nature of the emulsifier used to solubilize
the curcumin.

Zou et al. (2016b) encapsulated curcumin within protein nanoparticles formed using an anti-
solvent precipitation method. In this case, a mixture of curcumin and zein dissolved in an ethanol
solution (solvent) was injected into water (antisolvent), which led to the spontaneous formation
of small protein particles with the curcumin trapped inside. The loading capacity of the curcumin
in the protein nanoparticles (12%) was appreciably higher than that in nanoliposomes (3%) or
nanoemulsions (0.4%). Also, the chemical stability of the curcumin was similar or higher in the
protein nanoparticles (41%) than in nanoliposomes (21%) or nanoemulsions (40%). Conversely,
the bioaccessibility of the curcumin was considerably lower in the protein nanoparticles (52%)
than in nanoliposomes (74%) or nanoemulsions (92%). These results highlight the advantages
and disadvantages of different kinds of delivery systems for curcumin.

Encapsulating curcumin in various other types of protein nanoparticles, including those as-
sembled from whey proteins (Teng et al. 2014), caseins, BSA (Nadi et al. 2015), soy proteins (F.P.
Chen et al. 2015, David et al. 2015), corn protein (Wang et al. 2016), zein (Zou et al. 2017), and
gelatin (Gomez-Estaca et al. 2015), has improved the water dispersibility, chemical stability, release
characteristics, and/or bioavailability of curcumin.

Encapsulation of curcumin in biopolymer particles consisting of κ-carrageenan and lysozyme
was shown to increase its dispersibility and chemical stability in aqueous solutions (Xu et al. 2014).
Presumably, the proteins acted as antioxidants that could inhibit the chemical degradation of the
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curcumin molecules. Curcumin encapsulation within casein nanoparticles has also been shown to
increase its dispersibility, chemical stability, and bioactivity (Pan et al. 2014).The protein nanopar-
ticles formed in this study were relatively small (d = 100–215 nm) and led to the formation of
optically transparent solutions, which may be advantageous for certain applications in foods and
beverages.

The main advantage of using biopolymer particles to encapsulate curcumin is that they can be
fabricated entirely from natural ingredients, such as proteins and polysaccharides. Also, there is
considerable flexibility in designing their functional attributes by using different kinds of biopoly-
mers and fabrication methods. The main disadvantages are that it is often difficult to scale-up
laboratory methods of fabricating biopolymer particles for large-scale commercial production. In
addition, the colloidal particles formed are often relatively large, which can lead to problems with
gravitational separation and mouthfeel.

CONCLUSIONS

There has been a major interest in the creation of functional foods and beverages that are fortified
with curcumin due to its perceived health benefits.However, there are many challenges associated
with incorporating curcumin into commercial foods and beverages because of its low water solu-
bility, poor chemical stability, and low bioavailability. This article has reviewed the major factors
limiting the bioavailability of curcumin, as well as the methods that have been developed to over-
come these limitations. In particular, we focused on the utilization of various kinds of colloidal
delivery systems to improve the oral bioavailability of curcumin and highlighted their relative
advantages and disadvantages.
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