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Abstract: Curcumin is a bioactive constituent isolated from turmeric that has historically been used as
a seasoning, pigment, and herbal medicine in food. Recently, it has become one of the most commonly
studied nutraceuticals in the pharmaceutical, supplement, and food areas because of its myriad
of potential health benefits. For instance, it is claimed to exhibit antioxidant, anti-inflammatory,
antimicrobial, antiparasite, and anticancer activities when ingested as a drug, supplement, or food.
Toxicity studies suggest that it is safe to consume, even at relatively high levels. Its broad-spectrum
biological activities and low toxicity have meant that it has been widely explored as a nutraceutical
ingredient for application in functional foods. However, there are several hurdles that formulators
must overcome when incorporating curcumin into commercial products, such as its low water
solubility (especially under acidic and neutral conditions), chemical instability (especially under
neutral and alkaline conditions), rapid metabolism by enzymes in the human body, and limited
bioavailability. As a result, only a small fraction of ingested curcumin is actually absorbed into the
bloodstream. These hurdles can be at least partially overcome by using encapsulation technologies,
which involve trapping the curcumin within small particles. Some of the most commonly used edible
microparticles or nanoparticles utilized for this purpose are micelles, liposomes, emulsions, solid lipid
particles, and biopolymer particles. Each of these encapsulation technologies has its own benefits and
limitations for particular product applications and it is important to select the most appropriate one.

Keywords: nanoliposomes; nanoemulsions; solid lipid nanoparticles; microgels; curcumin; functional foods

1. Introduction

Curcumin is a photochemical derived from turmeric, which is a perennial herb belonging to the
Zingiberaceae family. Colloquially, turmeric is referred to as the “golden spice” because of its unique
golden yellow color and earthy pungent flavor [1,2]. In the south and southeast Asian countries,
turmeric has been used as a spice and pigment in food preparations for thousands of years. In addition,
it has been widely used as an herbal medicine due to its perceived therapeutic benefits. Chemically,
there are three major polyphenol substances that belong to the “curcuminoid” family: Curcumin
(diferuloylmethane), demethoxycurcumin, and bisdemethoxycurcumin. Of these, the curcumin form
is the most biologically active, and so it has been the focus in the development of pharmaceutical,
supplement, and food products [3,4].

In functional food applications, curcumin can be considered as a natural ingredient that provides
a distinctive color and flavor profile, as well as having potential health benefits [1,2,4]. Research
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in various fields has shown that the ingestion of curcumin may be beneficial to health due to its
wide range of biological activities, including anti-inflammatory [5,6], antioxidant [6,7], antibacterial,
antiviral, antifungal [8,9], antidiabetic, antitumor, and anticancer [3,10,11] activities. In cases where it
is efficacious, curcumin may have advantages for the prevention or treatment of diseases because of its
low cost, good safety profile, and lack of side effects. The research highlighting the potential benefits of
curcumin has led to it being applied in a variety of commercial food and non-food products, including
energy drinks, supplements, ointments, soaps, and cosmetics [12].

Pure curcumin is an orangey-yellow-colored crystalline material, which normally comes in a
powdered form. Moreover, it is a chemically labile hydrophobic substance that has a low water solubility
(particularly under acidic or neutral conditions, where it is fully protonated), poor chemical stability
(especially under alkaline conditions), and low bioavailability (mainly due to low bioaccessibility
and chemical transformation due to metabolic enzymes in the gastrointestinal tract). In addition,
curcumin is susceptible to chemical degradation during storage, particularly when exposed to light,
high temperatures, and alkaline conditions [13]. Although curcumin is relatively stable to chemical
degradation under acidic conditions, it has a very low water solubility under these conditions,
which can promote crystallization and sedimentation in aqueous delivery systems [14]. For this reason,
it is important to develop effective approaches to overcome these hurdles so that curcumin can be
successfully incorporated into pharmaceuticals, supplements, and functional food products.

One of the most effective means of protecting curcumin against chemical degradation,
increasing its water dispersibility, and improving its bioavailability is to use modern encapsulation
technologies [15,16]. These technologies involve incorporating the curcumin into edible nanoparticles
or microparticles that can then be introduced into food or supplement products [17]. These colloidal
particles are assembled from food-grade ingredients, such as surfactants, phospholipids, lipids, proteins,
polysaccharides, and minerals, using either spontaneous or directed processes. Numerous kinds
of colloidal particles can be employed for this purpose, including micellar aggregates, liposomes,
emulsion droplets, solid lipid particles, and biopolymer particles [18].

2. Chemistry of Curcumin

Curcumin (C21H20O6) is an asymmetric molecule with a molar mass of 368.38 g/mol (Figure 1).
Structurally, it contains three main functional groups: Two aromatic ring systems containing o-methoxy
phenolic groups, and one alpha beta-unsaturated beta-diketone moiety. In aqueous solutions, curcumin
undergoes keto-enol tautomerism with its structure depending on pH: The keto form dominates
under acidic and/or neutral conditions, while the enolate form dominates under alkaline conditions
(Figure 2) [19–21]. The enol form is more chemically labile than the keto form, accounting for the poor
chemical stability of curcumin in basic solutions [21].
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3. Biological Activities of Curcumin

3.1. Antioxidant Activity

One of the main reasons that curcumin is used in many food formulations is due to its relatively
strong antioxidant activity, which is believed to increase the shelf life of food products and protect cells
from free radical-induced damage. Reactive oxygen species (ROS) generated inside the human body can
promote the oxidation of lipids, proteins, and DNA molecules that place critical roles in normal cellular
function. A number of chronic diseases have been linked to this phenomenon, including inflammation,
cardiovascular disease, diabetes, and cancer [6,22,23]. Curcumin exhibits its antioxidant activity by acting
as a free radical scavenger, singlet oxygen quencher, and chelating agent. For instance, it can donate a
hydrogen atom from its β-diketone moiety to lipid alkyl or lipid peroxyl radicals, thereby reducing their
activity [24,25]. In addition, it can chelate ferric (Fe2+) and ferrous (Fe2+) ions, which are known to be
potent pro-oxidants. Some studies have also shown that it is highly effective at inhibiting the oxidation
of emulsified lipids. For instance, in linoleic acid emulsions (droplet size not specified), a lower dose of
curcumin (15 µg/mL or 20 mM) was required to inhibit lipid oxidation than butylated hydroxyanisole
(123 mM), butylated hydroxytoluene (102 mM), tocopherol (51 mM), and trolox (90 mM) [7].

3.2. Anti-Inflammatory Activity

Curcumin is also widely used as a nutraceutical in functional foods because of its relatively
strong anti-inflammatory activities. In particular, it has been reported that curcumin can suppress
inflammatory response enzymes and transcription factors, such as TNF-a, IL-1, IL-6, IL8, IL12, monocyte
chemoattractant protein (MCP)-1, cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS),
and lipoxygenase, thereby inhibiting the production of inflammatory cytokines [26,27]. The efficacy of
curcumin for treating rheumatoid arthritis (a disease linked to inflammation of the joints) was compared
to that of a widely used drug for this purpose (diclofenac sodium). After eight weeks, patients reported
that curcumin formulation was more effective at reducing pain, swelling, and tenderness than the drug
and that it exhibited less side effects. Moreover, the patients receiving the drug reported itching and
swelling around their eyes, as well as dimness of vision [28]. Animal studies have also reported that
curcumin reduced inflammation and bone erosion of collagen-induced arthritis (CIA) in rats after eight
weeks of treatment (110 mg/kg) [29]. Other researchers have also claimed that the anti-inflammatory
activity of curcumin is responsible for its ability to inhibit tumor formation and cancer.
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3.3. Antimicrobial Effects

The antimicrobial activity of curcumin means that it has potential to inhibit food spoilage, thereby
prolonging shelf life, as well as deactivating pathogenic organisms, thereby increasing food safety [30].
Moreover, the ingestion of curcumin-rich foods has the potential to treat or prevent some infectious
diseases [31]. Several mechanisms of action have been proposed for the antimicrobial activity of
curcumin, including its ability to increase the permeability of bacterial cell walls, inhibit microtubule
formation, impair bacterial virulence factors, and interfere with key biochemical pathways [32].
For instance, studies have shown that there is an increase in cell membrane leakage for both
Gram-negative (S. aureus and E. faecalis) and Gram-positive (E. coli and P. aeruginosa) bacteria after
being treated with curcumin [33].

3.4. Anticancer

Curcumin has also been reported to have the ability to inhibit the growth of cancer cells by
suppression of angiogenesis and induction of apoptosis [34,35]. In vitro and in vivo studies suggest
that curcumin may be able to downregulate cell growth and proliferation in various types of cancer
cells, including prostate, breast, and colon cancers [34]. In the case of prostate cancer, curcumin
downregulated cancer cell proliferation by attacking epidermal growth factor receptors [36]. Curcumin
has also been shown to suppress cell motility and metastasis by inhibition of bone metastatic
LNCaP-derivative C4-2B prostate cancer cells [36,37]. In the case of breast cancer, curcumin has
been reported to mediate breast cancer cell apoptosis via suppression of NFκB, cyclinD, and MMP-1
expression [38]. In the case of colon cancer, curcumin had been reported to reduce miR-21 promoter
activity and expression by inhibiting HCT116 cells and Rko cells in the G2/M phase, which regulates
progression and metastasis of cancer cells [39,40]. In general, studies have identified multiple signaling
pathways that curcumin can modulate to produce anticancer effects, which often involve the targeting
of multiple key components within these pathways [41]. A summary of a number of molecular targets
of curcumin associated with its anticancer activity is given in Figure 3. It should be noted that other
molecular targets have been identified for other diseases that curcumin can prevent or treat [42].
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Figure 3. Proposed anticancer signaling pathways that curcumin can modulate. Key: AP-1, activating
protein-1; EGR-1, early growth response protein-1; ERE, estrogen response element; HIF-1, hypoxia-in-
ducible factor-1; mTOR, mammalian target of rapamycin; ncRNAs, non-coding RNAs; Nrf2, NF-E2-related
factor 2; PI3K/AKT, phosphatidyli-nositide 3-kinases/protein kinase B; STAT3, signal transducer and
activator of transcription 3; WT1: Wilms’ tumor 1 (adapted from Kunnumakkara, 2017).
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4. Potential Toxicity

The potential toxicity and side effects of ingesting curcumin have been investigated for decades
using both animal and human models. A human feeding study reported no toxicity when up to 8 g of
curcumin were ingested every day for three months; however, some of the test subjects did report
minor side effects, such as diarrhea or nausea [43]. Another human study reported only minor side
effects (diarrhea, rash, headache, and yellow stool) in one subject when they were fed relatively high
levels (1–12 g per day) of curcumin for prolonged periods [44]. After reviewing the available evidence,
the United States Food and Drug Admission considers curcumin to be generally regarded as safe [45].
The United Nations and World Health Organization Expert Committee on Food Additives, as well as
the European Food Safety Authority, allow a relatively high daily intake of curcumin: 0 to 3 mg/kg body
weight/day [46,47], which corresponds to up to about 210 mg day for an average person. This level
is well above that reported to have beneficial health effects in human feeding studies [48]. However,
a recent cell culture model showed that curcumin could exhibit beneficial anticancer effects at lower
doses but exhibit toxicity at relatively high doses [49]. These results suggest that it is important to
consider both the dose and bioavailability of the curcumin in specific formulations.

5. Factors Affecting Curcumin’s Application

In this section, some of the main challenges that need to be addressed when formulating
curcumin-based functional foods are discussed.

5.1. Solubility

At room temperature, pure curcumin is a crystalline material with a melting point around 183 ◦C.
In addition, it is a predominantly hydrophobic substance due to the non-polar regions in the aliphatic
bridge, aromatic rings, and methyl groups (Figure 1) [50]. Nevertheless, it does have three hydroxyl
groups, which become deprotonated at sufficiently high pH values, thereby giving it a negative charge
(Figure 2). Consequently, curcumin is a predominantly hydrophobic molecule with low water solubility
under acidic and neutral conditions (where the hydroxyl groups are protonated), but a hydrophilic
molecule with a relatively high water solubility under alkaline conditions (where the hydroxyl groups
are deprotonated) [51]. In particular, the solubility of curcumin increases as the solution pH is raised
around and above the pKa values of the three hydroxyl groups (8.38, 9.88, and 10.51), which are located
in the enolic (pKa:8.38) and phenolic regions (pKa: 9.88 and 10.51) of the molecule (Figures 1 and 2) [52].
For example, below about pH 8, the net charge = 0, the log D = 4.1, and the water solubility are very
low (around 24 mg mL−1 or 0.0024%). Conversely, at pH ≥ 12.0, the net charge = −3, the log D = −2.0,
and the water solubility are very high (> 3 g mL−1). As well as leading to an increase in water solubility
under alkaline conditions, deprotonation of these hydroxyl groups also promotes a color change and
an increase in chemical instability (see the following sections). In most foods, the pH ranges from
about 2 to 8, so that the curcumin is a predominantly hydrophobic molecule with low water solubility.
As a result, it typically needs to be dissolved in some form of hydrophobic substance before it can be
incorporated into aqueous-based foods; otherwise, it will be in a crystalline form. Having said that,
the pH-dependence of the water-solubility of curcumin can be utilized in the formation of colloidal
forms of curcumin, e.g., in the pH-shift method (see later).

5.2. pH-Induced Color Changes

The color of curcumin solutions depends on the protonation state of the three hydroxyl groups
and therefore changes with pH (Figure 2). From pH 2 to 7, all of the hydroxyl groups are protonated,
and the curcumin appears golden yellow, which is the case in most foods. From pH 7 to 8.5, the enolic
hydroxyl group becomes progressively deprotonated, causing the curcumin to change to a more
brownish-orangey color. At still higher pH values, the other two phenolic hydroxyl groups become
deprotonated, causing the curcumin to have a more reddish color [4,13,53]. The chemical state of
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