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Abstract Curcumin, a plant-derived polyphenolic com-
pound, naturally present in turmeric (Curcuma longa), has
been the subject of intensive investigations on account of its
various activities. The implementation of safe, beneficial and
highly functional compounds from natural sources in human
nutrition/prevention/therapy requires some modifications in
order to achieve their multi-functionality, improve their bio-
availability and delivery strategies, with the main aim to en-
hance their effectiveness. The low aqueous solubility of
curcumin, its rapid metabolism and elimination from the body,
and consequently, poor bioavailability, constitute major obsta-
cles to its application. The main objectives of this review are
related to reported strategies to overcome these limitations
and, thereby, improve the solubility, stability and bioavailabil-
ity of curcumin. The effectiveness of curcumin could be great-
ly improved by using nanoparticle-based carriers. The signif-
icance of the quality of a substance delivery system is reflected
in the fact that carrying curcumin as a food additive/nutrition
also means carrying the active biological product/drug. This
review summarizes the state of the art, and highlights some
examples and the most significant advances in the field of
curcumin research.
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Introduction

Up to 12,000 papers until 2015 (source: ScienceDirect) have
been published in connection with curcumin (Cur), and in the
last 15 years, 11,000 publications (2000–2015, Fig. 1) in
the field of medicinal chemistry, food chemistry, pharmacol-
ogy, toxicology, biology, biochemistry, bioorganic, and ana-
lytical chemistry also appeared. As the Bstaircase presented in
Fig. 1 shows, scientific activities related to curcumin are con-
stantly growing. The 5000-year-known natural product, a con-
stantly used spice and an important ingredient for so-called
functional food and beverages, is constantly being investigat-
ed, and in 2015, there were more than 1600 scientific publi-
cations featuring curcumin. These data speak for themselves.
Another data source (SciFinder Scholar), reveals an even larg-
er number of publications (around 18,000). The first paper
dates back to the 19th century, precisely 1871 and from that
time, curcumin writes its own scientific history - a history
of nearly 150 years.

Turmeric plant, the rhizome of which is used as a spice
(curry powder, also known as Indian saffron and yellow beet-
root), is namedCurcuma longa andCurcuma domestica in the
scientific community (Fig. 2). Curcuma longa is a perennial
plant of the ginger (Zingerberaceae) family with pulpy, orange
tuberous rhizomes, which is widely cultivated in India, China,
and Indonesia.

Through the long history of turmeric, the medicinal proper-
ties of curcumin, the primary pharmacological agent in turmer-
ic, have increasingly been recognized. The desirable preventive
or putative therapeutic properties of curcumin have been asso-
ciated with its antioxidant and anti-inflammatory properties in
combinationwith its outstanding pharmacological safety profile
[1, 2]. Besides antioxidant and anti-inflammatory properties,
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curcumin has been shown to exhibit antiviral, antibacterial,
and anticancer activities and thus has a potential against var-
ious malignant diseases, i.e., diabetes, allergies, arthritis,
Alzheimer’s disease, and other chronic illnesses [3, 4]. It
was found that curcumin modulates the activity of several
key transcription factors, growth factors, inflammatory cyto-
kines, protein kinase, and other enzymes [3, 4]. Although the
exact mode of curcumin action has not yet been published,
studies have shown that curcumin inhibits a number of signal-
ing pathways and multiple targets involved in cancer progres-
sion and inflammation [3, 4]. The versatile chemical structure
of curcumin enables the molecule to interact with a large
number of molecules inside the cell, leading to a variety of
biological effects, mentioned above, and inhibition of the pro-
duction of reactive oxygen species [1–5]. Curcumin has abil-
ity to reduce oxidative stress and inhibit transcription of the
genes related to oxidative stress and inflammatory responses
[1–5]. The lack of toxicity and side effects as well as its

availability in large quantities as a natural product, used in
population groups for centuries, are additional advantages in
the application of this agent for the prevention and treatment
of a variety of malignant and non-malignant diseases.

Adsorption, metabolism and tissue distribution are impor-
tant parameters to render a compound suitable as a therapeutic
agent. The pharmacokinetic and bioavailability studies of
curcumin revealed its poor absorption and rapid elimination
from the body [6]. Despite its recognized possibilities, the
clinical use of curcumin has been limited by its low bioavail-
ability [6], which are involved in one of the major observa-
tions of the low serum levels after oral administration.
Consequently, besides indicating the numerous current impor-
tant utilizations of curcumin, the topic of this work is to ex-
amine progress in improving the bioavailability of curcumin
with the assistance of the latest scientific research and to con-
sider possible solutions to overcome the major shortcomings
related to its solubility, stability, rapid metabolism, using the
newest approaches.

A Few Words about Main Properties
of the Well-Known Curcumin

Basics of the Chemical and Biochemical Properties
of Curcumin

Turmeric consists of several significant constituents isolated
from the rhizome - structurally-related curcuminoids, includ-
ing curcumin as the most important and the main active com-
pound [5]. The curcuminoids, besides including the yellow
pigment ingredient curcumin (diferuloylmethane; 1,7-bis(4-
hydroxy-3-methoxy-phenyl)hepta-1,6-diene-3,5-dione) also
include demethoxycurcumin (DMCur), bisdemethoxycurcu-
min (BDMCur) and the recently discovered cyclocurcumin
(CCur) (Fig. 3) [5]. The main curcuminoids in commercial
turmeric extracts are: Cur (~ 75%, molecular weight 368.37,
melting point 183 °C), DMCur (~ 20%, molecular weight
338) and BDMCur (~ 5%, molecular weight 308) [7].

Curcumin is a bis-α,β-unsaturated β-diketone and this form
exists in equilibrium with its enol tautomer (Fig. 4). The keto
form predominates in acidic/neutral aqueous solutions and in
cell membranes [8]. On the contrary, the enol form of the
heptadienone chain preponderates in alkaline medium [9]. In
the pH interval 3–7, the keto form of curcumin acts as an
extremely powerful H-atom donor, owing to the presence of a
highly active, central carbon atom. The C-H bonds of this car-
bon are very weak due to delocalization of the unpaired elec-
trons on the neighboring oxygens [10]. The keto-enol-enolate
equilibrium of the heptadienone moiety of curcumin deter-
mines its physicochemical and antioxidant properties.

At pH 8, curcumin mainly functions as an electron donor.
A series of pH conditions ranging from 3 to 10were tested and

Fig. 1 Publication activities linked with curcumin in the period of
2000–2015 (source: ScienceDirect)

Fig. 2 Curcuma rhizome cross section and commercial curcuminoid
powder (Curcuma longa)
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the results showed that decomposition of curcumin is pH-de-
pendent, occurring faster under neutral–basic conditions with
the main degradation product being trans-6-(4-hydroxy-3-
methoxyphenyl)-2,4-dioxo-5-hexenal [8]. In alkaline solution

higher than pH 11.7, the solubility and stability of curcumin
are improved [10]. Regarding the pH conditions, the existence
of three acidity constants of curcumin, defined by following
equilibriums, should be stated [11]:

H3Cur→H2Cur
‐þHþ; pKa1 ¼ 8:38� 0:04 acetylacetone groupð Þ ð1Þ

H2Cur
‐→ HCur2‐þHþ; pKa2 ¼ 9:88� 0:02 hydrogen from the phenol groupð Þ ð2Þ

HCur2‐→ Cur3‐þHþ; pKa3 ¼ 10:51� 0:01 hydrogen from the phenol groupð Þ ð3Þ

The dissolution, absorption, metabolism, and in vivo bio-
availability of curcumin are in strong connection with its
aqueous solubility. The extremely poor water solubility of
curcumin (around 400 ng/mL at pH 7.4 [12]), its chemical
instability under physiological conditions, rapid intestinal me-
tabolism, and, consequently, inferior biological efficacy are the
subject of numerous investigation nowadays. In the following
sections, this will be discussed in more details, by monitoring
recent literature in which way these undesired characteristics
of this very desirable compound could be solved. At this point,
it could only be emphasized that upon oral or intravenous/
intraperitoneal administration, curcumin is rapidly eliminated
from the body due to its low solubility, diminished absorption
and rapid metabolism via conjugation or reduction. After
curcumin administration, its extensive systemic clearance
from the body is in the form of the parent curcumin, its
glucuronide/sulfate conjugates or tetrahydrocurcumin/
hexahydrocurcumin glucuronides (Fig. 5) [5, 13, 14]. Upon
administration, curcumin undergoes metabolism and, firstly,

it becomes O-conjugated to form curcumin glucuronide and
curcumin sulfate, then undergoes bio-reduction into the very
important tetrahydrocurcumin [15], hexahydrocurcumin,
octahydrocurcumin, and hexahydrocurcuminol in rats, mice
and humans in vivo. The reduced curcumin then undergoes
glucuronidation and is converted into curcumin glucuronide,
dihydro-curcumin-glucuronide, tetrahydrocurcumin-glucuro-
nide, and curcumin sulfate [14].

Electrochemical Properties of Curcumin
and its Bioactivity

Different types of functional groups in the curcuminmolecule,
including β-diketo groups, carbon–carbon double bonds and
phenyl rings containing varying numbers of hydroxyl and
methoxy substituents allow this compound to exhibit different
drug effects. The antioxidant effects of curcumin are associat-
ed with hydroxyl moieties, in the opinion of some authors,
while other researchers considered that central-carbon radical
or carbonyl groups played the main role in this activity of
curcumin [5, 14, 16, 17]. Masek et al. [17] used oxidation
potentials to study the electron-donating capacity of curcumin
and as a general indicator of its radical scavenging ability. The
highest electron density in the curcuminmolecule is on carbon
atoms of the benzene ring that bears hydroxyl groups, sug-
gesting that the hydroxyl groups in these positions can easily
be oxidized, with the formation of phenoxy radicals that un-
dergo hydrolysis, usually in the ortho- and para- positions,
and the hydroxyl groups are immediately oxidized [17]. The
calculated energy of the highest filled orbital determines the
ease of electron release and indicates the sites most susceptible
to oxidation. The enol form is more easily oxidized than the
ketone form. The mechanism of curcumin oxidation and its
anti-oxidizing activity are related to the number of hydroxyl
groups and their locations on the aromatic ring.
Electrochemical research and quantum chemistry calculations
for the energy of the highest occupied molecular orbital sug-
gest a mechanism for the electrochemical oxidation of
curcumin (Fig. 6) [5, 17].Fig. 3 Chemical structures of curcuminoids [5]
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Oxidative stress and inflammatory reactions play a critical
role in the pathogenesis of various diseases. The basic antiox-
idant activity of curcumin directly depends on presence of
phenolic groups and both the phenolic hydrogens (Fig. 6)
and the hydrogens of the central-methylene group (Fig. 7)
[5, 18]. These hydrogens are completely involved in the
mechanism of the formation of phenoxy-radicals and the rad-
icals could be generated a) by electron transfer together with
loss of a proton or b) directly, by hydrogen dissociation from
the phenolic group (Fig. 6). As a result of similar reactions, a
carbon-radical originates from the central-methylene group of
curcumin (Fig. 7). The central CH2 group adjacent to the
highly activated carbon atom in the heptadienone link was
proposed to be the actual reaction site as it is obvious from
the structure that the C-H bonds on this carbon should be very
weak owing to the massive delocalization of the unpaired
electron on the adjacent oxygen atoms. The stability of the
phenoxy-radical is higher than that of the carbon-radical, but
experimental data indicate that hydrogen dissociation from
methylene group also contributes to the antioxidant activity
of curcumin [10]. These radicals are resonance stabilized and
could be inter-converted through the conjugation. Owing to
the aforementioned, the natural antioxidant curcumin arises as
a powerful scavenger (cleaner) of different reactive oxygen
species (ROS), such as the superoxide anion, single oxygen,
hydroxyl radical, peroxyl radical, hydrogen peroxide, peroxy
nitrite [5, 14, 19], preventing damage to biomacromolecules.

Most of the biological activities that curcumin has in cells,
basically stem from its redox properties and, consequently, the
phenolic groups present the most important part of the
curcumin molecule. Confirmation of such statement is the
study, performed by synthetic analogues of curcumin, where,
after replacing the hydroxyl group by another functional
group, the ability of curcumin to remove the free radicals is
generally lost [20].

The most Recent Curcumin Investigations
and their Contributions

Curcumin Helps in the Analysis of Different Indispensable
Substances

Boron is an essential nutrient and its daily intake is in the range
of 0.3–41 mg. Boron interacts with other nutrients and, con-
sidering its influence on the metabolism of calcium minerals,
it subsequently plays a regulatory role in bone metabolism.
Taking into account that boron has a great impact on steroid

hormones and mineral metabolism, as well as its involvement
in diseases such as arthritis, the importance of analytical
methods for its determination is more than obvious. For this
purpose, curcumin, along with its other numerous important
utilizations, is also applied for boron determination. During
the time technology has been developing, the approach to the
determination of boron has also been evolving, but curcumin
was used, and still is, in most modified and advanced methods
[21]. Additionally, complexes formed by the reaction between
boron and curcumin, as well as difluoroboron-curcumin ana-
logs with enhanced chemical and photophysical properties,
could be applied for cyanide detection [22, 23].

Ascorbic and uric acid have numerous biological activities;
the determination of uric acid is significant for biomedical
application, in terms of gout diagnosis, while ascorbic acid

Fig. 5 Chemical structures of the major metabolites of curcumin inside
the body [5]

Fig. 4 Keto-enol tautomerism of
curcumin
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participates in the process of electron transport reactions, hy-
droxylations and oxidative catabolism of aromatic amino
acids, collagen synthesis, iron absorption and cholesterol con-
version to bile acids. Optical absorption and fluorescence
techniques, in combination with curcumin and silver nanopar-
ticles, were successfully applied for the determination of these
vital acids [24].

Picric acid, called formally 2,4,6-trinitrophenol, primary
used as a superior explosive than trinitrotoluene, also finds
implementation in medicinal formulations in the treatment of
malaria, trichinosis, herpes, smallpox, antiseptics, and burns.
For sensitive detection of picric acid in real samples and
with a detection limit expressed in nM concentrations,
based on simple proton transfer interaction and fluorescence
sensing, modified curcumin is indicated as a highly selective
chemosensor [25].

pH sensing in the range of 7–13 pH units using curcumin
nanoparticles for the fabrication of a lab-on-paper tool repre-
sents an interesting noteworthy approach to quantitative pH
detection [26]. This green, paper-based pH device is practical-
ly applicable in alkali solutions. The glass electrode shows
limitation in this pH region, the well-known Balkaline error ,
and accordingly, the application of devices for pH measure-
ment in alkali solutions, primarily industrial and wastewater
samples, is of significant importance. The changing color in-
tensity of curcumin is proportional to the pH value of the
solutions and can be successfully applied as an analytical pH
indicator for pH monitoring [26].

Copper ions have notable functions in the main processes
of the human body, such as bone formation, connective tissue

development; cellular respiration, blood hemoglobin regula-
tion, anemia prevention, but on the contrary, their high
concentration excite some serious neurodegenerative diseases.
A highly sensitive and selective optical sensor, based on
curcumin is applied for the detection of copper(II) ions, owing
to the excellent chromogenic properties that curcumin possess
(a large molar extinction coefficient, high fluorescence
quantum yield, visible light excitation, long-wavelength
emission) [27].

Lead belongs to the group of heavy metals, and it is essen-
tial for human metabolism. However, if lead ions are present
in excess, they could cause serious problems to human health.
Curcumin-based nanofiber membranes, as a simple and bio-
compatible colorimetric strip, exhibit specific response for the
detection of lead(II) ions with high sensitivity, good repeat-
ability and stability, low detection limit and a broad linear
concentration range [28].

Sulfide, as a toxic, harmful and highly corrosive anion,
could easily be determined in different water samples using
curcumin nanoparticles, which indicates that curcumin has a
further possibility for application in addition to the numerous
others [29]. The noteworthy advantage of the applied method
is using curcumin as a Bgreen^ nanoparticle for the

Fig. 7 Antioxidant mechanism of curcumin – carbon-centered radical
scavenging activity [5]Fig. 6 Mechanism of curcumin electrooxidation [5]
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determination of sulfide. Along with the abovementioned
components, recent investigations indicate that the natural
drug curcumin displays high selectivity/sensitivity and can
successfully be applied for hypochlorite [30], iron(III) ions
[31], amoxicillin detection [32], etc. In addition, it could be
a part of biosensors used for electroanalytical studies of
nucleic acid [33–35].

In summary, curcumin possesses excellent chromogenic
properties, such as high fluorescence quantum yields, visible
light excitation and long-wavelength emission, and also has a
strong chelating ability, forming complexes with many metals
and metalloids [5]. The above-mentioned determinations were
mainly based on complex formation and fluorescence
quenching, as a very simple and sensitive technique.

Relevance and Role of Curcumin in Food Chemistry

The majority of systematically administrated chemotherapeu-
tics are distributed in non-target organs/tissues. Consequently,
application of compounds with a good safety profile and good
bioavailability is more than indispensable. Drugs derived from
natural sources have always been precious precursors for
modern medicine. One of the natural substances with favor-
able properties is curcumin. The uniqueness of curcumin is
reflected in the diverse range of its beneficial biological func-
tions. However, the main problem for its extensive use is its
low absorption, fast metabolism and rapid elimination from
the human body. Some possible solutions for overcoming
these limitations, which originate from different approaches
to this issue, are now considered.

Hitherto, clinical tests have shown that the daily a safe dose
of curcumin is even 8 g [36]. Such a large amount of curcumin
does not cause any adverse effects on the human body. On the
other hand, the main limiting factor for the application of
curcumin in foodstuffs, which also significantly restricts its
bioavailability [37], is its low solubility in water (~1 μg/
mL), due to the formation of inter- and intra-hydrogen bonds.
Higher solubility of curcumin is achieved in alkaline media
and at enhanced temperatures, but, in such an environment, it
undergoes rapid degradation, followed by molecular fragmen-
tation. In order to improve its solubility, further investigations
were performed and they led to different lipid- and natural
polymer-based nanocarriers that could deliver curcumin.
Unfortunately, most of these carriers had their own shortcom-
ings for food applications; for example, low biocompatibility,
large amounts of surfactants, necessity for chemically modi-
fied polymers and complicated fabrication.

Enhancing the Nutraceutical Bioavailability of Curcumin

To increase the bioavailability of curcumin, including among
others longer circulation, enhanced absorption by improved
permeability and resistance to metabolic processes, several

formulations were designed: nanoparticles, liposomes, mi-
celles and phospholipid complexes [38]. Evidence from the
literature considering the bioavailability of curcumin (the fol-
lowing text) indicated its increased efficacy.

Encapsulation Starch, as hydrophobic natural polymer, was
applied for the loading of curcumin [39]. Curcumin encapsulat-
ed starch nanoparticles display significantly higher water solu-
bility and stability in comparison to raw curcumin. Furthermore,
after encapsulation, curcumin retains its great antioxidant ability
[39]. For improving the solubility and antioxidant properties of
curcumin, some aggregates of double-chained series cationic
surfactants, with increasing chain length (C12–18), along with
single-chained dodecylethyldimethylammonium bromide, was
also proposed [40]. Instead of surfactants, emulsions stabilized
by chitosan-tripolyphosphate solid nanoparticles, called
BPickering emulsions^, show uniform particle size distribution,
long-term stability and can also be an effective route for delivery
of bioactive curcumin [41].

In the process of solubilization, hydrophobic-hydrophobic
interactions and electrostatic interactions play essential roles.
In the context of the above mentioned, a new method was
developed that involved the incorporation of curcumin into
the matrix of solid lipid nanoparticles by homogenization
without using a solvent [42]. Curcumin loaded into solid lipid
nanoparticles has prolonged action in the gastrointestinal tract,
in accordance with the increase in the saturation solubility of
the drug. In addition, solid lipid nanoparticles are very rele-
vant carriers because, made in the form of tablets, pellets or
powder, they could be dispersed in water before implementa-
tion [42]. Similarly, curcumin nanoemulsions stabilized by the
biopolymer emulsifiers lactoferrin and lactoferrin/alginate
multilayer structures have been referred under gastrointestinal
conditions in terms of their safety for human consumption,
bioactivity optimization, drug protection from degradation
and enhancement of the stability of curcumin [43]. In a gen-
eral sense, it should be noted that preference is given to low
temperature emulsification methods in relation to high tem-
perature ones, because, in the most cases, high temperature is
undesirable for thermally-sensitive bioactive compounds [43].
The emulsion inversion point (EIP), as a low temperature
method, has been used with the purpose of encapsulating
curcumin in nanoemulsions, composed of soybean and poly-
sorbate 80 with glycerol used as a co-solvent for modifying
the diffusion rate of the hydrophilic surfactant from the oil to
the aqueous phase [44]. The nanoemulsion produced by the
EIP method is a very promising nanoencapsulation system for
application in food formulations, due to its extended capacity
to preserve curcumin, where 70% of the initial amount of
curcumin remained in the nanoemulsions after two months.
Nanoemulsion encapsulation can also be used to promote the
bioavailability of curcumin while maintaining its biological
activities.
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Delivery Systems The newest investigations occupy them-
selves with the development of delivery system from nature,
applicable in the field of food, pharmaceutics and biomedi-
cine. Protein-polysaccharide, polysaccharide and protein-lipid
nanoparticles are very often studied, polyelectrolyte delivery
systems for drugs and lipophilic nutrients - proteins bind bio-
active compounds, while polysaccharides protect the protein
from enzymatic degradation and fast release during its passage
through the gastrointestinal tract. In this manner, the bioavail-
ability of the incorporated/encapsulated bioactive compound
is considerably enhanced:

– Chitosan, a semi-synthetic polysaccharide derived from
natural chitin, is very useful for biomedical applications
owing to its non-toxicity, biocompatibility, biodegrad-
ability and antimicrobial properties [45]. A new form of
composite chitosan hydrogel, with very complex inter-
molecular bonding between the oil drops and the poly-
meric network (confirmed by Fourier transform infrared
spectroscopy) was applied as a drug delivery system with
extended release of the hydrophobic curcumin [45].

– Hydrophilic, monodisperse, positively charged colloidal
polysaccharide-based nanoparticles, made by polyelec-
trolyte complexation between two biopolymers, chitosan
and gum arabic, have been used for loading curcumin
[46]. Nanoencapsulation significantly enhanced the anti-
oxidant activities of curcumin and improved its biological
efficiencies (due to delivery control and prevention of
drug side effects).

– Grafting, as a new technique, is very useful for creating a
polysaccharide with the desired properties for drug deliv-
ery, helps in overcoming problems with the low bioavail-
ability (poor absorption, limited aqueous solubility, insta-
bility, and circulation time) and the pharmacokinetic be-
havior of curcumin [47]. pH-sensitive hydrolyzed
polyacrylamide-grafted-xanthan gum (PAAm-g-XC)
nanoparticles loadedwith curcumin were used for colonic
drug targeting. The drug release properties of the nano-
particles were closely dependent on the microflora where
curcumin reduced the myeloperoxidase and nitrite levels,
in concomitance with attenuating colonic inflammation in
rats [47].

– Highly biosafe polyelectrolyte nanoparticles formed by the
interaction between chitosan and fucoidan can be used as
pH-sensitive oral delivery carriers for curcumin, with 90%
loading efficiency. Enhancement of this efficiency could be
realized by utilizing a derivate of chitosan, carboxymethyl
chitosan. Applying pH-sensitive carboxymethyl chitosan/
fucoidan nanoparticles enormously increased the cellular
uptake of curcumin [48].

– One of the most recently tested nanogels, with a diameter
of 58 nm, was made from egg yolk low density lipoprotein
(LDL), and further complexed with pectin [49]. The

resulting LDL/pectin nanogel was finally applied for the
encapsulation of curcumin, showing excellent stability and
usefulness for controlled release of curcumin during its
oral delivery. Similar results could be received with milk
fat as the oil medium and the milk protein sodium casein-
ate as the wall material used in the nanoencapsulation of
curcumin (the size of the particles was ~40 nm), which is a
green chemistry approach [50]. Sodium caseinate contrib-
utes to an enhancement of the efficiency of encapsulation
and consequently, to improvement of water dispersibility,
as well as the health-beneficial effect of curcumin through
functional food (a food, named Bfunctional^, reveals pre-
ventive, protective and/or curative properties, along with
nutrition benefits). While organic solvents and inorganic
solutions, together with polymer materials, are very con-
venient for pharmaceutical applications, food applications
request the employment of a solvent-free green chemistry
approach [50].

– The low water-solubility, chemical instability, rapid me-
tabolism, short half-life, and poor oral bioavailability of
curcumin can be overcame by encapsulating it using a
colloidal delivery system. Mixed colloidal dispersion,
with defined protein and lipid nanoparticles properties,
enriches the bioavailability of the hydrophobic bioactive
agent curcumin [51]. Encapsulation of curcumin within
zein particles, prepared using an anti-solvent precipitation
method, forms protein nanoparticles that exhibit a high
loading capacity and good chemical stability. Due to this
semi-solid zein matrix, chemical degradation of curcumin
is lower than in the case of applying fluid lipid
nanoformulations, because the diffusion of reactants is
limited [52]. On the other hand, added digestible lipid
nanoparticles enhance curcumin bioavailability by
forming mixed micelles after they are digested, which
was experimentally confirmed [51]. Precisely, the high
surface of the lipid nanoparticles enabled their fast diges-
tion. These micelles have a role of solubilizer and trans-
port the hydrophobic curcumin molecules. Certainly, de-
spite enormous recent developments in this field, future
studies require a more detailed investigation of the influ-
ence of mixed particles colloidal delivery systems on the
absorption process and the bioavailability of curcumin
in vitro and in vivo.

– An interesting approach for increasing curcumin bioavail-
ability is, certainly, using an excipient nanoemulsion.
This type of emulsion comprises digestible lipid droplets
dispersed within an aqueous medium, but without their
own ability to contribute to an increase in health benefits.
The role of excipient nanoemulsion is improving the oral
bioavailability of bioactive agents through their increas-
ing absorption [53].

– The acetal-linked polymer-drug conjugate micellar
nanocarriers capable of efficient curcumin delivery to
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the cytosol, without a delay in the biological action of the
agent in the cells present a new, pH-responsive curcumin
delivery platform [54]. It is well-known that pH-
responsive nanocarriers initiate faster drug release and
hence an early onset of the pharmacological action.

Additional Activities of Curcumin

Nutrition Supplement The priority task at today is the con-
sumption of healthy products with amount of preservatives
and synthetic additives as small as possible. In this sense,
phytochemicals, which also include curcumin, play a signifi-
cant role. In addition to more important features of curcumin,
which will be further discussed, curcumin powder with re-
duced odor could be used as a nutrition supplement and nat-
ural colorant for food products [55]. In this manner, curcumin
could replace artificial dyes, which often show proved-
negative potentials on the human body, such as, for example,
allergic reactions.

A Positive Control of Antioxidant Activity Fruit cultivars,
as a useful source of natural antioxidant compounds with great
health-beneficial effects, could be utilized for nutritional phar-
maceutical purpose. Very often curcumin (curcumin/Aβ pep-
tide mixture) was used as a positive control of the antioxidant
activity of different fruit cultivars that contain phenolic com-
pounds [56]. It is well known that β-amyloid (Aβ) aggrega-
tion is considered a critical step during neurodegenerative
processes associated with Alzheimer’s and Parkinson’s dis-
eases. In this context, further considerations and investigations
of the inhibitory capacity of phenolic extracts from a variety of
fruit cultivars on Aβ, present important scientific tasks. The
step that has already been made is the correlation of the pro-
tective effect of phenolic extracts on Aβ-induced toxicity in
PC12 cell lines [56]. The great influence of curcumin on the
mechanism of inhibition and the pathway of Aβ aggregation
supports its use in clinical trials for preventing or treating
Alzheimer’s disease [57].

Photo-Inactivation of Fungal Spores A number of myco-
toxins, including the cancer-causing aflatoxins, are produced
by fungi and represent common food contaminants.
Aspergillus flavus is one of the two main types of fungi that
produce aflatoxins in food and fodder. A useful curcumin
property, among a broad number of others, is its capability
to inactivate these spores by curcumin-mediated photo-inacti-
vation, which represents an effective method of decontamina-
tion of Aspergillus flavus fungal spores in vitro in aqueous
suspension and in vivo when inoculated on maize kernels
[58]. In a light-based approach of the photodynamic inactiva-
tion process, curcumin is an effective photosensitizer in com-
bination with visible light. A combination of an appropriate

concentration of curcumin with an appropriate light dose sig-
nificantly reduces the viability of Aspergillus flavus fungal
spores. These investigations provided a scientific basis for
the further research and clinical applications of curcumin.

Determination of Curcumin itself

For the rapid determination of the concentration of curcumin
itself in complex food sample matrices, a spectrophotometric
method combined with selective magnetic molecularly
imprinted polymers could be used [59]. Additionally, a
fused-core technology in high-performance liquid chromatog-
raphy columns has great potential as a sensitive method for
analyzing curcumin and other products that use turmeric in
their formulation (selectivity >1.12) [60].

Conclusions

The interesting story of curcumin began with a Btraditional^
spice, via a food coloring because of its intense, characteristic
yellow color (food additive E100), but now, curcumin is in the
focus of numerous plant foods/pharmacological/medical/ana-
lytical research worldwide, making a new platform for the
therapy of serious diseases, such as cancer, neurodegenerative
diseases and rheumatoid arthritis. Curcumin acts equally use-
ful as an agent in both traditional and current clinical medi-
cine. The great potential of curcumin arises because it can act
on several important molecular targets. Studies on curcumin
and its analogs revealed that it possesses a broad spectrum of
biological activities, such as: high affinity for interaction with
biomacromolecules (synthetic and genomic nucleic acids,
proteins), antioxidant (the presence of hydroxyl groups on
phenyl ring is mainly responsible for the antioxidant activity
of curcumin), anti-inflammatory, antivirus, anti-angiogenic,
anti-HIV-1 and anticancer (the presence of keto groups and
double bonds is essential for the mentioned activities).
Curcumin has the ability to adapt different conformations that
might play a fundamental role in its binding to different mol-
ecules and might determine its divergent pharmacological ef-
fects at the molecular level. From this point of view, the pres-
ence and acidity of phenolic groups in the para position seem
to be crucial, suggesting that their chemical modification may
profoundly alter the biological activities of curcumin [5 and
refs. Therein]. The majority of the studies suggested that the
biological effects of curcumin are mainly derived from its
ability to either bind directly to various proteins such as cy-
clooxygenase-2, lipoxygenase and several other regulatory
enzymes or by its ability to modulate the intracellular redox
state [5 and refs. Therein].

Despite multiple health benefits in preventing ageing, cancer,
inflammation and neurodegenerative diseases, the availability of
curcumin in the body is strongly limited by its poor aqueous
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solubility and low oral bioavailability; after oral ingestion, its
plasma concentrations cannot reach required therapeutic levels.
As a result of its solubility and the decreased absorption of
curcumin in the body, the therapeutical success of curcumin
is reduced. Moreover, aqueous solubilization of the water-
insoluble curcumin is of vital importance for pharmaceuticals.

Microencapsulation, a very useful technique for increasing
the efficiency of bioactive ingredients, has been gaining more
attention in recent years. The quality of the implementation of
this technique is deeply connected with suitability of the ap-
plied wall material and requested characteristic of the final
product. Wall materials used for the fabrication of various ve-
hicles for delivering bioactive compounds have to show excel-
lent solubility and emulsification properties. Recent studies
helped in improving current understanding of the interaction
between water-insoluble curcumin and, the already mentioned,
wall materials. Finally, all of these investigations need to lead to
one goal, namely, better delivery systems for the bioactive in-
gredient curcumin that actually fulfill their desired role.

Alongside the formation of curcumin encapsulates in mixed
cationic surfactant aggregates that have significantly higher sol-
ubility and stability in micellar solution, new efforts have to be
made for improving these curcumin properties in the future.
Lipid-based curcumin delivery systems are promising

formulations, since lipids are known as oral drug absorption
enhancers and they can be developed into nanoparticle sizes.
Solid lipid nanoparticles (SLNs) increase the absorption of
curcumin in the hydrophilic environment of the gastrointestinal
tract and they could consist of a lipid core or an outer shell of
surfactant. Here, it is necessary to emphasize the importance of
curcumin incorporation into the particle core, enabling a
prolonged effect and increasing its physiological benefits.
Moreover, a solvent-free green chemistry approach, an
environmental-friendly synthesis process, enables
nanoencapsulation of curcumin, excluding the use of harmful
chemicals. However, the majority of the studies report the de-
livery of curcumin using static in vitro digestion models under
simplified environmental conditions, without detailed consider-
ation of the complex physicochemical and physiological gastro-
intestinal conditions in the human body. Accordingly, great ef-
fort has to be made in order to design high-quality, physico-
chemical stable emulsion or solid-based delivery systems, with
the possibility of controlling the digestion process and release of
the encapsulated curcumin, as well as its absorption within the
gastrointestinal tract. Carrying curcumin through the human
body has to involve exclusively biologically-based food mate-
rials. Emulsion-based delivery systems with a combination of
high-performance in protected encapsulation, controlled release

Table 1 Some of the recent
solutions for enhancing
bioavailability and longer
circulation of curcumin

Formulations Effects Reference

Starch nanoparticle Increases water solubility 39
Increases stability

Retains antioxidant activity

Mixed surfactant aggregate Increases water solubility 40
Increases stability

Increases antioxidant activity

Chitosan-tripolyphosphate nanoparticle Increases stability 41
Prolonged release

Solid lipid nanoparticle Increases water solubility 42
Increases stability

Multilayer nanoemulsion Increases stability 43

Lipid nanoemulsion Increases stability 44

Chitosan hydrogel Prolonged release 45

Chitosan-gum arabic nanoparticle Increases stability 46
Increases antioxidant activity

Prolonged release

Polyacrylamide-grafted-xanthan gum nanoparticle High gastric resistance 47
Increases pH-dependent solubility

O-carboxymethyl chitosan/fucoidan nanoparticle Increases cellular uptake 48

Low density lipoprotein/pectin nanogels pH-depended controlled release 49

Nanoencapsulation by milk fat/sodium caseinate Increases antioxidant activity 50

Mixed colloidal, protein and lipid nanoparticle Increases stability 51
Increases bioaccessibility

Zein colloidal particle Increases stability 52
Limits free radical induced oxidation

Corn oil-in-water emulsion Increases oral bioavailability 53
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and with site-specific targeted delivery, without doubt, have an
important role to play in a faster, better and a more precise
transfer of bioactive curcumin [61]. Based on a comprehensive
overview of the literature, it could be concluded that drug de-
livery systems represent one of the main focus of the scientific
community. The newest approach in the design of drug delivery
systems intend that the systems act on both bulk tumor cells and
cancer stem cell subpopulations, CSC (it has been confirmed
that CSC plays a dominant role in tumor growth, self-renewal,
resistance to medical treatments, facilitate metastases, and inter-
act with surrounding non-malignant cells) [62]. Low solubility,
extensive toxicity to healthy tissues accompanied by significant
side effects, and nonspecific biodistribution are the properties
that distinguish hitherto-known chemotherapeutic agents from
each other. Novel drug delivery systems require improving the
pharmacokinetics and pharmacodynamics of the agents, with
the ultimate goal to effectively act only on the targeted site
[62]. In this context, curcumin represents an extraordinary sub-
stance that should be enabled to react on the targeted site only in
association with a long retention time and extended activity in
order to achieve an accumulative effect in the desired parts of
the body, without misgivings about negative consequences.

The terms in the current publications -may be and potential
application are the most frequently used ones: BCurcumin
may be a potential therapeutic option for alveolar bone de-
struction in human periodontitis and could have a translational
impact on the management of periodontal bone loss. These
findings provide additional support for the potential
application of curcumin in the treatment of osteoclast-related
diseases. All of these findings support the view that curcumin
attenuates the degree of inflammation-induced experimental
periodontal destruction and it may have a novel therapeutic
effect in periodontal diseases [63].^ On the other hand, along
with may be, recent studies pinpoint that nanotechnology has
important, unambiguous role in changing curcumin bioavail-
ability, bioactivity and therapeutic target specificity, as well as
in increasing its retention time. Nanotechnology, alongside its
many favorable characteristics, has the great advantage that is
manifested through its possibility to allow targeted and con-
trolled release of a drug, reduce adjunctive negative effects
that may arise from administration of an unplanned larger
dose of a drug. Consequently, it represents a desirable, reason-
able and encouraging solution in the field of plant foods, phar-
macy, medicine, chemistry, and other branches of science.
Nanotechnology is going to accelerate the application of
curcumin in clinical practice, which is the ultimate target of
all curcumin research. There is no doubt that curcumin moves
with the time. Thanks to the known potential of curcumin, at
this moment, in 2016, it is the subject of the most extensive
investigations in the area of curcumin research in comparison
with any preceding year/century. Future studies must be fo-
cused on presenting a useful approach for improving its bio-
availability, as well as on human clinical trials of curcumin,

and raise issues with regard to the predictive value of in vitro
models to in vivo responses/results [64]. This medicinal active
compound with improved pharmacological profile is still a
challenging and future-carrier area of research. Despite its
efficacy and safety, the limited curcumin bioavailability, its
solubility and stability, optimum dose, pharmacokinetics,
mechanism of its action for a given disease continue to be
highlighted as major recommendations for future research.

A summary of the current research (Table 1) in connection
with different curcumin activities provides useful information
and certainly justifies the reason for the continual promotion of
curcumin application in further scientific research.
Combinational treatment of this multifunctional regulator,
curcumin, with medicine/epigenetic inhibitors appears to be-
come a powerful anti-cancer approach for future anti-cancer
treatment strategies and could give insight into the development
of novel therapeutic agents for this purpose. The basic curcumin
effectiveness in an imposingly large number of different diseases
is being reflected by its ability to simultaneously attack multiple
targets. A crucial question that requires future scientific time is
how to activate curcumin in a particular tissue in order to take
advantages of the huge benefits of this powerful compound.

Finally, Hippocrates’s sentence, uttered two and a half
thousand years ago, Blet food be thy medicine and medicine
be thy food^, exactly finds its full meaning in a compound that
comes from a natural source, the compound named curcumin.
There is increased hope that the plant polyphenol curcumin
will keep its potential of curing many diseases, rather than to
just treat/prevent different symptoms of different diseases.

Aβ, Amyloid beta; BDMCur, bisdemethoxycurcumin;
CCur, cyclocurcumin; CSC, cancer stem cell; Cur, curcumin;
DMCur, demethoxycurcumin; EIP, emulsion inversion point;
LDL, low density lipoprotein; PAAm-g-XC, polyacrylamide-
grafted-xanthan gum; ROS, reactive oxygen species; SLNs,
solid lipid nanoparticles.
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