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Abstract: Curcumin, a pigment from turmeric, is one of the very few promising natural 

products that has been extensively investigated by researchers from both the biological and 

chemical point of view. While there are several reviews on the biological and 

pharmacological effects of curcumin, chemistry reviews are comparatively scarcer. In this 

article, an overview of different aspects of the unique chemistry research on curcumin will 

be discussed. These include methods for the extraction from turmeric, laboratory synthesis 

methods, chemical and photochemical degradation and the chemistry behind its metabolism. 

Additionally other chemical reactions that have biological relevance like nucleophilic 

addition reactions, and metal chelation will be discussed. Recent advances in the preparation 

of new curcumin nanoconjugates with metal and metal oxide nanoparticles will also be 

mentioned. Directions for future investigations to be undertaken in the chemistry of 

curcumin have also been suggested. 
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1. Introduction 

Scientific research spanning over more than four decades has confirmed the diverse pharmacological 

effects of curcumin and established its ability to act as a chemopreventive agent as well as a potential 

therapeutic agent against several chronic diseases [1–6]. Curcumin, having nearly a two centuries old 

scientific history, is still attracting researchers from all over the world. Starting from 1815, when 

curcumin was first isolated from turmeric, there were only a few reports till the 1970s on its chemical 
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structure, synthesis, biochemical and antioxidant activity [7,8]. However after the report by Aggarwal 

and co-workers [9] in 1990s on its potential anticancer effect, the pace of curcumin research has grown 

rapidly, with more than 14,000 citations on curcumin to date. While the majority of researchers have 

been pursuing the biological aspects, a few others were interested in understanding the important 

chemistry of curcumin behind its unique biological activity. Curcumin research has become one of the 

most favorite subjects for all the branches of chemistry, including organic, inorganic, physical and 

analytical chemists. In organic chemistry the extraction and synthesis of curcumin and new synthetic 

derivatives was the main focus of research. Inorganic chemists have used its metal chelating abilities 

through the β-diketo group to form new structural entities with modified biochemical activities. Physical 

chemists have focused on the highly sensitive spectroscopic properties of curcumin to study its 

interactions with microheterogeneous systems and biomolecules. Analytical chemists have been 

employing curcumin’s unique absorption spectroscopic properties to identify and quantitatively estimate 

trace elements like for e.g., estimation of boron, as a red colored product [10]. Other chemistry studies 

that are useful in understanding the biological activity of curcumin are its chemical reactivity with 

reactive oxygen species (ROS), addition reactions, degradation and formation of nanoconjugates and 

formulations. Considering the number of reviews in many related fields of curcumin, in the present 

manuscript, only some of the important recent findings in curcumin chemistry have been reviewed that 

have contributed to its potential applications in the development of curcumin- based drugs. 

2. Extraction of Curcumin from Turmeric and Detection 

Curcuma longa L (turmeric) is cultivated in tropical and subtropical regions. The largest worldwide 

producer of turmeric is India, where it has been used as a home-remedy for several ailments for  

ages [1–4]. Depending on its origin and the soil conditions where it is grown, turmeric contains 2%–9% 

curcuminoids. The word “curcuminoid” indicates a group of compounds such as curcumin, 

demethoxycurcumin and bis-demethoxycurcumin and cyclic curcumin. Out of these, curcumin is the 

major component, and cyclic curcumin is the minor component. 

Although extraction and separation of curcumin from turmeric powder was reported way back  

in 1815, more improved and advanced extraction methods are still being reported, even after two 

centuries [11–27]. Solvent extraction followed by column chromatography has been the most commonly 

employed method reported for separating curcumin from turmeric, and several polar and non-polar 

organic solvents have been used, including hexane, ethylacetate, acetone, methanol, etc. Of the organic 

solvents employed, ethanol has been found to be the most preferred solvent for extracting curcumin. 

Although chlorinated solvents extract curcumin very efficiently from turmeric, they are not commonly 

employed due to their non-acceptability in the food industry. Soxhlet extraction, ultrasonic extraction, 

microwave, zone-refining and dipping methods have been tried, and among these the Soxhlet, ultrasonic 

and microwave extractions are the most commonly employed methods [11–16]. Recently pulse 

ultrasonic and microwave-assisted extraction methods have also been reported to be better than the 

continuous methods [14]. Increasing the temperature in the range of 60 to 80 °C has been found to 

improve the extraction [16]. With its increasing use in dietary supplements, researchers are developing 

extraction methods employing food grade solvents like triacylglycerols to give good yields [17]. Another 

commercially viable and efficient extraction method is using supercritical carbon dioxide [18,19]. Being 
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free from organic solvents, pilot plants based on supercritical carbon dioxide have been established in 

several countries for the extraction of curcumin from turmeric. Normal operating conditions for this are 

at pressures between 25 to 30 MPa and a temperature of 318 K. There are also a few reports on  

enzyme-assisted extraction, where pretreatment of turmeric with enzymes like α-amylase and 

glucoamylase yielded significant increases in curcumin yield [20]. However due to increase in the cost 

of extraction, this method is not commercially viable. 

Curcumin can be separated from curcumin mix (a mixture of curcumin, demethoxycurcumin and 

bisdemethoxycurcumin) by column chromatography by adsorbing the mixture on silica gel using 

mixtures of solvents like dichloromethane/acetic acid or methanol/chloroform to yield three different 

fractions. The curcumin fraction is further purified on silica gel using chloroform/dichloromethane and 

ethanol/methanol mixtures as eluents [3,4,21–24]. Methods for the detection and estimation of curcumin 

have mostly employed the high performance liquid chromatography (HPLC) technique. In general 

reverse phase C18 columns are used as stationary phase and different gradients of solvents containing 

acetonitrile/water or chloroform/methanol have been employed as the mobile phase [21–24]. For 

detection of curcumin, absorption detectors in the wavelength range from 350 to 450 nm range or in the 

UV region using a common detection wavelength in the range of 250 to 270 nm is simple and extremely 

useful. HPLC-diode array and fluorescence detection methods have also been used by several 

researchers. Liquid chromatography-coupled mass spectrometry has been another versatile tool for 

detecting curcumin. Of all these the most sensitive methods for detection of curcumin (up to 1 ng/mL) 

is by fluorescence, by exciting in the 400 to 450 nm region. High-performance-thin layer 

chromatography methods using aluminium plates precoated with silica gel as stationary phase and 

chloroform-methanol as solvent have been very useful for both detection and separation. Ali et al. [22] 

described efficient separation and detection of curcumin in turmeric powders employing a HPLC method 

using a phenyl column and acetonitrile-methanol-water as the mobile phase. Microemulsion electrokinetic 

chromatography using oil droplets and surfactants, has been found to be good for both extraction and 

estimation of curcumin in food and medicinal samples [25]. Capillary electrophoresis with amperometric 

detection can be routinely employed to estimate curcumin/turmeric in food materials [26]. HPLC and 

LC/MS have been found to detect low quantities of curcumin in biofluids to evaluate the 

pharmacokinetics, biodistribution and metabolism [16]. Ultraperformance liquid chromatography 

(UPLC) coupled with online tandem mass spectrometry has been used to detect curcumin metabolites in 

plasma and urine, with detection limits of 2.5 ng/mL [27]. 

3. Synthesis of Curcumin 

A century after its isolation from turmeric, the first paper on synthesis of curcumin was reported by 

Lampe in 1918 [28]. The method involved five steps starting from carbomethoxyferuloyl chloride and 

ethyl acetoacetate. Later Pabon [29] reported a simple method for the synthesis of curcumin in high 

yields using acetyl acetone and substituted aromatic aldehydes in the presence of boron trioxide (B2O3), 

trialkyl borate and n-butylamine and with slight modifications this method by Pabon [29] has been 

adopted by several research groups for practically all subsequent curcumin syntheses [3,4,30–32]. There 

are some patents indicating utilization of B2O3, trialkylborate and n-butylamine along with inert organic 

amide solvents to improve the yields. Attempts to replace boric oxide with boric acid did not prove to be 
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successful. Rao and Sudheer [32] proposed the use of trifluoroboronite and produced stable curcuminoid 

trifluorboronites that can be hydrolysed in aqueous methanol at pH 5.8 to get curcumin. 

In all these methods the primary step is the reaction of 2,4-diketones with suitably substituted 

aromatic aldehydes. To prevent participation of the diketone in Knoevenagel condensations, it is 

complexed with boron. Anhydrous conditions and polar aprotic solvents, where curcumin can be 

separated easily from the reaction mixtures, are suitable for these reactions. Primary and secondary 

amines are used as catalysts to provide the necessary basicity to deprotonate the alkyl groups of the 

diketone. To remove the water produced during the condensation reaction scavengers like alkyl borates 

are employed. Unless removed, the water can react with the diketone complex, thereby reducing the 

curcumin yield. The boron complex dissociates into curcumin under slightly acidic conditions. Curcumin 

from this reaction mixture can be separated by washing and repeated precipitation followed by column 

chromatography. The overall reaction scheme following the method by Pabon is given in Scheme 1. 

Scheme 1. Synthesis of curcumin by the general method proposed by Pabon [29]. 
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4. Structural Characteristics of Curcumin 

Curcumin is a symmetric molecule, also known as diferuloyl methane. The IUPAC name of curcumin 

is (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione, with chemical formula 

C21H20O6, and molecular weight of 368.38. It has three chemical entities in its structure: two aromatic 

ring systems containing o-methoxy phenolic groups, connected by a seven carbon linker consisting of 

an α,β-unsaturated β-diketone moiety [3–6,33]. The chemical structure of curcumin is given in Scheme 2. 

The diketo group exhibits keto-enol tautomerism, which can exist in different types of conformers 

depending on the environment [33]. In the crystal state it exists in a cis-enol configuration, where it is 

stabilized by resonance assisted hydrogen bonding and the structure consists of three substituted planar 

groups interconnected through two double bonds. In most of the non-polar and moderately polar solvents 

the enol form is generally more stabilized than the keto form by 5 to 8 kcals/mol depending on the nature 

of the solvent. Due to extended conjugation, the π electron cloud is all along the molecule. In solution it 

exists as cis-trans isomers where the trans-form in which the two phenolic-methoxy groups are on the 

opposite sides of the curcumin backbone is slightly more stabilized than the cis-form, where the phenolic 

methoxy groups are in the same side up the backbone. The computed dipole moment of curcumin in the 
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ground state is 10.77 D. It is a hydrophobic molecule with a logP value of ~3.0. It is almost insoluble in 

water and readily soluble in polar solvents like DMSO, methanol, ethanol, acetonitrile, chloroform, ethyl 

acetate, etc. It is sparingly soluble in hydrocarbon solvents like cyclohexane and hexane. The absorption 

spectrum of curcumin has two strong absorption bands, one in the visible region with maximum ranging 

from 410 to 430 nm and another band in the UV region with maximum at 265 nm region. The molar 

extinction coefficient of curcumin in methanol is 55,000 dm3·mol−1·cm−1 at 425 nm. Curcumin is a weak 

Brönsted acid, with three labile protons, and accordingly three pKas have been estimated corresponding 

to three prototropic equilibria (Scheme 2). Both NMR and absorption spectrometry have been used to 

estimate the pKa. The first pKa in the pH range of 7.5 to 8.5 changes curcumin from yellow to red. The 

chemical reactivity and solubility of the anionic curcumin, i.e., in the basic pH range increases and this 

form of curcumin is more water soluble than the neutral form. The absorption maximum of fully 

deprotonated (red in colour) curcumin in alkaline pH (>pH 10) is at 467 nm and the molar extinction 

coefficient is 53,000 dm3·mol−1·cm−1. There is still a debate which one of the three, i.e., the enolic OH 

or the phenolic OH is the most acidic. Although calculations indicate that the enolic OH is the most 

acidic group, the pH dependent spectral changes are difficult to distinguish between the two protons. 

From 1H-NMR studies Borsari et al. [34] proposed the pKa of 12.5 for the deprotonation of the enolic 

proton and another pKa at 13.6 for the phenolic protons. These values for enolic protons however differ 

significantly from those reported by other methods. With the availability of other spectroscopic 

techniques, it should be possible to resolve these differences in the estimation of pKas in the future. 

Scheme 2. Keto-enol tautomerism, Prototropic equilibria and degradation products  

of curcumin. 

 

Aqueous curcumin solutions can be prepared by adding surfactants, lipids, albumins, cyclodextrins, 

biopolymers etc. Micellar solutions using surfactants are the best suited for preparing high concentration 

curcumin solutions in water [33]. However while using aqueous surfactant solutions in biological 

systems, care must be taken by performing proper control experiments, as surfactants can interfere in 

biological studies. 
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5. Curcumin Reactivity 

Curcumin has three reactive functional groups: one diketone moiety, and two phenolic groups [6]. 

Important chemical reactions associated with the biological activity of curcumin are the hydrogen 

donation reactions leading to oxidation of curcumin, reversible and irreversible nucleophilic addition 

(Michael reaction) reactions, hydrolysis, degradation and enzymatic reactions. All these have significant 

role in different biological activities of curcumin. They are discussed briefly. 

5.1. Reactions with ROS 

Curcumin has been found to be an excellent scavenger of most ROS, a property that bestows curcumin 

with antioxidant activity in normal cells. ROS consists of both free radical oxidants and molecular 

oxidants [33,35–41]. Free radical oxidants participate in hydrogen abstraction and also in electron 

transfer reactions. All three active sites of curcumin can undergo oxidation by electron transfer and 

hydrogen abstraction. Detailed investigations by different groups have confirmed that during free radical 

reactions, the most easily abstractable hydrogen from curcumin is from the phenol-OH group, resulting 

in formation of phenoxyl radicals, which are resonance stabilized across the keto-enol structure (Scheme 3).  

Scheme 3. Possible sites of attack of free radical oxidants with curcumin and stabilization 

of phenoxyl intermediate and its regeneration by ascorbic acid. 
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For example the reaction of peroxyl radicals with curcumin produces curcumin phenoxyl radicals, 

which are less reactive than the peroxyl radicals and thereby cause protection from ROS-induced 

oxidative stress [34,35,38]. The regeneration reaction of phenoxyl radicals back to curcumin by water 

soluble antioxidants like ascorbic acid, impart the molecule with a chain breaking antioxidant ability like 

vitamin E [38]. Reported in the literature are scavenging reactions of several other free radical ROS such 

as hydroxyl radicals, superoxide radicals and alkoxy radicals by curcumin [36–39]. The reaction of 

curcumin with superoxide radicals has been found to be as efficient as well known lipid soluble 

antioxidants and the reaction also leads to catalytic degradation of superoxide in which curcumin acts as 

a superoxide dismutase mimic [37]. 
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Among the molecular oxidants, reactions with peroxynitrite, hydrogen peroxide are the most common 

ones. In several biological models curcumin has been found to protect cells under conditions where there 

is excessive production of these molecular oxidants. However there are not many studies elucidating the 

possible chemical reactions and identification of the reaction products. There are few reports in the 

literature on direct reaction of curcumin with peroxynitrite [40,41]. The reported rate constants and the 

inhibition concentrations of curcumin to prevent nitrotyrosine formation indicate that curcumin is as 

powerful antioxidant against peroxynitrite-induced oxidative stress. 

5.2. Chemical Degradation and Metabolism 

Curcumin undergoes chemical degradation in aqueous-organic solutions and the degradation 

increases as the pH is increased, which is of a serious concern in its applications [6,33,42–45]. Most 

phenols in solution form polymers over time, but the degradation of curcumin is not through the phenolic 

group but is rather found to be through the α,β-unsaturated β-diketo moiety. In dilute solutions (i.e., in 

micromolar solutions) 90% curcumin degrades in 30 minutes. However the percentage degradation will 

decrease at high concentrations. Several important products have been identified as a result of curcumin 

degradation. They are trans-6(4'-hydroxy-3'-methoxyphenyl)-2,4-dioxo-5-hexanal, ferulic aldehyde, 

ferulic acid, feruloylmethane and vanillin (Scheme 2). Although not fully understood, it is believed that 

the degradation is by hydrolysis through the diketo moiety. However the degradation is significantly 

decreased when curcumin is attached to lipids, liposomes, albumins, cyclodextrin, cucurbituryl, 

surfactants, polymers and many other macromolecular and microheterogenous systems [33]. Thus has 

been found to be of great use that stable curcumin solutions could be prepared in culture medium 

containing 10% Fetal Bovine Serum (FBS) and also in human blood. 

Curcumin undergoes much faster degradation when exposed to sunlight [33,46]. It is one common 

observation that curcumin/turmeric stains can be quickly removed on exposure to sunlight The colorless 

products identified during photodegradation of curcumin are vanillin, ferullic acid, and other small 

phenols, indicating a similar product distribution during photochemical degradation as in chemical 

degradation in solution. This photodegradation involves formation of the excited states of curcumin. 

Some reports indicate that curcumin generates singlet oxygen and other ROS on photoexcitation and this 

is actually responsible for the photobiological and photodynamic activity of curcumin [47]. In such case 

the degradation of curcumin after photoexcitation must proceed though the triplet excited state of 

curcumin [33]. Photophysical studies reported the lifetime of triplet excited state of curcumin to be in 

microseconds, suggesting that the degradation may proceed very fast and compete with singlet oxygen 

formation. The photodegradation is accelerated in presence of TiO2 nanoparticles, and this method can 

be employed to remove turmeric stains from cotton fabrics [48]. 

The metabolism of curcumin in rats and humans produces different products [49–53]. Two major 

pathways have been identified in curcumin metabolism, like O-conjugation and reduction. The  

O-conjugation products are curcumin glucuronide and curcumin sulfate. The reduction products are 

tetrahydrocurcumin, hexahydrocurcumin and octahydrocurcumin. Other minor products are 

dihydrocurcumin glucuronide, tetrahydrocurcumin glucuronide, ferulic acid and dihydroferulic acid. 

The formation of these products has been confirmed by HPLC and mass spectrometry. Although it has 

been reported that these processes occur enzymatically, the exact enzymes involved in all these specific 
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reaction products are still a matter of debate. Sulfonation of curcumin through human phenol sulfur 

transferase enzymes and the formation of reduction products through alcohol dehydrogenase is 

proposed. Comparing these metabolic products with the degradation products, it appears that simple 

hydrolytic degradation is prevented in biofluids. Since the degradation may occur through the β-diketo 

structure, one can presume that in these systems curcumin is not in free form but rather in conjugated 

form bound to some proteins or other biomolecules, and as the diketo moiety is involved in binding to 

the proteins [5,6], it is not available for hydrolytic degradation. It may also be implied that the specific 

enzymatic reactions are probably much faster and do not allow the slow hydrolytic degradation, therefore 

the latter process cannot compete with the former reaction. This leaves a bigger challenge for chemists 

to understand the differences between degradation and metabolic reactions in terms of kinetic parameters 

and also identify the crucial mechanism in these reactions. 

5.3. Nucleophillic Addition Reactions of Curcumin 

The α,β-unsaturated β-diketo moiety of curcumin participates in nucleophilic addition reactions. This 

reaction, known as the Michael addition, occurs between the unsaturated ketone as an acceptor and 

anions of –OH, –SH, –SeH as donors. It is a 1,4-addition reaction and the resultant product formations 

are mostly irreversible, but they can be made reversible under oxidizing and basic conditions. Since the 

anions only act as nucleophiles, pH conditions are very important for this reaction to take place. At 

physiological pH both –OH and –SH are protonated but –SeH can easily undergo deprotonation, 

therefore it acts as a better nucleophile. This reaction has been reported to be extremely useful to explain 

the biological chemistry of curcumin in living cells [3,5,6,54–57]. Of special interest has been the 

reaction of biological thiols like glutathione having –SH groups [54,55]. Indeed curcumin-glutathione 

conjugates have been isolated in different systems. Formation of this addition product would lead to the 

depletion of the intracellular glutathione levels in cells, thereby leading to reduction in the overall 

antioxidant defense. Although a few reports suggest that this is a reversible reaction, it is not yet 

confirmed, under the conditions present in living cells, whether such reaction is reversible or not. 

Reversibility of the reaction can be expected under oxidizing conditions and at basic pH. 

A similar reaction has been observed during the inhibition of thioredoxin reductase by curcumin [5,6,56]. 

Thioredoxin reductase is a crucial enzyme involved in maintaining cellular redox homeostasis. The 

active centre in this enzyme is selenocysteine. The selenol of selenocysteine, being a stronger 

nucleophile at physiological pH, easily undergoes 1,4-addition with curcumin, forming covalently 

bonded species. This reaction is speculated to be mainly responsible for the effective inhibition of the 

thioredoxin reductase enzyme by curcumin. Scheme 4 shows the structure and the chemical reaction 

product of curcumin with protein thiols and selenols by Michael addition. 

Scheme 4. Michael addition products of curcumin with protein thiols and selenols where,  

X = S or Se. 
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The methylenic hydrogen of the diketo/enol moiety of curcumin can also act as a nucleophile and 

participate in Michael addition reactions with stronger electrophiles [58], but such reactions may not 

have significance in biological systems. 

Chemically modified curcumin derivatives have been prepared by condensation/addition reactions 

like e.g., semicarbazone derivatives and oxime derivatives of curcumin [59,60]. These stable products 

prepared independently have been examined for anti-cancer activity. In most of these studies, it has been 

reported that these derivatives are more cytotoxic to cancer cells than free curcumin. This prompts us to 

speculate that probably the glutathione conjugate of curcumin may also act as a cytotoxic agent and 

contribute to the overall anti-tumor activity of curcumin. 

6. Chemistry of Curcumin-Metal Ion Interactions 

Curcumin forms strong complexes with most of the known metal ions. The α,β-unsaturated β-diketo 

moiety of curcumin is an excellent chelating agent. In the last one and half decades, many papers have 

been published on metal-curcumin complexes [61–95]. Curcumin is a monobasic bidentate ligand and 

forms stable complexes with almost all the metals and non-metals. In general, stable structures with 2:1 

(ligand:metal) stoichiometry are observed. There are very few reports on 3:1 ligand:metal complexes, 

e.g., an octahedral complex reported with Fe3+ [64]. Metal coordination of curcumin occurs through the 

enolic group, where the enolic proton is replaced by the metal ion and the o-methoxy phenolic moiety 

remains intact in the complexes. The metal-oxygen bond is characterized by IR spectroscopy signals at 

455 cm−1 and the carbonyl peaks in the complexes show a small shift of ~10 cm−1 on coordination to 

metals. Changes in NMR chemical shifts of curcumin have also been reported on metal coordination. 

The shifts however depend on the affinity and thermodynamic stability of the resulting complexes. In 

the case of strong complexes, the resonances of protons attached to the double bonds of the alkyl chain 

show significant downfield shifts, while the enolic protons show negligible shifts in the 1H-NMR  

spectra [34], and the 13C-NMR spectrum shows down- and up-field shfts of carbons near the coordination 

site. There are several papers published in the literature on complexes of curcumin with transition metals 

like Fe3+, Mn2+, Ni2+, Cu2+, Zn2+, Pb2+, Cd2+, Ru3+, Re3+ and many others. Complexes with non-transition 

metal ions and rare earth ions like Al3+, Ga3+, Sm3+, Eu3+, Dy3+, Y3+, Se2+ and metal oxides like VO2+ 

have also been synthesized. The structure and physical properties of these complexes depend on the 

nature of the metal ion, as well as the stoichiometry of the reaction conditions, which in turn decides 

their stability and reactivity. Stable 2:1 complexes of some transition metals can be prepared by mixing 

stoichiometric amounts of curcumin and metal salts in suitable organic solvents and refluxing for few 

hours, the complex can be separated as a precipitate, and purified either by column chromatography and 

repeated crystallization. The general chemical structure of 2:1 complexes of curcumin with metals is 

given in Figure 1a. 
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Figure 1. (a) Structure of 2:1 curcumin:metal complex; (b) Mixed ligand curcumin:metal complex. 
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Curcumin-metal complexes not only modify the physico-chemical properties of curcumin but they 

also affect the biological reactivity of the metals. In general it has been observed that complexation with 

curcumin reduces the toxicity of the metals and some curcumin complexes with metals like Cu2+, Mn2+, 

act as new metal-based antioxidants [67–74]. Due to the reversible electron transfer reactions with 

superoxide ions, Cu2+ and Mn2+ complexes of curcumin act as superoxide dismutase enzyme mimics. 

Metal complexes of curcumin have greater significance in view of the pathology of Alzheimer’s disease, 

where it has been found that due to its lipophilic nature, curcumin can cross the blood brain barrier and 

chelate metal ions that are toxic to the neurons. It has also been observed that the incidence of 

Alzheimer’s disease is significantly reduced among people that are known to regularly consume turmeric 

in their diet. Curcumin forms stable complexes with all the metals involved in Alzheimer’s disease [74–76]. 

The interaction of curcumin with Al3+, earlier considered to be responsible for development of 

Alzheimer’s disease, has been studied extensively. Curcumin forms three different types of complexes 

with Al3+, depending on the stoichiometry of the reaction. The 1:1 Al3+-curcumin complex showed less 

affinity to DNA binding than free Al3+, which has been attributed to its ability to reduce development of 

Al3+ induced Alzheimer’s disease [75,76]. Many other applications of curcumin metal complexes have 

been reported. Ga3+ curcumin complexes are being developed as innovative bioceramics [77].  

Zn2+-curcumin complexes showed anti-cancer, gastroprotective and antidepressant effects in  

rats [78,79]. In vivo antiarthritic activity was reported for five co-ordinated curcumin-gold (Au3+) 

complexes [80]. Vanadyl-curcumin (VO(Cur)2)2+ complexes show antioxidant and anti-rheumatic 

activity [81]. Through metal co-ordination, curcumin reduces the toxicity of heavy metals like Hg2+, 

Cd2+, Pb2+ where significant reduction in heavy metal-induced oxidative stress is reported through 

complex formation [82–86]. 

Owing to their positive charges, most of the metal complexes of curcumin bind to DNA [66,78]. 

Some reports indicate that due to binding, the curcumin-metal complexes induce DNA damage and 

thereby exhibit pro-oxidant behavior. Accordingly, curcumin-metal complexes are also being explored 

as better anti-tumor agents than curcumin itself [87,88]. Therefore there is still some confusion about 

the role of metal-curcumin complexes, in biology whether they act as antioxidants or pro-oxidants. It 

appears that some metal complexes act as antioxidants, while some others may be pro-oxidants. This 

antioxidant/pro-oxidant activity of a metal complex depends on several factors such as nature of metal 

ion, co-ordination number, structure, stability and electrochemical potential of the complex. More 

systematic classification and chemistry of metal-curcumin complexes is necessary in the future. 

Biological evaluation of these complexes is more difficult in in vivo systems, as the bioavailabilty of most 
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of the curcumin-metal complexes is very low and the experiments are difficult to perform due to the 

lower solubility either in organic solvents like DMSO or in biological fluids. However, it is beyond any 

doubt that this in vivo complexation of curcumin with metals plays a significant role in reducing  

metal-induced toxicity. 

Recently a few mixed ligand complexes of curcumin with unique chemical and biological activities 

have been reported. In these complexes (Figure 1b), the curcumin to metal ratio is 1:1 [90–93]. A few 

examples of these mixed ligand complexes are summarized here. Porphyrin-bridged curcumin 

complexes of Cu2+, Ni2+ and Zn2+ showed improved photodynamic activity in plasmid DNA  

models [90]. Complexes of curcumin-and 4,4'-bipyridine with Zn2+ were more effective than curcumin 

to kill neuroblastoma cells. Curcumin-terpyridyl-lanthanum (La3+) complexes showed enhanced 

photocytotoxicity in HeLa cells [91]. Bipyridyl-curcumin complexes of Pd2+ inhibit the growth of human 

prostate cancer cells [87]. Mixed ligand-curucumin complexes with rare earth metals like Sm3+, Eu3+ 

and Dy3+ showed antibacterial activity [92,93]. 

The absorption spectrum of curcumin is altered on complexation with metals. The 1:2 transition metal 

complexes of curcumin showed a blue shift of the absorption maximum [33,70,71]. The fluorescence 

quantum yield of curcumin is drastically reduced on metal chelation. However the Al3+ complexes and 

rare earth metal complexes of curcumin are more fluorescent [76,92,93] and also in mixed ligand 

complexes, reports suggest that the fluorescence of curcumin remains unaffected. Fluorescent  

curcumin-metal complexes are being explored for imaging of cancer cells. Rare earth complexes of 

curcumin and pyridine exhibit two-photon absorption in the wavelength range 700 to 800 nm and such 

complexes have been used for the imaging of MCF-7 cells [93]. Re(CO)3(Curcumin)(H2O) complexes 

are fluorescent and show affinity to beta-amyloid plaques, which has potential to be explored in 

microscopic imaging of the tissue of Alzheimer’s disease patients [94]. Similarly 99T(CO)3(curcumin)(H2O) 

complexes have been produced in high (>90%) radiochemical yield, and showed significant affinity to 

β-amyloid plaques and such systems are being developed as novel radiodiagnostic agents for 

Alzheimer’s disease [94,95]. Recently 2:1 complexes of curcumin with 68Ga3+ have been prepared with 

high radiochemical purity. These compounds have also been reported to be binding to β-amyloid fibrils 

very strongly [95], with possible applications in Alzheimer’s disease. Detailed studies on the chemistry 

and spectroscopy of different curcumin-metal complexes would be helpful for future development of 

curcumin-metal complexes as imaging agents. 

7. New Curcumin Delivery Systems 

The water insolubility and low bioavailability of curcumin in cells have prompted researchers to 

develop new formulations based on biocompatible organic substances like liposomes, polyethylene 

glycols, biopolymers, cellulose, corn oil, hydrogels etc. [96–98]. Supramolecular assemblies of 

curcumin with cyclodextrins, and cucurbyturyl have also been reported. All these systems have not only 

shown improved water solubility but also increased curcumin bioavailability. In these systems, curcumin 

is solubilised by getting entrapped in hydrophobic pockets, mainly through hydrophobic interactions. 

Interestingly the fluorescence of curcumin gets is enhanced once solubilised in any of these systems, 

making it easy to estimate its binding efficiency. Due to their biocompatibility all these systems could 

be successfully investigated for anti-cancer activity in cancer cells, and in vivo systems, where significant 
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increase in the anticancer activity due to improved bioavailability of curcumin was reported. Liposomal 

curcumin was found to be the best for improving the bioavailability of curcumin in cells [96] and 

products based on liposomal formulations are being marketed for different dietary applications of 

curcumin. Till recently the word nanocurucmin referred to curcumin-loaded organic formulations only. 

Since there are already several reviews published on organic nanoformulations, in this review, 

application of inorganic nano formulations in curcumin delivery is discussed. 

With the same aim of improving anti-cancer activity of curcumin, in the last few years, researchers 

have been preparing formulations in which curcumin is bound to novel metal and oxide nanoparticles. 

Such systems can be easily manipulated for improved delivery, activity and specificity. 

Mesoporous silica nanoparticles (MSN) are one of the most employed nanosystems for improving 

the bioavailability of poorly water soluble drugs [99–107]. Due to their ordered nanoporous structures, 

high surface areas, large pore volumes and high surface densities of hydroxyl groups, MSNs can be 

functionalized easily. They are biocompatible and they are commonly used in many biomedical 

applications. Curcumin binds covalently through a silicon-oxygen bond at the diketo moiety (Figure 2). 

Curcumin-loaded MSNs have been prepared and employed in several studies [99–107]. In these systems, 

curcumin release could be controlled for even up to several hours along with improvement in the stability 

and bioavailability of curcumin.  

Figure 2. Curcumin-bound mesoporous silicon nanoparticles. 
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The fluorescence of curcumin is enhanced on MSN conjugation and therefore has the potential to be 

employed for imaging biomolecules/organelles. Novel cyclodextrin functionalized MSN have been 

found to be photothermally controlled on exposure to light to release curcumin on demand in zebrafish 

larve [102]. Large amount of curcumin could be loaded in to spherical microcapsules containing  

L-lysine, trisodiumcitrate and silica sol (colloidal suspension). These microcapsules could be triggered 

to release curcumin by adjusting the pH to acidic conditions [103,104]. MSN-curcumin conjugates, 

increased the cytotoxicity of curcumin in Hela cell lines and also in normal fibroblast cell lines [105]. 

They also increased photocytotoxicity of curcumin in human oral cancer cells, on exposure to light [106]. 

Other formulations like guanidine functionalized, and PEGylated MSN-curcumin conjugates showed 

improved bioavailability and controlled release of curcumin in vitro systems [107]. 
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Gold nanoparticle-based curcumin formulations have been prepared and reported recently. Gold 

nanoparticles find application in biology and medicine, for drug delivery, diagnosis and cancer  

treatment [108–111]. In a simple method, curcumin-gold composites were prepared by mixing alkaline 

curcumin solutions with gold salts, where the ionized curcumin acts both as a reducing agent and also 

as the capping agent [108]. In this case, both the phenolic-OH and enolic-OH donate hydrogen for 

reduction of Au3+ ions (Figure 3). Such gold-curcumin conjugates were reported to be hemocompatible 

and non-toxic. Singh et al. [109] also prepared gold-curcumin conjugates by mixng the gold salt with 

curcumin at high temperature. Such conjugates have been reported to exhibit antixodiant activity by 

DPPH assay. In another study, curcumin was first conjugated to hyaluronic acid (HA) and this conjugate 

is treated with gold salt, where HA acted as the reductant [110]. These gold-HA-curucmin composites 

were biocompatible and exhibited more cytotoxicity in cancer cell lines than pure curcumin. Other  

gold-curcumin composites were also prepared by conventional methods employing sodium citrate as 

reducing agent and polymeric systems as capping agents. Such systems can also be employed for the 

delivery of curcumin [111]. 

Figure 3. Gold nanoparticles capping by curcumin molecules. 
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Curucmin-nanoconjugates of cobalt and silver nanoparticles have been shown to exhibit antimicrobial 

activity [112,113]. New antimicrobial films are being fabricated with silver nanocomposites along with 

curcumin for potentially treating microbial infections. 

Recently magnetic nanoparticles (MNP) are attracting the attention of researchers. MNP, mostly of 

iron oxide, are used as drug delivery systems and MRI contrasting agents [114–117]. They can be 

targeted magnetically and applied for local hyperthermia. Recently a few reports on preparation and 

charactirisation of MNP-curucmin conjugates are reported [114–117]. They have also been evaluated for 

diagnosis and anticancer activity. MNP is coated with pluronic polymers or other biopolymers to load 

hydrophobic drugs like curcumin (Figure 4). MNP-curucmin can be magnetically and selectively 

accumulated in cancer cells. In one such study, Yellapu et al. [115–117] prepared curcumin-loaded 

MNPs modified with cyclodextrin and reported inhibition effects in ovarian, breast, and prostate cancer 

cells and also in human pancreatic xenografts. MNP-curucmin has been found to cause apoptosis in  

MDA-MB-231 breast cancer cell lines along with loss of mitochondrial membrane potential and 

increased ROS production. MNP-curucmin improved the serum bioavailability by 2.5-fold. The 

formulation showed good MRI imaging characteristics. MNP formulations along with porous silica 
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nanoparticles have also been employed to encapsulate curcumin, for efficient delivery of curcumin. Due 

to their selective accumulations and ability to cause hyperthermia, MNP-curcumin with suitable 

modifications are attracting the attention of many researchers for specific application in cancer therapy 

and diagnosis. 

Figure 4. Polymer stabilized curcumin functionalized iron oxide magnetic nanoparticles. 
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8. Conclusions and Future Directions 

Curcumin is a specially gifted molecule provided by Mother-Nature to protect humans from chronic 

health problems. Looking at the simple chemical structure of curcumin, it is natural to presume that 

chemistry of curcumin is also very simple, however with increasing scientific understanding it appears 

to be more complex, unique and difficult to comprehend. It is a symmetric molecule abundant in turmeric 

with relatively high stability in natural form. It has an intense yellow color, that changes to deep red in 

basic pH solution. In simple aqueous and aqueous-organic solutions, it is susceptible to fast degradation, 

which increases as the basicity of the solutions increases, and also on exposure to sunlight. The metabolic 

products of curcumin are different from the degradation products, where O-conjugation and reduction 

are the important processes initiated through the enzymatic reactions. Interestingly unlike the 

degradation products, the metabolic products are much more difficult to synthesize in the laboratory. 

The presence of α,β-unsaturated structure makes curcumin participate in nucleophilic addition reactions 

with protein thiols and selenols, that play important role in modulating cellular oxidative stress. It is still 

not clear if these processes are reversible under physiological conditions. Future chemical research on 

these aspects is necessary to elucidate the kinetics and mechanism of all these reactions, so that a 

meaningful conclusion can be made on the role of these different processes in curcumin biology. 

Recently there is a surge of activity on preparation and characterization of curcumin-metal complexes 

due to the strong affinity of β-diketo moiety as an efficient metal chelator. Although it is confirmed that 

curcumin reduces metal toxicity in living systems through complexation, the actual role of these metal 

complexes in curcumin biology appears to be complex and unclear. Detailed research is warranted on 

structure-activity evaluation of the curcumin-metal-complexes in solution. 

Problems associated with curcumin bioavailability could be overcome to a great extent through 

formulations with natural biopolymers, which find practical application as nutritional products. Recent 

research is now focused on developing conjugates of curcumin with metal and metal oxide nanoparticles 

and some of these formulations have promising potential in nanomedicine with additional effects of 

inducing targeted hyperthermia in cancer cells. They are also attracting interest as diagnostic tools for 

Alzheimer’s disease and also as MRI contrast agents. Overall it appears that even though there has been 
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significant progress in the chemistry of curcumin, a great deal can still be expected from chemists to 

exploit this divine natural product as a therapeutic remedy for many chronic diseases. 

Acknowledgments 

The author is grateful to many of the students and colleagues whose names appeared as co-authors in 

the publications for help and useful discussions on curcumin research. The encouragement and support 

for this research by the Department of Atomic Energy, Government of India is acknowledged. 

Conflict of Interest 

The author declares no conflict of interest. 

References 

1. Aggarwal, B.B.; Kumar, A.; Bharti, A.C. Anticancer potential of curcumin: Preclinical and clinical 

studies. Anticancer Res. 2003, 23, 363–398. 

2. Wilken, R.; Veena, S.M.; Wang, M.B.; Srivatsan, E.S. Curcumin: A review of anticancer 

properties and therapeutic activity in head and neck squamous cell carcinoma. Mol. Cancer 2011, 

10, 1–19. 

3. Grykiewicz, G.; Silfirski, P. Curucmin and curcuminoids in quest for medicinal status.  

Acta Biochim. Pol. 2012, 59, 201–212. 

4. Esatbeyoglu, T.; Huebbe, P.; Insa, M.A.; DawnChin, E.; Wagner, A.E.; Rimbach, G.  

Curcumin—From Molecule to Biological Function. Angew. Chem. Int. Ed. 2012, 51, 5308–5332. 

5. Gupta, S.; Prasad, S.; Ji, H.K.; Patchva, S.; Webb, L.J.; Priyadarsini, K.I.; Aggarwal, B.B. 

Multitargeting by curcumin as revealed by molecular interaction studies. Nat. Prod. Rep. 2011, 28, 

1937–1955. 

6. Priyadarsini, K.I. Chemical and structural features influencing the biological activity of curcumin. 

Curr. Pharm. Des. 2013, 19, 2093–2100. 

7. Vogel, H.A.; Pelletier, J. Curcumin-biological and medicinal properties. J. Pharma 1815, 2, 50. 

8. Sharma, O.P. Antioxidant activity of curcumin and related compounds. Biochem. Pharmacol. 

1976, 25, 1811–1812. 

9. Singh, S.; Aggarwal, B. Activation of transcription factor NF-κB is suppressed by curcumin 

(Diferuloylmethane). J. Biol. Chem. 1995, 270, 24995–25000. 

10. Ramanjaneyulu, P.S.; Sayi, Y.S.; Raman, V.A.; Ramakumar, K.L. Spectrophotometric determination 

of boron in nuclear grade uranium compounds with curcumin and studies on effect of HNO3.  

J. Radioanal. Anal. Nucl. Chem. 2007, 274, 109–114. 

11. Paulucci, V.P.; Couto, R.O.; Teixeira, C.C.C.; Freitas, L.A.P. Optimization of the extraction of 

curcumin from Curcuma longa rhizomes. Braz. J. Pharmacogn. 2013, 23, 94–100. 

12. Lee, K.J.; Yang, H.J.; Jeong, S.W.; Ma, J.Y. Solid-phase extraction of curcuminoid from turmeric 

using physical process method. Korean J. Pharmacogn. 2012, 43, 250–256. 



Molecules 2014, 19 20106 

 

 

13. Lee, K.J.; Ma, J.Y.; Kim, Y.-S.; Kim, D.-S.; Jin, Y. High purity extraction and simultaneous  

high-performance liquid chromatography analysis of curcuminoids in turmeric. J. Appl. Biol. Chem. 

2012, 55, 61–65. 

14. Li, M.; Ngadi, M.O.; Ma, Y. Optimisation of pulsed ultrasonic and microwave-assisted extraction 

for curcuminoids by response surface methodology and kinetic study. Food Chem. 2014, 165, 29–34. 

15. Patel, K.; Krishna G.; Sokoloski, E.; Ito, Y. Preparative separation of curcuminoids from  

crude curcumin and turmeric powder by pH-zone-refining counter current chromatography.  

J. Liquid Chromatogr. 2000, 23, 2209–2218. 

16. Kim, Y.-J.; Lee, H.J.; Shin, Y. Optimization and validation of high-performance liquid 

chromatography method for individual curcuminoids in turmeric by heat-refluxed extraction.  

J. Agric. Food Chem. 2013, 61, 10911–10918. 

17. Takenaka, M.; Ohkubo, T.; Okadome, H.; Sotome, I.; Itoh, T.; Isobe, S. Effective extraction of 

curcuminoids by grinding turmeric (Curcuma longa) with medium-chain triacylglycerols.  

Food Sci. Technol. Res. 2013, 19, 655–659. 

18. Baumann, W.; Rodrigues, S.V.; Viana, L.M. Pigments and their solubility in and extractability by 

supercritical CO2- The case of curcumin. Braz. J. Chem. Eng. 2000, 17, 323–328. 

19. Chassagnez-Mendez, A.L.; Correa, N.C.F.; Franca, L.F.; Machado, N.T.; Araujo, M.E. Mass 

transfer model applied to the supercritical extraction with CO2 of curcumins from turmeric 

rhizomes. Braz. J. Chem. Eng. 2000, 17, 315–322. 

20. Kurmudle, N.; Kagliwal, L.D.; Bankar, S.B.; Singhal, R.S. Enzyme-assisted extraction for 

enhanced yields of turmeric oleoresin and its constituents. Food Biosci. 2013, 3, 36–51. 

21. Pramasivam, M.; Poi, R.; Banerjee, H.; Bandyopadhyay, A. High performance thin layer 

chromatography method for quantitative determination of curcuminoids in Curcuma longa.  

Food Chem. 2009, 113, 640–644. 

22. Ali, I.; Haque, A.; Saleem, K. Separation and identification of curcuminoids in turmeric powder 

by HPLC using phenyl column. Anal. Methods 2014, 6, 2526–2536. 

23. Lee, K.J.; Kim, Y.S.; Jung, P.M.; Ma, J.Y. Optimization of the conditions for the analysis of 

curcumin and a related compound in Curcuma longa with mobile-phase composition and column 

temperature via RP-HPLC. Asian J. Chem. 2013, 25, 6306–6310. 

24. Lee, K.J.; Kim, Y.S.; Ma, J.Y. Separation and identification of curcuminoids from Asian turmeric 

(Curcuma longa L.) using RP-HPLC and LC-MS. Asian J. Chem. 2013, 25, 909–912. 

25. Nhujak, T.; Saisuwan, W.; Srisa-art, M.; Petsome, A. Microemulsion electrokinetic chromatography 

for separation analysis of curcumionids in turmeric samples. J. Sep. Sci. 2006, 29, 666–676. 

26. Sun, X.; Gao, C.; Cao, W.; Yang, X.; Wang, E. Capillary elelctrophoresis with amperometric 

detection of curcumin in Chinese herbal medicine pretreated by solid-phase extraction.  

J. Chromatogr. A 2002, 962, 117–125. 

27. Marczylo, T.H.; Steward, W.P.; Gescher, A.J. Rapid analysis of curcumin and curcumin 

metabolites in rat biomatrices using a novel Ultraperformance Liquid Chromatography (UPLC) 

Method. J. Agric. Food Chem. 2009, 57, 797–803. 

28. Lampe, V.; Milobedzka, J. Studien uber Curucmin. Ber. Dtsch. Chem. Ges. 1913, 46, 2235–2240. 

29. Pabon, H.J. Synthesis of curcumin and related compounds. Recl. Trav. Chim. Pays-Bas 1964, 83, 

379–386. 



Molecules 2014, 19 20107 

 

 

30. Babu, K.V.; Rajasekharan, K.N. A convenient synthesis of curcumin-I analogues. Org. Prep. 

Proced. Int. 1994, 26, 674–677. 

31. Venkateswarlu, S.; Ramachandra, M.S.; Subbaraju, G.V. Synthesis and biological evaluation of 

polyhydroxycurcuminoids. Bioorg. Med. Chem. 2005, 13, 6374–6380. 

32. Venkata Rao, E.; Sudheer, P. Revisiting curcumin chemistry part I: A new strategy for the synthesis 

of curcuminoids. Indian J. Pharm. Sci. 2011, 73, 262–270. 

33. Priyadarsini, K.I. Photophysics, Photochemistry and Photobiology of Curcumin: Studies from 

organic solutions, bio-mimetics and living cells. J. Photochem. Photobiol. C 2009, 10, 81–96. 

34. Borsari, M.; Ferrari, E.; Grandi, R.; Saladini, M. Curucminoids as potential new iron-chelating 

agents: Spectroscopic, polarographic and potentiometric study on their Fe(III) complexing ability. 

Inorg. Chim. Acta 2002, 328, 61–68. 

35. Priyadarsini, K.I. Free radical reactions of curcumin in model membranes. Free Radic. Biol. Med. 

1997, 23, 838–884. 

36. Priyadarsini, K.I.; Maity, D.K.; Naik, G.H.; Kumar, M.S.; Unnikrishnan, M.K.; Satav, J.G.;  

Mohan, H. Role of phenolic O-H and methylene hydrogen on the free radical reactions and 

antioxidant activity of curcumin. Free Radic. Biol. Med. 2003, 35, 475–484. 

37. Mishra, B.; Priyadarsini, K.I.; Bhide, M.K.; Kadam, R.M.; Mohan, H. Reactions of superoxide 

radicals with curcumin: Probable mechanisms by optical spectroscopy and EPR. Free Radic. Res. 

2004, 38, 355–362. 

38. Jovanovic, S.V.; Boone, C.W.; Steenken, S.; Trinoga, M.; Kaskey, R.B. How curcumin works 

preferentially with water soluble antioxidants. J. Am. Chem. Soc. 2001, 12, 3064–3068. 

39. Sun, Y.M.; Zhang, H.Y.; Chen, D.Z.; Liu, C.B. Theoretical Elucidation on the Antioxidant 

Mechanism of Curcumin: A DFT Study. Org. Lett. 2002, 4, 2909–2911. 

40. Kim, J.E.; Kim, A.R.; Chung, H.Y.; Han, S.Y.; Kim, B.S.; Choi, J.S. In vitro peroxynitrite 

scavenging activity of diarylheptanoids from Curcumia longa. Phytother. Res. 2003, 17, 481–484. 

41. Iwunze, M.O.; McEwan, D. Peroxynitrite interaction with curcumin solubilised in ethanol.  

Cell. Mol. Biol. 2004, 50, 749–752. 

42. Shen, L.; Ji, H.F. The pharmacology of curcumin: Is it the degradation products? Trends Mol. Med. 

2012, 18, 138–143. 

43. Price, L.C.; Buescher, R.W. Kinetics of alkaline degradation of the food pigments curcumin and 

curcuminoids. J. Food Sci. 1997, 62, 267–269. 

44. Wang, Y.J.; Pan, M.H.; Cheng, A.L.; Lin, L.I.; Ho, Y.S.; Hsieh, C.Y.; Lin, J.K. Stability of curcumin 

in buffer solution and characterization of its degradation products. J. Pharm. Biomed. Anal. 1997, 

15, 1867–1876. 

45. Canamares, M.V.; Garcia-Ramos, J.V.; Sanchez-Cortes, S. Degradation of curcumin in aqueous 

solutions and Ag nanoparticle studied by Uv-Vis absorption and surface enhanced Raman 

spectroscopy. Appl. Spectrosc. 2006, 60, 1386–1391. 

46. Khurana, A.; Ho, C.T. High performance liquid chromatographic analysis of curcuminoids and 

their photo-oxidative decomposition compounds in curcuma longa. J. Liquid Chromatogr. 1988, 

11, 2295–2304. 



Molecules 2014, 19 20108 

 

 

47. Tønnesen, H.H.; de Vries, H.; Karlsen, J.; Henegouwen, B.V. Studies on curcumin and 

curcuminoids IX: Investigation of the photobiological activity of curcumin using bacterial 

indicator systems. J. Pharm. Sci. 1987, 76, 371–373. 

48. Singh, U.; Verma, S.; Ghosh, H.N.; Rath, M.C.; Priyadarsini, K.I.; Sharma, A.; Pushpa, K.K.; 

Sarkar, S.K.; Mukherjee, T. Photo-degradation of curcumin in the presence of TiO2 nanoparticles: 

Fundamentals & application. J. Mol. Catal. A 2010, 318, 106–111. 

49. Asai, A.; Miyazawa, T. Occurrence of orally administered curcuminoid as glucuronide and 

glucuronide/sulfate conjugates in rat plasma. Life Sci. 2000, 67, 2785–2793. 

50. Ireson, C.R.; Jones, D.J.L.; Orr, S.; Coughtrie, M.W.H.; Boocock, D.J.; Williams, M.L.;  

Farmer, P.B.; Steward, W.P.; Gesher, A.J. Metabolism of the cancer chemopreventive agent 

curcumin in human and rat intestine. Cancer Epidemol. Biomark. Prev. 2002, 11, 105–111. 

51. Wahlstrom, B.; Blennow, G. A study on the fate of curcumin in the rat. Acta Pharmacol. Toxicol. 

1978, 43, 86–92. 

52. Garcea, G.; Jones, D.J.; Singh, R.; Dennison, A.R.; Farmer, P.B.; Sharma, R.A.; Steward, W.P.; 

Gescher, A.J.; Berry, D.P. Detection of curcumin and its metabolites in hepatic tissue and portal 

blood of patients following oral administration. Br. J. Cancer 2004, 90, 1011–1015. 

53. Hoehle, S.I.; Pfeiffer, E.; Solyom, A.M.; Metzler, M. Metabolism of curcuminoids in tissue slices 

and subcellular fractions from rat liver. J. Agric. Food Chem. 2006, 54, 756–764. 

54. Awasthi, S.; Pandya, U.; Singhal, S.S.; Lin, J.T.; Thiviyanathan, V.; Seifert, W.E.; Awasthi, Y.C.; 

Ansari, G.A. Curcumin-glutathione interactions and the role of human glutathione S-transferase 

PI-1. Chem. Biol. Int. 2000, 128, 19–38. 

55. Lersel, M.L.; Ploemen, J.P.; Struik, I.; van Amersfoort, C.; Keyzer, A.E.; Schefferlie, J.G.;  

van Bladeren, P.J. Inhibition of glutathione S-transferase activity in human melanoma cells by  

α,-β unsaturated carbonyl derivatives. Chem. Biol. Int. 1996, 102, 117–132. 

56. Fang, J.; Jun, L.; Holmegren, A. Thioredoxin reductase is irreversibly modified by curcumin: A 

novel molecular mechanism for its anticancer activity. J. Biol. Chem. 2005, 280, 25284–25290. 

57. Jung, Y.; Xu, W.; Kim, H.; Ha, N.; Neckers, L. Curcumin-induced degradation of ErbB2: A role 

for the ubiquitin ligase CHIP and the Michael reaction acceptor activity of curcumin.  

Biochim. Biophys. Acta Mol. Cell Res. 2007, 1773, 383–390. 

58. Li, W.; Wu, W.; Yu, F.; Huang, H.; Liang, X.; Ye, J. Catalytic asymmetric Michael addition with 

curcumin derivative. Org. Biomol. Chem. 2011, 9, 2505–2511. 

59. Dutta, S.; Padhye, S.; Priyadarsini, K.I.; Newton, C. Antioxidant and antiproliferative activity of 

curcumin semicarbazone derivative. Bio-Org. Med. Chem. 2005, 15, 2738–2744. 

60. Simoni, D.; Rizzi, M.; Rondanin, R.; Baruchello, R.; Marchetti, P.; Invidiata, F.P.; Labbozzetta, M.; 

Poma, P.; Carina, V.; Notarbartolo, M.; et al. Antitumor effects of curcumin and structurally  

modified b-diketone analogs on multidrug resistant cancer cells. Bioorganic Med. Chem. Lett. 

2008, 18, 845–849. 

61. Ferrari, E.; Asti, M.; Benassi, R.; Francesca, P.; Saladini, M. Metal binding ability of curcumin 

derivatives: A theoretical vs. experimental approach. Dalton Trans. 2013, 42, 5304–5313. 

62. Pallikkavil, R.; Ummathur, M.S.; Sreedharan, S.; Krishnankutty, K. Synthesis, characterization 

and antimicrobial studies of Cd(II), Hg(II), Pb(II), Sn(II) and Ca(II) complexes of curcumin.  

Main Group Metal Chem. 2013, 36, 123–127. 



Molecules 2014, 19 20109 

 

 

63. Moamen, R.S. Synthesis and characterization of ligational behavior of curcumin drug towards 

some transition metal ions: Chelation effect on their thermal stability and biological activity. 

Spectrochim. Acta Part A—Mol. Biomol. Spectrosc. 2013, 105, 326–337. 

64. Khalil, M.I.; Al-Zahem, A.M.; Al-Qunaibit, M.H. Synthesis, characterisation, Mössbauer 

parameters and anti-tumor activity of Fe(III) curcumin complex. Bioinorg. Chem. Appl. 2013, 

doi:10.1155/2013/982423. 

65. Mohammadi, K.; Thompson, K.H.; Patrick, B.O.; Storr, T.; Martins, C.; Polishchuk, E.;  

Yuen, V.G.; McNeill, J.H.; Orvig, C. Synthesis and characterisation of dual function vanadyl, 

gallium and indium curcumin complexes for medicinal applications. J. Inorg. Biochem. 2005, 99, 

2217–2225. 

66. Ali, I.S.; Kishwar, W.; Diana, H. lSynthesis, DNA binding, hemolytic, and anti-cancer assays  

of curcumin -based ligands and their ruthenium(III) complexes. Med. Chem. Res. 2013, 22,  

1386–1398. 

67. Leung, M.H.; Harada, M.; Kee, T.; Tak, W. Delivery of Curcumin and Medicinal Effects of the 

Copper(II)-Curcumin Complexes. Curr. Pharm. Des. 2013, 19, 2070–2083. 

68. Vajragupta, O.; Boonchoong, P.; Watanabe, H.; Wongkrajang, Y.; Kammasud, N. Manganese 

complexes of curcumin and its derivatives: Evaluation for the radical scavenging ability and 

neuroprotective activity. Free Radic. Biol. Med. 2003, 35, 1632–1644. 

69. Vajragupta, O.; Boonchoong, P.; Berliner, L.J. Manganese complexes of curcumin nanlogues: 

Evaluation of hydroxyl radical scavenging ability, superoxide dismutase activity and stability 

towards hydrolysis. Free Radic. Res. 2004, 38, 303–314. 

70. Barik, A.; Mishra, B.; Shen, L.; Mohan, H.; Kadam, R.M.; Dutta, S.; Zhang, H.; Priyadarsini, K.I. 

Evaluation of new copper–curcumin complex as superoxide dismutase mimic and its free radical 

reactions. Free Radic. Biol. Med. 2005, 39, 811–822. 

71. Barik, A.; Mishra, B.; Kunwar, A.; Kadam, R.M.; Shen, L.; Dutta, S.; Padhye, S.; Satpati, A.K.; 

Zhang, H.-Y.; Priyadarsini, K.I. Comparative study of copper (II)–curcumin complexes as 

superoxide dismutase mimics & free radical scavengers. Eur. J. Med. Chem. 2007, 42, 431–439. 

72. Kunwar, A.; Narang, K.; Priyadarsini, K.I.; Krishna, M.; Pandey, R.; Sainis, K.B. Delayed 

activation of PKCδ and NFκB and higher radioprotection in splenic lymphocytes by Copper  

(II)-curcumin (1:1) complex. J. Cell. Biochem. 2007, 102, 1214–1224. 

73. Koiram, P.R.; Veerapur, V.R.; Kunwar, A.; Mishra, B.; Barik, A.; Priyadarsini, K.I.;  

Unnikrishnan M.K. Effect of curcumin and curcumin copper complex on radiation induced 

changes in the antioxidant enzymes levels in the livers of Swiss albino mice. J. Radiat. Res. 2007, 

48, 241–245. 

74. Baum, L.; Ng, A. Curcumin interaction with copper and iron suggests one possible mechanism of 

action in Alzheimer’s disease animal models. J. Alzheimer’s Dis. 2004, 6, 367–377. 

75. Jiang, T.; Zhi, X.; Zhang, Y.; Pan, L.; Zhou, P. Inhibitory effect of curcumin on the Al(III)-induced 

A beta(42) aggregation and neurotoxicity in vitro. Biochim. Biophys. Acta—Mol. Basis Dis. 2012, 

1822, 1207–1215. 

76. Jiang, T.; Wang, L.; Zhang, S.; Sun, P.-C.; Ding, C.-F.; Chu, Y.-Q.; Zhou, P. Interaction of 

curcumin with Al(III) and its complex structures based on experiments and theoretical calculations. 

J. Mol. Struct. 2011, 1004, 163–173. 



Molecules 2014, 19 20110 

 

 

77. Gianluca, M.; Erika, F.; Gigliola, L.; Valentina, A.; Francesca, F.; Claudio, M.; Francesca, P.; 

Monica, S.; Ledi, M. The role of coordination chemistry in the development of innovative  

gallium-based bioceramics: The case of curcumin. J. Mater. Chem. 2011, 21, 5027–5037. 

78. Pucci, D.; Bellini, T.; Crispini, A.; D’Agnano, I.; Liquori, P.F.; Garcia-Orduna, P.; Pirillo, S.; 

Valentini, A.; Zanchetta, G. DNA binding and cytotoxicity of fluorescent curcumin-based Zn(II) 

Complexes. Med. Chem. Commun. 2012, 3, 462–468. 

79. Mei, X.; Xu, D.; Xu, S.; Zheng, Y.; Xu, S. Gastroprotective and antidepressant effects of a new 

zinc(II)-curcumin complex in rodent models of gastric ulcer and depression induced by stresses. 

Pharmacol. Biochem. Behav. 2011, 99, 66–74. 

80. Sharma, K.K.; Chandra, S.; Basu, D.K. Synthesis and antiarthritic study of a new orally active 

diferuloyl methane (curcumin) gold complex. Inorg. Chim. Acta 1987, 135, 47–48. 

81. Thompson, K.H.; Bohmerle, K.; Polishchuk, E.; Martins, C.; Toleikis, P.; Tse, J.; Yuen, V.; 

McNeill, J.H.; Orvig, C. Complementary inhibition of synoviocyte, smooth muscle cell or mouse 

lymphoma cell proliferation by a vanadyl curcumin complex compared to curcumin alone.  

J. Inorg. Biochem. 2004, 98, 2063–2070. 

82. Rennolds, J.; Malireddy, S.; Hassan, F.; Tridandapani, S.; Parinandi, N.; Boyaka, P.N.;  

Cormet-Boyaka, E. Curcumin regulates airway epithelial cell cytokine responses to the pollutant 

cadmium. Biochem. Biophys. Res. Commun. 2012, 417, 256–261. 

83. Oguzturk, H.; Ciftci, O.; Aydin, M.; Timurkaan, N.; Beytur, A.; Yilmaz, F. Ameliorative effects 

of curcumin against acute cadmium toxicity on male reproductive system in rats. Andrologia 2012, 

44, 243–249. 

84. Agarwal, R.; Goel, S.K.; Behari, J.R. Detoxification and antioxidant effects of curcumin in rats 

experimentally exposed to mercury. J. Appl. Toxicol. 2010, 30, 457–468. 

85. Daniel, S.; Limson, J.L.; Dairam, A.; Watkins, G.M.; Daya, S. Through metal binding curcumin 

protects against lead- and cadmium-induced lipid peroxidation in rat brain homogenates and 

against lead-induced tissue damamge in rat brain. J. Biol. Inorg. Chem. 2004, 98, 266–275. 

86. Eybl, V.; Kotyzova, D.; Leseticky, l.; Bludovska, M.; Koutensky, J. The influence of curcumin 

and managanes complex of curcumin on cadmium induced oxidative damamge and trace elements 

status in tissues of mice. J. Appl. Toxicol. 2006, 26, 207–212. 

87. Valentini, A.; Conforti, F.; Crispini, A.; De Martino, A.; Condello, R.; Stellitano, C.; Giuseppe, R.; 

Ghedini, M.; Federici, G.; Bernardini, S.; et al. Synthesis, oxidant properties, and antitumoral 

effects of a heteroleptic palladium(II) complex of curcumin on human prostate cancer cells.  

J. Med. Chem. 2009, 52, 484–491. 

88. John, V.D.; Kuttan, G.; Krishnankutty, K. Anti-tumor studies of metal chelates of synthetic 

curcuminoids. J. Exp. Clin. Cancer Res. 2002, 21, 219–224. 

89. Lou, J.R.; Zhang, X.X.; Zheng, J.; Ding, W.Q. Transient metals enhance cytotoxicity of curcumin: 

Potential involvement of the NF-kappaB and mTOR signaling pathways. Anticancer Res. 2010, 

30, 3249–3255. 

90. Huang, Q.-M.; Wang, S.; Pan, W.; Deng, P.-X.; Zhou, H.; Pan, Z.-Q. Synthesis and 

characterization of curcumin bridged porphyrins as photosensitizers. Chem. J. Chin. Univ.-Chin. 

2012, 33, 732–737. 



Molecules 2014, 19 20111 

 

 

91. Akhtar, H.; Kumar, S.; Banik, B.; Banerjee, S.; Nagaraju, G.; Chakravarthy, A.R. Enhancing  

the photocytotoxic potential of curcumin on terpyridyl-lanthanide(III) complex formation.  

Dalton Trans. 2013, 42, 182–195. 

92. Zhou, S.X.; Xuan, W.; Jia-Feng, D.; Dong, Y.; Jiang, B.; Wei, D.; Wan, M.-L.; Jia, Y. Synthesis, 

optical properties and biological imaging of the rare earth complexes with curcumin and pyridine. 

J. Mater. Chem. 2012, 22, 22774–22780. 

93. Song, Y.M.; Xu, J.P.; Ding, L.; Hou, Q.; Liu, J.W.; Zhu, Z.L. Syntheses, characterisation and 

biological activities of rare earth metal complexes with curcumin and 1,10-phenanthroline-5,6-dione. 

J. Inorg. Biochem. 2009, 103, 396–400. 

94. Sagnou, M.; Benaki, D.; Triantis, C.; Tsotakos, T.; Psycharis, V.; Raptopoulou, C.P.; Pirmettis, I.; 

Papadopoulos, M.; Pelecanou, M. Curcumin as the OO bidentate ligand in “2+1” complexes with 

the [M(CO)3]+ (M = Re, Tc99m) tricarbonyl core for radiodiagnostic applications. Inorg. Chem. 

2011, 50, 1295–1303. 

95. Asti, M.; Ferrari, E.; Groci, S.; Atti, G.; Rubagotti, S.; Lori, M.; Capponi, P.C.; Zerbini, A.; 

Saladini, M.; Versari, A. Synthesis and characterization of 68Ga-labeled curcumin and curcuminoid 

Complexes as potential radiotracers for imaging of cancer and Alzheimer’s disease. Inorg. Chem. 

2014, 53, 4922–4933. 

96. Kunwar, A.; Barik, A.; Pandey, R.; Priyadarsini, K.I. Transport of liposomal and albumin loaded 

curcumin to living cells: An absorption and fluorescence spectroscopic study. Biochim. Biophys. 

Acta (Gen.) 2006, 1760, 1513–1520. 

97. Li, L.; Braiteh, F.S.; Kurzrock, R. Liposome-encapsulated curcumin: in vitro and in vivo effects 

on proliferation, apoptosis, signaling, and angiogenesis. Cancer 2005, 104, 1322–1331. 

98. Prasad, S.; Tyagi, A.K.; Aggarwal, B. Recent developments in delivery, bioavailability, absorption 

and metabolism of curcumin: The golden pigment from golden spice. Cancer Res. Treat. 2014, 46, 

2–18. 

99. Chin, S.F.; Iyer, K.S.; Saunders, M.; Tim, G.; Buckley, C.; Paskevicious, M.; Raston, C.L. 

Encapsulation and sustained release of curcumin using superparamagnetic silica reservoirs. 

Chemistry 2009, 15, 5661–5665. 

100. Jin, D.; Park, K.-W.; Lee, J.H.; Song, K.; Kim, J.-G.; Seo, M.L.; Jung, J.H. The selective 

immobilization of curcumin onto the internal surface of mesoporous hollow silica particles by 

covalent bonding and its controlled release. J. Mat. Chem. 2011, 21, 3641–3645. 

101. Dinda, A.K.; Prashant, C.K.; Naqvi, S. Curcumin loaded organically modified silica (ORMOSIL) 

nanoparticle; A novel agent for cancer therapy. Int. J. Nanotechnol. 2012, 9, 862–871. 

102. Yan, H.; The, C.; Sreejit, S.; Zhu, L.; Kwok, A.; Fang, W.; Ma, X.; Nguyen, K.T.; Korzh, V.; Zhao, Y. 

Functional mesoporous silica nanoparticles for phootthermal-controlled drug delivery. Angew. 

Chem. Int. Ed. 2012, 51, 8373–8377. 

103. Jin, D.; Lee, J.; Seo, M.L.; Jaworski, J.; Jung, J.H. Controlled drug delivery from mesoporous silica 

using a pH response release. New J. Chem. 2012, 36, 1616–1620. 

104. Patra, D.; Sleem, F. A new method for pH triggered curcumin release by applying poly(l-lysine) 

mediated nanoparticle-congregation. Anal. Chim. Acta 2013, 795, 60–68. 



Molecules 2014, 19 20112 

 

 

105. Gangwar, R.K.; Tomar, G.B.; Dhumale, V.A.; Zinjarde, S.; Sharma, R.B.; Datar, S. Curcumin 

conjugated silica nanoparticles for improving bioavailability and its anticancer applications.  

J. Agric. Food Chem. 2013, 61, 9632–9637. 

106. Singh, S.P.; Sharma, M.; Gupta, P.K. Enhancement of phototoxicity of curcumin in human oral 

cancer cells using silica nanoparticles as delivery vehicle. Lasers Med. Sci. 2014, 29, 645–652. 

107. Ma’Mani, L.; Nikzad, S.; Kheiri-Manjili, H.; Al-Musawi, S.; Saeedi, M.; Askaralou, S.  

Curcumin-loaded guanidine functionalized PEGylated mesoporous silica nanoparticles KIT-6: 

Practical strategy for the breast cancer therapy. Eur. J. Med. Chem. 2014, 83, 646–654. 

108. Sindhu, K.; Rajaram, A.; Sreeram, K.J.; Rajaram, R. Curcumin conjugated gold nanoparticle 

synthesis and its bioavailability. RSC Adv. 2014, 4, 1808–1814. 

109. Singh, D.K.; Jagannathan, R.; Khandelwal, P.; Abraham, P.M.; Poddar, P. In situ synthesis and 

surface functionalization of gold nanoparticles with curcumin and their antioxidant properties: An 

experimental and density functional theory investigation. Nanoscale 2013, 5, 1882–1893. 

110. Sreelakshmi, C.; Goel, N.; Datta, K.K.R.; Addlagatta, A.; Ummani, R.; Reddy, B.V.S.  

Green synthesis of curcumin capped gold nanoparticles and evaluation of their cytotoxicity.  

Nanosci. Nanotechnol. Lett. 2013, 5, 1258–1265. 

111. Gangwar, R.K.; Dhumale, V.A.; Kumari, D.; Nakate, U.T.; Gosavi, S.W.; Sharma, R.B.;  

Kale, S.N.; Datar, S. Conjugation of curcumin with PVP capped gold nanoparticles for improving 

bioavailability. Mater. Sci. Eng. C 2012, 32, 2659–2663. 

112. Sakey, R.; Bafubiandi-Mulaba, A.F.; Rajnikanth, V.; Varaprasad, K.; Reddy, N.N.; Raju, K.M. 

Development and characterization of curcumin loaded silver nanoparticle hydrogels for antibacterial 

and drug delivery applications. J. Inorg. Organomet. Polym. Mat. 2012, 22, 1254–1262. 

113. Hatamie, S.; Nouri, M.; Karandikar, S.K.; Kulkarni, A.; Dhole, S.D.; Phase, D.M.; Kale, S.N. 

Complexes of cobalt nanoparticles and polyfunctional curcumin as antimicrobial agents. Mat. Sci. 

Eng. C 2012, 32, 92–97. 

114. Chen, W.; Xu, N.; Xu, L.; Wang, L.; Li, Z.; Ma, W.; Zhu, Y.; Xu, C.; Kotov, N.A. Multifunctional 

magnetoplasmonic nanoparticle assemblies for cancer therapy and diagnostics (Theranostics). 

Macromol. Rapid Comm. 2010, 31, 228–236. 

115. Yellapu, M.M.; Shadi, F.O.; Curtis, E.T. Multi-functional magnetic nanoparticles for magnetic 

resonance imaging and cancer therapy. Biomaterials 2011, 32, 1890–1905. 

116.  Yallapu, M.M.; Othman, S.F.; Curtis, E.T.; Bauer, N.A.; Chauhan, N.; Kumar, D.; Jaggi, M.; 

Chauhan, S.C. Curucmin loaded magnetic nanoparticles for breast cancer therapeutics and imaging 

applications. Int. J. Nanomed. 2012, 7, 1761–1779. 

117. Yallapu, M.M.; Ebeling, M.C.; Khan, S.; Sundram, V.; Chauhan, N.; Gupta, B.K.; Puumala, S.E.; 

Jaggi, M.; Chauhan, S.C. Novel curcumin-loaded magnetic nanoparticles for pancreatic cancer 

treatment. Mol. Cancer Ther. 2013, 12, 1471–1480. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


