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Turmeric, Curcuma longa, a popular Indian 
spice used in human nutrition for thousands of 
years and also used for centuries in herbal medi-
cines against a variety of diseases, is permanently 
in the centre of interest of the world scientific 
community [1–4]. Consumed with a daily intake 
of approximately 3 g/70 kg [1], this spice is not 
only used in food preparation, but serves as a safe, 
natural medicament without any adverse or side 
effects in clinical trials [5]. Curcumin, as the main 
ingredient of turmeric, is the subject of inten-
sive examination of various mutually intertwined 
scientific fields, such as chemistry, medicine or, 
pharmacy [6–9]. To summarize the relevance of 
curcumin, we classified scientific papers as follows 
(levels of importance are expressed as a percent-
age): 
–	 medicinal chemistry, anticancer research, car-

cinogenesis, gastroenterology, phytomedicine, 
phytotherapy, tropical biomedicine, surgical 
research, nanomedicine (~ 60 %);

–	 biochemical, biophysical and analytical 
research, chemico-biological interactions, 
free radical biology, biomaterials, biomacro
molecules (~ 20 %);

–	 pharmacology, immunopharmacology, ethno
pharmacology (~ 10 %);

–	 food chemistry, nutritional biochemistry, agri-
cultural chemistry, life sciences, chemical toxi-
cology (~ 10 %).

Antioxidant, anti-inflammatory, antibacte-
rial, anti-proliferative, anticarcinogenic, anti-
amyloidogenic and antiviral (including anti-HIV) 
effects are just some of the numerous biological 
activities shown by curcumin (Tab. 1). However, its 
low water solubility and stability, rapid metabolism 
and consequently poor absorption or bioavailabil-
ity are viewed as the ‘weaknesses’ of this justifiably 
popular compound. Given these features of curcu-
min, the main guidelines for further research may 
be established. Micellar nanocarriers, liposomes 
and phospholipid complexes offer a significant im-
provement with regard to stability and increased 
curcumin efficacy [6]. The aim of this review is to 
provide an update on the recent advances in na-
noparticles-based curcumin delivery and pH-sen-
sitive intracellular drug loading and release at the 
desired location, including the synergistic effects 
of curcumin with a number of chemotherapeutic 
agents.

Natural polyphenols, their derivatives and syn-
thetic analogues

As numerous clinical trials indicated, scientific 
circles seriously consider the undeniable value of 
chemoprevention in cancer preclusion. Chemo-
prevention, based on the use of synthetic, semi-
synthetic and natural compounds, is principally 
employed to prevent, inhibit, adjourn or reverse 
carcinogenesis. Bioavailability, lack of cytotoxicity 
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Pharmacological activities

Anti-inflammatory [10–12]

Antioxidant: [13–18]

  – direct effects [19, 20]
  – indirect – cytoprotective effects [21–32]
Anti-tumor [14, 33–37]

Anti-arthritic [13, 38]

Immunoregulatory [39–44]

Hepatoprotective [45, 46]

Anti-ischemic [47]

Cognition-enhancing [45, 48]

Anti-pruritic [49]

Anti-dyspeptic [50]

Pulmonoprotective [51]

Anti-anxiety [52, 53]

Antidepressant [52, 53]

Analgesic [45]

Lipid-lowering properties [54–60]

Anti-malarial [61]

Anti-amyloid [61]

Anti-hiv [61]

Antidiabetic [62]

Fungicidal [63]

Bactericidal [64–68]

Anti-protozoal [69]

Anti-venom [70]

Anti-proliferative [71]

Anti-angiogenic [72]

Anti-aging [73]

Pharmacological effects

Reduces lipid peroxidation [74–76] 

Increases the level of catalase [21, 74–76]

Increases the level of glutathione 
peroxidase

[22, 74–76]

Increases the level of superoxide 
dismutase 

[21, 74–76]

Scavenges reactive oxygen and 
nitrogen species:

[74–82]

  – superoxide anion [77, 78] 
  – hydroxyl radicals [74]
  – hydrogen peroxide [74, 77]
  – singlet oxygen [79]
  – nitric oxide [80, 81]
  – peroxyl radicals [74]
  – peroxynitrite [82]

Molecular targets 
associated with curcumin anticancer activity [83]

Inflammatory cytokines Trascription factors

Kinases Growth factors

Miscellaneous Receptors

Enzymes

The most common disease targets of curcumin [84]

Metabolitic diseases Esophaus

Diabetes Kidney

Hypoglycemia Leukemia

Hypothyroidism Lung

Hyperlipidemia Neck

Obesity Pancreas

Autoimmune diseases Prostate

Bowel disease Skin

Eczema Stomach

Multiple scierosis Lung diseases

Sclerosis Bronchitis

Rheumatoid arthritis Cystic fibrosis

Scleroderm Hyaline membrane disease

Neurological diseases Other inflammatory diseases

Alzhemer’s disease Allergy

Depression Arthritis

Epilepsy Asthma

Lewy body disease Colitis

Parkinson’s disease Gall stone

Cardiovascular diseases Pancreatitis

Atherosclerosis Sinusitis

Cardiomyopathy Ulcer

Myocardial infarction Others

Stroke Antispasmodic sprains

Liver diseases Cataract

Alcohol-induced liver disease Fanconi anemia

Cirrhosis Fatigue

Fibrosis Fever

Jaundice Hematuria

Cancer Hemorrhage

Bladder Osteoporosis

Bone Scabies

Brain Septic shock

Breast Wound healing

Colong

Tab. 1. Activities of curcumin as dealt with in scientific publications.
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and chemical stability are necessary initial condi-
tions for consideration of the compounds under-
going further clinical investigation. In this context, 
natural polyphenols, their derivatives and synthetic 
analogues [6, 85–88] exhibit pleiotropic effects on 
cancer cells and, accordingly, they could be used 
in cancer prevention and therapy. “Deketene cur-
cumin” (1,5-bis(4-hydroxy-3-methoxyphenyl)-1,4-
pentadiene-3-one), previously described as a  syn-
thetic curcumin analogue and formed in larger 
quantities as a consequence of pyrolysis during 
common household cooking, exhibits higher sta-
bility and stronger anticancer activity compared to 
curcumin [89].

In the review by Lewandowska [90], a detailed 
overview of covalent modification (hydroxylation, 
methylation, acylation, galloylation) of polyphe-
nols was presented, with a special emphasis on 
improving cytotoxic, pro-oxidant, antiproliferative, 
proapoptotic, proautophagic and antimigratory 
activities of the covalently modified polyphenols as 
determined by in vitro and, in some cases, in vivo 
testing. For example, curcumin modified by the 
incorporation of two methyl groups proved to be 
a markedly stronger growth inhibitor of colon can-
cer cells and their apoptosis inducer in comparison 
with unmodified curcumin (Tab. 2). In addition to 
the improvements of pharmacological/pharma-
cokinetic properties of the covalently modified 
polyphenolic compounds in terms of enhancing 
their biological potential in vitro and their bioa-
vailability in vivo (Tab. 2), positively affecting their 
anticancer potential specifically on the prevention/
inhibition of carcinogenesis, the key questions 
still remain unanswered: what happens with other 
biological activities of the covalently modified 
compounds and what are the resulting changes in 
these compounds that could have negative effects 
on the human body?

Principal chemical properties of curcumin
Rhizomes of C. longa contain the highest per-

centage of carbohydrates in comparison with other 
constituents and also have the highest proportions 
of proteins, essential and fixed oils, minerals and 
curcuminoids (pigments, 2–6% w/w) [1]. Com-
mercial turmeric extract contains the following 
main curcuminoids: curcumin (Cur), demethoxy-
curcumin (DMCur) and bisdemethoxycurcumin 
(BDMCur) [6, 83, 108]. Along with curcumin, 
which is the subject of this study and hereinafter 
will be extensively discussed, DMCur and BDM-
Cur are also potential antitumour substances. 
Briefly, for instance, a multifunctional cancer-tar-
geting delivery system based on DMCur-carrying 
chitosan nanoparticles and modified with a  bio-

active shell is used to prevent premature drug re-
lease and guide the nanocarriers to their target 
[109]. Another research indicated that DMCur 
itself induced apoptosis of the human lung can-
cer cells through the mitochondrial-dependent 
pathway [110]. A recent investigation showed that 
BDMCur served as a therapeutic agent that mark-
edly inhibited growth of ovarian cancer due to re-
ducing cellular oxidative stress [111].

Curcumin, a bis-a,b-unsaturated b-diketone, 
exhibits keto-enol tautomerism with predominant 
keto form in acidic/neutral medium and enol form 
in alkaline medium [6, 108, 112]. Due to the enol 
form, curcumin is an ideal chelator of metal and 
metalloid ions [108]. Most published studies em-
phasize that curcumin has a poor aqueous solu-
bility, diminished absorption, rapid metabolism, 
inactive metabolites, rapid clearance outside the 
body and, therefore, curcumin shows poor bio-
availability in vivo and low levels in plasma as well 
as negligible tissue biodistribution (Tab. 3).

Curcumin – a natural polyphenol 
with therapeutic potential

According to the US National Institutes of 
Health, there are currently 125 clinical trials 
evaluating the toxicity and efficacy of curcumin 
in the treatment of patients with different types 
of cancer, cardiovascular diseases, cognitive and 
psychiatric disorders, diabetes and other diseases 
[121]. A wide range of diseases targeted by curcu-
min is displayed in Tab. 1. Multi-target-oriented 
mechanisms of curcumin action enable achieving 
successful outcomes in the treatment of various 
types of cancer, including breast, uterine, colo
rectal, prostate and stomach cancer. Extensive re-
searches showed that curcumin has an enormous 
potential against cancer in human blood, brain, 
lung and bladder. Curcumin intervenes at every 
stage of a complex development preceding the 
occurrence of cancer, its expansion and possible 
metastatic progression.

The morphological and biochemical features 
of paraptosis, which is a type of programmed cell 
death characterized by dilation of the endoplasmic 
reticulum and/or mitochondria, as a potential anti-
cancer therapeutic strategy linked to various natu-
ral products, including curcumin, was reviewed by 
Lee [122]. Curcumin shows anticancer effects in-
ducing paraptosis-associated cell death and selec-
tively killing transformed cells, while normal cells 
are spared. As the authors concluded, the under-
standing of the mechanisms of paraptosis-inducing 
natural products and relationships between their 
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structure and activities could be very useful for 
facilitating the design of novel therapeutic agents 
with improved ability to induce paraptosis.

Nanoencapsulation of curcumin – its bioavailability 
enhancement and supporting role in disease treat-
ment

Cancer patients, suffering from a degenera-
tive disease that leads to uncontrolled tumour 
cells proliferation, usually undergo different treat-
ments such as chemotherapy, radiation therapy 
and immunotherapy applied before or after sur-
gery. Chemotherapy, although being the princi-
pal treatment of cancer, has limited efficacy and, 
even worse, most chemotherapy regimens applied 
induce side effects. The solution is in the novel, 
more effective and non-toxic natural products 
used as therapeutic agents. The effectiveness of 
drugs (e.g. curcumin) could be improved by using 
catanionic lipid nanocarriers [123], mixed micelles 
[124], organically modified silica nanoparticle-
curcumin complex conjugated with hyaluronic 

acid [125] or curcumin-cyclodextrin/cellulose na-
nocrystals complex (used for encapsulation of cur-
cumin) [126], which is finally manifested through 
enhanced absorption, accumulation and reduced 
clearance of curcumin (Tab. 4, 5). As a result of 
increased bioavailability of curcumin, cytotoxicity 
against tumour cells is much improved [123, 126]. 
For effective non-surgical therapies, such as sys-
tematic chemotherapy, curcumin could be used as 
a supplement inhibiting tumorigenesis and meta

stasis. In combination with traditional chemo-
therapeutic drugs, curcumin could reduce their 
concentration and/or side effects, and enhance 
the impact on applied substances action through 
inhibiting cell growth, proliferation and migration 
[141].

Opisthorchis viverrini is currently a major health 
problem, particularly in north-eastern Thailand, 
where six million people have been infected with 
this parasite [142]. The latest investigation con-
firmed that curcumin is a promising chemopreven-
tive agent in reducing cholangiocarcinoma, which 
can develop after infection with O. viverrini [142]. 
Namely, the effects of the combination of prazi-
quantel (the usual drug with a constellation of 
undesirable side effects) and nano-encapsulated 
curcumin for the treatment of O. viverrini-infected 
hamsters are clearly manifested in reduced peri-
ductal fibrosis and attenuated abnormality of bile 
canaliculi in an animal model. Due to curcumin-
loaded polymeric nanocarriers, the results, very 
promising for the future treatment of this wide-
spread disease, were classified as being of “poten-
tial clinical significance” [142].

Bioavailability and medical value of curcumin 
could be much more improved by using curcumin 
lipid nanoemulsion with a particle size of approxi-
mately 100 nm [143]. The effect of particle size 
on the physiological activities of curcumin-loaded 
lipid nanoemulsion was confirmed by the investi-
gation of the inhibitory effects of nanoemulsions 
against in vitro and in vivo inflammatory and aller
gic activities [143]. Nanogels, with particles usually 
of few hundred nanometres in diameter, are very 
suitable for targeted drug delivery and biosens-
ing, and are used for therapeutic purposes. As an 
example, chitin, easily fabricated into nanogels 
without cross-linking, has considerable potential 
in drug delivery and nanotherapeutics [144]. Chi-
tin nanogels, a relatively new class of natural poly
meric nanomaterials, can be blended, incorporat-
ed, loaded or labelled with a wide range of drugs 
and molecules. Curcumin-loaded chitin nanogels 
were found to be more effective against melanoma 
in comparison to control curcumin solution [144].

Tab. 3. Main advantages and disadvantages 
of curcumin applications.

Application� [113–116]

Functional food

Supplements

Pharmaceuticals

Food preservative

Natural colorant in food products

Main advantages� [6]

From natural source

Highly functional compound

Nontoxic up to high dosages (12 g per day)

Toxic to cancerous cells

Cytoprotective to healthy cells

A large variety of biological targets

A large variety of interactions

Main disadvantages� [6, 117–120]

Low bioavailability:

  – low intestinal absorption

  – rapid metabolism rate (in the liver/plasma)

  – rapid systematic clearance

Poor water solubility (11 ng·ml-1)

Prone to degradation (in non-aqueous solvents and alka-
line solutions)

Light sensitivity
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Delivering to the desirable location
Glioblastoma multiforme (GBM) is the most 

common form of brain tumour, accounting for 
77 % of the malignant brain tumours. Convention-
al approaches, such as radiation therapy, chemo-
therapy and surgery, are usually combined in the 
treatment of GBM. Unfortunately, the combined 
treatment effects show an average survival shorter 
than one year. Although the efficiency of the treat-
ment could increase to some extent, unwanted 
side effects of the therapy are also remarkable. It 
is well known that the effectiveness of this tumour 
treatment is directly related to the possibility of 
drug delivery to the central nervous system. The 
critical problem arising during drug  is the cross-
ing of the blood-brain barrier (BBB). Nanotech-
nology then appears to be a great tool in clinical 
application. Using nanoparticles for drug delivery 
through the BBB represents one of the new pro
mising approaches to solving the problem of the 
treatment of patients suffering from GBM [145]. 
The applicability of nanoparticles in the treatment 
of GBM is reflected in their outstanding charac-
teristics such as small size, biocompatibility, easy 
encapsulation, tumour-specific targeting, self-
assembly and other already mentioned features 
[6], with a strong effect on loading, release and 
stability of therapeutic agents in targeted drug de-
livery. Curcumin-loaded magnetic nanoparticles 
used for drug delivery exhibited cytotoxic effects 
due to the suppression of GBM tumour cell, 
opening a new horizon in the treatment of these 
progressive and fatal diseases [145, 146]. Curcu-
min exerts effects on serine/threonine protein ki-
nase, mitogen-activated protein kinase, activator 
of transcription 3, nuclear factor kappa b, insulin-
like growth factor and, consequently, on malignant 
brain-tumours through all of these pathways [147]. 
A non-invasive therapeutic approach based on the 
rapid delivery of exosome encapsulated curcumin 
significantly delayed the brain tumour growth and 
inflammatory-related brain diseases, such as glio
blastoma [148]. Development and investigation of 
drugs are primarily directed towards their delivery 
to the desired location, inflammatory cells in this 
case, without harming normal tissues. Using exo-
some as a delivery vehicle seems an excellent so-
lution for this purpose, because exosomes signifi-
cantly increase solubility, stability, bioavailability 
and anti-inflammatory activity of the encapsulated 
curcumin and show efficacy in the treatment of 
multi-drug resistant cancer cells [149, 150].

pH-Responsive controlled curcumin release
A pH-sensitive polymer-drug conjugate based 

on the conjugation between cis-aconitic anhydride 

(Cis) and F68 polymer (poly (ethylene oxide)-co-
poly (propylene oxide)-co-(polyethylene oxide) 
triblock copolymer, PEO-PPO-PEO) in the first 
step, and covalent linkage of curcumin to the hy-
drophilic segment in the second step (F68-Cis-Cur 
conjugate), represents a novel and interesting way 
of intracellular drug loading and release [151]. 
Owing to the conjugation properties, the amount 
of curcumin leaching out of the micelles in blood 
at pH 7.4 is minimized and, oppositely, intracellu-
lar drug release in tumour cells in mildly acid envi-
ronment is very rapid due to pH-sensitive cleavage 
of cis-aconitic anhydride linkers. This is facilitated 

Tab. 4. Improving bioavailability 
and stability of curcumin.

Bioavailability (maximum plasma level)

Oral 0.06 ± 0.01 µg·ml-1 [127]

Intravenously 0.36 ± 0.05 µg·ml-1 [127]

Oral administration 
(1 g·kg-1) to mice 0.22 µg·ml-1 [128]

Intraperitoneal administration 
(0.1 g·kg-1) to mice 2.25 µg·ml-1 [128]

Oral administration 
(12 g·d-1) to human 0.051 µg·ml-1 [129]

Improving bioavailability and stability 
by using some formulations� [6, 62, 130–137]

Phospholipid complexes

Liposomes

Piperine

Polymeric micelles

Encapsulation in hydrogel beads based on:

  – proteins

  – polysaccharides

  – protein-polysaccharide

Solid lipid nanoparticles

Curcumin-metal chelates

Modification of skeleton

Other ways of improving bioavailability� [138–140]

Increasing water dispersion

Increasing water solubility

Key points of the formulations application� [62, 136]

Increase permeability

Increase retention coefficients

Enhance delivery of curcumin

Increase cellular uptake

Sustain release

Control release
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because extracellular pH in normal tissues is kept 
constant at pH 7.2–7.6, while pH of tumour tissues 
is typically by 0.5 lower) [152]. F86-Cis-Cur conju-
gation enhances intracellular curcumin delivery in 
cancer therapy. It was confirmed that F86-Cis-Cur 
micelles induced higher cytotoxicity compared to 
free curcumin [151]. Consequently, the effective-
ness of pH-responsive controlled curcumin release 
is enhanced, which makes this method attractive 
for curcumin administration in cancer patients. 
Compared to their synthetic counterparts, clini-
cally feasible and pH-sensitive naturally derived 
therapeutic compounds exhibit negligible dele
terious effects on normal cells [153]. Conjugation 
of curcumin to the hydrophilic backbone of dex-
tran, producing curcumin-dextran micelles, repre-
sents a promising candidate for safe and efficient 
cancer therapy. These micelles exhibit a rapid rate 
of curcumin release at a specific acidic environ-
ment in tumour cells with increased local concen-
tration, resulting in profound cytotoxicity to can-
cer cells [153].

Synergistic effect
Scientific studies also include considerations 

for the implementation of curcumin in combina-
tion with other substances in order to increase 
their efficacy (Tab. 6). The presence of other sub-
stances is important primarily for curcumin solu-
bility. It should be borne in mind that pure forms 
of each drug have different properties than multi-
component solids, such as co-crystals (according to 
the US Food and Drug Administration, co-crystals 
are defined as ‘dissociable multi-component solid 
crystalline supramolecular complexes composed 
of two or more components within the same crys-
tal lattice wherein the components are in neutral 
state and interact via nonionic interactions’) 
[157]. Essentially, the investigation of multi-com-
bined drugs requires simultaneous consideration 
of several factors including their administration 
with possible pharmacological outcomes, differ-
ential solubility, each compound stability, new-
generation impurities as a result of incompatibil-
ity between the compounds, drug-inorganic salt, 
drug-nutraceuticals and drug-drug interactions. 
Computational predictive models for combined 
drugs exerting desired therapeutic effects have 
a crucial role in the rapidity of development of 
multidrug-based commercial products with en-
hanced physico-chemical and biopharmaceutical 
performance. This could lead to new platforms 
for developing effective therapeutics with reduced 
adverse effects. Nevertheless, despite the impres-
sive developments in the field of pharmaceutical 
preparations, the commercial application of drugs 

based on co-crystals is still awaited [156]. Besides 
combining curcumin with other substances in or-
der to enhance their efficacy, studies so far in-
dicate that natural product curcumin exhibits 
synergistic effects with a great number of chemo-
therapeutic agents and reduces the unwanted side 
effects induced by anticancer drugs [158]. The syn-
ergistic effect of doxorubicin (DOX) and curcumin 
co-delivery by lipid nanoparticles (DOX/Cur-NPs) 
on apoptosis, proliferation and angiogenesis of 
hepatocellular carcinoma (HCC) in mice was 
examined and a decrease of the liver damage 
assessed by serum alanine aminotransferase and 
aspartate aminotransferase levels, liver/body 
weight ratio and histopathological analysis (Tab. 6) 
[141]. The inhibitory effect of a chemotherapeutic 
DOX/Cur agent and chemosensitizer using na-
nocarriers on diethylnitrosamine-induced HCC 
in mice was confirmed and the findings indicates 
a promising potential for cancer treatment. The 
synergistic effect achieved by the combination 
therapy improved target selectivity, inhibited the 
development of cancer drug resistance (as one of 
the major obstacles in curing cancer) and offered 
unprecedented opportunities for effective cancer 
treatment. Curcumin, as an essential ingredient 
in functional food products, when combined with 
radiotherapy, chemotherapy and immunological 
agents, demonstrated its synergistic effects, in-
ducing multi-molecular targeting of all signalling 
pathways included in the process of cancer onset 
and progression [147].

Curcumin in clinical trials
The paper of Gupta et al. [159] deals with cur-

cumin applications in the treatment of numerous 
diseases in humans. Large-scale clinical trials 
included irrefutable evidence and outcomes of 
curcumin’s effects on various human diseases 
(Tab.  1), such as cancer, cardiovascular disease, 
arthritis, uveitis, ulcerative proctitis, Crohn’s 
disease, ulcerative colitis, irritable bowel syn-
drome, tropical pancreatitis, peptic ulcer, gastric 
ulcer, idiopathic orbital inflammatory pseudo-
tumor, oral lichen planus, gastric inflammation, 
vitiligo, psoriasis, acute coronary syndrome, 
atherosclerosis, diabetes, diabetic nephropathy, 
diabetic microangiopathy, lupus nephritis, renal 
conditions, acquired immunodeficiency syndrome, 
β-thalassemia, biliary dyskinesia, Dejerine-Sottas 
disease, cholecystitis and chronic bacterial prosta-
titis [159, 160]. Clinical efficacy of this fascinating 
molecule is circumstantially explained through de-
tailed data reported in the literature and ongoing 
clinical trials with curcumin. Curcumin is highly 
effective and favorable outcomes related to its 
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natural polyphenols in vitro, ex vivo and in vivo, 
particularly for HIV, HSV and HPV. Here it is 
also necessary to emphasize the importance of 
multidisciplinary approach, such as in the case of 
pharmacological preparations, where the potential 
of nanocarriers for improving delivery of natural 
polyphenols was studied [163], and the same sub-
ject was discussed in a review from the point of 
view of food chemistry [6].

The implementation of safe, beneficial and 
highly functional compounds from natural sources 
in therapy brought about some modifications in 
order to achieve their multi-functionality, improve 
their bioavailability and delivery strategies, and 
reduce potentially negative side effects, with the 
general aim to enhance their effectiveness. Guide-
lines for the pursuit of future research all over 
the world have been provided. In this regard, 
improvement of aqueous solubility of curcumin, its 
delivery and investigation of its activity at tumour 
site should be thoroughly studied.
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