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ABSTRACT

Curcumin, ayellow polyphenolic compound present in the rhizome of tur-
meric possess awide range of therapeutic and pharmacological properties.
However, itsbiomedical potentia islimited dueto poor agueous sol ubility,
absorption, systemic bioavailability and rapid metabolism in the human
body. Lot of emphasis has therefore been given to improve the
biodistribution of native curcumin. Adjuvants, bioconjugates and struc-
turally modified derivatives/analogues were used in order to overcome
various issues associated with curcumin. Although, they improved the
bioavailability but the targeted delivery of curcumin to the diseased cells/
tissueswas still amajor concern. The development of nanorange formula-
tions of curcumin such as liposomes, polymeric nanoparticles, micelles,
nanogels, dendrimers, and solid lipids nanoparticles paved way for making
curcumin abetter therapeutic agent. For example, liposomal curcuminfor-
mulation has greater growth inhibitory and apoptotic effects on cancer
cells and also shows better antioxidant effect. Nanocrystals on the other
hand provide higher stability to curcumin even at high pH. These curcumin
nanoformulations are thus able to perform awide spectrum of actions due
to better multitargeting behaviour. These nanoformulations exhibits sus-
tained and efficient curcumin delivery. Nanocurcumin thusisa promising
therapeutic agent that will help in management of many life threatening
diseases in humans. © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION infectiousmicroorganisms, withtheaim of increasinga

plant’s chance for reproduction and hence survival.

Plantsdivert asignificant proportion of assmilated
carbon and energy for the synthesisof secondary me-
tabolites. In contrast to primary metabolites which
aredirectly involvedin thegrowth and devel opment of
aplant, secondary metabolites are not essentia to the
functioning of the plant. These compounds however,
play asignificant roleinthelifeof plants. They act, for
example, asfreeradicd scavengersor asdefenceagainst

Thesemetaboliteshd ptheplantinmaintainingtheintri-
cate balance with the environment, often adapting to
match theenvironmental needs. They arealso of great
useto mankind dueto their antimicrobia and antioxi-
dant potential. Secondary metabolitesareclassifiedinto
threemain groups terpenes(plant volatiles, cardiac gly-
cosides, carotenoidsand sterols), phenolics (phenolic
acids, coumarins, lignans, stilbenes, flavonoids, tannins
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and lignin) and nitrogen contai ning compounds (alka-
loidsand lucosinol ates). Phenols, oneof the secondary
metabolitesarethe subject of increasing scientificinter-
est because of their possible beneficial effectson hu-
man hedlth. Severa studies strongly suggest that plant
polyphenol s offer protection against devel opment of
cancers, cardiovascul ar diseases, diabetes, osteoporosis
and neurodegenerative diseased?.

Turmeric hasbeen used extensively in Ayurveda,
Unani and Siddhamedicine ashomeremedy for vari-
ous diseases. Even today, unlike many other natural
productswithintheethno-medicind tradition, turmeric
still evokes great interest asafood additive, dietary
supplement and prospectivemedicine. Theplantisaso
consdered asamedicind herbintheWest, asevidenced
by WHO and Commission E monographs?¥. Thebio-
logicd propertiesof turmeric aredueto curcuminoids,
agroup of the phenolic compounds present intherhi-
zomeof turmeric plant. Of these, curcuministhemost
active phenolic compound exhibiting avast range of
unique properties such asantitumor, antioxidant, anti-
inflammatory, etc. Thebiologica potentia of curcumin
ishindered dueto its hydrophobicity, degradation at
akalinepH, photodegaradability and rapid metabolism.
Nanotechnology isan emerging field that hasfound un-
precedented growth in thefield of research and appli-
cations. Nanomaterial s have unique physi cochemical
properties such asultrasmall size (< 100 nm), large
surface areato massratio and high reactivity. Theuse
of materidsin nanoscaleprovidesunparalel freedom
to modify fundamental properties such assolubility,
diffusivity, blood circulation haf-life, drug release char-
acterigticsandimmunogenicity. Thereisincreasing op-
timism that nanotechnol ogy, asgpplied to medicine, will
bring significant advancesin the management of life
threatening human diseases*9. Nanoformul ationsen-
hancethebioavailability and thesolubility of lipophilic
compoundsinthedrug ddivery systems. Considering
all abovebendfits, various methods such as adjuvants
and nanoscal e drug delivery system (nanoparticles, li-
posomes, micelles, phospholipid complex, dendrimers,
phytosomes, etc.) are devel oped to overcomethelimi-
tationsexhibited by natural curcumin. Thesecurcumin
nanoformul ationsimprove the therapeutic effects of
curcumin by protecting it from enzymatic degradation,
providing controlled releaseand prolonged blood cir-
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culation, thuschangingitspharmacokinetics. Curcumin
nanoformulationsareemerging aspotentia dternatives
to enhance the therapeutic properties of curcumin.
These nanoformul ations overcomethe limitations of
curcumin such as low solubility, instability, poor
bioavailability, rapid metabolism and itstargeting ca-
pacity to diseased tissues. An attempt has been made
inthepresent review to compiletheinformation avail-
ableinliterature on curcumin nanoformulationsfocus-
sngonitsmultiplepharmacol ogical rolesintheinterest
of scientificcommunity.

CURCUMIN

Turmeric derived from thedried rhizome of Cur-
cumalongalinn, amgor component inthe spicecurry
and frequently used asanatural colorant (E 100) by
thefood industry. It isused asfood additive, preserva-
tiveand colouring agentinAsancountriesinduding China
and South East Asiaand a so considered asauspicious.
Indian turmericiscons dered thebest intheworld due
to presence of high curcumin content’®”. Themost im-
portant chemical components of turmeric areagroup
of compoundscaled curcuminoids- theyelow natural
phenol swith antioxidant, anti-inflammatory and che-
motherapeutic activities. They include curcumin |
(diferuloylmethane) (80%), curcumin Il
(demethoxycurcumin) (5%) and curcumin 111
(bisdemethoxycurcumin) (15%), instead theseit aso
contain protein, fat, minera's, carbohydratesand mois-
turel®®19, Of all these polyphenols, curcumin | isthe
best studied compound and constitutes 3.14% (on av-
erage) of powdered turmeric. Curcumin wasfirst iso-
latedin 1815 and itschemical structurewasdetermined
by Roughley and Whiting (1973)14, It isabis-a, -
unsaturated B-diketone withtwo ferulic acid moieties
joined by amethylenebridge. It islow molecular weight
polyphenal hasvariousfunctiona groupswhich occurs
inketo and enol form.

Curcuminisknownfor its pharmacol ogical prop-
erties such asantioxidant™*, antimicrobial 4%, anti-
septic, wound-healing, antiamoebic!*® and
anticarcinogenic activities'. Infact, itisapleiotropic
mol ecul ed so exhibiting anti-inflammatory properties
possibly by interactingwith molecular targetsinvolved
ininflammation™d. Invitro studieshaveshownthat it
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Figurel: Sructureof natural curcuminoids. (Current science, vol. 87, no. 1, 10 July 2004)

modul atestheinflammatory response by down-regu-
lating the activity of enzymeslike cyclooxygenase-2,
lipoxygenase, and inducible nitric oxide synthase be-
sidesinhibiting several other enzymesinvolvedinin-
flammation mechanismg*9202l, Additionally, it also
shows hepato- and nephro-protective, thrombosissup-
pressing, myocardial infarction protective,
hypoglycaemic, and anti-rheumatic effects. It may be
effectiveintreatingmaaria, psoriass, Alzheimer’s dis-
ease, ischemia, diabetes, obesity, depression, fatigue,
andAIDS?,

Inspiteof it possessing rich biologicd activities, the
optimum potentia of curcuminislimited duetoitslow
bicavailability. Thisismainly duetolow intrinsc activ-
ity, poor gastric or intestinal absorption rate, high rate
of metabolism, inactivity of metabolic products, rapid
elimination and high degradationrate. Duetothelimita-
tions, curcumin is rated as second class drug in the
Biopharmaceutics Classification System(?3. The
bioavailability of curcuminislimited byitsintestind and
hepatic glucuronidation. Asaresult of theaboverea
sons, approximately 60-70% of an oral dose of
curcumin getseliminated inthefeces?!. For better thera
peutic effectson the human body, curcuminisrequired
to be consumed in large doses (about 12-20g/day)
which mean 24 to 40 curcumin capsul es of 500mg to
beswallowed daily. But these doses are considered to
betoo high, and are not feasiblein normal lifeand not
evenfor clinical trialsdueto side effectslike unbear-
ableafter-tasteto mouth, nausestic feeling and toxic-
ityl®,

Several studies have been carried out to explore
the uptake, distribution and excretion of curcumin ad-
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ministered either oraly or intraperitoned (i.p.) inmice/
rats. Wahlstrom and Blennow (1978) reported negli-
gibleamount of curcuminin blood plasmaof rat after
ord administration of 1 g/kg of curcumin showing poor
absorption of curcumin. When a dose of 40 mg of
curcumin/kgwasgiventoratsintravenoudy;, it wasfound
that there was compl ete plasma clearance after one
hour!?, A high oral dose of 500 mg/kg givento rats
resulted in apesak plasmaconcentration of only 1.8 ng/
mL, the mgjor metabolitesidentified being curcumin
sulfateand curcumin glucuronide?1, Whentritium-la-
belled curcuminwasadministered orally in dose of 10-
400 mg per animal, only atrace amount of curcumin
could be detected in the serum due to its poor
biodi stribution?8!, When curcumin was givenin dose of
2 g/kgtoratsoraly, amaximum serum concentration
(0.23ug/mL at 0.83 h) was observed inratsbut when
thesamedose of curcuminwasadministeredinhumans,
curcumin showed undetectabl e serum levels(0.005 pg/
mL at 1 h)®. However, when curcumin oral dosewas
increased to 4-8 g in humans, it showed plasma levels
peak at 0.41-1.75 uM after 1 h®, Similarly, inahu-
manclinical trial, 3.6 g of curcuminviaora routewas
found to produceaplasmacurcuminlevd of 11.1 nmol/
L after an hour of dosing®Y. Yang et al. (2007) showed
that 10mg/kg of curcumingiveni.v.inratsgaveamaxi-
mum serum curcumin level of 0.36 (0.05 pg/mL),
whereasa50-fold higher curcumin dose administered
orally gaveonly 0.06 (0.01 pg/mL) maximum serum
levell®2, Pan et.al.,(2007) explored the pharmacoki-
netic propertiesof curcumin administered either ordly
or intraperitoned (i.p.) inmiceand showed amaximum
plasmalevel (0.22 ug/mL)in 1 hour™. These studies
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clearly suggest that theroleof route of administration of
curcuminisimportant for itsuptake, biodistribution and
biologicd ectivity, yet only alimited number of studies
have been donein thisaspect’®.

DELIVERY SYSTEMSTO ENHANCE
BIOAVAILABILITY OF CURCUMIN

Variousdelivery systems have been proposed in
recent yearsas meansof improving thebio- avail ability
of curcumin. The advantages attributed to thevarious
ddivery systemsarethat they providelonger circula-
tion, increasethe cellular permesability and dow down
metabolic transformation processes. Two main deliv-
ery systemsexplored by the scientiststo enhancethe
therapeutic potential of curcumin are adjuvants and
curcumin nanoformulations. These arediscussed be-
low:

Adjuvants

Adjuvantsareinorganic or organic chemicas, mac-
romol eculeswith pharmacol ogical or immunol ogical
effectsthat modify the effect of other agents. Adjuvants
block metabolic pathways of curcuminwhichisoneof
the important mean to improve its bioavailability.
Curcumin conjugated with ligandlikefolicacid that can
recognize specific surface of target cell which helpsin
targeted delivery. Thisconjugate enablesthe curcumin
to enter into cellsviaCatherinindependent endocytosis
that specifically over expressfolic acid receptors®.
Therolesof adjuvantswhich can block the metabolism
of curcumin areof great interest. It has been demon-
strated that piperine, aninhibitor of glucuronidation,
could be administered concomitantly with curcuminto
increaseitshbioavailability. Curcumin-piperinecomplex
wasadministeredinratsand hedthy human volunteers
and maximum serum concentration of curcumin ob-
served was 154% and 2000%, respectively. Thiswas
due to decreased elimination rate of curcumin as
glucuronidation inhibiting effect of piperine made
curcumin glucuroinideslessactivethusincreasing its
bioavailability!®. Thisclearly showsthe effect of pip-
erineon bioavail ability of curcuminto begreater in hu-
man than in rats. Radio-labelled fluoropropyl-substi-
tuted curcumin with pi perine showed better uptake of
curcuminin braintissue of mice*®. Besidethese, adju-
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vantslike quercetin, eugenal, epigall ocatechin- 3-ga-
late etc. also showed synergistic effect when used with
curcumin. Whenquercetinwasusedincombinaionwith
curcumin, it also showed asynergistic effect that im-
proved bioavailability of curcumin and increased its
theraputic value’®). Curcumin and genistein complex
as0 showed synergisticinhibitory effect onthecdlular
proliferation in diseased tissue and the effect observed
wassuperior totheindividua effectsof curcuminand
genista ™, showed thet theinhibitory effect of curcumin
and genistein given concomitantly islessascompared
to curcumin-genistein complex againg breast carcinoma
cdl lines(MCF-7). Curcuminwith and without eugenol
or terpeneol pretreatment showed that eugenol and
terpeneol enhance curcumin absorption through skin®.
Epigdll ocatechin-3-gdlate has a so been shown to en-
hancethe pharmokineticsof curcumin“?, All theabove
studiesclearly showed that thebiol ogical activity and
solubility of curcumin can beenhanced using curcumin
withdifferent ligands.

CURCUMIN NANOFORMULATIONS

Nanotechnol ogy can beapotential tool in enhanc-
ing the pharmacokinetic propertiesand thergpeuticvalue
of curcuminby providing longer circulation, better per-
meability and resistanceto metabolism and degrada-
tion, thusmaking it apotent therapeutic agent. Some of
the curcumin nanoformul ations designed to improve
solubility, distribution, bioavailability and pharmacoki-
netic propertiesof curcumin arediscussed bel ow:

Nanocrystals

Nanocrystal s are nanoscopic crystal s of the sub-
stanceshaving agreater dissolution ratedueto larger
surfacearea. Nanocrystal synthesisisachieved by us-
ing any of the bottom-up approachesbut basicaly a
nanoszing methodisused toincreasethebioavailability
of hydrophaobic drugslike curcuminl, The chemical
reactionsand physica assembly dependsupon thesta:
bilization processfor example curcumin nanocrystals
synthesistakes around 90 min. in asolution of acohol
and water™®. Curcumin nanocrystals synthesized ex-
hibited improved dissol ution rate, better solubility and
bioavailability of poorly solublecurcumininthebodyi3.
Curcumin-nanocrystd solid dispersion (CSD-cur) pre-
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Figure2: Varioustypesof curcumin nanofor mulationswhich improvessolubility of curcumin

pared through wet milling method with stabilizers of
250nm size showed 16 fold increases in its ora
bicavailability and high photochemicd sability. Curcumin
nanocrystals prepared by high pressure homogeni zer
technique using stabilizersand found no changeinthe
crystdinity of curcumin®d. Thesurfactant moleculeslike
sodium dodecyl sulphate, cetyltrimethylammonium bro-
mide, pluronic polymers Tween 80 and Triton X-100
etc. stabilizes curcumin nanocrystal sand makesthem
more potent in biomedical applications. Plasmapro-
teinsa so stabilizecurcumin soitisused ascarrier mol-
ecule®, In addition to these, PVA, PVP and TPGS
a so makethe curcumin nanocrystalsphysically stable
andincreasetheir digtributioninthegastrointestind tract.
Curcumin nanocrystal isan important approachtoim-
proveoral bioavailability of curcuminandhelpinin-
creasing thetherapeutic vaue of thisnatural product.

Microemulsions

Microemulsionsarealso asuitabledrug delivery
systemfor lipophilic drugslikecurcumin. They areabout
50-100nminsizeand aredroplet in shape“d. They are
most widely used dueto high drug entrgoment efficiency
withlong term stability. Microemulsionsare prepared
by mixing of lipophilicand hydrophilic moleculesinthe
presence of suitable surfactants. They improvedrug
solubility, thermodynamic stability and diffusonrateand
provide high potential for delivery of lipophilic com-
pounds. The size and incorporation efficiency of
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curcuminoid loaded emuls onswerefound to depend
upon theconcentration of thelipids, emulsifiersand other
additives*’#e, Tiyaboonchai et.al. (2007) prepared
curcuminoidsloaded SLNsby amicro-emulsiontech-
nigue at a temperature range of 70-75°C[“9l,
Microemulsionsformulation with hydrogel patchesof
chitosan not only prevented degradation of drug at high
pH in the presence of light and oxygen mediated reac-
tionsbut a so exhibit increased stability and controlled
releaseat aparticular ite™. Microcapsulesof curcumin
prepared with gelatin using ethanol/acetone as coacer-
vating agentsimproved aqueous sol ubility of curcumin,
increased drug loading and entrapment efficiency.
Curcumin-based microemulsions aso improved
curcumin ddlivery vialoca and transdermal routesfor
scleroderma, psoriasisand skin cancer®™. According
to Liu et.al, (2011) eucalyptol- based curcumin
microemul s onsincreased curcumin solubility and pen-
etration capacity through skinascomparedto oleicacid
and oil-based microemulsions®. Microemulsionsof li-
monene, polysorbate 80, ethanol and water also im-
prove curcumin adsorption into the skin. The coacer-
vating techniqueisused to preparemyristic, palmitic,
and stearic acidsbased solid lipid NPsin the presence
of polymeric non-ionic surfactants. Thisencapsulates
50 mg/ml of curcumin and releasesit completelyin 10
minutes to the targeted area. Curcumin-—gelatine
microemulsionsaresuitablefor delivery of curcuminto
thelungstargeting for immediate therapeuti c effectd™.
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Curcumin and paclitaxel nanoemulsionsformulations
adsoimprovebioavailability of curcuminthusenhancing
itsthergpeutic vaue™,

Nanoparticles

Nanoparticles (NPs) are potential drug delivery
systemwhich increasethebioavailability of hydropho-
bic drugsand minimizetheir Sdeeffects. Nanoparticle
based drug ddivery sysemwasfound suitablefor drugs
like curcumin which are poorly water soluble.
Nanoparticlesof curcumin (100 nminsize) havebeen
reported to exhibit better biomedical applicationthan
free curcumin®, Some of the nanoparti culate drug de-
livery systemsexplored for curcumin are PLGA (poly
lactide-co-glycolides) and PEG (polyethyleneglycol)
NPS%. NIPAAM (Nisopropylacrylamide) NPscon-
taining PEG-monoacrylate, PLGA NPs coated with
thiolated chitosan, Butylcyanoacrylate NPs coated with
poloxamer, NIPAAM NPsmulti layered with PLGA,
surfacemodified DMPC SLNs (dimyristoyl phosphati-
dylcholinesolid lipid nanoparticles) for parenteral ad-
minigtration of curcumin. Theencagpsulation of curcumin
into coreof amphiphilic polymersor phospholipidsaso
increasesitsbioavailability dongwithitsstability®™. The
polymeric nanoparticlesareusedin variousbiomedica
applications asthey display superior propertieslike
biocompatibility, biodegradability and solubility,
Wang et.a (2012) synthesi zed biodegradable poly (2-
Caprolactone)-poly (ethylene glycol)-poly (&-
caprolactone) (PCL-PEG-PCL) copolymer and used
them to ddliver curcuminfor cancer treatment™. Bisht
et.al. (2009) synthesized polymeric curcumin
nanoparticlesusing different functiond groupslikethiol,
which atered surface propertiesandincreased circula-
tiontimeof curcumin®. PLGA NPspreparedwiththiol
group ontheir surfaceincreased retention timeand fa-
cilitated controlled releasd!®Y. L etchford et.al, (2008)
reported that curcumin attached with MePEG-b-PCL,
has greater aqueous solubility®3. Curcumin after con-
jugating with PEG and cycl odextrin showed increased
solubility and reduced degradation rate®. Studies car-
ried out on curcumin loaded PLGA nanoparticles
showed enhancedinhibitory effect of curcuminon can-
cer cdllg%, Dextran sulfate-chitosan nanoparticleswith
curcumin showed preferentia killing of cancer cdlsas
comparedtonormd cdlg®. Curcuminformulated with
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phosphatidylcholine and PEG derivatives have been
shown to be more efficient in systemic delivery of
curcumin than free curcumin®®l, Yallapu et.al, (2010)
reported that theraputic effects of curcumin increases
after encapsulation with PLGA nanoparticleswhich
entrapped more than 90% of curcumin.
Nisopropylacrylamide (NIPAAM) with N-vinyl-2-
pyrrolidone (VP and polyethyleneglycol) monoacrylate
(PEG-A) polymeric nanoparticle encapsulating
curcuminweresynthesi zed and they showed better prop-
erties as compared to native curcumint®6.67.68
Apolipoprotein-E 3 mediated curcumin loaded poly
(butyl) cyanoacrylate nanoparti cles showed photosta-
bility, better entrapment capacity and improvedinvitro
rel ease study. Natural polymers have also been found
to be good carriers for curcumin encapsul ation and
ddlivery™®!, Variouscurcumin nanoparticleformulations
were prepared using three biocompatible polymerslike
alginate (ALG), Chitosan (CS) and pluronic and they
exhibited beneficial propertieslikeslow release and
better delivery in cancer modd cell line. Nanoparticle-
based systemfor curcuminddivery isgtill initsinfancy
and moreinvestigationsarecarried out inthisareabe-
cause of potential increase of thein vivo efficacy of
nanocurcumin.

L iposomes, micdlles, and phospholipid complexes

Structurdly, liposomesaresmall vesicle composed
of asinglehydrophobic coreinwhich hydrophobicdrug
can beloaded with ahydrophilic cover. Liposomesare
excdllent drug ddlivery systemsasthey carry both hy-
drophilic and hydrophobic molecules. Moreover, smal
size, biodegradability, hydrophobic and hydrophilic
character a so enhancesits potentia for drug delivery.
Depending upon thedriving forcefor drug release, li-
posomes can be classified as conventiond liposomes,
pH sensitiveliposomes, cationic liposomes, immuno-
liposomesandlong circulating liposomes. They candso
be classified onthebasisof their sizeand structureas
multilamellar, largeunilamdlar or small unilamelar™.
Theselipid based formul ation enhancesthesol ubility of
poorly water soluble drugs and provide an optimum
environment for drug entrapment'™. Thedelivery of |i-
pophilicdrugslikecurcumin, resveratrol, and N-acetyl
cysteineisenhanced significantly through liposomes ™.
Prostate membrane antigen (PSA) antibodies based
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specificliposomal system of curcumin has been con-
structed to study its partitioning potentia™. DMPC
based liposomes (100-150 nm) exhibit greater encap-
sulation efficiency ascompared to liposomes prepared
with Dipamitoyl phosphatidylcholine (DPPC) and egg
phosphatidylcholine (PC). Furthermore, DM PC lipo-
somesinhibitied (70-80%) cellular proliferation of the
human prostate LNCaP and C4-2B cancer cells as
compared to freecurcumin. Bothinvitroandinvivo
studies have shown that liposomal curcuminismuch
more effectivethan free curcumin at same concentra-
tionsemphasizingthat theliposoma ddivery of curcumin
enhanced the uptake and hence better bioavailability or
activity intothe cellg4074 7767778 A curcumin loaded
liposomal formulated with dimyristoyl-sn-glycero-3-
phosphocholine was tested against proliferation,
apoptosisand angiogenesisof human pancreetic carci-
nomacellsand it wasfound to suppressthe growth of
BXPC3 and MiaPaCa2 tumorsin axenograft murine
mode ™. Anand et.dl, (2007) reported curcumin loaded
liposometo possessin vitro and in vivo antitumor ac-
tivity against human pancreatic carcinomacellsand
antiangiogenic effects. Thesecurcuminloaded liposomes
were d so effectivein suppressing the pancrestic carci-
nomagrowthinmiceascompared to untreated mice®,
Liposomal formul ations can aso be delivered trans-
cutaneoudy through hair folliclesproviding areservoir
for localy applied drug. The penetration depth of lipo-
somd formulationsat dightly acidic pH wasmeasured
tofind out the efficiency of delivery of curcuminvia
trans-follicular. It wasfound that liposomes can pen-
etrate ~35 to 69% of thefollicle length based on the
charge of theliposomeswhich explaineditsability for
both therapeutic as well as chemopreventive pur-
poses®. A tetrahydrocurcumin (THC) cream formu-
| ation devel oped using phospholipid-derived THC i-
posomes found that these are not only safe but also
devoid of irritation potential ascompared to therefer-
encematerial. It wasalso reported that neutra liposo-
mal curcuminoid’s have antitumor and antioxidant ac-
tivitiesin miceg®1829,

Drugsentrapped inliposomes can distribute either
inthephaspholipid bilayer, intheinterior aqueousphase,
or a thebilayer water interface dueto their lipophilic
character. Curcumin-loaded liposomal formulaionare
abetter delivery vehicle dueto significant absorption
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and fluorescencelevelsinlymphomacellscompared
with normal cellg™. Curcuminlecithin complex after
adminigtration of ord doseof 100 mg curcumin/kg body
weight showed two fold increasesin the concentration
of curcumin in rat plasma as compared to free
curcumin®®l, Curcumin and resveratrol in liposome
showed combined effectson cdll growth, apoptossand
thecdll cyclé®. Curcumin- loaded poly (d, I-lactide-
co-glycolide)-B-poly (ethylene glycol)-B-poly (dI-
lactide-co-glycolide; PLGA-PEGPLGA) micdlesaso
showed improved uptake®>e,
Curcumin—phospholipid complex significantly pro-
tect theliver from carbon tetrachl oride-induced acute
liver damageinratsby maintaininglevelsof SOD, cata
lase and thiobarbituric acid®. Phospholipid complexes
improvethegastroi ntestina aosorption of natura drugs,
thus showingimproved bioavailability dueto enhanced
plasmalevelsand lower kinetic €imination®, When
curcumin and curcumin—phospholipid complex was
administered in same amount orally to rats curcumin-
phospholipid complex produced amaximum plasma
curcumin level. Curcumin-phospholipid complex sig-
nificantly increased circul ating period of activecurcumin
inratsdueto increased haf-life of complex to about
1.5fold®. Curcumin—phospholipid complex also in-
creased three-fold greater agueous sol ubility, increased
the oral bioavailability and exhibited better
hepatoprotective effect ascompared to free curcumini®.
Structurally, micellesare composed of asingle hy-
drophobic core covered in hydrophilic groups. Dueto
thisproperty, micellesared so apotentia delivery ve-
hiclefor curcumin ddivery and stability. Theintestina
absorption of curcuminand micdlar curcuminformula
tion with phospholipid and bile salt wasfound to be
higher when administrated into everted rat. The bio-
logicd transformation of curcumininmicdlar formula
tion asoincreased itsintestina absorption from 47%
t0 56%/%%. Liu et al., (2006) reported that curcumin
loaded micelle increased about a 1.5-fold half-life,
bioavailability, and circulation time of curcumin over
native curcumin®. Maet d.(2007) through apharma-
cokinetic study demongtrated that apolymeric curcumin
micelleincreasesbiologicd hdf-lifeof curcumininrats
as compared to free curcumin to about 60-fol di®!.
Wanget. d, (2012) prepared curcuminformulation with
stearic acid-g- chitosan oligosaccharide (CSO-SA)
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polymeric micellewith asize 114.7 nmwhich showed
more encapsul ation efficiency and exhibited increased
accumulation of curcumininto tumor cellS®. Marczylo
etd., (2007) explored curcuminformulationwith phos-
phatidyl cholineand observed 5-fold higher plasmaleve
ascomparedto nativecurcumin. Liver dso showshigher
curcumin level whenformulated curcumin adminisira-
tion with than unformulated curcumin®. Esmalili . d,
(2011) reported that curcuminmicellar formulation not
only toexhibitsbetter theraputic valuesof curcumin but
adsoincreasesitspotentia asfunctiond hedthy food®.
Letchford et a, (2008) showed a13x10°fold increased
incurcumin solubility inapolymericmicelar formula
tion containing methoxy poly (ethyleneglycol)-block-
polycaprolactone diblock copolymers (MePEG-b-
PCL) and thisincreased thesol ubility of curcuminmaking
itapromising formulationin thetreatment of various
disorderd®d. Maiti et.al, (2007) reported a3-fold in-
crease in aqueous solubility and a better
hepatoprotective effect of curcumin phospholipid com-
plex thanfreecurcumin(®,

Solid lipid nanoparticles

Solid Lipid Nanoparticles (SLNs) isanother ex-
cellent drug delivery system range between 100-
1000nm™®, Theseare prepared by replacingtheliquid
lipid by asolid lipid, to overcome the disadvantages
associated withtheliquid state of theoil droplets. Ini-
tially, SLNswere prepared using hot homogenization
and warm microemul s ontechniquesbut recently newly
emerged techniqueslikehigh pressurehomogenization,
solvent emul sification evaporation or diffusion, high
speed stirring, double emulsion method and
ultrasonication are used in their preparation. These
nanoformulationsimprovethe ora bioavailability of
poorly water solubledrugslike curcuminand aso pro-
tect itsdegradation.

Theuniquepropertiesof SLNslikesmdl size, large
surface area, high drug loading capacity and theinter-
action of phasesat theinterface areattractiveand help
to improve performance of the hydrophobic drugs.
SLNsthereforeact asimportant alternative system for
controlled drug delivery ascompared to emulsions, li-
posomes and polymeric nanoparticles. SLNs protect
thelabile and hydrophobic drugsfromlight, pH and
hesat mediated degradation, facilitatescontrolled re ease,

——— Rev/ew

provide biocompatibility and uniform dispersoninague-
ous environment. Variousinvestigations have shown
SLNsto possesssignificant potentia for theddivery of
lipophilic compoundslike curcumin®, Curcumin SLNs
were prepared using dimyristoyl phosphatidylcholine
(DMPC) andthe surfacewasmodified using L-glutamic
acid, N-(3-carboxy-1-oxopropyl)-1, 5-dihexadecyl
ester and PEG (polyethyleneglycol) and their delivery
to different tissueswas determined’®>, These SLNs
were detected in macrophagerich sites such asbone
marrow, spleen and liver even after 6 hrsof injection.
Curcuminoidsloaded SLNs showed nearly 70% in-
corporation efficiency and were rapidly taken up by
cancer cellsdueto their spherical shapeand largesur-
faceared®. Bawarski et.d, (2008) aso reported SLNs
to besuitabledrug ddlivery carriersfor curcumin and
other chemopreventiveslikeresveratrol and -caro-
tene™. Curcumin-loaded solidlipid nanoparticles (C-
SLNs), with anaverage particlesize of 134.6 nm have
been reported to exhibit improved bioavailability as
compared to free solubilized curcumin®’. Mulik and
co-workersmodified thesurfaceof the SLNswithtrans-
ferrinto enhance the anti cancer activity and photosta-
bility of curcumin®®. Teichmann et.al, (2007) synthe-
sized the curcuminoidsloaded SLNs (withamean par-
ticlesizeof lessthan 450 nm) with 70% encapsul ation
efficiency toddiver curcumineasly throughthestratum
corneum®, Duetotheir lipophilic nature, these SLNs
can crosstheblood brain barrier (BBB) which makes
it aprominent system for thedelivery of hydrophobic
drugsthat unableto crossthe BBB™,

Dendrimers

Dendrimersarethenanoformulationsintroducedin
themid-1980s. They areagroup of highly branched
globular polymers, with acore, branchedinteriors, and
numerous surfacefunctional groupsand cavities. Due
totheir polymeric structure, large amount of drug can
be added to this spherical moleculein ahighly con-
trolled manner. They are synthesi zed by divergent syn-
thesisand convergent synthesisby therepetitive addi-
tion of branching unitsto an amine core (ethylenedi-
amineor ammonia) of 10 nm-100 nm sizes™, They
can besynthesized in different Szes, molecular weights
and chemica compositionsby controlling thedegree of
polymerization2, Thisnanogpaceprovidesanisolaed
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environment which increasesthe drug | oading capacity
and decreasestoxicity at the sametime. Thewell-de-
fined organization, dense spherical form, size,
monodispersty, and surfacefunctionditiesof dendrimers
make them brilliant applicantsfor drug delivery®l,
Dendrimers are therefore of great significance in
theranostic asthey can hold both therapeutic and diag-
nostic agents and also release drug to the targeted
site'™, The dendrimer curcumin conjugates have been
proved to bean effective cytotoxic agent against breast
cancer cell lines'®, Yallapu et al, (2011) studied the
interaction of curcumin dendrimerswith cancer cells,
serum proteinsand human red blood cellsto evaluate
the acute toxicity and hemocompati bility. Curcumin-
dendrimer incubated with human red blood cellsshowed
a high binding capacity of the dendrimer curcumin
nanoformulation to plasmaprotein with no significant
changeinthezetapotentia. However, thisformulation
destabilized the cell membraneand induced cell lysis.
Thislimitation wasovercome by polyethyleneglycol
conjugation of dendrimer formulationg% 1071%], Cap
et al, 2013 investigated the interactions between
polyamidoamine-C (adendrimers) and curcumin by
usi ng fluorescence spectroscopy and molecular mod-
elling methodswith larger va ues of binding constants;
indicating that polyamidoamine-C12 25% holdsthe
curcumin strongly*®. Dendrosomal nanoparticle-
curcumin a so significantly suppressed proliferation of
human and mouse carcinoma cells. In vitro studies
showed anincreased uptake of curcumin but inhibited
thegrowth of cancer cellsas compared to normal ones.
Investigation carried out under in-vivo conditions
showed significant decreasein tumor incidence, weight
and size after treating with dendrosomal nanoparticle-
curcumin-treated group. In another study,
antiproliferative and anticarcinogenic effects of
dendrosomal nanoparticle-curcuminwasevauatedin
rat colon cancer and potential anticancer effect of
dendrosomal nanoparticle-curcumin was ob-
served™01, Dueto dendrimersproperties, curcumin-
dendrimers complexesaremore attractive agentsfor
biomedical applications as compared to other
nanovectors such asmicelles, liposomesor emulsion
droplets. Debnath et.al, in 2013 reported that
Dendrimer-curcumin conjugate exhibited both water
solubility and cytotoxicity against SKBr3 and BT549
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breast cancer cdlls. Thiscomplex aremoreeffectivein
inducing cytotoxicity, asmeasured by theM TT assay
and effectively induced cdllular gpoptosismeasured by
caspase-3 activation when compared with curcumin
dissolved in DM SO and dendrimer-curcumin conju-
gate dissolved in water was significantly more. So
dendrimer-curcumin conjugateiswater solubleand
capabl e of inducing potent cytotoxic effectson breast
cancer cell linesand it may prove to be an effective
anti-cancer therapy for human beingg*®!,

Self-assembliesand nanogel

Sdf-microemulsifying drug ddlivery systemisone
of themast promising techniquestoimprovethe phar-
macokinetic properties of poorly water-soluble
drugs.?, Setthacheewakul et d. (2010) successfully
devel oped self-microemulsfyingdrug ddivery systems
to improve the solubility and oral absorption of
curcumin™, Tonnesen et.d, (2002) reported that these
formulations provide low degradation, high
bioavail ability and stability to curcumin. Cyclodextrin-
curcumin complexes show improved curcumin water
solubility and stability and are effectivein medical and
pharmaceutical applications*'411%, Curcumin-
rubusoside (CUR-RUB) complexes showed increased
curcumin solubility, stability, anticancer gpplicationsun-
der physiological conditions. Bcasein (B-CN) dsoin-
creasesthesolubility of curcumininagueoussolution®,
Anided nanoged drug delivery carrier possess proper-
tieslikesmall sze, high biocompatibility, longblood cir-
culation time, higher amount of drug |oading capacity
and protection to degradation from enzymesin the bodly.
Thefreenetwork structuresin hydrogel NPsprovide
large spaceto load lipophilic drug molecules®™!. The
cross linked co-polymer nanogels of N-isopropyl-
acrylamide, Nvinyl-2-pyrrolidonewere synthesized in
the presence of PEG monoacrylate using redox-free
radical polymerization process. Curcumin-loaded hy-
drogd systemwasfound tofacilitatethelow release
of curcumin andincreaseitssolubility in agueouscon-
dition. When hydrogel nanocurcumin formulation was
tested on pancreatic cancer cell lines, it was observed
that they the possessthe potential to overcome cancer
duetoimproved systemic bioavailability and hencein-
crease in therapeutic efficacy of curcuminf®l,
Varaprasad et a. (2011) fabricated curcumin- encap-
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TABLE 1: Curcumin nanofor mulations. Their size, form and influential effects

Types of

. Size
nanofor mulations

Form

influential effects

Micron and

Adjuvants X
submicron

Not specific shape

(a) More uptake by brain tissue

(b) Moreinhibited cellular proliferation
() Enhanced absorption rate through skin
(d) Enhanced pharmacokinetics

Nanoparticles 1-2500nm

€etc.

Rods, fibers, spheres

(@) Increase Solubility and stability

(b) Provide photostability

(c) Increase circulation time and better controlled
release

(d) Better anti-tumour effect

Nanocrystals 50-1000nm Spherica

() Increased circulation of blood
(b) Improved brain delivery
(c) Increase solubility

Microemulsions 5-50nm droplet

(a) Improved agueous solubility and
thermodynamic stability

(b) Increased drug loading and entrapment
efficiency

Liposomes 20-205nm Globular

(a) Enhance soluhility, stability and tissue
distribution

(b) Provide optimum environment for
hydrophobhic drugs and enhance uptake

() Enhance anti-tumour and antiangiogenesis
effect

(d) Increase antioxidant activity

Micelles 10-100nm Spherica

(@) Increaseintestinal absorption
(b) Enhance stahility and theraputic value
() Enhance bioavailability

Phosphalipid

10-200nm
complexes

Spherical

(a) Better hepatoprotective effects
(b) Improve bioavailability and gastrointestinal
absorption

Solid-Lipid

. 10-1000nm
Nanoparticles

Spherical

(a) Enhance anticancer activity and photostability
(b) Better brain delivery
(c) Improved oral bioavailability

Self-assemblies and Cross-linked

10-100nm
nanogel

polymer network

(@) increase stability, solubility

(b) Better Anticancer effect

(c) Provide high biocompatibility and long blood
circulation time

(d) Provide more surface areafor drug loading

Dendrimers 15-150(nm)

Globular polymer

(a) Improve stability
(b) Therapeutic and diagnostic agents
(¢) Increase solubility and antitumor

Phytosomes 50nm-100um Globular

(@) Increase bioavailability and protect from
degradation

(b) Improves solubility and Pharmacol ogical
applications

(c) Improved retention time in blood

sulated chitosan—PVA silver nanocomposite, poly
(acrylamide) — poly (vinyl sulfonic acid) silver
nanocomposite, and poly (acrylamide)—carboxymethyl
cdllulosemagnetic nanocompaositestoimprovethethera:
peutic effectsof curcumin asthese complexesincrease
thebioavailability of curcumini7,

Derivativesand analogues

The chemical structureof curcumin playsapromi-
nent roleinitshiologica activities. Hence, the biol ogi-
cd activity of curcumin can beenhanced by modifying
itsstructure®, Modey et d., (2007) reported that EF-
24 acurcumin anal ogue exhibitsincreased antitumor
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actionin comparisonto freecurcumin™, Another strat-
egy that can be adopted to improvethebiologica ac-
tivity of curcuministo chelateit with metas. Thepres-
enceof phenaolicand methe enegroupin curcumin mol-
eculemakesit anexcellent ligand for thechelaion. Sev-
eral metal chelatesof curcumin arereported which pos-
sessmoreactivity ascompared to free curcumin. Cop-
per complexesof curcuminand itsderivatives showed
improved anticancerous effect?, Vanadyl curcumin
complex showed 2-foldincreasein antirheumatic and
4-foldincreasein antitumor activity™. Sui et d. (1993)
synthesi zed curcumin-boron complexeswith 10-fold
more inhibitory activity for HIV-1and HIV-2 pro-
teased!?, Indium and gdllium complexeswith curcumin
a so produce structural modification in curcumin struc-
tureand showsimproved biologica activity.

Phytosomes

Thesearenove formulationto overcomethe prob-
lemsrelated to poorly solubledrugs. Polyphenolshave
strong bonding affinity with phospholipidsandthisprop-
erty hasbeen explored toincreasethebiocavallability of
various phenolic compoundsasthey can crossthelipid
rich membrane and remain protected from degrada-
tion. Thephytosome unit isamol ecul ar associ ation of
two or moremolecul eslike two molecul es phosphati-
dylcholine (PC) and one polyphenol. The size of
phytosomes varies from 50nm to afew 100 pm[™23,
Thephytosometechnol ogy crestesintermol ecular bond-
ing between individua polyphenolic moleculesand one
or more moleculeslike phospholipid and PC. It im-
provesthesolubility of poorly solubledrugsand phar-
macol ogica applicationsof polyphenolsto makethem
aprominent delivery vehicle. Phytosomeadministered
orally, enhanced the polyphenol levelsinthe blood by
increasingitsbioavailability at least 2-6 times™?4. This
technol ogy playsprominent roleinmedical gpplications
of polyphenolslike curcumin becauseitimprovesits
solubility and bioavailability. The conversion of the
curcumininto phytosomeovercomesvariousissuesas-
sociated with free curcumin as the encapsul ation of
curcuminmoleculein PC moleculeincreaseditsstabil-
ity and dsoimprovesretention timein blood sample of
rat. Theabsorption and bioavailability of curcuminin
phytosomeform hasbeen shownto besgnificantly more
than curcuminin non-phytosome formul ation*2128],
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CONCLUSIONAND FUTURE PROSPECTUS

Curcumin derived from the popular Indian spice
turmeric has been used for centuriesasaremedy for
many hedth ailments. Curcumin also hastheability to
modul ate multiple cellular targets and possesses pre-
ventive and therapeutic value against various diseases
including cancer. It hasalarge range of molecular tar-
getsliketranscription factors, growth factorsand their
receptors, cytokines, enzymesand genesregulating cell
proliferation and apoptosis. In spite of many advan-
tages, rapid rate of metabolism, poor aqueous solubil-
ity andlimited bioavailability of curcuminarethelimita:
tionswhich reducesitstherapeutic value. Curcumin
nanoformulations are one of themain strategiesto im-
prove the bioavailability and therapeutic value of
curcumin. Someof the curcumin nanoformul ationsin-
vestigated are nanoparticles, curcumin self assemblies,
curcumin crystas, liposomes, phospholipidscomplexes
and phytosomes. These nanoformulations offer advan-
tagesliketargeted drug delivery and enhanced solubil-
ity, stability and bioavailability; thusenhancingtheme-
dicina vaueof curcumin.

Nanoformulationsstudieshavedefinitely paved way
for solving many issuesand provide aproper basisfor
unraveling the wide variety of biological actions of
curcumin but some problemstill remainunsolved. Al-
though, curcumin loaded liposomes increase
bioavailability, efficacy and reducetoxicity but it hasits
limitation with regard totissue specificddivery. There-
fore, effective modificationsof liposomesarerequired
for exampl ethrough conjugationwith antibodies, che-
motherapeutic and contrast agentswhich helpin cell
targeted delivery. Microemul s onsthough effective but
have limitation of being attached to many surfactants
which may causetoxicity. Thenove delivery systems
of curcumin havemoredrug | oading capacitiesand ef-
fectivedrug stability but issuesliketargeted drug deliv-
ery and toxicity to the healthy tissueis also of great
concern. Concerted effortsarerequired to gain more
information on curcumin nanoformul ationsto makeit a
potent drug either a one or in combination with other
thergpeutic modalities. Withthehe p of nanotechnology,
curcumin can beapromisng natural nanomedicinefor
treatment of variouslifethreatening diseasesinthe near
future.
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