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a  b  s  t  r  a  c  t

Curcumin  has  considerable  neuro-protective  and  anti-cancer  properties  but  is rapidly  eliminated  from
the body.  By  optimizing  the  HPLC  method  for  analysis  of  curcumin,  this  study  evaluates  how  the  abil-
ity  of  curcumin  to  penetrate  organs  and  different  regions  of  the  brain  is  affected  by nanoparticulation
to increase  curcumin  circulation  time  in  the  body.  Curcumin-loaded  PLGA  nanoparticles  (C-NPs)  were
prepared  by  the high-pressure  emulsification-solvent  evaporation  method.  The  mean  particle  size and
entrapment  efficiency  were  163  nm  and  46.9%,  respectively.  The  release  profile  of C-NPs  was  an  ini-
tial burst  effect  followed  by  sustained  diffusion.  In distribution  studies,  curcumin  could  be  detected  in
the  evaluated  organs,  including  liver,  heart,  spleen,  lung,  kidney  and  brain.  C-NPs  were  found  mainly  in
the spleen,  followed  by  the  lung.  Formulation  significantly  raised  the  curcumin  concentration  in these
lood–brain barrier
harmacokinetics

organs  with  increases  in  the  AUC,  t1/2 and  MRT  of  curcumin,  though  this  was  not  apparent  in the  heart.
Curcumin  and  C-NPs  could  cross  the  blood–brain  barrier  (BBB)  to  enter  brain  tissue,  where it was concen-
trated  chiefly  in the  hippocampus.  Nanoparticulation  significantly  prolonged  retention  time  of  curcumin
in the  cerebral  cortex  (increased  by 96%)  and  hippocampus  (increased  by  83%).  These  findings  provide
further  understanding  for the  possible  therapeutic  effects  of  curcumin  and  C-NPs  in further  pre-clinical
and  clinical  research.
. Introduction

Curcumin is a polyphenol extracted from the herb
urcuma longa L. It has the chemical structure (1,7-bis (4-
ydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) and is
ater-insoluble. Curcumin is widely used in traditional Chinese
edicine and in the food industry (Ammon  and Wahl, 1991). It

lso has demonstrated several types of biological and pharma-
ological activities, including anticancer, anti-inflammatory and
ntioxidant properties (Shehzad et al., 2010). In addition, curcumin
as been shown to have the possibility of slowing the progress
f Alzheimer’s disease by reducing amyloid � (Garcia-Alloza
t al., 2007), of delaying the onset of kainic acid-induced seizures
Sumanont et al., 2007) and of inhibiting the formation of brain

umors (Purkayastha et al., 2009). However, previous studies have
hown that the retention time of curcumin in body is limited due
o its rapid systemic elimination (Yang et al., 2007). Therefore,
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the therapeutic efficacy of curcumin is restricted due to its short
systemic retention in circulation.

To increase the retention time of curcumin in the body, var-
ious formulation techniques have been applied. For example,
curcumin–phospholipid complex can extend the retention of cur-
cumin in rat serum (Mythri et al., 2007). Another study has shown
that the MRT  of curcumin is significantly raised after micellar for-
mulation (Ma et al., 2007). Recently, Mohanty and Sahoo (2010)
found that the half-life of curcumin is increased when encapsu-
lated with glycerol monooleate. Furthermore, Anand et al. (2007)
have demonstrated that polyester nanoparticle-based delivery sys-
tems are favorable for hydrophobic compounds and enhance the
bioavailability of poorly water-soluble agents. Polyesters such as
poly(lactic-co-glycolic acid) (PLGA) are the material generally used
for nano-formulation since they are biodegradable, biocompati-
ble, have versatile degradation kinetics (Park, 1995) and have been
approved by the U.S. Food and Drug Administration for pharmaceu-
tical application. Therefore, recent in vitro studies have revealed
that curcumin inhibition of cancer cell growth was  effected by

curcumin-loaded PLGA nanoparticles due to enhanced uptake by
cells (Anand et al., 2010). The therapeutic effects of curcumin on
metastatic cancer cells are also increased after encapsulation with
PLGA nanoparticles (Yallapu et al., 2010).

dx.doi.org/10.1016/j.ijpharm.2011.06.030
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:thtsai@ym.edu.tw
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3 al of P

e
t
c
o
e
o
d
c
o
a

2

2

M
p
a
p
(
D
(
M
p

2

t
(
w
o
P
n
a
p
5
l
w
d

2

2

m
U
p

2

e
t
G
a
l
n
c
d
b

2

I

32 Y.-M. Tsai et al. / International Journ

Even though curcumin-loaded PLGA nanoparticles (C-NPs) are
ffective against cancer (Anand et al., 2010; Yallapu et al., 2010),
here have been few studies investigating the organ distribution of
urcumin and C-NPs. This is a significant area of research since the
rgan distribution is a crucial factor for a drug to exhibit therapeutic
ffects in a target site. Thus, the application of curcumin and effects
f its formulation could be clarified by obtaining information on its
istribution in the body. The present work evaluates the ability of
urcumin and C-NPs to be distributed to brain regions and other
rgans, together with the pharmacokinetic parameters of curcumin
nd C-NPs in those areas of the body.

. Materials and methods

.1. Materials

Poly(vinyl alcohol) (PVA, Mw: 9000–10,000), PLGA (50:50,
w: 5000–15,000), sucrose, monosodium phosphate (NaH2PO4),

olyethylene glycol (PEG) 400, 2-(4′-hydroxybenzeneazo) benzoic
cid (as internal standard, IS, of HPLC analysis) and heparin were
urchased from Sigma-Aldirch (St. Louis, MO,  USA). Curcumin
purity ≥ 95%) was obtained from Fluka (Buchs, Switzerland).
ichloromethane and acetonitrile were purchased from Merck

Darmstadt, Germany). Milli-Q grade water (Millipore, Bedford,
A,  USA) was used for the preparation of solution and mobile

hase.

.2. Curcumin nanoparticles procedures

PLGA nanoparticles encapsulating curcumin were prepared by
he high-pressure emulsification-solvent evaporation technique
Tsai et al., 2011).  Briefly, 50 mg  of PLGA and 5 mg  of curcumin
ere dissolved in 1.25 ml  dichloromethane as an oil phase. This

il phase was added to 10 ml  of aqueous phase (consisted of 2%,
VA and 20%, sucrose, w/v) and then homogenized by homoge-
izer (Polytron PT-MR 2100, Kinematica AG, Lucerne, Switzerland)
t 28,000 rpm for 10 min  to form an emulsion. This emulsion was
assed through a 0.1 �m filter twice at an operating pressure of

 kg/cm2 by extruder accessory (EF-C5, Avestin, Canada) to formu-
ate the C-NPs. The resulting nanoparticles were kept overnight

ith stirring at 500 rpm to evaporate the organic solvent by air
rying (Jaiswal et al., 2004), thus yielding the finial C-NP solution.

.3. Nanoparticle characteristics

.3.1. Particle size, polydispersity index and zeta potential
The particle size and polydispersity index (PDI) of C-NPs were

easured by dynamic light scattering (90Plus, BIC, Holtsville, NY,
SA). The zeta potential of C-NPs was determined using a Zeta
otential analyzer (90Plus, BIC).

.3.2. Entrapment efficiency
Entrapment efficiency estimated the amount of curcumin

ncapsulated in PLGA nanoparticles. The C-NP solution was cen-
rifuged at 11,000 rpm for 15 min  (Centrifuge 5415R, Eppendorf,
ermany). After centrifugation, the supernatant was  removed
nd 1 ml  of acetonitrile was added to the nanoparticle pel-
ets and then treated with sonication for 5 min  to break the
anoparticle structure and release curcumin. The amount of
urcumin in nanoparticles was analyzed by HPLC system, as
escribed in Section 2.4. The % entrapment efficiency was  given
y: [(Curcuminencapsulated/Curcumin total) × 100] (Tsai et al., 2011).
.3.3. Transmission electron microscopy (TEM)
The procedure for TEM samples followed Liang et al. (2005).

n brief, the C-NP solution was placed dropwise onto a 400 mesh
harmaceutics 416 (2011) 331– 338

copper grid coated with carbon. About 15 min after nanoparti-
cle deposition, the grid was  tapped with filter paper to remove
excess water and stained using a solution of phosphotungsten
acid (2%, w/v) for 20 min. After the stained sample was  allowed
to air dry, TEM samples were obtained. A photomicrogram of C-
NPs was  obtained by using a transmission electron microscope
(JEM-2000EXII, JEOL, Tokyo, Japan).

2.3.4. In vitro drug release study
Release of curcumin from the PLGA nanoparticles was per-

formed by the dialysis membrane method (Shaikh et al., 2009).
First, 1 ml  of C-NPs solution (equivalent to 0.25 mg of curcumin)
was transferred in dialysis bags (Sigma, St. Louis, MO,  USA) with
a molecular cut-off 3.5 kDa. The bags were suspended in 200 ml  of
0.9% normal saline (contain 50%, v/v, of ethanol) at 37 ◦C in a shaking
water bath at 100 rpm (Shaikh et al., 2009). At selected time inter-
vals, 200 �l of normal saline sample was collected and replaced by
an equal volume of fresh medium. The curcumin content of normal
saline was  analyzed by an HPLC system.

2.3.5. Condensation of C-NPs
Since the volume of intravenous administration for a rat is lim-

ited, we employed high-speed centrifugation and re-suspension to
concentrate the C-NPs. The effect of condensation on nanoparticle
characteristics was also investigated by centrifuging 10 ml  of C-NPs
solution at 11,000 rpm for 15 min. After centrifugation and remov-
ing the supernatant, the C-NP pellet was re-suspended in 0.4 ml  of
an aqueous phase mixture composed of A solution (1% PVA and 10%
sucrose, w/v) and B solution (20% PEG 400 and 10% ethanol, v/v) at
a ratio of 1:1. The particle sizes, zeta potential, PDI and entrap-
ment efficiency of C-NPs after condensation were determined as
described above. Final concentration of curcumin in C-NPs after
nanoparticle condensation was  confirmed by the HPLC system.

2.4. HPLC system and analytical method validation

2.4.1. HPLC system
The HPLC system consisted of a chromatographic pump

(LC-20AT, Shimadzu, Kyoto, Japan), autosampler (SIL-20AT, Shi-
madzu), diode array detector (SPD-M20A, Shimadzu), and degasser
(DG-240). For HPLC separation, a reversed-phase C18 column
(4.6 × 150 mm,  particle size 5 �m,  Eclipse XDB, Agilent, Palo
Alto, CA, USA) was used. The mobile phase was composed of
acetonitrile-10 mM monosodium phosphate (pH 3.5 adjusted by
orthophosphoric acid) (40:60, v/v) at a flow-rate of 0.8 ml/min. The
run time for analysis was  27 min  and the detection wavelength was
set at 425 nm.  The mobile phase was filtered through a 0.45 �m
Millipore membrane filter and degassed by sonication 2510R-DTH
(Bransonic, CT, USA) before use. The sample injection volume was
20 �l.

2.4.2. Analytical method validation
The stock solution of curcumin in acetonitrile (500 �g/ml) was

diluted with 50% acetonitrile to make serial concentrations of the
working standard solutions (0.1, 0.25, 1, 2.5, 10 and 25 �g/ml). Cal-
ibration standards were prepared by 5 �l of the working standard
solution spiked with 45 �l of blank plasma and organ tissue (liver,
heart, spleen, lung, kidney, brain). Extraction procedures followed
the sample preparation as described in Section 2.6. The calibra-
tion curves were given by: (curcumin peak area/IS peak area for
y-axis and curcumin concentration for x-axis). The limit of detec-
tion (LOD) and the limit of quantification (LOQ) were defined as a

signal-to-noise ratio of 3 and the lowest concentration of the lin-
ear regression, respectively. The accuracy and precision of intra-day
(on the same day) and inter-day (on six sequential days) for the cur-
cumin were assayed (six individual tests). The accuracy (% bias) was
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Table 1
Properties of C-NPs before and after condensation (mean ± SD, n = 3).

Groups Particle size (nm) Polydispersity index Zeta potential (mV) Encapsulation efficiency (%)
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Original 163 ± 8.1 0.053 ± 0.021 

Condensation 168 ±  9.0 0.085 ± 0.011 

alculated as [(Cobs−Cnom)/Cnom] × 100, where Cnom represented
he nominal concentration and Cobs indicated the mean value of
he observed concentration. Precision as the relative standard devi-
tion (RSD) was calculated from the observed concentrations as
ollows: % RSD = [standard deviation (SD)/Cobs] × 100. The % bias
nd % RSD value for the lowest acceptable reproducibility concen-
rations was defined as being within ±15%. The recoveries (%) were
alculated by comparing the curcumin peak area of the extracted
ample with that of the unextracted curcumin standard solution
ontaining the equivalent amount of curcumin in three replicates
at concentrations of 0.1, 0.25 and 2.5 �g/ml).

.5. Animal study

Male Sprague-Dawley rats (210 ± 10 g body weight) were
btained from the Laboratory Animal Center at National Yang-
ing University (Taipei, Taiwan). These animals were specifically

athogen-free and were allowed to adapt to their environmentally
ontrolled quarters (24 ± 1 ◦C and 12:12 h light–dark cycle). Food
Laboratory Rodent Diet No. 5001, PMI  Feeds Inc., Richmond, IN,
SA) and water were available ad libitum.  All animal experiments
ere performed according to the National Yang-Ming University

uidelines, principles, and procedures for the care and use of labo-
atory animals.

Experimental rats were initially anesthetized by a mixture
1 ml/kg, i.p.) of urethane (1 g/ml) and �-chloralose (0.1 g/ml). The
emoral vein was catheterized with polyethylene tubing for i.v.
dministration under anesthesia. Then 25 mg/kg of curcumin and of
-NPs, each dissolved in an aqueous phase mixture as described in
ection 2.3.5, was intravenously injected via the femoral vein tub-
ng. A 500 �l blood sample was obtained by cardiac puncture with a
eparinized syringe and the SD rat was then perfused with normal
aline at 15, 30 and 60 min  after curcumin and C-NPs administra-
ion. The organs (liver, heart, spleen, lung, kidney and brain) were
emoved and transferred into 50 ml  tubes. The brain stem, cerebel-
um, cerebral cortex, hippocampus, striatum and other parts of the
rain were also dissected.

.6. Sample preparation
The blood sample was centrifuged at 6000 rpm for 10 min  at 4 ◦C
or plasma preparation. The supernatant was collected as plasma
amples, and preserved at −20 ◦C before further sample analysis.

Fig. 1. (a) Morphology by transmission electron micro
−12.5 ± 2.8 46.9 ± 8.2
−14.1 ± 1.9 44.8 ± 3.6

The organs and regions of the brain were weighed and homog-
enized with 50% aqueous acetonitrile (1:5, w/v). The organs and
brain tissue samples were then centrifuged at 6000 rpm for 10 min
at 4 ◦C and the supernatant was  collected and preserved at −20 ◦C
before further sample assay.

Each biological sample (50 �l) was vortex-mixed with 100 �l
of IS solution [containing 1.5 �g/ml of 2-(4′-hydroxybenzeneazo)
benzoic acid dissolved in acetonitrile] for protein precipitation.
After centrifuging at 12,000 rpm for 15 min, 20 �l of supernatants
were collected and analyzed by the HPLC system.

2.7. Pharmacokinetic application and statistics

Pharmacokinetic calculations were performed on each individ-
ual set of data using the WinNonlin Standard Edition Version 1.1
(Pharsight Corp., Mountain View, CA, USA) by non-compartmental
method. Pharmacokinetic results are represented as mean ± SEM.
Statistical analysis was  performed by t test (SPSS version 10.0 SPSS,
Chicago, IL) to compare different groups. The level of significance
was set at p < 0.05.

3. Results and discussion

3.1. Curcumin-encapsulation in PLGA nanoparticles

Our C-NPs were prepared by the high-pressure emulsification-
solvent evaporation technique as in our pervious study (Tsai et al.,
2011). For this nano-formulation procedure, PVA was  selected as
the stabilizer for formulation because it has low toxicity (DeMerlis
and Schoneker, 2003). In addition, sucrose was used to increase vis-
cosity of the aqueous phase by decreasing the particle size and PDI
of C-NPs (Tsai et al., 2011). In a drug delivery system, particle size
greatly influences the pharmacokinetics, including the time of cir-
culation, absorption and distribution (Lankveld et al., 2010). PDI is
the index of size distribution that represents the similarity between
particles and a large PDI value indicates that the particle sizes are
substantially different. Unequal particle size can cause the pharma-
cokinetic parameters to be irregular and can affect the therapeutic
efficiency of a drug-formulation (Müller, 1991).

The properties of nanoparticles after curcumin nano-

formulation are shown in Table 1. The size, PDI, zeta potential and
encapsulation efficiency of C-NPs were 163 ± 8.1 nm,  0.053 ± 0.021,
−12.5 ± 2.8 mV  and 46.9 ± 8.2%, respectively. The average diameter
distribution (Fig. 1b) and PDI result demonstrated a narrow size

scopy and (b) average size distribution of C-NPs.
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Fig. 2. In vitro release of C-NPs (mean ± SD, n = 3).

istribution of C-NPs. These results indicate that the size of C-NPs
s consistent with low PDI. The morphology of C-NPs recorded
rom TEM was either spherical or ellipsoidal (Fig. 1a) and the
article size (below 200 nm)  was similar to the data determined
y dynamic light scattering. A recent study demonstrates that
anoparticles smaller than 200 nm are distributed in tumors more
fficiently than larger ones (He et al., 2010). The particle size of
-NPs in this article exhibited positive effect on pharmacokinetics,
s discussed in Section 3.5.

.2. In vitro drug release study

In the formulation system design, it is important that a drug can
e readily released from its encapsulating materials such as PLGA
ecause restricted release of a drug from its formulation materi-
ls will interfere with the drug availability and reduce the drug
fficacy (Müller, 1991). Consequently, to know the in vitro drug
elease is crucial for drug delivery, the in vitro release profiles of
urcumin from PLGA nanoparticles are presented in Fig. 2, which
hows a typical biphasic pattern. Initially, a burst release occurred
n the first 12 h with 59.0 ± 6.7% of the curcumin released from the
LGA nanoparticles. Following this, a gradual drug release was sus-
ained, with from 59.0 ± 6.7% to 89.7 ± 1.4% of C-NPs released after

 days. The sustained release profile of curcumin from nanopar-
icles was consistent with a Higuchi diffusion equation (r2 = 0.95)
Higuchi, 1963). This biphasic release behavior of curcumin from
LGA nanoparticles is consistent with previous research (Shaikh
t al., 2009).

Drug release from PLGA microspheres displays multiple release
hases, including initial burst release, lag phase and zero order
elease (Zolnik and Burgess, 2007). The initial burst release is reg-
lated by diffusion of the surface- and pore-associated drug; the

ag phase and zero order release are controlled by polymer erosion
ombined with diffusion (Faisant et al., 2002). Furthermore, Zolnik
t al. (2006) demonstrated that low molecular weight of PLGA
anoparticles exhibited diffusion-controlled release. Accordingly,
he sustained release of curcumin from nanoparticles prepared
ith low molecular weight PLGA is controlled by diffusion. Sus-

ained release of the drug in a delivery system is an important
roperty closely related with therapeutic pharmacokinetics and
fficacy.
.3. Influence of condensation on nanoparticle characteristics

The influence of condensation on particle size, PDI, zeta poten-
ial and entrapment efficiency is shown in Table 1. None of the
harmaceutics 416 (2011) 331– 338

particle characteristics were significantly changed after nanoparti-
cles condensation compared with the original group. Accordingly,
this condensation procedure will be applied to concentrate the C-
NPs for future animal distribution study. After measurement by
HPLC system, the final concentration of C-NPs was  6.4 ± 0.3 mg/ml
after particle condensation. A recent study implies that the size of
PLGA nanoparticles is significantly increased after freeze-drying,
which occurs when using a cryoprotective agent (Shaikh et al.,
2009), due to mechanical stress from freeze-drying (Abdelwahed
et al., 2006). Therefore, high-speed centrifugation of the nanopar-
ticles followed by re-suspension in an aqueous mixture phase was
used to condense the nanoparticles.

3.4. HPLC system and analytic method validation

Fig. 3(a)–(g) shows the chromatograms of blank liver, heart,
spleen, lung, kidney, brain and plasma, respectively. Fig. 3(h)–(n)
shows chromatograms of the different organ and plasma sam-
ples containing the IS and curcumin collected from rats after i.v.
administration of C-NPs (25 mg/kg). The retention times of the IS
and the curcumin in chromatograms were 6.5 and 22 min, respec-
tively. There were no obvious interference peaks located at the
retention times of analyses in the blank chromatograms. These
results indicate that the Eclipse XDB-C18 column with the mobile
phase of acetonitrile–10 mM monosodium phosphate buffer (pH
3.5) (40:60, v/v) provided good separation and selectivity for cur-
cumin in each biological matrix with these analytical conditions.

The calibration curve for each organ and for plasma had good lin-
earity (r2 > 0.995) over the ranges of 0.025–2.5 �g/ml for organs and
0.01–2.5 �g/ml for plasma, indicating good reproducibility (Chien
et al., 2010). The LOD values for curcumin were determined to be
0.01 and 0.005 �g/ml for organs and plasma, respectively. The LOQ,
defined as the lowest concentration of the linear regression, was
0.025 �g/ml for organs and 0.01 �g/ml for plasma. Intra- and inter-
assay accuracy and precision values for curcumin in organs and
plasma were all within 15%. These method validation results show
that the analytical method for curcumin was  optimized for the fol-
lowing pharmacokinetic analysis. The recoveries of curcumin in
each of the organs and plasma were higher than 95%, indicating
that the efficacy of protein precipitation with acetonitrile at 2-fold
volume was  sufficient for the separation of the curcumin in those
matrices.

3.5. Distribution and pharmacokinetic parameters of curcumin
and C-NPs in organs

The concentration–time curves and the pharmacokinetic
parameters of curcumin and C-NPs in rat organs are illustrated
in Fig. 4 and Table 2, respectively. In the curcumin group, the
AUCs of curcumin in liver (9.06 ± 1.55 min  �g/ml) and kidney
(12.0 ± 0.88 min  �g/ml) were larger than in other organs, indicating
that more curcumin was  in these two organs. One possible rea-
son for these results is that the systemic circulation of curcumin
in the body is limited since a substantial amount of curcumin is
distributed to the liver and kidney, where it is metabolized and
eliminated (Schmidt et al., 2010). However, when C-NPs were intra-
venously administrated, a significant amount of curcumin was
found in the spleen and lung, and the AUC values of curcumin
in these organs were 1213 ± 102 min �g/ml and 196 ± 23.1 min
�g/ml, respectively (Table 2). The levels of C-NPs amassed in
spleen tissue are closely related to phagocytic cell uptake in the
reticuloendothelial system (Moghimi et al., 2001). The lung accu-

mulation contributes to the filtration of pulmonary capillary beds
following intravenous injection of C-NPs (Mastrobattista et al.,
1999). Based on the finding that the main organs of distribution
in the C-NPs-treated group, are the spleen and lungs instead of
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ig. 3. HPLC chromatograms of (a) blank liver, (b) blank heart, (c) blank spleen, (d) b
k)  lung, (l) kidney, (m)  hippocampus, (n) plasma sample collected at 30 min after C-
:  curcumin.
he liver and kidney in conventional curcumin-treated group, the
ction of nanoparticles in our study is credited with the fact that
his formulation prevented curcumin distribution to the major
rgans metabolizing drugs. Kim et al. (2011) reported that when

ig. 4. Concentration–time curve of curcumin and C-NPs in rat (a) liver, (b) heart, (c) sple
5  mg/kg (mean ± SEM, n = 4). �: curcumin; ©:  C-NPs.
ung, (e) blank kidney, (f) blank brain, (g) blank plasma, (h) liver, (i) heart, (j) spleen,
ministration (25 mg/kg, i.v.). Peak 1: 2-(4′-hydroxybenzeneazo) benzoic acid, peak
water-soluble albumin bound-curcumin forms nanoparticles, there
is a great quantity of curcumin in the liver, much higher than
that in the spleen. This result together with our findings implies
that the materials of formulation influence the cell uptake of tis-

en, (d) lung, (e) kidney and (f) brain after i.v. administration of curcumin and C-NPs
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Table  2
Pharmacokinetic parameters of curcumin and C-NPs in rat organs following i.v.
administration.

Organs t1/2 (min) AUC (min �g/ml) MRT  (min)

Liver C 17.6 ± 2.20 9.06 ± 1.55 33.0 ± 1.94
C-NPs 19.8 ± 1.50 71.3 ± 11.7* 35.4 ± 2.40

Heart C 37.5 ± 9.31 3.03 ± 0.85 57.0 ± 11.1
C-NPs 13.4 ± 1.81* 2.82 ± 1.14 27.1 ± 2.80*

Spleen C 12.6 ± 2.46 5.72 ± 1.14 25.6 ± 2.65
C-NPs 14.2 ± 0.96 1213 ± 102* 28.1 ± 1.18

Lung C 13.2 ± 1.16 8.98 ± 1.82 26.1 ± 1.11
C-NPs 15.1 ±  0.48 196 ± 23.1* 30.6 ± 0.36*

Kidney C 19.7 ± 1.13 12.0 ± 0.88 35.4 ± 1.38
C-NPs 48.8 ± 0.81* 16.0 ± 1.78 75.7 ± 1.22*

Brain C 9.20 ± 1.84 4.04 ± 0.22 20.4 ± 0.95
C-NPs 14.8 ± 1.31* 5.68 ± 1.44 27.1 ± 2.04*

t : half-life; AUC: area under the concentration–time curve; MRT: mean residence
t
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Fig. 5. Concentration of curcumin and C-NPs in different brain regions collected at
(a) 15, (b) 30 and (c) 60 min after curcumin and C-NPs administration (i.v., 25 mg/kg,
mean ± SEM, n = 4). �: curcumin; �: C-NPs. *p < 0.05, vs. curcumin.
1/2

ime; C: curcumin; C-NPs: curcumin nanoparticles (mean ± SEM, n = 4).
* p < 0.05, vs. curcumin.

ue via changing zeta potential and particle size (Lankveld et al.,
010).

Fig. 4 shows that in rat organs the curcumin levels were
ncreased by nano-formulation, though this did not occur in heart
issue. The low level of C-NPs in the heart was because they were

ore rapidly eliminated from this organ (t1/2 was decreased to 2.8-
old) than the curcumin group. This rapid elimination from the
eart may  be due to the particle size, which affects the accumu-

ation of nanoparticles in heart cells (Lankveld et al., 2010). This
esult indicates that C-NPs were less effective on the heart than
ther organs. Previous studies have reported that curcumin pro-
ides immune regulation via spleen tyrosine kinase (Gururajan
t al., 2007), protection against lung cancer (Moghaddam et al.,
009), and support of the liver (Wu et al., 2010) and the kidneys
Manikandan et al., 2010). To establish the pharmacodynamic effi-
acy of a compound, relating the site to the action is required.
esults from this study provide solid evidence that curcumin could
e detected in the spleen, lung, liver and kidney, where it may  be
ioactive. Nano-formulation could significantly increase the cur-
umin levels in these organs because of the increased t1/2, AUC
nd MRT  of curcumin (Fig. 4 and Table 2). This suggests that C-
Ps may  be more efficiently distributed to organs than curcumin
lone, thereby supporting therapeutic bioactive properties in the
ody.

.6. Distribution and pharmacokinetic parameters of curcumin
nd C-NPs in regions of the brain

In recent work, curcumin has displayed a substantial neuro-
rotection ability due to its antioxidant characteristic (Sethi et al.,
009). Fig. 4f clearly shows that curcumin and C-NPs can pass
hrough the BBB into brain tissue. The BBB is a tightly protec-
ive reticulum surrounding the brain to restrict substances in the
lood from entering the brain. This protective shield is formed at
he tight junctions of capillary endothelial cells that contribute
o the semi-permeable and selective properties of the BBB. Only
rugs with low molecular weight and high lipid solubility of small
olecules can cross this specialized system into the brain (Alam

t al., 2010). Curcumin is water-insoluble and the formulation
aterial, PLGA, is composed of poly(lactic-co-glycolic acid), which

as high lipid solubility (Park, 1995). Consequently, the ability of
urcumin and its PLGA formulation to cross the BBB into brain
egions are closely correlated with its hydrophobic property. After

ntravenous administration of C-NPs, the MRT  of curcumin in the
rain was significantly increased (from 20.4 to 27.1) over con-
entional curcumin, which might be because t1/2 was increased
ignificantly (from 9.20 to 14.8) (Table 2). The increased MRT  of
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Table 3
Pharmacokinetic parameters of curcumin and C-NPs in different brain regions after
i.v. administration.

Brain regions t1/2 (min) AUC (min
�g/ml)

MRT  (min)

Cerebral cortex C 2.32 ± 0.04 5.39 ± 0.78 17.9 ± 0.50
C-NPs 19.9 ± 2.63* 6.55 ± 2.33 35.1 ± 4.50*

Cerebellum C 16.9 ± 0.79 2.09 ± 0.24 31.5 ± 1.62
C-NPs 17.9 ± 3.17 5.01 ± 2.24 30.6 ± 5.11

Hippocampus C 7.56 ± 0.87 10.8 ± 1.42 16.5 ± 0.39
C-NPs 16.7 ±  2.56* 11.7 ± 4.50 30.2 ± 4.25*

Brain stem C 12.4 ± 0.79 2.49 ± 0.28 22.5 ± 1.10
C-NPs 10.7 ± 1.55 3.96 ± 1.43 24.5 ± 2.09

Striatum C 13.0 ± 1.98 1.74 ± 0.35 24.1 ± 1.35
C-NPs 11.7 ± 0.66 3.01 ± 1.24 23.3 ± 1.06

The rest brain C 12.1 ± 1.10 2.81 ± 0.89 21.9 ± 1.22
C-NPs 11.0 ± 1.94 5.54 ± 3.57 22.4 ± 2.92

t1/2: half-life; AUC: area under the concentration–time curve; MRT: mean residence
t
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DeMerlis, C.C., Schoneker, D.R., 2003. Review of the oral toxicity of polyvinyl alcohol
ime; C: curcumin; C-NPs: curcumin nanoparticles (mean ± SEM, n = 4).
* p < 0.05, vs. curcumin.

urcumin in the brain implies that the nanoparticulated formula-
ion prolonged the retention time of curcumin in brain tissue. This
rolonged retention time of curcumin in the brain may  be because
urcumin had sustained diffusion release from biodegradable PLGA
anoparticles (Fig. 2), thereby maintaining curcumin levels in brain
issue.

Fig. 5a shows that 15 min  after intravenous injection of C-NPs,
he concentration of curcumin in different brain regions was  not
ignificantly different from conventional curcumin. However, at
0 min  curcumin in the hippocampus was significantly increased
ith nanoparticulation (Fig. 5b). In addition, although in the other

rain regions there was no significant difference between these two
roups, curcumin tended to remain in the brain longer after formu-
ation (Fig. 5b and c). It is possible that nano-formulation is resistant
o liver metabolism (Li and Huang, 2008) and so the concentration
f curcumin in rat plasma decreased more slowly than conventional
urcumin (plasma of Fig. 5). Consequently, the C-NPs in rat blood
an be distributed to brain regions more constantly than conven-
ional curcumin at 30 and 60 min  time-points. Furthermore, a great
eal of curcumin existed in the hippocampus for both curcumin and
-NPs group. It is noteworthy that curcumin accumulated more in
he hippocampus than in other regions of the brain (Fig. 5), which

ay  be because the transport of brain cells affects the disposition
f compounds in different regions of the brain (Sarter and Parikh,
005).

The pharmacokinetic parameters of curcumin in different brain
egions after C-NPs and curcumin administration are shown in
able 3. The t1/2 of curcumin in the cerebral cortex (from 2.32
o 19.9) and hippocampus (from 7.56 to 16.7) were significantly
ncreased with curcumin encapsulated in nanoparticles. This t1/2
ncrease was accompanied by a significant increase in MRT. As a
esult, the MRT  values of the cerebral cortex and the hippocampus
ere increased about 2.0- and 1.8-fold, respectively. These results

eveal that the retention time of curcumin in the cerebral cor-
ex and the hippocampus was significantly increased by curcumin
ano-formulation. Previous research has indicated that the cere-
ral cortex is a crucial region related to the development of epilepsy
Andrade, 2009). The hippocampus plays an important role in learn-
ng and memory, and its function is strongly related to patterns of
ementia such as Alzheimer disease (Marlatt and Lucassen, 2010).
owever, Mancuso et al. (2011) have pointed out that the lack of

herapeutic effect from conventional curcumin in the treatment
f patients with Alzheimer disease could be attributable to the

ow concentration of curcumin in the brain. In addition, a recent
tudy found that curcumin reduces the �-synuclein induced cyto-
oxicity of neurons (Wang et al., 2010) and another study shows
harmaceutics 416 (2011) 331– 338 337

that it protects mitochondria against peroxynitrite in nigrostri-
ata, thereby slowing the progression of Parkinson’s disease (Mythri
et al., 2007). Although the concentration of curcumin in striatum
was not significantly different between the two groups, the levels
of curcumin after nano-formulation seemed to be higher than con-
ventional curcumin. For these reasons, C-NPs might be more potent
than conventional curcumin for treating certain brain diseases by
maintaining the concentration level of curcumin in brain regions
for longer periods of time.

According to these distribution results, curcumin can arrive
in organs and regions of the brain, where it can perform its
pharmacodynamic activities, as demonstrated by previous stud-
ies. After nano-formulation, the concentration and retention time
of curcumin in these organs was  significantly increased. These
pharmacokinetic data suggest that C-NPs might offer greater thera-
peutic effect than conventional curcumin from a pharmacodynamic
perspective. Therefore, the distribution results of curcumin and C-
NPs to the site of action are vital for dose determination, time to
administration and toxicity in pre-clinical and clinical therapeutic
research.

4. Conclusion

In this study, an analytical method for determining curcumin
and its nano-formulation in different organs was  optimized. We
demonstrated that curcumin and C-NPs were distributed to the
liver, heart, spleen, lung, kidney and brain. Nano-formulation could
significantly raise the AUC, t1/2, and MRT  of curcumin in all these
organs, except the heart. Distribution levels in regions of the brain
showed that curcumin accumulated in the hippocampus for both
formulations of curcumin. The retention times of curcumin in the
cerebral cortex and hippocampus were significantly extended by
PLGA nanoparticle encapsulation. These results provide informa-
tion to help more effectively in employing curcumin and to clarify
its formulation in therapeutic applications.
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