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The aim of this study was to assess the potential of new copolymeric micelles to modify the pharmacoke-
netics and tissue distribution of Curcumin (CUR), a hydrophobic drug. In the present study, a poly (D,L-lac-
tide-co-glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactide-co-glycolide) (PLGA-PEG-PLGA) copolymer
was synthesized and characterized by 1H NMR, gel permeation chromatography and FTIR analysis. The
CUR-loaded PLGA-PEG-PLGA micelles were prepared by dialysis method and the physicochemical param-
eters of the micelles such as zeta potential, size distribution and drug encapsulation were characterized.
The pharmacokinetics and biodistribution of CUR-loaded micelles in vivo were evaluated. The results
showed that the zeta potential of CUR-loaded micelles was about �0.71 mV and the average size was
26.29 nm. CUR was encapsulated into PLGA-PEG-PLGA micelles with loading capacity of 6.4 ± 0.02%
and entrapment efficiency of 70 ± 0.34%. The plasma AUC(0–1), t1/2a, t1/2b and MRT of CUR micelles were
increased by 1.31, 2.48, 4.54 and 2.67 fold compared to the CUR solution, respectively. The biodistribution
study in mice showed that the micelles decreased drug uptake by liver and spleen and enhanced drug
distribution in lung and brain. These results suggested that PLGA-PEG-PLGA micelles would be a potential
carrier for CUR.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Recently, medical applications of polymeric nanoparticles to
achieve site-special drug delivery have attracted growing interest.
Especially, polymeric micelles are currently recognized as one of
the most promising carriers of drug [1]. Amphiphilic copolymer
in aqueous solution can self- assemble into micelles due to hydro-
phobic interactions among the water-insoluble segments. Poly-
meric micelles as nanocarriers have gained attention due to
several advantages, such as (i) the low toxicity; (ii) the high stabil-
ity; and (iii) the small size (<200 nm), which has made them ideal
candidate for passive targeting of solid tumor by enhanced perme-
ation and retention (EPR) effect [2–5]. This approach has been used
to deliver drugs such as paclitaxel [6], prednisone acetate [7] and
doxorubicin [8], etc.

Copolymer PLGA-PEG-PLGA is an excellent biomedical material
and displays many advantages, e.g. biocompatible, degradable,
thermosensitive and easy controlled characters. Potential advan-
tage provided by the hydrophilic poly (ethylene glycol) (PEG) can
improve the biocompatibility of the delivery vehicle. This is be-
ll rights reserved.
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cause most of the biological environment is hydrophilic in nature
and biocompatibility appears to be correlated directly with the de-
gree of hydrophilicity that a surface exhibits [9]. The nonionic
hydrophilic PEG shell can suppress the adsorption of opsonin and
subsequent clearance by the mononuclear phagocyte system, pro-
long the circulation time, and influence the pharmacokinetics and
biodistribution of the drug delivery system [10,11], while the
hydrophobic core of D,L-lactide (D,L-LA) and glycolide (GA) can sol-
ubilize hydrophobic drugs. Hence, it has been studied widely as a
biomaterial for sustained release of drugs and antigens [12–18].
But there is rare report about PLGA-PEG-PLGA nano-micelles as
carriers for drug delivery. Many early reports have proved that
polymeric amphiphiles consisting of hydrophilic PEG and
hydrophobic low-molecular-weight natural components such as
diacyllipid, fatty acid and bile salts can form self-aggregated
micelles [19–22]. It is therefore conceivable that the triblock
copolymer PLGA-PEG-PLGA formed by incorporation of a hydro-
philic segment such as PEG into the hydrophobic PLGA chain
would self-assemble into micelles and facilitate the drug release.

Curcumin (diferuloylmethane, CUR, Fig. 1) is a low-molecular-
weight, natural polyphenolic compound that is isolated from the
rhizome of turmeric (Curcuma longa). It is a lipophilic fluorescent
molecule with phenolic groups and conjugated double bonds. It
has a low intrinsic toxicity but a wide range of pharmacological
activities including antioxidant, anti-inflammatory, antimicrobial,
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Fig. 1. Structure of curcumin (CUR).
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antiamyloid, and antitumor properties [23,24]. Preclinical studies
of CUR have shown its ability to inhibit carcinogenesis in a variety
of cell lines that include breast, cervical, colon, gastric, hepatic, leu-
kemia, oral epithelial, ovarian, pancreatic, and prostate cancer [25].
The ability of CUR to induce apoptosis in cancer cells without cyto-
toxic effects on healthy cells makes it a potential compound for
drug development against cancer [25,26].

The major problem with CUR is its extremely low solubility in
aqueous solution (2.99 � 10�8 M) and its poor bioavailability,
which limits its clinical efficacy [27,28]. Attempts have been made
through encapsulation in polymeric micelles, liposomes, polymeric
nanoparticles, lipid-based nanoparticles, and hydrogels to increase
its aqueous solubility and bioavailability [29–34].

In this study, the PLGA-PEG-PLGA conjugate was synthesized
through an ester linkage ring-opening reaction with Stannous 2-eth-
ylhexanoate as catalysis. The micelles of PLGA- PEG-PLGA were suc-
cessfully prepared at first. The physicochemical characteristics of
CUR-loaded PLGA-PEG-PLGA micelles such as morphology, particle
size, zeta potential and loading efficiency were investigated. And
the pharmacokinetics and biodistribution of CUR-loaded micelles
in mice were evaluated with CUR solution (CUR-solution) as control.

2. Experimental section

2.1. Materials

CUR was purchased from Fluka Chemical Company Inc. (Buchs,
Switzerland). Poly (ethylene glycol) (PEG) (Mw ¼ 1500) was pur-
chased from Shanghai Pudong Gaonan Chemical Factory (Shanghai,
China). D,L-Lactide, and glycolide monomers for synthesis of
PLGA–PEG–PLGA polymer were obtained from Jinan Daigang Bio-
technology Co., Ltd. (Jinan, China). Stannous 2-ethylhexanoate
was procured from Sigma Chemicals (St. Louis, MO, USA). Pyrene
was obtained from Baotou Science and Technology Industry Trade
Co. Ltd. (Baotou, China). All the other chemicals and solvents were
of analytical grade or higher, obtained commercially. Dialysis
membrane was obtained from Viskase� Companies, Inc. (USA).

2.2. Synthesis of PLGA-PEG-PLGA triblock copolymer

PLGA-PEG-PLGA was synthesized by ring-opening method de-
scribed by Ali et al. [35]. Briefly, ring-opening polymerization of
lactide (5905 mg) and glycolide (595 mg) in the presense of PEG
(3500 mg) was performed to synthesize PLGA-PEG-PLGA using
stannous octanate as catalyst.

2.3. Polymer characterization

2.3.1. 1H NMR spectrum of copolymer
1H NMR spectrum has been used for structure analysis. Spectra

were recorded using a 600 MHz Bruker spectrometer (AVANCE
model, Germany) at 25 �C. Deuterated chloroform (CDCl3) was
used as solvent.

2.3.2. FTIR analysis
The characterization of the functional groups was carried out by

FTIR analysis using a NEXUS 470 FTIR spectroscopy (Nicolet, USA).
The samples were prepared by spreading PLGA-PEG-PLGA on the
potassium bromide tablet or compressing LA, GA and PEG into pel-
lets with potassium bromide.
2.3.3. Gel permeation chromatography
Copolymer molecular weights were determined on a Waters

GPC system equipped with an isocratic pump (Waters 1525) oper-
ated at a flow rate of 1.0 mL/min with tetrahydrofuran (THF), an
autosampler (Waters 717 plus), a column oven and a dual k absor-
bance detector (Waters 2487) with integrated temperature con-
troller maintained at 35 �C. For molecular mass separation a
guard column (PLgel 5 lm) and a Styragel HT3 column (10 lm,
300 � 7.5 mm) were used in-line at 35 �C. Calibration was carried
out using ND (narrow distributed)-polystyrene standards. The mo-
bile phase was THF (HPLC grade) stabilized with dieter butyl-2,6-
methyl-4-phenol. Polymer sample was dissolved in THF, shortly
sonicated in an ultrasonic bath to form a homogenous solution.
Chromatography was carried out after sample filtration through a
0.45 lm PTFE filter.
2.4. Physicochemical characterization of copolymer micelles

2.4.1. CMC of copolymer
Copolymer was precisely weighted and dissolved in redistilled

water at 5–8 �C and stored at 4 �C for 24 h. By dilution with
redistilled water, a series of aqueous solutions with different con-
centration of copolymer were obtained as follow: 1 � 10�3,
5 � 10�4, 1 � 10�4, 5 � 10�5, 1 � 10�5, 5 � 10�6, 1 � 10�6,
5 � 10�7, 1 � 10�7, 5 � 10�8 g/mL.

A 0.1 mL of 2 � 10�4 mol/L solution of pyrene in acetone was
aliquoted into a series of amber glass vials and acetone was evap-
orated under a stream of nitrogen. The copolymer solutions in
water ranging in concentrations were added into the vials to give
a final pyrene concentration of 2 � 10�6 mol/L All the solutions
were equilibrated in water bath at 60 �C, stored overnight at room
temperature and filtered through 0.45 lm filter membrane prior to
measurements.

CMC of the copolymer was determined by fluorescence spec-
troscopy using pyrene as fluorescence probe. The fluorescence
spectrum was recorded on a fluorescence spectrophotometer (F-
7000 FL, Hitachi Corp., Japan). The excitation spectrum was re-
corded from 300 to 360 nm with an emission wavelength of
390 nm. Both excitation and emission bandwidths were 2.5 nm.
Scanning speed was 240 nm min�1. Fluorescent spectra of pyrene
solutions contained a vibration band exhibiting high sensitivity
to the polarity of the pyrene environment. As shown in the excita-
tion spectra of pyrene with formation of micelles, pyrene would
move into the inside of micelles from the aqueous phase, which re-
sulted in an alteration in the intensity ratio (I335/I332) of pyrene
fluorescence bands A (335 nm) to B (332 nm). The intensity ratios
(I335/I332) were analyzed as a function of copolymer concentration
at room temperature. A CMC value was taken from the intersection
of the tangent to the curve at the inflection with the horizontal tan-
gent through the points at low concentrations.
2.4.2. Encapsulation of CUR in PLGA-PEG-PLGA micelles
The micelles were prepared by a solvent-dialysis method.

Briefly, the copolymer (50 mg) and CUR (5 mg) were dissolved in
2 mL of acetone, and treated with ultrasonic for 5 min. The mixture
was then dialyzed against distilled water at 4–8 �C for 24 h using a
dialysis membrane with a molecular weight cut-off of 3500. After
dialysis, the solution in the dialysis bag was collected and filtered
with 0.45 lm pore-sized membrane to remove the undissolved
CUR.
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2.4.3. Particle size and zeta potential
The mean diameter and zeta potential of the CUR-loaded

copolymer micelles were determined by using a Zetasizer
3000HS instrument (Malvern Instruments Ltd., UK). The dimension
of the micelles without curcumin was also characterized, The mea-
surements were performed using He–Ne Laser beam of 633 nm
wavelength. Particle size was measured at a fixed scattering angle
of 90� at 25 �C, and the data were evaluated using the volume dis-
tribution. Zeta potential was analyzed at 25 �C. All the measure-
ments were analyzed in triplicate.

2.4.4. Morphology of copolymer micelle
The morphology of the copolymer micelles was observed under

transmission electron microscope (TEM, JEM-1200EX, JEOL, Tokyo,
Japan). One drop of copolymeric micelle solution was placed on a
film-coated copper grid followed by negative staining with phos-
photungstic acid (PTA) for 20 s, excess solution was absorbed with
filter paper, and samples were naturally dried for observation.

2.4.5. Entrapment efficiency (EE) and drug loading (DL)
The CUR content in the micelles was determined using the UV–

vis spectrophotometer at 425 nm. The drug loading content and
drug encapsulation efficiency were calculated based on the follow-
ing formula [36]:

encapsulation efficiency ¼ weight of drug in micelles
weight of the initial drug

� 100%

drug loading content ¼ weight of drug in micelles
weight of micelles

� 100%

Because of CUR’s low solubility in water (11 ng/ml) [30,31], its
content in water was ignored when compared with loading con-
tent of CUR into the micelles. So the content of free CUR in water
was not included when calculating the loading content and entrap-
ment efficiency.

2.5. Evaluation of the pharmacokinetics and biodistribution in mice
of CUR-loaded copolymer micelles following i.v. administration

Kunming mice with body weights ranging from 18 to 22 g were
purchased from Experimental Animal Center of Shandong Univer-
sity (Shandong, China). All animal experiments complied with the
requirements of the National Act on the use of experimental ani-
mals (People’s Republic of China). Mice were fasted for 12 h before
experiment with free access to water. They were randomly divided
into two groups with five for each group.

As control, CUR was solubilized in a reported solution for injec-
tion containing 15% of DMA, 45% of PEG400 and 40% of dextrose
solution with the concentration of dextrose at 5% [37]. Control
solution and CUR-loaded copolymer micelles were injected intra-
venously to the mice via the tail vein at the doses of 10 mg/kg,
respectively. At each time point blood samples were collected via
eye sockets and immediately centrifuged at 3000 r/min for
10 min to obtain plasma. The animals were sacrificed (n = 5) by
cervical dislocation. Tissue samples (i.e. heart, lung, kidney, liver,
brain and spleen) were collected. These tissue samples (no more
than 100 mg) were washed with ice-cold saline, blotted with filter
paper, to remove fluid, weighed, then placed in 1 mL physiological
saline and homogenized. 50 lL of citrate buffer solution were
added to 0.8 mL of aliquots of the homogenized samples or
150 lL of plasma, and vortexed for 30 s, followed by addition of
2 mL of ethyl acetate, respectively. The above mixture was vor-
texed for 3 min and centrifugated for 5 min at 3000 r/min, respec-
tively. The supernatant was collected and transferred to other
centrifuge tubes, the residue was added 2 mL of ethyl acetate
again. The combined supernatant (containing extracts) was dried
under a stream of nitrogen gas at 40 �C. The obtained solid samples
were re-dissolved with methanol (100 lL) and centrifuged at
10,000 r/min for 10 min. 20 lL of supernatant was collected and
detected by high performance liquid chromatography (HPLC).

CUR was assayed by reversed phase-HPLC with UV detector
(Agilent 1100, USA) [37]. The mobile phase was composed of 52%
acetonitrile and 48% citric buffer (1% w/v citric acid solution ad-
justed to pH 3.0 using concentrated sodium hydroxide solution).
The flow rate was set at 1.0 mL/min and the detection wavelengths
were at 425 nm.

3. Results and discussion

3.1. Polymer characterization

The structure of PLGA-PEG-PLGA was shown in Fig. 2. It is a
nonionic triblock copolymer consisting of hydrophilic PEG and
hydrophobic PLGA segments.

A typical 1H NMR spectrum of PLGA-PEG-PLGA obtained was
very similar to the reported spectrum [38]. The presence of
methine (CH) and methyl (CH3) protons in LA were observed at
around 5.17 ppm (e) and 1.55 ppm (a), respectively. Tetralet and
doublet split peaks were obviously found. The methene protons
in CH2 group of PEG and in terminal CH2 group of PEG were around
3.64 ppm (b) and 4.36 ppm (c), respectively. The evidence for
methene in GA occurred at around 4.8 ppm (d).

The infrared spectra of PEG, GA, D,L-LA and PLGA-PEG-PLGA
were presented in Fig. 3. The peak at 1455 and 1352 cm�1, similar
to site of D,L-LA methyl group peak, were assigned to the character-
istic of polymer’s methyl group. The peaks at 2877 cm�1 and
1100 cm�1 were shown for the characteristics of polymer’s methy-
lene group near to oxygen atom and C–O–C group. So, it is proven
that PEG ether linkage exists in the polymer. The peak at
1757 cm�1, similar to site of D,L-LA and GA carbonyl group, repre-
sented for carbonyl group in polymer. The peak at 3497 cm�1

was attributed to terminal hydroxyl group of LA or GA structure
piece in the polymer product, while the peak at 1189 cm�1 for C–
O linkage of ester in polymer. Therefore, it could be concluded that
in polymer there existed ester groups which were formed by
inducting LA and GA into PEG. These results confirmed that PEG re-
acted with LA and GA, as a result, PLGA-PEG-PLGA was produced.

The molecular weight of copolymer was determined using GPC
method. Chromatogram of copolymer was shown in Fig. 4. The elu-
tion volume was 28 mL for copolymers according to its molecular
weight. The other peaks in the chromatogram were related to the
solvents. The Mn (Number-average molecular weight), Mw
(Weight-average molecular weight) and Mp (Peak molecular
weight) of PLGA-PEG-PLGA were 7956, 9637 and 9912, respec-
tively. The Pd (Polydispersity, Pd = Mw/Mn) of copolymer was
about 1.233, which showed a symmetric peak and had a relative
narrow molecular weight. Unimodal GPC with low polydispersity
confirmed the formation of triblock copolymer.

3.2. Physicochemical characterization of copolymer micelles

3.2.1. CMC of copolymer
PLGA-PEG-PLGA copolymer in water can self-assemble into mi-

celles. Figs. 5 and 6 showed that the CMC of copolymer at room
temperature was 2.82 � 10�5 g/mL. The low CMC indicated that
nano-scoped micelles could be formed at a lower copolymer
concentration due to the strong hydrophobicity of PLGA-PEG-PLGA
copolymer.

3.2.2. Particle size, zeta potential and morphology
The distribution of sizes of CUR-loaded micelles was shown in

Fig. 7. The zeta potential of CUR-loaded micelles was about



Fig. 2. The synthesis routine of PLGA-PEG-PLGA.

Fig. 3. IR spectrum of PLGA-PEG-PLGA, GA, D,L-LA and PEG.
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�0.71 mV, which implied a nearly neutral surface charge. The
average size of blank and CUR-loaded micelles was 24.74 nm and
26.29 nm with rather narrow size distribution patterns,
respectively.

As shown in Fig. 8, the morphology of the CUR-loaded micelles
observed under TEM was spherical in shape with a smooth surface.
3.2.3. Entrapment efficiency (EE) and drug loading (DL)
The average drug encapsulating efficiency and drug loading

were 70 ± 0.34% and 6.4 ± 0.02% (w/w), respectively. The higher ra-
tio of hydrophobic groups (such as GA and D,L-LA) in the core of
PLGA-PEG-PLGA micelles made CUR more easily load into the core
of PLGA-PEG-PLGA micelles by interaction between CUR and
hydrophobic group of PLGA-PEG-PLGA micelles. So, this high EE
and DL were considered as a result of the synergistic effect of the
unique micellar encapsulation.
3.3. Evaluation of the pharmacokinetics of micelles following i.v.
administration

Because of PLGA-PEG-PLGA’s degradation described in the early
report [39], CUR in tissues was extracted with acetic ether as soon



Fig. 4. Gel permeation chromatograms of PLGA-PEG-PLGA.

Fig. 5. Pyrene excitation spectra of PLGA-PEG-PLGA aqueous solutions (emission
wavelength at 390 nm).

Fig. 6. Intensity ratio of I335/I332 vs. lgC for PLGA-PEG-PLGA in water.
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as possible in sample preparation for analysis of HPLC in order to
avoid degradation. Citric acid (pH = 3.0) was added to keep stabil-
ity of CUR because CUR was stable only in acid environment
(pH = 3.0–6.5) [40]. The chromatograms of CUR showed a stable
baseline and good resolution between CUR and endogenous mate-
rials in plasma and tissues. The limit of detection found was 10 ng/
mL and the mean recovery of CUR in plasma and tissues was more
than 80% within the range of 20–1000 ng/mL at the present assay
conditions.

The profiles of CUR concentration in plasma vs. time were
shown in Fig. 9, CUR from both formulations was eliminated
in vivo in a short time, and the concentration of CUR in plasma
was lower than 10 ng/mL at 4 h after administration.

Based on the analysis of the models and parameters with
‘‘DAS2.0 practical pharmacokinetics program”, it was concluded
that the in vivo pharmacokinetics of CUR-loaded micelles in blood
could be described by two-compartment model after i.v. adminis-
tration. The pharmacokinetic parameters, such as area under the
drug concentration–time curve values (AUC(0–1)), mean residence
time (MRT), total clearance (CL/Z), and biological half life (t1/2a,
t1/2b), were reported in Table 1.

As shown in Table 1, the pharmacokinetic parameters of CUR
micelles in mice showed significant changes in comparison to
these of the CUR solution. PLGA-PEG-PLGA micelles provided high-
er AUC(0–1) (1.31 fold), MRT (2.67 fold), clearance half life (t1/2)
(2.48 fold) and distribution half life (t1/2) (4.54 fold) compared to
the CUR solution. The CUR-loaded micelles also decreased CL/Z

and Cmax compared to CUR solution, respectively. The prolongation
of half life (t1/2), enhanced residence time (MRT) and decreased to-
tal clearance (CL/Z) indicated that CUR-loaded micelles could pro-
long acting time of CUR in vivo. This result may be related to the
CUR location within the micelles and increased viscosity of copoly-
mer solution at the body temperature [14]. The variation of
AUC(0–1) from 474.0 ± 18.21 lg/L h to 621.6 ± 24.68 lg/L h indi-
cated that the CUR-loaded micelles provided higher bioavailability
than CUR solution.
3.4. Evaluation of biodistribution of micelles in mice following i.v.
administration

The tissue distribution of CUR micelle and CUR solution after
intravenous administration was compared in mice. As shown in
Fig. 10 and Fig. 11, CUR was widely and rapidly distributed into
most tissues with exception of heart following i.v. administration
of micellar preparation. Micelles could markedly promote enrich-
ment of CUR in lung, brain and kidney and reduce the distribution
of CUR in spleen and liver compared with CUR solution. The results
indicated that the CUR micelles could deliver CUR mainly to kidney
and lung at 5 min. Drug concentrations for CUR micelles attached
to peak concentration in liver (2214.9 ng/g) and kidney (426.9
ng/g) at this time. After 30 min, the drug was not detected in



Fig. 7. Distribution of copolymer’s micelle size.

Fig. 8. TEM micrograph of CUR-loaded micelles (100,000�, the scale bar is 100 nm).

Fig. 9. The profile of concentration of CUR in plasma verse time after i.v. injection of
CUR solution and CUR micelles.

Table 1
The pharmacokinetic parameters of CUR solution and CUR micelles (n = 5).

Pharmacokinetic parameters CUR solution CUR micelles

t1/2a (h) 0.023 ± 0.005 0.057 ± 0.001
t1/2b (h) 0.254 ± 0.075 1.153 ± 0.083
AUC(0–1) (lg/L h) 474.0 ± 18.21 621.6 ± 24.68
MRT(0–1) (h) 0.338 ± 0.027 0.901 ± 0.107
Cmax (mg/L) 3.661 ± 0.049 2.173 ± 0.099
CL/Z (L/h/kg) 21.119 ± 0.827 16.107 ± 0.66

Fig. 10. Distribution in tissue in mice after i.v. administration of CUR solution.
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kidney. While the drug concentrations in lung for micelles showed
the gradually decreased trend with time up to 24 h. In brain, at 4 h
after administration drug concentrations for micelles reached peak
value (161.9 ng/g) which was 6.28 folds that (25.8 ng/g) for CUR
solution. This result demonstrated that PLGA-PEG-PLGA micelles
could distinctly enhance distribution of drug into brain.

It was noted that the diameter of 26 nm for the PLGA-PEG-PLGA
micelles was consistent with a model of spherical single core mi-
celle reported in early research [41,42], in which the condensed
PLGA core is surrounded by a shell of PEG strands. The advantage
of a small diameter as well as distinct core–shell architecture con-
tributed substantially to the reduced uptake into the reticuloendo-
thelial system in liver and spleen.

In the early report, it was demonstrated that the blood–brain
barrier (BBB) might be overcome by particles with a size of about
<50 nm [43]. The surface charge of nanoparticles was also an
important feature in their effectiveness, because neutral or nega-
tively charged surfaces experienced a greater volume of distribu-
tion when directly delivered in brain [44]. So, it was concluded
that the smaller diameter (26 nm) and the nearly neutrally charged
property (�0.71 mv for zeta potential) of CUR-loaded PLGA-PEG-
PLGA micelles can contribute to the breakthrough of BBB and accu-
mulation of drug in brain.

However, why could PLGA-PEG-PLGA micelles obviously ele-
vate drug accumulation in lung? Nanocarriers about 100 nm in
diameter are able to pass through the vascular endothelium and
reach pulmonary alveoli [45]. Therefore, PLGA-PEG-PLGA micelles
with a size of about 26 nm showed most potential for accumula-
tion in the lungs. The pulmonary accumulation effect is also related
to the physiological structure and function of the lungs. In order to
cope with periods of high cardiac output and satisfy oxygen
demands, blood pressure and the rate of perfusion in the lungs



Fig. 11. Distribution in tissue of CUR in mice after i.v. administration of micelle preparation.

Table 2
Biodistribution indexes of CUR micelles and CUR solution in mice.

Tissue CUR micelles CUR solution Cea

AUC(0–1) (lg/L h) Cmax (lg/L) AUC(0–1) (lg/L h) Cmax (lg/L)

Liver 546.09 141.68 142.02 270.61 0.52
Spleen 213.70 165.64 621.80 389.17 0.43
Lung 6922.8 1060.0 1245.6 1041.7 1.02
Heart – – – –
Kidney – – – –
Brain 853.71 161.87 59.65 80.73 2.00

a Ce = (Cmax)micelles/(Cmax)solution.
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are significantly lower than in the systemic vasculature [46], which
lays the foundation for the lung to receive high doses of injected
drugs. Moreover, reports have indicated that the pulmonary accu-
mulation of nanoparticles is caused by the selective absorption by
pneumocytes [47]. The alveolar epithelium is formed by types I
and II pneumocytes, and phospholipids and other pulmonary sur-
factants are synthesized and secreted by type II pneumocytes to
degrade alveolar surface tension. The surfactant can be transported
and suffers pinocytosis by type I pneumocytes [48]. The ability of
PLGA-PEG-PLGA copolymer forming micelles indicated that it
could present surface activity. The surface activity of PLGA-PEG-
PLGA micelles could stimulate the adsorption of type I pneumo-
cytes, and transfer CUR into the lungs. As a result, CUR accumula-
tion was elevated in lung.

Ce is an index for distribution difference in tissues compared to
the control [49]. It demonstrates the micelles’ ability of changing
drug’s distribution in tissues. The larger its value is, the more obvi-
ous distribution difference is. The Ce values of CUR-loaded PLGA-
PEG-PLGA micelles for brain and lung were respectively 2.00 and
1.02 (Table 2). These results showed that these micelles could obvi-
ously elevate the distribution of CUR in brain and lung. However,
the Ce values for other tissues were less than 1. This result indi-
cated that micelles decreased CUR’s distribution in these tissues.

At many predetermined time points, the concentrations of CUR
in heart and kidney for micelles and solution were lower than the
assaying limit for CUR, therefore, many pharmacokinetic parame-
ters could not be obtained, which indicated that CUR couldn’t do
harm to kidney and heart.
4. Conclusions

PLGA–PEG–PLGA triblock copolymers were synthesized by a
ring-opening reaction of L-lactide with PEG using stannous octan-
ate as catalyst. Micelles were firstly prepared with this triblock
copolymers using solvent-dialysis method and successfully encap-
sulated hydrophobic CUR. The plasma AUC(0–1), t1/2a, t1/2b and MRT
of CUR micelles in mice were improved compared to the control
CUR solution, respectively. The biodistribution study in mice
showed that the PLGA-PEG-PLGA micelle formulation decreased
drug uptake by the liver and spleen, and increased the distribution
of drug in lung and brain. The results implied that PLGA–PEG–PLGA
micelles could be a promising drug carrier for water poorly soluble
drug.
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