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Polymeric micelles represent interesting delivery systems for pulmonary sustained release. However, lit-
tle is known about their in vivo release and translocation profile after delivery to the lungs. In the present
study, curcumin acetate (CA), which is an ester prodrug of curcumin, or the mixture of CA and Nile red
was encapsulated into PEG-PLGA micelles by a solvent evaporation method. The micellar formulation
increased the stability of CA in water and physiologically relevant fluids and led to a sustained drug
release in vitro. Following intratracheal (IT) administration to rats, CA loaded micelles achieved not only
prolonged pulmonary retention with AUC values almost 400-fold higher than by IV route, but also local
sustained release up to 24 h. In addition, IT delivery of micelles appeared to facilitate the uptake into the
pulmonary vascular endothelium and efficiently translocate across the air-blood barrier and penetrate
into the brain. Co-localization of CA and Nile red confirmed that micelles in lung and brain tissue were
still intact. This study is the first to demonstrate that aerosolized PEG-PLGA micelles are a promising car-

rier for both pulmonary and non-invasive systemic sustained release of labile drugs.

© 2014 Published by Elsevier B.V.

1. Introduction

Curcumin is the major active ingredient of Curcuma longa
rhizome (popularly known as turmeric). The compound has
been associated with anti-oxidant, anti-inflammatory and immu-
nomodulatory pharmacological effects [1]. As an NF-xB inhibitor,
curcumin has exhibited protective effects in chronic hypoxic
hypercapnic and monocrotaline (MCT) induced pulmonary arterial
hypertension (PAH) in rats [2,3] and it is thus considered as a
potential therapeutic agent for PAH [4].

Abbreviations: BBB, blood-brain barrier; CA, curcumin acetate; DL, loading
content; DPI, dry powder inhaler; DSC, differential scanning calorimetry; EE,
encapsulation efficiency; IT, intratracheal; IV, intravenous; LLOD, lower limit of
detection; LLOQ, lower limit of quantification; MCT, monocrotaline; MOC, overlap
coefficient according to Manders; PAH, pulmonary arterial hypertension; PCC,
Pearson’s correlation coefficient; PDI, polydispersity index; RSD, relative standard
deviations; SD, standard deviation; SDS, sodium dodecyl sulfate; S/N, signal-to-
noise ratio; Te, targeting efficiency.

* Corresponding author. Institute of Medicinal Plant Development, Chinese
Academy of Medical Sciences & Peking Union Medical College, 151 Malianwa
North Road, Haidian District, Beijing 100193, China. Tel./fax: +86 10 57833268.

E-mail address: yhliao@implad.ac.cn (Y.-H. Liao).

http://dx.doi.org/10.1016/j.ejpb.2014.10.010
0939-6411/© 2014 Published by Elsevier B.V.

PAH is a chronic and intractable disease characterized by an ele-
vation in pulmonary artery pressure that leads to right-sided heart
failure and premature death [5]. Various pharmacological treat-
ments, including prostacyclin analogues such as epoprostenol, tre-
prostinil and iloprost, endothelin receptor antagonist such as
bosentan, and phosphodiesterase 5 inhibitors such as sildenafil
and tadalafil, have been approved for this life-threatening disorder,
and these interventions can improve symptoms and quality of life
for moderate and severe PAH [5-8]. However, most drugs have a
very short half-life, often requiring continuous subcutaneous or
intravenous infusion to elicit their therapeutic benefit. Meanwhile,
systemic exposure of anti-PAH agents can induce off-target actions
and result in minor or sometimes even severe side effects, leading
to limited treatment compliance [9]. Consequently, non-invasive
delivery of inhaled prostacyclins is considered as the most promis-
ing means to minimize the systemic side effects while achieving
effective pulmonary vasodilation [9,10]. Yet, the existing inhaled
medications require repeated dosing (e.g., 6-9 times for inhaled
iloprost) due to rapid pulmonary clearance and commonly lead
to cough and throat irritation [11-13]. These limitations of current
inhaled therapy necessitate the development of novel inhalable
formulations that can achieve pulmonary sustained release, or
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ideally directly target the pulmonary arterial endothelial cells, and
to avoid local irritation.

In this context, microparticles [14-17], liposomes [18-20],
nanoparticles [21,22], PEG-lipid micelles [23] and nanocrystals
[24] have been investigated, and some different nanocarriers have
been used to achieve pulmonary sustained release [24-28].

Due to its poor physicochemical and biopharmaceutical proper-
ties including very labile stability, poor oral bioavailability and
rapid systemic elimination, the clinical use of curcumin is limited.
Systemic delivery of curcumin loaded nanoparticles tends to meet
difficulty in achieving therapeutic level of the drug in the lung for
anti-PAH since the thickened pulmonary vascular wall under PAH
pathological condition restrains nanoparticles from extravasating
through the vessels to the lung [29]. Considering the fact that poly-
meric micelles have the property to extend pulmonary drug
release [30] and esterified prodrugs can prolong pulmonary reten-
tion [31], mPEG-PLGA micelles might be utilized as carriers for the
encapsulation of CA, an acetate prodrug of curcumin.

The main objective of this study was to determine the in vivo
release and translocation profiles of micelles after delivery to the
lungs, which were largely uninvestigated in previous studies on
inhaled micellar/liposomal systems. The further objective was to
test the hypothesis that CA-loaded mPEG-PLGA micelles via the
pulmonary route were effective carriers for providing sustained
levels of curcumin in the lung and thus increase the local accumu-
lation of the drug in the pulmonary arteries.

2. Materials and methods
2.1. Materials

CA and curcumin with a purity >98% (determined by HPLC and
differential scanning calorimetry, DSC) were donated by Ding-Guo
Biotechnology Co., Ltd., (Beijing, China). Leucine was purchased
from Alfa Aesar (Ward Hill, MA, USA). Nile red and coumarin-6
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Aloe-emodin was obtained from the National Institute for the Con-
trol of Pharmaceutical and Biological Products (Beijing, China).
MPEG3000-PLGA5000 (LA:GA =75:25) was purchased from Shan-
dong Dai Gang Biotechnology Co., Ltd (Shandong, China). Acetoni-
trile (ACN) and tetrahydrofuran (THF) of HPLC grade were obtained
from Merck (Darmstadt, Germany) and formic acid of HPLC grade
from Dima (Lake Forest, CA, USA). Water was purified by a Milli-
Q water purification system (Millipore, Bedford, MA, USA). All
other chemicals and reagents were of analytical grade.

2.2. Preparation and characterization of CA-loaded mPEG-PLGA
micelles

2.2.1. Preparation

Micelles loaded either with CA or a mixture of CA and Nile red
or coumarin-6 (5:1) were prepared according to the previously
published solvent evaporation method [32]. Briefly, CA, Nile
red/coumarin-6 and mMPEG;pgo-PLGAsgoo (1:40, w/w) were co-
dissolved in dichloromethane. The organic solvent was evaporated
under vacuum to form a film, followed by the addition of
pre-warmed water in the presence of leucine (1% of the polymer)
at 50°C. Finally, the non-incorporated drug was removed by
filtering through a 220 nm nylon membrane and the filtrates were
subjected to characterization and freeze-drying.

2.2.2. Dynamic light scattering

Before measurements, the micellar dispersions without freeze-
drying or the reconstituted dispersions after freeze-drying were
subjected to 200-fold dilution. The hydrodynamic diameter of the

micelles was measured by dynamic light scattering using a
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK)
equipped with a 10 mW HeNe laser at a wavelength of 633 nm
an a temperature of 25 °C. Scattered light was detected at 173°
angle with laser attenuation and measurement position adjusted
automatically by the instrument’s software. The particle size was
calculated automatically based on the scattered light and the
Brownian motion of the particles using the Stokes-Einstein
equation

Rh = kBT /677D

With the radius of the particles being Rh, the Boltzmann constant is
kB, the absolute temperature T, the solvent viscosity #, and the
diffusion coefficient D. Values given are the means = SD of three
different experiments with each experiment comprising three mea-
surements of the same sample with at least 10 runs, as determined
by the Zetasizer.

2.2.3. Laser Doppler velocimetry

The zeta-potential was measured with a Zetasizer Nano ZS at
25 °C and a scattering angle of 17° by measuring the electropho-
retic mobility with laser Doppler velocimetry. Values given are
the means + SD of three different experiments with each experi-
ment comprising three measurements of the same sample with
at least 10 runs, as determined by the Zetasizer.

2.2.4. In vitro release

The in vitro release was performed in a dialysis bag (Spectra/
Por® molecular weight cut off (MWCO) 8000-14,000 Da, Spectrum
Laboratories, Rancho Dominguez, CA, USA) against water contain-
ing 2% sodium dodecyl sulfate (SDS) under continuous 800 rpm
magnetic stirring at 37 °C. The presence of SDS could improve
the stability of released CA. The amount of CA in the receiving
phase was determined by an HPLC assay as described in Sec-
tion 2.5.1 and the fluorescence activity of Nile red and coumarin-
6 was analyzed using a fluorescence microplate reader (Fluoroskan
Ascent FL, Thermo Fisher Scientific, Waltham, MA, USA) at excita-
tion and emission wavelengths of 530 nm and 590 nm (Nile red)
and 430 nm and 538 nm (coumarin-6), respectively. All experi-
ments were carried out in triplicate.

2.2.5. Encapsulation efficiency

The CA or Nile red/coumarin-6 loading content (DL) and encap-
sulation efficiency (EE) were determined as reported previously
[32].

2.3. Stability of CA in micelles

CA solution in ACN and micellar dispersions were evaluated for
stability in water or PBS buffer (pH 7.4) at a final concentration of
100 pig/ml and incubated at 40 °C with continuous magnetic stir-
ring protected from light. The temperature of 40 °C was selected
due to the fact that at this temperature, the stability could be dif-
ferentiated between free drug and encapsulated drug in water or
PBS buffer. At predetermined time intervals, samples of 200 pl
were withdrawn for HPLC assay (see below).

The stability of CA solution and micellar dispersions in rat
plasma at the concentration of 100 pg/ml was performed by incu-
bation in an ice-water bath. At predetermined time intervals, sam-
ples of 100 pl were withdrawn and 200 pl ACN with aloe-emodin
(internal standard) was added to quench esterase activity. The ana-
lytes were vortexed and centrifuged, and the supernatant was
injected to HPLC (see below).
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2.4. Pharmacokinetics and tissue distribution

2.4.1. Animals

Male Wistar rats (180-220 g, 8 weeks) were supplied by Insti-
tute of Laboratory Animal Science, Chinese Academy of Medical
Sciences (Beijing, China). Prior to the experiments, all rats were
housed at specific pathogen free animal rooms at temperature-
controlled (22 + 2 °C) and under 12 h light/dark cycles for at least
7 days, and the rats had free access to diet and water. On the day
before the pharmacokinetic experiment, a polyethylene catheter
(Portex Limited, Hythe, Kent, UK) was catheterized into the right
jugular veins of the rats under pentobarbital sodium anesthesia
(40 mg/kg). All animal experiments were performed under the
instruction of regulations by the Animal Care and Use Committee
of the Chinese Academy of Medical Sciences.

2.4.2. Pharmacokinetic study

CA was dissolved in an aqueous solution containing 25% (v/v)
propanediol and 25% (v/v) hydrogenated castor oil for the free
drug solution, whereas the freeze-dried CA-mPEG-PLGA powders
were dissolved in water. After recovery from surgery for at least
12 h, the intubated rats were randomly assigned into three
groups and received either intravenous administration of free
CA solution (IV free drug group), micellar dispersions (IV micelle
group) or intratracheal (IT) administration of micellar dispersions
(IT micelle group), respectively, at a dose of 2 mg/kg. For IT
administration, animals were anesthetized by an intraperitoneal
injection of pentobarbital sodium (40 mg/kg). Subsequently, a
curved balled needle of the micro-sprayer (Model 1A-1B, Penn-
Century Inc., USA) attached on a syringe was inserted into the tra-
chea under visual guidance, and the micellar dispersion was
delivered at a volume of 1.0 ml/kg. After intratracheal dosing,
the animals were held in an upright position for 1 min to ensure
deposition of the dose following the removal of the delivery
device.

After dosing, aliquots of 200 pl blood samples were taken at 5,
10, 15, 20, 30, 45 and 60 min for IV free drug group and 5, 15,
30, 45, 60 min, 2, 4, 6, 8, 10, 12 and 24 h in case of the IV
and IT micelle groups. Subsequently, 100 pul of plasma was
obtained by immediate centrifugation of the blood at 5000 rpm
for 2 min at 0 °C, followed by the addition of 200 pl ACN to quench
the esterase activity. Samples were stored at —20 °C until further
analysis.

2.4.3. Tissue distribution studies

All rats were assigned into three groups and administered with
formulations as described in the previous section either IV injec-
tion or IT administration. At predetermined time points (i.e., 0.5,
1, 2, 4, 8, 12, 24 h) after dosing, three rats at each time point were
euthanized by cervical dislocation, and the heart, liver, spleen,
lung, kidney, brain and axillary lymph nodes were collected,
washed and weighed. After tissue collection, samples were stored
at —20 °C until further analysis.

2.5. HPLC analysis of CA in plasma and tissues

2.5.1. Chromatographic conditions

The HPLC system consisted of a Waters 2695 Sysyem, a Waters
2487 dual channel UV detector set at a wavelength of 420 nm,
Empower software (Milford, MA, USA), and a C-18 Phenomenex®
column (250 mm x 4.6 mm, 5 pm, Phenomenex Inc., Torrance,
CA, USA) connected to a Phenomenex guard column. A gradient
mobile phase system consisting of ACN:THF:H,O (0-2 min
35:45:20, 2-4min 35:45:20 ~45:10:45, 4-7 min 45:10:45,
7-8.6 min 45:10:45 ~ 35:45:20, 8.6-12 min 35:45:20) with 0.1%
formic acid as a modifier, was used for the analysis of CA and con-

verted curcumin. The flow rate was set to 1.0 min/ml. The column
temperature was maintained at 30 °C, whereas the sample temper-
ature was set to 4 °C.

Under these chromatographic conditions, the total run time was
20 min with the retention time of 8.5 min and 13.1 min for curcu-
min and CA, respectively. Standard curves were prepared in the
ranges of 4-1000 ng/ml and 0.005-20 pg/g for curcumin, 8-
2000 ng/ml and 0.01-40 pg/g for CA, respectively, in plasma and
tissue homogenates (except for the brain). Standard curves in brain
were 0.5-125ng/g and 1.25-125ng/g for curcumin and CA,
respectively. The method validation included the determination
of precision, accuracy and extraction recovery, where five quality
control samples of different concentration were prepared sepa-
rately. A signal-to-noise ratio (S/N) of 3 and 10 was determined
as the lower limit of detection (LLOD) and the lower limit of quan-
tification (LLOQ), respectively. The relative standard deviations
(RSD) for the inter-day and intra-day method’s precision were
below 5.96% and 6.92%, indicating that the method had acceptable
precision. The method’s accuracy was well within the proposed
limits with all obtained values between 90% and 110%. The meth-
od’s extraction recovery also satisfied the proposed limits, with all
obtained values being higher than 70%. The LLOQ of curcumin was
determined to be 4 ng/ml and 5 ng/g in plasma and tissue (except
for the brain) homogenates, while for CA in plasma and tissue
(except for the brain) homogenates were 8 ng/ml and 10 ng/g,
respectively. The LLOD was determined to be 2 ng/ml and 2 ng/g
for curcumin in plasma and tissue (except for the brain) homoge-
nates, while for CA in plasma and tissue (except for the brain)
homogenates were 4 ng/ml and 4 ng/g, respectively. The LLOQ
was determined to be 0.5 ng/g and 1.25 ng/g for curcumin and
CA in brain. The LLOD was determined to be 0.2 ng/g and 0.5 ng/
g for curcumin and CA in brain.

2.5.2. Extraction of CA from plasma and tissue homogenate samples

The extraction of CA from plasma was performed at 0 °C by add-
ing 10 pl aloe-emodin solution, 100 pl 10% (w/v) SDS solution and
1 ml ethyl acetate. The mixture was vortex mixed for 60 s and cen-
trifuged at 12,000 rpm for 3 min. Then the organic upper layers
were transferred to a new tube and dried under a nitrogen stream
at room temperature. The residue was reconstituted in 200 pl of
80% ACN and vortexed for 60 s. After another centrifugation step
at 12,000 rpm for 3 min, the supernatant was injected onto the
HPLC system.

Tissue samples were homogenized in saline in the ratio of 1:3
(wt/wt). Subsequently, 200 pl tissue homogenate (except for the
brain) was transferred to a tube followed by adding 10 pl aloe-
emodin solution, 100 pl 10% w/v SDS solution and 1 ml ethyl ace-
tate to extract CA and curcumin. All brain homogenate were used
for extraction. After vortexing and centrifugation at 12,000 rpm
for 3 min, the organic phase of each tube was transferred to a
new tube and evaporated to dryness under a nitrogen stream at
room temperature. The residue was reconstituted in 200 pl of
80% ACN and vortexed for 60s. After centrifugation at
12,000 rpm for 3 min, the supernatant was transferred to HPLC
vials and then 50 pl was injected onto the HPLC system.

2.6. Confocal laser scanning microscopy

The distribution and localization of micelles encapsulating the
mixture of CA and Nile red in lung and brain tissues was monitored
by confocal laser scanning microscopy (Zeiss LSM710, Gottingen,
Germany). Before initiation of the microscopic experiments, CA
and Nile red loaded micelles were administered to the rats by
either the IV or IT route, and three rats were sacrificed and cardiac
perfused at each predetermined time point (i.e., 1, 4 and 24 h) after
dosing. Subsequently, the lung and brain tissues were removed,
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washed with PBS and fixed in 4% formaldehyde solution. After snap
freezing in liquid nitrogen, the samples were embedded in tissue-
tek O.C.T. compound (Sakura Finetechnical, Tokyo, Japan) and cut
into thin sections (5 pm) for examination.

In co-localization studies, images were acquired visualizing CA
(excited at 425 nm, detected at 530 nm) and Nile red (excited at
530 nm, detected 635 nm). The ZEN Image Software 2012 was used
to perform the image recording and image analysis.

The image included 512 x 512 pixels measuring 2.77 x 2.77
um?. The degree of co-localization was measured by using the
Image-Pro Plus 6.0, and calculated as Pearson’s correlation coeffi-
cient and overlap coefficient according to Manders [33-35].

2.7. Data analysis

All data were expressed as the means # standard deviation (SD).
The pharmacokinetic parameters were calculated by non-compart-
mental methods by using WinNonlin software (Pharsight Corpora-
tion, Mountain View, CA, USA, Version 6.1). The SPSS statistics 17.0
was used to perform with the statistical analyses. Data were
assessed by the two-tailed, unpaired Student’s t-test or factorial
analysis of variance (ANOVA). A P-value less than 0.05 was indi-
cated statistically significance.

3. Results and discussion
3.1. Characterization of micelles

The hydrodynamic particle size of the CA loaded PEG-PLGA
micelles was determined to be 28.01 + 0.77 nm with a relatively
narrow size distribution indicated by a polydispersity index (PDI)
value of 0.112 £ 0.007 (Table 1). The zeta-potential of CA loaded
micelles was —21.50 £ 0.77 mV, suggesting that the electrostatic
repulsion between particles might prevent the aggregation of the
vesicles and increase the stability of the dispersions. When CA
was co-loaded with either Nile red or coumarin-6 at a mass ratio
of 5:1, the particle size and PDI were not significantly affected,
albeit the zeta-potentials decreased by approximately 10 mV
(Table 1). In addition, the micelles exhibited excellent encapsula-
tion efficiency (EE) and process robustness in the case of CA alone
and also the mixtures of CA and fluorescent dyes. When the CA
loading was 1.89% (w/w), the EE was higher than 98% (Table 1).
The ability of PEG-PLGA micelles to encapsulate hydrophobic
drugs was documented previously [32,36,37]. In the present study,
the encapsulation of CA inside the micelle cores was confirmed by
'H NMR results and the morphological examination of the micelles
before and after nebulization was performed using TEM (Supple-
mental Figs. 1S and 2S).

The in vitro release profile of the micellar systems is shown in
Fig. 1. It can be seen that the free CA solution led to a rapid release
with more than 85% of drug released from the dialysis bag in 2 h.
When encapsulated into polymeric micelles, CA was released in a
sustained manner over 24 h with only ~17.3% of initial burst
within the first 2 h. In addition, the in vitro release study of the

Table 1

100
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Fig. 1. In vitro release profiles of (A) free curcumin acetate (CA) solution (a) and CA-
loaded mPEG-PLGA micelles (¢), (B) CA (a) and Nile red (¢) from CA and Nile red
(5:1) co-loaded micelles and (C) CA (a) and coumarin-6 (4) from CA and coumarin-
6 (5:1) co-loaded micelles (means + SD, n = 3).

mixture of CA and Nile red/coumarin-6 confirmed that the
co-loaded vesicles had a similar release profile to that of CA. These
in vitro release data suggest that PEG-PLGA micelles are potentially
useful to control the release of CA and that the significantly sus-
tained release is likely attributed to the slower diffusion of CA from

Encapsulation parameters, dynamic particle size and zeta-potentials of polymeric micelles (means * SD, n = 3).

CA micelles CA and Nile red micelles CA and coumarin-6 micelles
CA Nile red CA Coumarin-6
Drug loading (%) 1.89 £0.02 1.72 £0.01 0.36 +0.01 1.75+0.03 0.34+0.03
Encapsulation efficiency (%) 98.97 £ 0.02 98.89 + 0.08 98.01 £ 0.03 98.22 +0.03 97.98 £ 0.07
Size (nm) 28.01+£0.77 28.72 +0.39 29.34+0.29
PDI 0.112 £ 0.007 0.104 + 0.003 0.180 +0.008
Zeta-potential (mV) -21.50+0.77 -11.35+0.78 -9.53£0.33
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the micelles rather than the penetration of drug molecules across
the dialysis membrane. In addition, considering that the physico-
chemical properties and the in vitro release profile were not
affected by co-loading with Nile red or coumarin-6, the co-encap-
sulated micelles might be useful for tissue localization studies.

3.2. Stability of CA in micelles

CA was instable in aqueous solution, PBS buffer (pH 7.4) med-
ium and extremely labile in the bio-matrices (Fig. 2). As an esteri-
fied curcumin, CA was subjective to rapid chemical or esterase
hydrolysis and thus converted to curcumin as indicated in HPLC
chromatograms (data not shown). Incubation of CA in water or
PBS buffer (pH 7.4) for 24 h resulted in approximately 75% degra-
dation (Fig. 2A and B), whereas stability of CA when loaded into
micelles, was improved to 75% intact CA. When added to rat

100

(A)
80 |

60

40

CA remaining (%)

100

80

60

40

CA remaining (%)

20

Time (h)
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©

CA remaining (%)
S 3 8

393
(=)
T

Time (h)

Fig. 2. Stability of curcumin acetate (CA) as free drug (a) or loaded into micelles (¢)
in (A) water, (B) PBS buffer (pH 7.4) and (C) rat plasma (means + SD, n = 3).

plasma, CA was rapidly hydrolyzed to curcumin, leading to 61.2%
of degradation at 0 °C within 5 min (Fig. 2C). In contrast, the encap-
sulation into micelles increased the stability of CA in rat plasma in
such a way that 60% degradation was observed after approximately
2 h. Therefore, the concentration ratio between CA and curcumin
can be used as an indicator of the stability of CA in vivo, i.e., the
higher the ratio, the more stable CA is. More importantly, the
detection of the converted curcumin can indicate the release of
CA from the micelles, enabling to determine the in vivo release
profile of CA from the local concentration of curcumin in the lung
tissue.

3.3. Pharmacokinetics

The plasma concentration-time curves of CA and converted cur-
cumin after administration of free drug and micellar formulations
are shown in Fig. 3 and the pharmacokinetic parameters are sum-
marized in Table 2. Following IV injection of CA solution, CA rap-
idly was converted to curcumin and the plasma concentration
decreased to below the LLOD (i.e. 8 ng/ml) within 1 h post-injec-
tion, whereas CA loaded into micelles provided extended plasma
levels of CA for at least 12 h after IV administration. The IV micelles
were found to increase the AUCc, by 22.1-fold compared to the
free drug given IV. This finding was consistent with previous data
since PEGylated polymeric micelles have been well demonstrated
to confer to stabilization, sustained release and consequently to
enhanced plasma AUC after IV administration [32,38-40].

IT delivered CA micelles led to sustained plasma levels for up to
24 h, but when compared to CA administered by the IV route, sig-
nificantly lower (P < 0.01) plasma levels were observed for the ini-

1,000

100

CA Concentration (ng/ml)

Time (h)

1000

100

10

Cur concentration (ng/ml)

Time (h)

Fig. 3. Plasma concentrations of curcumin acetate (CA) (A) or curcumin (B) versus
time after intravenous administration of free CA solution (a) and CA loaded
micelles () or intratracheal administration of CA loaded micelles (®) to rats at a
dose of 2 mg/kg (means + SD, n =6).
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Pharmacokinetic parameters of curcumin acetate (CA) and converted curcumin after the intravenous (IV) administration of free CA solution, and IV and intratracheal (IT) delivery
of CA loaded micelles to rats at a dose of 2 mg/kg (means + SD, n =6).

Parameter Curcumin CA

Free drug (IV) Micelles (IV) Micelles (IT) Free drug (IV) Micelles (IV) Micelles (IT)
Co (ng/ml) 99.0 +24.6 128.0 £18.1 - 56.5+10.6 340.5 £94.8 -
t1/2, 2z (min) 155£6.0 2204 +120.8 399.6 +53.9 246+11.8 260.8 + 86.8 931.7 £158.4
AUCo_; (ng min/ml) 1.8+04 141+£13 28+0.2 1.6+0.2 36.5+7.0 393+1.0
AUCy_.. (1ug min/ml) 1904 16.7£3.5 53+038 2.0+03 422+94 60.8+7.4
Vg, 22 (1) 46+1.0 73%25 54.5+13.5 8.7+3.0 42+1.0 11.0£0.6
CL (ml/min) 216.5 £40.0 24847 94.5+104 254.7+42.3 124+£29 8.3+09
F (%) - 766.4 154.4 - 22138 2381.0

“ P<0.05, compared to free drug.
" P<0.01, compared to free drug.

tial 4 h. These findings are similar to earlier result reported by Gill (Fig. 3B). IT micelles, on the other hand, provided sustained plasma
et al. who investigated paclitaxel loaded PEGsq0o—-DSPE micelles levels of converted curcumin for 6 h, which was markedly shorter
[30]. Plasma concentrations of converted curcumin from non- than the maximal detection time of CA. The AUCcyrcumin for IV and
encapsulated CA could only be determined up to 1h (>4 ng/ml), IT micelles were calculated to be 7.66-fold and 1.54-fold compared
whereas IV micelles could be determined for up for to 10h to that of the free drug given IV. It should be noted that no pharma-

QS5 Fig. 4. Co-localization of CA with Nile red in the brain tissues suggested the distribution of micelles in the brain after intravenous (IV) (A) or intratracheal (IT) (B)

administration and (C) the mean CA (M) and coumarin-6 () concentration in the brain tissues at 2 h post-IV or 4 h post-IT administration. Scale bar =10 um. (For

CA Concentretion (ng/g)
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interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cokinetic analysis was performed with free CA given IT due to the 0.90, which was significantly lower than the value of 2.60 calcu-
limited aqueous solubility of CA (i.e., <0.5 pg/ml). When AUC val- lated for IV micelles and 13.86 for IT micelles.

ues of CA were compared to those of converted curcumin, the It is practically impossible to confirm the translocation of intact
mean ratio of AUCca to AUCcyrcumin for free drug given IV was micelles from the airspace to the systemic circulation as it is tone
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Fig. 5. Mean CA concentration-time profiles in organs after intravenous administration of CA solution (M), CA loaded micelles (®) and intratracheal administration of CA
loaded micelles (A) to rats at a dose of 2 mg/kg (means = SD, n = 3). (A) Lung; (B) brain; (C) heart; (D) liver; (E) spleen (F) kidney and (G) axillary lymph nodes.

Please cite this article in press as: X. Hu et al., Pulmonary delivered polymeric micelles - Pharmacokinetic evaluation and biodistribution studies, Eur. J.

Pharm. Biopharm. (2014), http://dx.doi.org/10.1016/j.ejpb.2014.10.010

429
430
431
432


http://dx.doi.org/10.1016/j.ejpb.2014.10.010

433
434

EJPB 11729

28 October 2014

Cur Concentration (ng/g) Cur Concentration (ng/g)

Cur Concentration (ng/g)

Cur Concentration (ng/g)

Fig. 6. Mean curcumin concentration-time profiles in organs after intravenous administration of CA solution (M), CA-loaded mPEG-PLGA micelles (®) and intratracheal
administration of CA-loaded mPEG-PLGA micelles (a) to rats with dose of 2 mg/kg (means * SD, n = 3). (A) Lung; (B) brain; (C) heart; (D) liver; (E) spleen; (F) kidney and (G)
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cannot differentiate between released drug/dye and the still encap-
sulated counterpart. It can be speculated that the elevated ratio of
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AUCca to AUCcyrcumin in the case of IT micelles was indicative of a
translocation of intact micelles across the air-blood barrier. The
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prolonged circulation conferred by the translocated micelles might
also account for the comparable AUCc, values of IT and IV
administration.

To further confirm the translocation of intact micelles across
the air-blood barrier, confocal microscopy was utilized to evaluate
the distribution of IV and IT micelles in brain tissues. Confocal
micrographs (Fig. 4A and B) of brain slices obtained after CA and
Nile red co-loaded micelles were given to rats by either the IV or
IT route showed a high degree of co-localization of CA and Nile
red. In addition, the brain distribution of CA and coumarin-6 after
IT administration of co-loaded micelles was studied, and the
results confirm that the mean CA to coumarin-6 mass ratio
(5.11:1) in brain tissues (Fig. 4C) was similar to the nominal load-
ing ratio (5.14:1) in the micelles (Table 1). Considering that couma-
rin-6 is practically impermeable to the blood-brain barrier (BBB)
[41], it could be deduced that coumarin-6 penetrated through
the BBB encapsulated into micelles. In the literature, little is known
about the translocation of the inhaled pharmaceutical nanocarriers
from a biopharmaceutical point of view [42]. Existing data on the
translocation of nanomaterials across the air-blood barrier mainly
come from the epidemiologic and toxicological studies of inhaled
environmental nanoparticles and the majority of these studies sug-
gest that only a minor fraction of inhaled nanoparticles, including
PEGylated metal nanoparticles, may actually permeate into the
systemic circulation and accumulate in extra-pulmonary organs
[43-46]. However, our current study has demonstrated that IT
micelles could efficiently penetrate the air-blood barrier. The sig-
nificant extent by which our polymeric micelles entered the blood
circulation and extra-pulmonary organs can be appreciated by the
AUCc, values in plasma and brain tissue, which were comparable
to those of the IV dose.

3.4. Tissue distribution

The tissue distribution data of CA and the converted curcumin
for free drug and micellar formulations after IV or IT administra-
tion are shown in Figs. 5 and 6, and the AUCy_,4 1, values are listed
in Table 3. The results show that free CA given IV resulted in higher
lung distribution relative to the IV micelles, possibly due to the
high lipophilicity of the drug. The IT micelles, however, always
led to significantly higher lung concentrations of CA than IV
administration, with the AUC values of pulmonary CA being 8.6-
and 400-fold higher than those of IV free drug and micelles, respec-
tively. To further evaluate the localization of micelles in the lung,
confocal microscopy of lung slices after IV and IT administration
was performed (Fig. 7). The results show that both CA and Nile
red with high co-localization degree were distributed in pulmon-
ary arterial endothelial tissue, suggesting the uptake of micelles
into vascular endothelial cells. In addition, IT micelles showed
higher and more sustained local concentrations of CA in pulmonary
arterial endothelia in terms of fluorescent intensity, relative to IV

Table 3

micelles. Indeed, the fluorescence activity observed in lung slices
24 h post-1V injection was rather dim compared to that in corre-
sponding IT lung samples. In good agreement with tissue distribu-
tion data from Fig. 5A, the imaging results also suggest that IT
micelles conferred to the higher accumulation of CA to in the pul-
monary vascular endothelium relative to IV given micelles.

In terms of the lung concentrations of converted curcumin,
which represents the drug released from the micelles and thus
the true amount of locally available drug, IT micelles also brought
about markedly higher AUC in the lung, with approximately 5.4-
and 16.9-fold increases when compared to intravenously adminis-
tered free drug and micelles, respectively. According to a recent
study, curcumin (at a daily oral dose of 100 mg/kg) was found to
significantly decrease pulmonary arterial pressure, the ratio of
right ventricle to body weight and the wall thickening and stenosis
of pulmonary blood vessel, in MCT induced PAH rats [3]. At this
dose, the curcumin concentration in the lung was about 200 ng/g
[29]. The high sustained curcumin lung concentrations achieved
by the CA loaded micelles after IT administration might make them
interesting new tools for PAH treatment. Nonetheless, it should be
noted that IT administration in the present study was used as a
means to deliver the formulation to rats with a view to facilitating
accurate dosing to experimental animals. As for the intended clin-
ical application, a dry powder inhaler (DPI) of spray-dried particles
or a nebulized solution reconstituted from freeze-dried powders,
rather than IT instillation, would be the options for the pulmonary
delivery of micelles.

The targeting efficiency (Te) to the lung, which was calculated
using the following equation, was considered as an important
parameter for assessing targeted delivery [30].

AUC_,4p (target tissue)

'§ > i_oAUCo_24n (nON-target tissue)

The Te of CA to the lung from IT micelles was 55.8, which was
6.02- and 436-fold higher than that of free drug and micelle given
IV, respectively, whereas the Te (lung) of converted curcumin from
IT micelles was 0.75, which was 2.86- and 10.1-fold higher than
what was calculated for IV free drug and micelles, respectively.
In the literature, the total drug content recovered in the lung was
used to indicate lung availability due to the inability to differenti-
ate between released drug and drug within a carrier [47]. The dra-
matic difference in Te between CA and converted curcumin
observed in our study suggested that caution should be taken
when the encapsulated drug content is included in the calculation
of locally available drug. Understanding the in vivo release profile
may be essential to determine the true local availability of inhaled
sustained release carriers. As for the distribution patterns in other
tissues, the differences in AUC of CA and curcumin in the liver, kid-
ney, heart, brain, spleen and axillary lymph nodes appeared to be
marginal to moderate (<3-fold) distinct from the pronounced dif-
ference (400-fold) in the AUC of CA in the lung, when comparing

AUC values of curcumin acetate (CA) and converted curcumin in tissues and targeting efficiency (Te) to lungs in three groups of rats (n = 3) after intravenous (IV) administration of
free CA and CA-loaded micelles and intratracheal (IT) administration of CA loaded micelles at a dose of 2 mg/kg.

Tissues Curcumin AUCg_p4p, (pg h/ml) CA AUCo_24p (1g h/ml)

Free drug (IV) Micelles (IV) Micelles (IT) Free drug (IV) Micelles (IV) Micelles (IT)
Heart 0.34 0.29 0.30 241 1.59 1.66
Liver 0.31 0.19 0.27 2.54 1.72 2.05
Spleen 034 0.12 0.31 7.53 6.74 2.77
Lung 0.88 0.28 4.74 165 3.54 1420
Kidney 0.32 0.18 0.36 1.83 1.61 2.85
Brain 0.077 0.081 0.08 0.58 1.17 1.86
Axillary lymph nodes 1.93 2.68 4.94 2.92 14.23 13.6
Plasma 0.030 0.23 0.047 0.027 0.61 0.65
Te (o lung 0.26 0.07 0.75 9.27 0.13 55.8
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Fig. 7. (A) Co-localization of CA with Nile red in lung tissues in pulmonary arteries at 1 h after IT administration, scale bar = 200 pm (top), scale bar = 10 um (bottom). (B)
Co-localization of CA with Nile red in lung tissues after IT and IV administration, scale bar = 200 pm. (C) The Pearson’s correlation coefficient (PCC) and overlap coefficient
according to Manders (MOC) in pulmonary arteries after IT and IV administration. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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IT micelles with IV ones. This result suggests that IT micelles can
achieve high Te in the lung but did not markedly increase accumu-
lation in non-targeted tissues, potentially leading to an extended
therapeutic window.

Another important finding in this study was that IT micelles
resulted in enhanced or comparable AUC values of CA in the brain
and lymph nodes, when compared to the IV counterparts. The
increased distribution to the brain and lymph nodes might be
attributed to the ability of micelles to penetrate across the BBB
[48] and to accumulate in the lymphatic system via extravasation
[49]. The fact that IT micelles can translocate across the air-blood
barrier to the blood and penetrate into the brain suggests that pul-
monary delivery may be able to non-invasively achieve brain tar-
geting with nanocarriers.

Both the hydrophilic block, PEG, and the hydrophobic block,
PLGA of the PEG-PLGA block co-polymer are most often used
for drug delivery systems and have been approved by Food and
Drug Administration for therapeutic injections. The pulmonary
compatibility was also demonstrated in previous studies in vitro
and in vivo [50]. In the present study, PEG-PLGA micelles only
exhibited marginal inhibitory effect on Calu-3 cell viability up
to a concentration of 5 mg/ml after 24 h exposure (Supplemental
Fig. S3). In addition, following IT administration to rats, both
blank and CA loaded micelles exhibited comparable biocompati-
bility to saline in terms of the LDH activity in bronchialalveolar
lavage fluids (Supplemental Fig. S4). As a result, the present
results suggested that the micelle was well biocompatible to
the lung.

4. Conclusions

The present study examined the in vitro release profile and
in vivo pharmacokinetics and translocation properties of mPEG-
PLGA micelles intended for pulmonary drug administration. The
in vivo results demonstrated that micelles administered by the pul-
monary route not only prolonged the pulmonary retention time
and facilitated the uptake to the pulmonary vascular endothelium,
but also achieved local sustained release, suggesting that inhalable
micelles might represent interesting carriers for the local delivery
of anti-PAH drugs. In addition, aerosolized micelles appeared to
efficiently translocate across the air-blood barrier into the blood-
stream and distribute to extra-pulmonary organs including the
brain as intact micellar vesicles in a sustained release manner,
indicating the potential for non-invasive systemic sustained
release.
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