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bstract

Growing attention has been given to the potential of pulmonary route as an alternative for non-invasive systemic delivery of therapeutic agents.
n this study, novel nebulizer-compatible solid lipid nanoparticles (SLNs) for pulmonary drug delivery of insulin were developed by reverse
icelle-double emulsion method. The influences of the amount of sodium cholate (SC) and soybean phosphatidylcholine (SPC) on the deposition

roperties of the nanoparticles were investigated. Under optimal conditions, the entrapment delivery (ED), respirable fraction (RF) and nebulization
fficiency (NE) of SLNs could reach 96.53, 82.11 and 63.28%, respectively, and Ins–SLNs remained stable during nebulization. Fasting plasma
lucose level was reduced to 39.41% and insulin level was increased to approximately 170 �IU/ml 4 h after pulmonary administration of 20 IU/kg
ns–SLNs. A pharmacological bioavailability of 24.33% and a relative bioavailability of 22.33% were obtained using subcutaneous injection as

reference. Incorporating fluorescent-labelled insulin into SLNs, we found that the SLNs were effectively and homogeneously distributed in the

ung alveoli. These findings suggested that SLNs could be used as a potential carrier for pulmonary delivery of insulin by improving both in vitro
nd in vivo stability as well as prolonging hypoglycemic effect, which inevitably resulted in enhanced bioavailability.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Recently, pulmonary route, as an alternative non-invasive
pproach for both local and systemic drug delivery has received
ore and more attention (Scheuch et al., 2006). Since lots of

dvantages such as large absorptive area, extensive vasculature,
asily permeable membrane, low extracellular and intracellular
nzyme activity (Malcolmson and Embleton, 1998; Hussain et
l., 2004; Patton et al., 2004) were associated with this route,
ulmonary delivery of drugs becomes a new hotspot, particu-
arly for peptides and proteins (Hussain et al., 2004; Malik et
l., 2007; Kumar et al., 2006; Adjei and Gupta, 1994).

However, for successful development of pulmonary drug

elivery systems, several unique challenges still remain, and
he major challenge is how to formulate drugs into inhalable
orms with sufficient stability and appropriate size (Dahab et
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l., 2001; Dailey et al., 2003). Inhalation devices as well as the
hysicochemical characteristics of the formulation could influ-
nce aerodynamic size of the particles and ultimately affect the
ite of aerosol deposition.

There are a variety of inhalation devices on the market
urrently, however, no one could meet all the requirements
or optimal pulmonary drug delivery. Although metered-dose
nhalers (MDI) and dry powder inhalers (DPI) enjoy most pop-
larity among the patients with chronic disease such as chronic
bstructive pulmonary disease (COPD), the particle sizes gener-
ted from these devices are very large usually, which might not
e suitable for efficient deposition due to inertial impaction in the
pper respiratory tract. Advanced nebulizers, generating a mist
f small particles which could penetrate the lung regions readily,
ould be better fit for pulmonary delivery of drugs (Gupta and
ickey, 1991; Roche and Huchon, 2000).

In addition to inhalation devices, drug carriers are equally

mportant for effectiveness of respiratory delivery. To construct
n ideal pulmonary drug delivery system, drug carriers with suit-
ble properties are required. Drug carriers with average size in

mailto:zrzzl@vip.sina.com
dx.doi.org/10.1016/j.ijpharm.2008.01.008
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anometer range such as liposomes (Huang and Wang, 2006;
arathanasis et al., 2005) and nanoparticles (Kawashima et al.,
999; Zhang et al., 2001) exhibit some well-defined and delicate
haracteristics, which have created an attractive and efficient
pproach for pulmonary delivery of drugs especially for pro-
eins with higher bioavailability, controlled release properties
nd enzymatic tolerance (Chattopadhyay et al., 2007). Solid
ipid nanoparticles (SLNs), emerged as a promising non-toxic
anocarrier for drugs in 1990s, the superior physicochemical
haracteristics of which make them more suitable as carrier
or pulmonary drug delivery than their predecessors, such as
mall size, biocompatible composition and deep-lung deposi-
ion ability. Dual effect of prolonged drug release and rapid
rug transport could be achieved by means of particulate systems
ncluding SLNs (Pandey and Khuller, 2005; Videira et al., 2002).
owever, the utility of the lung for drug delivery using particu-

ate carriers is not fully appreciated. Most published data were
imited to in vitro characterization of the particulate systems
or pulmonary delivery, and most of the reports were focused
n treatment of local diseases, few reports have been published
oncerning pulmonary applications of SLNs as systemic deliv-
ry carriers for macromolecular drugs such as proteins or genes
Rudolph et al., 2004; Almeida and Souto, 2007).

In this study, novel nebulizer-compatible Ins–SLNs for
ulmonary delivery were prepared by reverse micelle-double
mulsion method as previously reported by our group (Liu et
l., 2007) and the influences of formulation parameters on depo-
ition behaviours were also investigated carefully. Both in vitro
nd in vivo studies demonstrated that SLNs based on mixed
icelles appeared to be a good candidate for pulmonary delivery

f insulin.

. Materials and methods

.1. Materials
Pure crystalline porcine insulin was purchased from Xuzhou
anbang Bio-Chemical Co. Ltd. (No. 0312A02, Jiangsu,
hina), with a nominal activity of 28 IU mg−1. Stearic acid

I
G

Fig. 1. The prototype of twin
armaceutics 356 (2008) 333–344

obtained from Shanghai Chemical Reagent Co. Ltd., China) and
almitic acid (obtained from Chengdu Kelong Chemical Plant,
hina) were used as lipidic materials of SLNs. Soybean phos-
hatidylcholine was from Shanghai Taiwei Pharmaceutical Co.
td., China and sodium cholate was supplied by Beijing Aobox-

ng Biotechnologies Co. Ltd., China. Streptozotocin (STZ),
odium pentobarbital and fluorescein isothiocyanate (FITC)
ere purchased from Sigma (St. Louis, MO, USA). Double
istilled water was used for all solutions and dilution. All the
ther reagents were of analytical grade and used without further
urification except those for HPLC assay, which were of HPLC
rade.

.2. Preparation of Ins–SLNs

Ins–SLNs were prepared using the procedure developed pre-
iously by our group (Liu et al., 2007) and optimized by
entral composition design using nebulization parameters as
stimated indices, which will be reported elsewhere. Briefly,
00 �l of insulin solution (5 mg insulin dissolved in 1 ml 0.01 M
ydrochloric acid) with a certain amount of sodium cholate
inner aqueous phase) were added to a 1 ml ethyl acetate solution
ontaining stearic acid and palmitic acid (1:1, w/w) and soybean
hosphatidylcholine (oily phase). This mixture was dispersed
ith an ultrasonic probe (JY92-II ultrasonic processor, Ningbo
cientz Biotechnology Co. Ltd., China) for 15 s at 40 W leading

o a W/O emulsion. A double W/O/W emulsion was formed after
ddition of 4 ml 0.1% Poloxamer 188 solution (outer aqueous
hase) to the previous W/O emulsion followed by sonication
or 15 s at 80 W. This double emulsion was then diluted to 10 ml
ith a 0.1% Poloxamer 188 solution. The solvent was evapo-

ated for 3 h in a rotary evaporator (Büchi, R-144 rotavaporator,
witzerland) at 25 ◦C.

.3. Deposition study
PariBoy air-jet nebulizer with compressed air using an
nhalier Boy compressor (Type 37.00, Pari-Werk, Starnberg,
ermany) was used for all nebulization experiments.

-stage impinger (TSI).
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Aiming to assess the deposition of Ins–SLNs from the neb-
lizer, a home-made twin-stage impinger (TSI, Apparatus A;
uropean Pharmacopeia, 2004) was used. Three collection
tages were considered (Mendes et al., 2007). The upper stages
stages 0 and 1) represents the upper airways, and the lower
tage (stage 2) represents the lower respiratory airways with a
ut-off aerodynamic diameter of 6.4 �m at 60 l/min (Hallworth
nd Westmorel, 1987). For the consideration of solubility of
nsulin, 0.01 M HCl was used as the collection liquid, of which
and 30 ml were placed in stages 1 and 2 of the TSI, respectively.
he air flow was drawn through the TSI using a vacuum pump

Zhejiang HuangYan Liming Co. Ltd., China) and the air flow
ate was measured by a calibrated flow meter with a maximum
ow rate of 100 l/min (LZM-15Z, Yuyao KingTai Instrument
o. Ltd., China).

Each TSI stage was rinsed with 0.01 M HCl, the liquid was
ollected and the volume was adjusted to 1, 10 and 50 ml for
tages 0, 1 and 2, respectively (Fig. 1). Running time was
dapted accordingly until the nebulizer was operated to “dry-
ess”, i.e. 30 s after aerosols completely ceased. In practice,
ns–SLNs (8 ml, 100 �g/ml) were placed in nebulizer with the
evice mouthpiece directed into the throat of the TSI. Three
SI replicates were performed for each sample. The nebuliza-

ion efficiency (NE) (Desai et al., 2002), respirable fraction
RF) (Matilainen et al., 2006) and entrapment delivery (ED)
Elhissi et al., 2007) were employed as parameters to evaluate
he aerodynamic behaviour of the nanosuspension which could
e calculated as follows:

Nebulization efficiency (%)

= Aerosolized drug mass

Drug mass loaded in nebulizer
× 100 (1)

Respirable fraction (%)

= Drug mass deposited in stage 2

Drug mass loaded in nebulizer
× 100 (2)

Entrapment delivery (%)

= Drug mass entrapped in SLNs deposited in stage 2

Drug mass deposited in stage 2
× 100

(3)

nsulin was determined by a validated high performance liquid
hromatography (HPLC) assay described in a previous study
Liu et al., 2007).

.4. Determination of size and morphology of SLNs
elivered to TSI

When nebulizer was operated to “dryness”, samples from
ebulizer reservoir and different stages of the TSI were collected

or particle size analysis using photon correlation spectroscopy
PCS) (Malvern zetasizer Nano ZS90, Malvern instruments Ltd.,
K) or for morphology study using SEM. In this case, distilled
ater was used as collection fluid instead of 0.01 M HCl.

a
9
a
v
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.5. Sample stability during nebulization

The stability of Ins–SLNs expressed by the concentration
f insulin as well as the size changes of the Ins–SLNs solu-
ion remained in the nebulizer reservoir during nebulization
ourse were investigated. An aliquot of Ins–SLNs was with-
rawn at scheduled time intervals for HPLC and PCS analysis,
espectively. The output was measured by the weight loss of the
ebulizer before and after nebulization at predetermined time
oints. Each experiment was performed in triplicate.

.6. Cell culture and MTT-assay

The human lung cancer cell line, A549, was kindly donated
y the National Key Laboratory of Biotherapy of Human Disease
Sichuan University, Chengdu, China). A549 cells were grown
s a monolayer culture in RPMI 1640 medium (Life Technolo-
ies, Gaithersburg, MD, USA) supplemented with 10% fetal
alf serum (FCS), streptomycin (100 �g/ml) and penicillin G
100 U/ml). The cells were grown in 75 ml flasks at 37 ◦C in an
tmosphere of 5% CO2 and subcultured two to three times per
eek. At the beginning of the experiments, cells in exponential
rowth phase were removed from the flasks with 0.25% trypsin
olution.

Cytotoxicity was determined using MTT-assay as an indica-
or of the viability of the cells. Cells were seeded in 96 wells/plate
1 × 104 cells/well) and allowed to attach to the flask for 24 h,
eeding medium was removed and replaced by fresh culture
edium. Cells were maintained for 3 days in medium sup-

lemented with increasing concentrations of insulin solution,
ree-SLNs, Ins–SLNs as well as surfactant solution (F68 solu-
ion). The concentration of insulin solution and Ins–SLNs
aried from 0.1 to 10 �g/ml (according to insulin concentra-
ion), and the concentration of lipid (free SLNs) and surfactant
olution varied from 1 to 10 and 1 to 100 �g/ml, respec-
ively.

After continual incubation for 72 h, the test medium was
emoved, 20 �l of 5 mg/ml MTT stock in PBS (pH 7.4) was
dded to each well, and the plate was incubated for 4 h. The
olution was then discarded, 200 �l of DMSO was added to
ach well. After horizontal shaking for 15 min, the absorbance
f the solution in each well was measured at a wavelength of
70 nm.

.7. Animal studies

Male Sprague–Dawley rats weighing 250 ± 20 g were sup-
lied by Experimental Animal Center of Sichuan University
protocol number for animal study: CSDGZ-10). The rats were
oused at a room temperature of 22 ± 2 ◦C and a relative humid-
ty of 50 ± 10%. The animals were allowed ad libitum access to
standard diet and water except wherever indicated. Animals
ere used and treated as prescribed in the ‘Guide for the care
nd the use of the laboratory animals’ (NIH Publication No.
2-93, revised 1985) and all the animal studies were approved
nd supervised by Animal Ethics Committee of Sichuan Uni-
ersity.
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ig. 2. “Nose-only” inhalation apparatus used for administering inhalable
ns–SLNs to rat.

.7.1. Induction of diabetes
Animals were fasted for 14 h but allowed free access to

ater before an experiment. Streptozotocin was administrated
ntraperitoneally at a dose of 65 mg/kg in 0.1 M sterile cit-
ate buffer (pH 4.4) and the animals were housed individually
fter then. Blood was withdrawn from caudal vein into hep-
rinized centrifuge tubes and centrifuged at 4500 rpm for 10 min
o separate the plasma. Plasma glucose level was determined
sing glucose estimation kit (Shanghai Rongsheng Biological
echnology Co. Ltd., China) with a Cary 100 Conc UV–vis spec-

rophotometer (Varian, Palo Alto, USA). Animals with blood
lucose level higher than 300 mg/dl (Çilek et al., 2005), which
onfirming the induction of diabetes, were selected for the sub-
equent study.

.7.2. Pharmacodynamic and pharmacokinetic studies
Diabetic rats were randomly divided into five groups, 6

or each group. All animals including control group were
asted overnight prior to experiments. A home-made whole-
ody inhaled exposure chamber (20 cm × 10 cm × 10 cm) was
mployed for drug delivery, which was shown in Fig. 2. During
he nebulization process, the rats were exposed to the aerosol
loud in a nose-only manner and could be restrained by mov-
ble baffle. The upstream of the chamber was connected to the
et nebulizer by sealing them by the parafilm®, and the down-
tream of chamber was open to the air through a distal hole
o maintain a continuous air flow through the whole system.
ns–SLNs (20 IU/kg), plain insulin PBS solution (pH 7.4) plus
lank SLNs (20 IU/kg), insulin PBS solution (pH 7.4, 20 IU/kg)
r the PBS were delivered to the chamber to form a forced-
nhalation to the rats for 30 min, using PariBoy air-jet nebulizer.
dditional experimental group included subcutaneous admin-

stration of 1 IU/kg plain insulin PBS (1 IU/kg, pH 7.4) was
mployed as reference.
Animals were fasted but allowed free access to water. Blood
amples were collected at scheduled time intervals, and plasma
lucose levels were measured as described previously while the
lasma insulin concentration was detected by radioimmunoas-

O
P
I
d

armaceutics 356 (2008) 333–344

ay (RIA kit, Beijing Puer Weiye Biotechnology Co. Ltd.,
eijing, China) according to the manufacturer’s instruction.

The plasma glucose concentration of each rat before adminis-
ration (‘0’ h) was taken as the baseline level, and the changes in
lasma glucose concentration (percentage of baseline level) as
ell as plasma insulin concentration at different time points after

dministration were plotted versus time. Then the area above
he hypoglycemic curve versus time profile (AAC) and the area
nder the plasma insulin concentration–time curve (AUC) were
alculated with the linear trapezoidal method. The pharmacolog-
cal bioavailability (PA%) (Morishita et al., 2006) and relative
ioavailability (FR) (Damgé et al., 2007) of each formulation
fter administration were calculated according to the following
quations:

A = AAC neb × Dose sc

AAC sc × Dose neb
× 100 (4)

R = AUC neb × Dose sc

AUC sc × Dose neb
× 100 (5)

.8. Fluorescence microscopy studies

.8.1. Fluorescence labeling of insulin with FITC
FITC labeled insulin was employed to study the fate of

anoparticles in the lung after pulmonary administration of
LNs. The labeling of insulin was conducted according to a
eported method with some modifications (Li et al., 2007).
riefly, insulin was dissolved in 0.1 M phosphate buffer solu-

ion (PBS, pH 7.1) containing 0.2 mM EDTA, FITC solution
5 mg/ml) in acetone was added dropwise under magnetic stir-
ing. The reaction was stirred at 4 ◦C for 20 h avoiding of light,
nd the pH of resultant solution was adjusted to 4.5 with HCl.
fter then the solution was dialyzed against distilled water and

yophilized. The obtained FITC–Ins was kept at −20 ◦C away
rom light until further use.

.8.2. Preparation of FITC–Ins-loaded SLNs
The preparation course of FITC–Ins-loaded SLNs was almost

he same as that of Ins–SLNs, except for small modifications.
he inner phase was replaced by PBS (pH 7.4) due to the poor
olubility of FITC–Ins in 0.01 M HCl.

.8.3. Study of intrapulmonary fate of FITC–Ins–SLNs
Animals received pulmonary administration of FITC–Ins

olutions and FITC–Ins–SLNs via nebulization (5 mg/kg) as
escribed in Section 2.7.2 (n = 6). Rats were sacrificed at 0.5,
h after pulmonary administration of formulations, the lungs
ere harvested and rinsed twice with PBS (pH 7.4). Tis-

ues were frozen prior to tissue sectioning using a Leica CM
800 Cryostat (Leica Inst., Nussloch, Germany) and visual-
zed with a fluorescence inverted microscope (Axiovert 40CFL,
arl Zeiss, Oberkochem, Germany) at 200× magnification,
video capture system (AxioVision Release 4.1, Carl Zeiss,

berkochem, Germany) was used to acquire digital images.
hotos (4 photoes/rat/time point) were further analyzed using
mage Pro plus 4.5 (Media Cybernetics, USA) to manifest the
ifferences between samples.
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.9. Data analysis

Data were expressed as mean ± S.D. Statistical tests were
erformed using single factor analysis of variance (ANOVA).
tatistical significance was determined using the Student’s
npaired t-test.

. Results

All nebulization experiments were completed using a
ariBoy air-jet nebulizer with compressed air using an
nhalierBoyTM compressor (Type 37.00, with a compressor
ressure of 1.3 bar and inspiration flow rate of 12 l/min). The
otal output of the nebulizer in the manufacturer’s manual was
60 mg/min, with a residual volume of 1 g, and mass median
iameter (MMD) of the mist was 4.1 �m.

.1. Influence of formulation parameters on nebulization
ehaviour of Ins–SLNs

There are several different parameters which determine the
herapeutic efficacy of aerosol formulations. The design and
ariation of nebulizers, operating conditions (e.g. flow rate) and
ncillary equipment are important (Dalby and Tiano, 1993).
n addition, drug formulation is also a critical factor affecting
erosol nebulization efficiency and aerodynamic properties of
rug loaded vehicles (Waldrep et al., 1993).

Preliminary studies were carried out to seek the relationship
etween formulation parameters and nebulization behaviour of
ns–SLNs. Because nebulization can lead to exhalation and
eakage of drug, it is important to determine drug output and
ebulization of the encapsulated drug simultaneously, which are
alled nebulization efficiency (NE) encapsulated delivery (ED),
espectively. Respirable fraction (RF), which represents efficient
eposition dose of the drug and predicts in vivo fate, was also
stimated.

Therefore, various formulations containing different amount
f SC and SPC were prepared and compared in terms of ED, RF
nd NE.

.1.1. Influence of sodium cholate
Fig. 3A revealed the influence of the amount of SC on the

ntrapment efficiency and deposition properties of Ins–SLNs.
ith the increase of SC to 10 mg, entrapment efficiency of

ns–SLNs increased dramatically, which resulted in enhanced
ntrapment delivery of insulin. However, further increase did
ot have much influence on the entrapment delivery because the
ntrapment efficiency retained at a relatively constant level when
0 mg of SC was employed and further increase in SC amount
ight also lead to the leakage of Ins–SLNs during nebulization.
Most recently, Zaru et al. have found that the flexibility or

igidity of vehicles might affect the nebulization behaviour of
iposomes and rigidity seemed to have negative effect on neb-

lization efficiency of liposomes (Zaru et al., 2007). This fact
ight be used to explain why the increase in SC amount led to

he increase of RF and NE of Ins–SLNs. The rigidity of SLNs
as reduced significantly by SC, which was employed as an edge

n
o
w
s

ig. 3. Influence of the amount of SC (A) and SPC (B) on the efficient delivery
ED), respirable fraction (RF) and nebulization efficiency (NE) of Ins–SLNs.

ctivator in deformable liposomes (Zaru et al., 2007; Nguyen and
ouwstra, 2005; Cevc, 1996). With a high radius of curvature,
C could destabilize lipid bilayers of the vesicles and increase
eformability (decrease rigidity) of SLNs, which might in turn
ncrease RF and NE of Ins–SLNs after nebulization. Another
xplanation for this phenomenon was that the reduction of sur-
ace tension caused by anionic surfactants might associate with
n increased aerosol output without affecting the aerosol parti-
le size, this tendency also appeared in some previous published
eports (McCallion et al., 1995, 1996).

However, an obvious decline in the RF of nebulized Ins–SLNs
ould be observed with 20 mg of SC, probably due to the fact
hat the negative effect of increased viscosity exceeded the posi-
ive effect of decreased rigidity, and strong aggregation of SLNs
as observed at high amount of SC in our preliminary study.
urthermore, increased density and viscosity of solution could

ead to the reduction of RF and NE. As in a jet-nebulizer, gas
ow from the compressor transfers its momentum to the liquid
urrounding to pass a very narrow hole, after then the liquid is
rawn out and collapsed into droplets under influence of surface
ension. And it is more difficult to form droplets from solutions
ith higher viscosity.

.1.2. Influence of soybean phosphatidylcholine
In Fig. 3B, the RF and NE values of the Ins–SLNs subjected to
ebulization were presented. In most cases, NE% was about 50%
f initial concentration of particles placed in the nebulizer, and
ith increase in the amount of SPC, both RF and NE increased

lightly. This result suggested that SPC could facilitate the nebu-
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ization of Ins–SLNs, which agreed well with previous findings
Waldrep et al., 1993). Nebulization efficiency of drug-carrier
ncreased when lipid with low gel to liquid phase transition tem-
eratures (Tc) was used to formulate the liposomes. As the Tc of
oybean phosphatidylcholine is relatively lower than solid lipid,
ncrease in SPC fraction in lipid composition could reduce the
c of nanoparticles and thus maximum RF and NE could be
chieved.

.1.3. Optimization of aerosolized Ins–SLNs
Based on single factor experiments, the formulation was

ptimized in terms of formulation properties and nebulization
ehaviour using average size, entrapment efficiency, zeta-
otential, respirable fraction as well as nebulization efficiency as
ndices by central composition design (CCD) (data not shown).
D was not chosen as an index because it was above 90% under
ll the selected conditions. According to the results of CCD,
hree-dimensional (3D) contour plots were obtained to describe

he effects of amounts of SC and SPC on the RF and NE of
ns–SLNs, which could also be used for further screening of the
ptimal formulation and technique (Sun and Zhang, 2004). All
he spots inside the region with red color in Fig. 4 represented

ig. 4. 3D-contour plots to describe the effects of amount of SC and SPC on the
espirable fraction (RF) (A) and nebulization efficiency (NE) (B) of Ins–SLNs.
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hat Ins–SLNs with higher RF and NE could be obtained under
iven amounts of SPC and SC.

It could be seen from Fig. 4A, SPC amount ranged from
2 to 25 mg and the SC amount in the range of 8.5–10 mg
ould result in relatively high RF, which was in good accor-
ance with the results of single factor test. While in Fig. 4B,
PC amount seemed to play a major role in influencing the
E of Ins–SLNs, high NE could be achieved only when
PC amount ranged from 17.5 to 25 mg, which might be
ttributed to the reduction in rigidity by SPC. However, fur-
her increase in SPC amount did not lead to incremental
hange in NE, the possible reason might be that the surface
ension of the whole system reached minimum at the crit-
cal micelle concentration (CMC) of SPC, thus no increase
n NE could be observed. The EE, DL, RF, NE and ED
f SLNs after optimized by CCD could reach 97.72 ± 0.54,
.17 ± 0.12, 82.11 ± 2.65, 63.28 ± 2.83 and 96.53 ± 1.05%,
espectively.

.2. Size and morphology of Ins–SLNs after nebulization

Air-jet nebulization may result in reduction in liposome
ize due to disruption of nanocarriers during nebulization (and
ontinual reflux) by the shear forces generated by extrusion
hrough the jet orifice (Taylor et al., 1990; Niven et al., 1991).
n our study, compared with SLNs before nebulization, a
light decrease in the measured average size of Ins–SLNs col-
ected from the stages 1 and 2 could be observed. The size
nd PDI of Ins–SLNs deposited on various stages (stages 0,
and 2) detected by PCS were 109.1 ± 2.0, 88.2 ± 1.8 and

7.8 ± 3.2 nm, 0.115 ± 0.232, 0.152 ± 0.113, 0.133 ± 0.158,
espectively, while the size and PDI of original Ins–SLNs were
14.7 ± 2.1 nm and 0.105 ± 0.132. Fig. 5 shows the morphology
f Ins–SLNs collected in each stage of TSIs. No obvious aggre-
ation, cleavage or collapse of Ins–SLNs which usually occur in
he case of liposomal aerosols were observed. However, the size
istribution of Ins–SLNs in the mist seemed to be wider after
ebulization and the average diameter of Ins–SLNs deposited
n the stages 1 and 2 was smaller than initial size of Ins–SLNs,
articularly in the stage 1, which was in accordance with the
CS measurements.

.3. Stability of Ins–SLNs during nebulization

In some previous studies, air-jet nebulization has a detri-
ental effect on the physical stability of liposomes, resulting

n loss of the entrapped hydrophilic drugs (Taylor et al., 1990;
iven et al., 1991). However, SLNs exhibited excellent pro-

ective effect for insulin against degradation or leakage from
anospheres. Fig. 6A depicted the average size and PDI of
emained Ins–SLNs during nebulization and no significant
hanges could be observed. As shown in Fig. 6B, there were
inimal differences between the starting size of Ins–SLNs and
anoparticles remained in reservoir. These results suggested that
ns–SLNs were relatively stable during nebulization via jet nebu-
izer. And a slight increase in residual concentration of Ins–SLNs
ersus time could be observed in Fig. 6B, which might be
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ig. 5. Scanning electron micrographs of Ins–SLNs: (A) before nebulization (
.5 �m.

ttributed to the well-known “concentration effect” of nebuliz-
rs. Evaporation of solvent during nebulization could lead to the
ncrease in concentration of drug solution (Callaghan and Barry,
997). The output of nebulizer was relatively stable during the
hole nebulization course, however, the nebulization rate was
uch lower than the technique parameter provided in the manu-

acturer’s book, which might be due to the different aerodynamic
roperties between 0.9% NaCl solution and Ins–SLNs.

.4. Cytotoxicity

The cytotoxic effects of the Ins, Ins–SLNs, free SLNs as well
s surfactant used in the preparation procedure on the A549 cells
ere studied by the MTT-assay. A549 cell line, which has been
idely used in various kinds of studies for representation of the

tructural and biochemical characteristics of human type II cells
Chao et al., 2007), was employed for toxicity study in our exper-
ment. The results of the MTT-assay, as a measure of metabolic
esponse of the cells following 72 h exposure to different envi-

onment, were shown in Fig. 7. Following 72 h treatment of Ins,
ns–SLNs, free SLNs, the cell viability of A549 was over 95%.
his result indicated that the SLNs had almost no or negligible
ytotoxicity. In the case of surfactant (F68 solution), very low

A
o
l
p

llected in stage 0 (C) collected in stage 1 (D) collected in stage 2, scale bar:

ytotoxicity could be observed due to its relatively low applied
oncentration.

.5. The hypoglycemic effect

Previously, the effectiveness of nose-only exposure method
or pulmonary absorption of insulin solution was demonstrated
n the rat model (Kanaoka et al., 1999). In vivo pulmonary deliv-
ry potential of insulin loaded SLNs was assessed by measuring
lood glucose levels. The time courses of glucose concentra-
ion in blood after intrapulmonary administration of Ins–SLNs,
hysical mixture of insulin PBS and free SLNs, insulin PBS
20 IU/kg) as well as PBS and subcutaneous administration of
nsulin PBS were shown in Fig. 8, and the pharmacodynamic
arameters were listed in Table 1.

As shown in Fig. 8A and Table 1, significant difference
n plasma glucose reduction (percentage relative to the initial
alue) between Ins-PBS and Ins–SLNs group could be observed
t all the time points (p < 0.05), except 0.5 h after administration.

s the threshold of optimal hypoglycemic effect, 70% level
f initial glucose was employed as the parameter to estimate
ong-acting property (Park et al., 2007), and the time spans of
ulmonary administration of Ins–SLNs or physical mixture, 17



340 J. Liu et al. / International Journal of Pharmaceutics 356 (2008) 333–344

F
o

a
t

g
w
g
g
r
b

Fig. 8. Plasma glucose–time profile (A) and plasma insulin–time profile (B)
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ig. 6. Changes in average size and polydispersity index (A), concentration and
utput of Ins–SLNs (B) during nebulization (n = 3).

nd 8.25 h, respectively, were much longer than Ins-PBS solu-
ion (1.75 h).

Blank SLNs showed either negligible or insignificant hypo-
lycemic activities, while the subcutaneous injection (s.c.) group
ere characterized by an acute and relatively short hypo-

lycemic effect 1 h after administration. Compared with s.c.
roup, a rapid and sustained hypoglycemic effect was found in
ats after forced-inhalation of Ins–SLNs (20 IU/kg), a minimum
lood glucose concentration (%MBGC) of 39.41 ± 11.71% was

g
c
n
d

ig. 7. Cytotoxicity of insulin (A), Ins–SLNs (B), blank SLNs (C) and 0.1% surfacta
f blank SLNs and surfactant solution were equal to the concentration in correspondi
ollowing subcutaneous injection of 1 IU/kg insulin PBS (�–�), nebulization of
BS (♦–♦), 20 IU/kg physical mixture of insulin PBS and blank SLNs (©–©),
0 IU/kg Ins–SLNs (�–�), 20 IU/kg insulin PBS (�–�).

eached within 8 h and this continued to 12 h, and the plasma

lucose levels returned to basal levels during 12–24 h. For the
ontrol group, the glucose levels were slightly reduced, to a
adir of 75.53 ± 8.10% of initial glucose level. These results
emonstrated a strikingly higher effectiveness of Ins–SLNs, nev-

nt solution (F68 solution) (D) in A549 cells by MTT-assay. The concentrations
ng drug-loading nanoparticles.
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Table 1
Pharmacodynamic and pharmacokinetic parameters after s.c. and pulmonary administration of insulin formulations in diabetes fasting rats (n = 6)

Ins–SLNs (neb.) Physical mixture (neb.) Insulin PBS (neb.) Insulin PBS (s.c.)

Dose (IU/kg) 20 20 20 1
%MBGCa 39.41 ± 11.71***,Δ 60.14 ± 12.65* 75.53 ± 8.10 10.57 ± 5.10
T%MBGCb(h) 8 12 4 1
Timec (h) 1.5–18.5 7.25–15.5 – 0.5–2.25
AAC0–24 h(%·h) 945.5 ± 131.7 570.74 ± 89. 234.4 ± 53.3 194.4 ± 19.9
PA (%) 24.33 ± 3.39***,��� 14.69 ± 2.32*** 6.03 ± 1.37 100
Cmax (�IU/ml) 168.27 ± 17.67***,��� 67.46 ± 11.12 125.43 ± 8.41 84.20 ± 7.09
Tmax (h) 4 4 0.5 1
MRT (h) 7.70 ± 0.36 8.95 ± 0.56*** 7.40 ± 0.46 5.90 ± 1.75
AUC (�IU/ml h) 1427.5 ± 106.1***,��� 838.1 ± 118.2*** 453. 8 ± 57.9 319.7 ± 41.3
FR(%) 22.33 ± 1.66***,��� 13.10 ± 1.85*** 7.10 ± 0.91 100

Each value represents the mean ± S.D. (n = 6). Statistical significance: *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 20 IU/kg insulin PBS (neb.); �p < 0.05, ��p < 0.01
and ���p < 0.001, vs. 20 IU/kg physical mixture of insulin PBS and blank SLNs (neb.).

e
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b
o
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d
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2
s

3

F
o

a %MBGC: the percent of minimum blood glucose concentration.
b T%MBGC: the time required to attain %MBGC.
c Time: the time during which less than 70% of blood glucose is held.

rtheless, coadministering insulin and free SLNs also showed
nhancement of insulin adsorption, which exhibited a first reduc-
ion to 74.33 ± 5.92% in the initial phase (4 h) and a second nadir
f 60.14 ± 12.65% (12 h). The possible reason for this fact might
e a ‘second phase’ release of insulin induced by the dissociation

f insulin absorbed on the surface of SLNs.

In the presence of SLNs, the pharmacological bioavailability
f insulin in lungs was remarkably enhanced. Either pulmonary
elivery of Ins–SLNs or coadministration of Ins-PBS and blank

i
i

ig. 9. Fluorescence micrographs of the cryosections of rat lung (A) 30 min and (C) 1 h
f FITC–Ins-PBS. Original magnification 200×.
LNs exhibit a relatively high pharmacological bioavailability,
4.33 ± 3.39% and 14.69 ± 2.32%, respectively, with statistical
ignificance compared with Ins-PBS (Table 1).

.6. Pharmacokinetic studies
The absorption of insulin was detected by measuring plasma
nsulin concentration. The kinetics of insulin absorption was
llustrated in Fig. 8B and the pharmacokinetic parameters were

after nebulization of FITC–Ins–SLNs; (B) 30 min and (D) 1 h after nebulization
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isted in Table 1. Plasma insulin concentration raised dramati-
ally after administration of Ins–SLNs and reached a maximum
alue close to 170 �IU/ml within 4 h, which was significantly
igher than any other groups. Coadministration of insulin and
ree vesicles exhibited a similar absorption pattern at 4 h with
peak value of 67.46 ± 11.12 �IU/ml, but another crest value

ould be observed at 12 h, which was in accordance with the
esult of glucose measurement. Administration of plain insulin
olution showed a rapid increase in plasma insulin level, how-
ver, the absorption effect was transient followed by a stiff
rop.

A very significant difference (p < 0.001) in FR was noted
etween insulin alone in PBS and Ins–SLNs, a similar differ-
nce also existed between insulin in PBS and insulin combined
ith PBS. Nevertheless, significant difference (p < 0.001) was

ound between SLNs entrapped insulin and insulin with blank
LNs.

A delay of drug absorption after pulmonary administration
f either Ins–SLNs or insulin with blank SLNs was shown in
lasma insulin concentration profile, the MRT was approxi-
ately 8 and 9 h, respectively. The long mean absorption time

MAT) may imply that insulin clearance in lungs is slow, prob-
bly due to tissue binding.

.7. Fate of FITC–Ins–SLNs in the lung

The local fate of FITC–Ins–SLNs in the alveolar region of
ats was visualized by fluorescence microscopy after nebuliza-
ion of a solution of FITC–Ins–SLNs, and FITC–Ins PBS was
dopted as control. Thirty minutes after delivery, both FITC–Ins
nd SLNs appeared to homogeneously spread on alveolar sur-
aces. And points with strong green fluorescence could be seen
n Fig. 9A and B, with light density of 7834.76 ± 14.78 and
313.5 ± 27.92 ODS unit, indicating that either protein or car-
ier diffused extensively in the alveolar tissue, while the intensity
f fluorescence of FITC-labelled insulin solution was stronger
han FITC–Ins-loaded SLNs, which might be attributed to the
xtremely high entrapment efficiency and shell–core structure
f FITC–Ins–SLNs.

One hour later, the intensity of the green fluorescence
ecreased, from 6313.5 ± 27.92 to 939.95 ± 14.90 ODS unit,
ut FITC–Ins–SLNs remained clearly visible in the intersti-
ium (Fig. 9C). In contrast, rather than occupy extracellular fluid
paces within the interstitium, obvious aggregations of fluores-
ent points could be observed in FITC–Ins treated group (Fig. 9C
nd D), with light density of 2917.04 ± 18.64 ODS, which might
e due to association of FITC–Ins with fiber network and pos-
ible interaction with parenchymal septal fibers.

These results suggested that aggregations of FITC–Ins
ormed in the lung after pulmonary administration might hinder
he effective transport to systemic circulation.

Further, continuous presentation of protein in the airspaces
ight be more susceptible to local degradation processes which

ight lead to reduction in bioavailability. Therefore, SLNs could

nhance the in vivo stability of proteins by facilitating the trans-
embrane transport as well as preventing the formation of

rotein aggregates.

t
e
l
i

armaceutics 356 (2008) 333–344

. Discussion

During last a few decades, liposomes have been extensively
mployed as carriers for pulmonary delivery of polypeptides and
roteins (Desai et al., 2002; Johannson et al., 2002). However,
he stability concerns and the leakage problems during inhalation
estricted their further applications. In order to overcome afore-
entioned problems, polymeric nanoparticles were also used for

ulmonary delivery of insulin, nevertheless, cytotoxicity of the
olymers is a great concern and an often discussed aspect. There-
ore, increasing attention has been focused on SLNs, which
ight combine the merits of liposomes and nanoparticles and

xhibit as a potential carrier for pulmonary delivery. Some
romising results were obtained by SLNs-mediated pulmonary
elivery for the treatment of local diseases, however, to the best
f our knowledge, SLNs have seldom been used for systemic
elivery of drugs via pulmonary route.

In the present study, SC and SPC were employed in the
reparation of Ins–SLNs for several considerations: (1) they
ould facilitate the preparation of insulin–SLNs with a sat-
sfactorily high entrapment efficiency and drug loading rate
hrough formation of a reverse-micelle complex (which was
xplained in details in our previous report (Liu et al., 2007));
2) as mentioned above, with the increase in the amount
f SC and SPC, the rigidity of the nanoparticles could be
educed with SC as a deformation agent and SPC to decrease
c, which resulted in the improvement of both in vitro and

n vivo deposition; (3) both SC and SPC have been com-
only employed as absorption enhancers in pulmonary drug

elivery, and a significant increase in bioavailability of the
nhaled proteins was observed in some published literatures
Johannson et al., 2002; Heinemann et al., 2000; Li and

itra, 1996; Sakagami, 2006; Liu et al., 1993). Despite of the
otential clinical disadvantage of sodium cholate, the applied
oncentration of SC (2.2 mM) was considerably lower than
hat in some previous studies (Johannson et al., 2002), and
o obvious cytotoxicity was observed. However, the safety
nd feasibility for chronic application need further investiga-
ion.

For investigating the in vivo deposition of the drug after
ulmonary administration, some sophisticated lung-dosing
ethods, such as forced instillation, microspray, nebulization

nd aerosol puff have been employed in past studies. And among
hese approaches, forced instillation and nebulization are prin-
ipal lung-dosing methods used to study lung absorption and
isposition of inhaled candidates in small rodents. Intratracheal
nstillation is technically simple and quick, requiring only small
mounts of drugs and enabling accurate dosing, however, it
s important to note that minor methodological differences in
his technique might cause substantial variations in the lung-
egional distribution and thereby, in the systemic drug profiles
Eljamal et al., 1996). Colthorpe’s finding demonstrated that

preferential central deposition was evident following intra-

racheal instillation administration, which resulted in greater
xtent of insulin removal by mucociliary clearance than nebu-
ization (Colthorpe et al., 1992). Neither anesthesia nor surgery
s required, nose-only aerosol exposure, a common method in
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nhalation toxicology (Eljamal et al., 1996), which could achieve
eep-lung delivery in a physiologically natural fashion has been
mployed successfully for the kinetic assessment of lung absorp-
ion in some previous reports (Huang and Wang, 2006; Colthorpe
t al., 1992; Choi et al., 2001), therefore, it was used as pul-
onary administration method in our study. Furthermore, as
non-invasive approach, this administration pattern did not

ffect the measurement of plasma glucose level, which might
rovide more accurate pharmacodynamic results than other inva-
ive strategies. However, the bioavailability was usually lower
han that obtained by forced instillation. The aerosol delivery
f insulin involves some losses of hormone that do not occur
ith injection. Liquid nebulizers are less efficient, for example,
aube et al. (1993) measured a nebulizer efficiency of 27% in
ne of their insulin studies and the bioavailability was corrected
n a published report (Sakr, 1992). However, the bioavailability
as not corrected in our study for two reasons, on the one hand,

he same administration method was adopted in both positive
ontrol groups (insulin PBS and insulin plus blank SLNs) and
eference group (insulin PBS via s.c.), on the other hand, it was
ifficult to eliminate the drug loss in the device and in the upper
espiratory tract of the rats.

In our study, both pharmacodynamic response and phar-
acokinetic analysis were used to investigate the absorption

f insulin from different formulations. The merits of using
harmacodynamic response data stem from the ease of plasma
lucose determination. In addition, this parameter is most
elevant to therapeutic effects. However, pharmacological
ioavailability calculations could not replace the pharma-
okinetic studies (Li and Mitra, 1994). Because the fasting
lasma glucose levels in the Ins–SLNs group did not return
o the initial level after 24 h, which might be caused by dual
ffects of hunger and hypoglycemic agents and this problem
as also been encountered in some other studies (Suzuki
t al., 1998; Morçöl et al., 2004; Cui et al., 2006), thus a
harmacokinetic/pharmacodynamic (PK/PD) analysis was
ecessary for accurate determination of bioavailability of the
ormulations. The PK and PD results were in good consistency
ith a PA slightly higher than FR, which might be attributed to

he synergetic effect of anti-hyperglycemic agent and starvation.
nd it is worth to mentioning that, the in vivo findings were
little bit inconsistent with a previous report on pulmonary

ptake of insulin liposomes. A similar insulin uptake and
harmacodynamic response were obtained after administration
f non-liposomally and liposomally entrapped insulin in this
tudy, however, it is not the case in our study. This discrepancy
ight be caused by the different lipid concentration and

tabilization effects of two types of nanocarriers in two studies.

. Conclusions

In this study, Ins–SLNs with desired deposition properties for
ulmonary delivery were developed and optimized. The results

f stability tests of Ins–SLNs including measurement of the size,
orphology of nanospheres as well as the insulin concentra-

ion before and after nebulization demonstrated good tolerance
o the nebulization course. No obvious cytotoxicity was found

D

armaceutics 356 (2008) 333–344 343

y MTT-assay, which suggested the safety of SLNs for pul-
onary delivery at cell level. Fasting plasma glucose level in rats

ould be effectively reduced after pulmonary delivery of insulin
sing SLNs as carrier. Nanocarriers were homogeneously dis-
ributed in the lung alveoli and a prolonged release of insulin was
bserved in both plasma insulin and glucose profiles. A pharma-
ological bioavailability of 24.33% and a relative bioavailability
f 22.33% were obtained after inhalation of Ins–SLNs, which
ere almost 4-folds higher than the control. Our results indicated

hat SLNs could be successfully applied as pulmonary carrier for
nsulin, which might provide valuable solutions to the currently
nmet medical needs for systemic delivery of proteins.
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