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Despite wide exploitation of corticosteroid drugs for the treatment of asthma, the poor therapeutic effect
on a neutrophilic subtype of asthma prohibits the full recovery of asthma patients. In this work, dexa-
methasone (Dexa) was loaded in Flt1 peptideehyaluronic acid (HA) conjugate nanoparticles to overcome
the limitation of corticosteroid resistance for the treatment of neutrophilic pulmonary inflammation. Flt1
peptideeHA conjugates are self-assembled to nanoparticles because of hydrophobic Flt1 peptide con-
jugated to HA by benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP)
chemistry. In vitro bioimaging showed efficient internalization of Flt1 peptideeHA conjugate nano-
particles into lung epithelial cells by HA-receptor mediated endocytosis. Also, ex vivo imaging for the
biodistribution in ICR mice revealed long-term retention of Flt1 peptideeHA conjugate nanoparticles in
deep lung tissues possibly due to mucoadhesive property of HA. On the basis of bioimaging results for
pulmonary drug delivery applications, we prepared Dexa-loaded Flt1 peptideeHA conjugate nano-
particles. Transmission electron microscopy (TEM) and dynamic light scattering (DLS) confirmed the
formation of nanoparticles, which reduced cytokine levels of lipopolysaccharide (LPS)-stimulated cells
more efficiently than free Dexa. Furthermore, according to the bronchoalveolar lavage (BAL) cellularity
and histological analysis, Dexa loaded Flt1 peptideeHA conjugate nanoparticles showed remarkable
therapeutic effects in both eosinophilic and neutrophilic asthma model mice.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Asthma is a chronic inflammatory immune disease exhibiting
reversible airway obstruction and airway hyper-responsiveness
(AHR) [1,2]. T helper 2 (Th2) cell response and eosinophilic
inflammation have been considered as key factors for the progress
of asthma, but recent clinical and experimental evidences have
indicated that severe asthma can be characterized by neutrophilic
inflammation [3,4]. Although symptoms of asthma can usually be
well relieved with inhaled corticosteroids and beta-2-agonists, re-
fractory or steroid resistant asthma, which is hard to manage using
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conventional treatments, occurs in some severe asthmatic patients
[5]. This kind of asthma accompanies immoderate neutrophilic
infiltration, and high levels of cytokines including interferon
gamma (IFN-g) and interleukin 17 (IL-17) related with Th1 and
Th17 cell responses [6,7]. Accordingly, neutrophilic airway inflam-
mation induced by Th1 and Th17 cell responses has been consid-
ered as an important feature of steroid-resistant asthma. In our
previous studies, we established asthmamodel mice which contain
type 1 and type 2 immune responses to inhaled allergen. High-dose
lipopolysaccharide (LPS) treatment induced type 1 (neutrophilic)
asthma accompanying both Th1 and Th17 cell responses, whereas
low dose LPS treatment did type 2 (eosinophilic) asthma accom-
panying Th2 cell response [8,9].

Vascular alterations may significantly contribute to airway
remodeling in asthma and vascular endothelial growth factor
(VEGF), the most specific growth factor for vascular endothelium, is
strongly involved in the pathophysiology of airway vascular
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remodeling in asthma [10,11]. In patients with asthma, the
expression of VEGF in biopsy specimens of bronchial mucosa and
sputum was up-regulated as compared to controls. In addition,
administration of VEGF receptor inhibitors reduced the patho-
physiological signs of asthma [12,13]. VEGF receptor 1 (VEGFR1,
Flt1) is expressed on vascular endothelial cells and non-endothelial
cells such as monocytes and macrophages. Our previous study
showed that VEGFR1-mediated pathway was important in the
development of Th1 and Th17 cell responses to inhaled allergens in
neutrophilic asthma model mice. The treatment of Flt1 peptide in
high-dose LPS model reduced IFN-g and IL-17 levels in the lung and
lymph-node (LN). Flt1 peptide of GNQWFI has been reported to
specifically bind VEGFR1 and inhibit the binding of VEGF to VEGFR1
[14]. The peptide alleviated Th1 and Th17 immune responses, and
the development of T cell priming via reducing maturation and
migration of lung dendritic cells [15]. Hence, the inhibition of VEGF
and its receptor may be effective for the treatment of the vascular
alterations in the airway. We hypothesized that the combination
treatment of Flt1 peptide and dexamethasone (Dexa) might be
more effective to relieve neutrophilic pulmonary inflammation
elicited by Th1 and Th17 cell responses.

In this work, Flt1 peptide was conjugated to hyaluronic acid
(HA) and the self-assembled Flt1 peptideeHA conjugate nano-
particlewas chosen as a delivery carrier of Dexa for the treatment of
asthma. HA is a biodegradable, non-immunogenic, and nontoxic
glycosaminoglycan with a unique mucoadhesive property [16,17].
HA is mostly present in soft connective tissues. It is also on the
surface of alveolar epithelial cells to protect lung elastin from tissue
damage and injury in respiratory diseases [18,19]. Due to the
mucoadhesive property of HA [20], its nanoparticles would prolong
the residence time and remain close to the main absorption sites in
the deep lung. The efficient pulmonary delivery of Dexa loaded in
Flt1 peptideeHA conjugate nanoparticles may reduce the amount
of dose required for the same therapeutic effect with systemically
administered drug. The minimized systemic exposure to Dexa
would alleviate its adverse effect including adrenal suppression,
bone loss, hypertension, and hyperglycemia [21,22]. Several kinds
of HA receptors such as CD44, LYVE-1, and HARE have been known
to bind specifically to HA [23,24]. The existence of CD44 positive
epithelial cells was confirmed in asthmatic epithelium [25]. After
confocal imaging for in vitro receptor-mediated endocytosis and
ex vivo fluorescence analysis of Flt1 peptideeHA conjugate nano-
particles into alveolar epithelial cells in the lung, we investigated
the effect of Dexa loaded Flt1 peptideeHA conjugate nanoparticles
on the treatment of airway inflammation. The formation of self-
assembled nanoparticles was assessed by transmission electron
microscopy (TEM), dynamic light scattering (DLS), zeta potential
analysis, and high performance liquid chromatography (HPLC). The
efficacy of Dexa/Flt1 peptideeHA nanoparticles has been evaluated
and discussed in model mice of eosinophilic asthma induced by
allergens plus aluminum hydroxide (Alum) and neutrophilic
asthma induced by LPS-containing allergens.
2. Materials and methods

2.1. Materials

Sodium hyaluronate (HA) with a molecular weight of 100 kDa was kindly pro-
vided from Shiseido Co. (Tokyo, Japan). Flt1 peptide with a sequence of GlyeGlye
AsneGlneTrpePheeIle (GGNQWFI) was purchased from Peptron Co. (Daejeon,
Korea). Dowex� 50WX8-400 ion-exchange resin, benzotriazol-1-yloxy-tris(dime-
thylamino)phosphonium hexafluorophosphate (BOP), N,N-diisopropylethylamine
(DIPEA), dexamethasone, fluorescein isothiocyanate (FITC), 5-carboxyfluorescein
diacetate N-succinimidyl ester (CFSE), dexamethasone 21-phosphate disodium
salt, aluminum hydroxide [Al(OH)3], and ovalbumin (OVA) were obtained from
SigmaeAldrich (St. Louis, MO). Tetra-n-butyl ammonium hydroxide (TBA-OH) and
dimethyl sulfoxide (DMSO) were obtained from Alfa Aesar (Ward Hill, MA). HiLyte
647 amine was purchased from AnaSpec Inc. (Fremont, CA) and 1-ethyl-3-(dime-
thylaminopropyl)carbodiimide hydrochloride (EDC) was obtained from Tokyo
Chemical Industry (Tokyo, Japan). Lipopolysaccharide (LPS) was purchased from
Calbiochem (Darmstadt, Germany). TRITC conjugated anti-IgG mouse antibody was
purchased from Dako Corporation (Carpinteria, CA) and ED1 antibody was obtained
from Chemicon International (Temecula, CA). VECTOR shield mounting medium and
DAPI were obtained from Vector Laboratories Inc. (Burlingame, CA). Diff-Quik was
purchased from Dade Behring (Newark, DE). All chemicals were used without
further purification. C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, ME) and bred in a pathogen-free facility at the Pohang University of Science
and Technology (POSTECH). All live animal experiments were approved by the
Ethics Committee of POSTECH.

2.2. Synthesis of Flt1 peptideeHA conjugate

HA-TBA was prepared as described in our previous report [26]. Ion exchange
resin of Dowex� 50WX8-400 (2.5 g) was washed with 50 mL of distilled water three
times. The washed Dowex resin was mixed with 1.5 M excess of TBA-OH (4.9 mL),
which stirred for 30 min. The resulting DowexeTBA resin was filtered and mixed
with 100 mL of HA (Mw ¼ 100 kDa, 1 g) aqueous solution for 3 h. The resulting
solution was filtered through 0.45 mm filter to remove the Dowex resin and get a
clear HA-TBA solution, and lyophilized for 3 days. After dissolution of the prepared
HA-TBA in DMSO, carboxyl groups of HA-TBA were activated with 2.5 M excess of
BOP [27]. The HA-TBA solution was mixed with Flt1 peptide dissolved in DMSO at a
molar ratio of 1/10. Then, the equimolar amount of DIPEAwas added to the solution.
The resulting solution stirred at 37 �C for a day andwasmixedwith 1 MNaCl aqueous
solution at a volume ratio of 1/1. The reactionwas terminated by dropping the pH of
the solution to 3.0 with 1 M HCl and raising it to 7.0 with 1 M NaOH. The final reaction
solution was poured into the pre-washed dialysis membrane tube (MWCO of
10 kDa), dialyzed against a large excess amount of 0.3 M NaCl solution, 25% ethanol,
and water, and lyophilized for 3 days. The peptide content in Flt1 peptideeHA
conjugate was determined by 1H NMR analysis (DPX500, Bruker, Germany). Flt1
peptideeHA conjugate containing 25 peptide molecules per single HA chain was
prepared and used for the following experiments.

2.3. Fluorescence imaging for the cellular uptake of Flt1 peptideeHA conjugate
nanoparticles

To visualize the cellular uptake of Flt1 peptideeHA conjugate nanoparticles, the
nanoparticles were modified with hexamethylene diamine (HMDA, 5 mol%) and
reacted with excess FITC in 0.1 M sodium carbonate buffer (pH 9, 5 mg/mL) at a dark
place. The mixed solution stirred at room temperature overnight. The unreacted
FITC was removed by centrifugal filtration (MWCO: 10 kDa). Meanwhile, A549 cells
were seeded on an eight-chamber glass slide at a density of 2 � 104 cells/well and
cultured in DMEM supplemented with 10 vol% of FBS and 1 wt% of antibiotics in a
humidified 5% CO2 incubator at 37 �C. The culture medium was replaced with FBS-
free DMEM. FITC-labeled Flt1 peptideeHA conjugate in 200 mL DMEM (1 mg/mL)
was added to the wells of culture slides. For HA preincubation tests, 100-fold molar
excess of HA was added to the well before the treatment with the sample. The cells
were incubated for 2 h, washed with PBS three times, and fixed with 4% para-
formaldehyde in PBS. After DAPI staining for 10 min, the cells were observed with a
confocal microscope (FV1000, Olympus America Inc.).

2.4. Ex vivo imaging for the biodistribution of Flt1 peptideeHA conjugate
nanoparticles

Ex vivo imaging for the biodistribution of Flt1 peptideeHA conjugate nano-
particles and their cargoes was carried out using CFSE/Flt1 peptideeHAeHiLyte 647
nanoparticles. The residual carboxyl group of Flt1 peptideeHA conjugate was acti-
vated with 2 M excess of EDC and labeled with 4 mol% of HiLyte 647 amine. The
reactionwas performed for 2 h, and the product was dialyzed against excess amount
of 0.3 N NaCl aqueous solution and distilled water to remove EDC and unreacted
HiLyte 647 amine. Then, CFSE was loaded into HiLyte 647 labeled Flt1 peptideeHA
conjugate nanoparticles. Briefly, CFSE (5 mg) was dissolved in DMSO, which was
mixed with Flt1 peptideeHA conjugate (10 mg) aqueous solution. The mixture was
sonicated with an ultrasonicator (Ultrasonic 410, Hwashin Tech., Seoul, Korea) for
10 min. The resulting product was transferred to the pre-washed dialysis tube
(MWCO of 3.5 kDa) and dialyzed against a large excess amount of distilled water for
a day to remove unloaded CFSE and DMSO. The amount of fluorescent dyes conju-
gated and loaded were quantified by measuring the absorbance of the labeled
samples at 650 nm for HiLyte 647 and 490 nm for CFSE. CFSE standard solutions and
CFSE-labeled samples were treated with 10 mL esterase solution (0.25 mg/mL)
overnight before the measurement. For the ex vivo bioimaging, ICR mice were
treated with free CFSE, free HiLyte 647 amine, and CFSE/Flt1 peptideeHAeHiLyte
647 nanoparticles via orotracheal route. At pre-determined time intervals, the mice
were anesthetized with sodium pentobarbital and the organs were extracted after
cardiac perfusion with PBS. Fluorescence images of the organs were obtained with
an optical imaging system (IVIS: Xenogen, Alameda, CA). Photonic emissions were
assessed with Living image� 2.2.0.1 software (Xenogen). The data are presented by
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pseudocolor representation for light intensity and mean photon in the region of
interest (ROI). Three replicates were performed for the ex vivo imaging.

2.5. In vitro cytotoxicity test of Flt1 peptideeHA conjugate nanoparticles

A549 cells were seeded in a 24-well plate at a density of 2 � 105 cells/well and
cultivated at 37 �C for 24 h. The cells were treated with Flt1 peptideeHA conjugate
nanoparticles at concentrations up to 600 mg/mL in the FBS-supplemented medium.
For comparison, the cells were also treated with polyethyleneimine (PEI,Mw 25 kDa)
at concentrations up to 75 mg/mL in the same condition. At 12 h post-treatment, the
cytotoxicity was examinedwith an EZ-Cytox cell viability assay kit. Typically,10 mL of
EZ-Cytox reagent was added to 100 mL of serum-free medium in each well of the
plate. After incubating the plate at 37 �C for 2 h, the absorbance at 450 nm was
measured with a Bio-Rad microplate reader. The relative cell viability was expressed
as the percentage of viable cells with respect to the untreated control group.

2.6. In vivo cytotoxicity test of Flt1 peptideeHA conjugate nanoparticles

The cytotoxicity of Flt1 peptideeHA conjugate nanoparticles was evaluated
by ED1 staining and histological analysis. Twenty-week-old male ICR mice with a
mean body weight of 29 � 1.2 g were used for the cytotoxicity analysis. The mice
were anesthetized by injecting the mixture of ketamine (45 mg/kg) and xylazine
(8 mg/kg) intraperitoneally. After that, light guided oral endotracheal intubation
was performed using a 20 gage central vein catheter for orotracheal instillation
of samples. Aliquots of each sample containing 3 mg of Flt1 peptideeHA con-
jugate nanoparticles were orotracheally instilled and the cytotoxicity of the
samples was evaluated 24 h after the treatment. For comparison, Escherichia coli
Fig. 1. Schematic representations for (a) the conjugation of Flt1 peptideehyaluronic acid
nanoparticles.
strain E69 was harvested as reported elsewhere [28] and used for the treatment
of ICR mice (50 mL, 107 colony forming units in 0.5 mL PBS). The animals were
anesthetized with sodium pentobarbital (100 mg/kg) 24 h post-treatment and
the lungs were exposed via thoracotomy, followed by transcardial perfusion with
ice cold PBS (pH 7.4). The lungs were fixed by tracheal instillation of 4% form-
aldehyde at a constant inflation pressure. After that, the trachea was ligated, and
the lung was removed and immersed in 4% formaldehyde. Lung was embedded in
paraffin and transverse serial sections (4 mm) were stained with hematoxylin and
eosin (H&E) for histological analysis. The lung sections were also analyzed by ED1
antibody staining. The lung sections were incubated for 60 min with ED1 anti-
body. After rinsing with PBS, the sections were incubated with TRITC conjugated
anti-IgG mouse antibody (1:1000) for 60 min. After washing with PBS, the sec-
tions were mounted in VECTOR shield mounting medium with DAPI and exam-
ined with a Radiance 2100 confocal microscope (Bio-Rad, Hercules, CA).

2.7. Preparation and characterization of Dexa/Flt1 peptideeHA nanoparticles

Dexa (5 mg) was dissolved in ethanol, which was mixed with Flt1 peptideeHA
conjugate (10 mg) aqueous solution. The mixture was sonicated with an ultra-
sonicator (Ultrasonic 410, Hwashin Tech., Seoul, Korea) for 10 min. The resulting
product was transferred to the pre-washed dialysis tube (MWCO of 3.5 kDa) and
dialyzed against a large excess amount of distilled water for a day to remove
unloaded Dexa and ethanol. The formation of Dexa/Flt1 peptideeHA nanoparticle
was analyzed by TEM (Hitachi, Tokyo, Japan). For the TEM analysis, 20 mL of the
nanoparticle solution was dropped on 300 mesh copper TEM grids with a carbon
film and then dried in a desiccator. The hydrodynamic size and the zeta potential of
the nanoparticles in aqueous solution were measured by DLS analysis (Zetasizer
(HA) with HiLyte 647 amine and (b) the CFSE loaded Flt1 peptideeHAeHiLyte 647
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Nano ZS, Malvern Instruments, Worcestershire, UK). The loading content of Dexa
was quantified by HPLC analysis. DMSO was added to the aqueous nanoparticle
solution at a volume ratio of 4/1 to dissolve Dexa completely in the nanoparticles.
HPLC analysis was performed using the following systems:Waters 1525 binary HPLC
pump, Waters 2487 dual l absorbance detector, Waters 717 plus autosampler,
Symmetry� 300C18 5 mm column (Waters, MA). The mobile phase was a mixture of
acetonitrile and 0.05 M ammonium formate buffer at a volume ratio of 27/73, and the
flow rate was 1 mL/min. The detection wavelength was 240 nm for Dexa.

2.8. In vitro release test of Dexa from Dexa/Flt1 peptideeHA nanoparticles

In vitro release tests of Dexa from Dexa/Flt1 peptideeHA nanoparticle were
performed over 24 h using a pre-washed dialysis tube (MWCO 10 kDa). The dialysis
tube contained 2 mL of the Dexa/Flt1 peptideeHA nanoparticle aqueous solution
with 22 mg Dexa or the equivalent amount of water soluble Dexa (Dexa 21-
phosphate disodium salt) aqueous solution. Then, the dialysis tubes were incu-
bated in 10 mL of PBS at pH 7.4 and 37 �C for a day. At pre-determined time intervals,
samples of the incubation medium were collected and the whole medium was
replaced with 10 mL of fresh PBS. The amount of Dexa in the collected samples was
quantified by HPLC as described above. Three replicates were performed for the
in vitro release tests.

2.9. In vitro VEGFR binding test of Dexa/Flt1 peptideeHA nanoparticles

VEGF165 was dissolved in PBS at a concentration of 0.5 mg/mL and the solutionwas
coated on each well of a 96-black well-plate at 4 �C overnight. After washing the plate
with PBS, the wells were blocked with 3 wt% bovine serum albumin (BSA) blocking
buffer at room temperature for 2 h andwashedwith PBS again. Three kinds of samples,
Flt1 peptide, Flt1 peptideeHA conjugate nanoparticles, Dexa/Flt1 peptideeHA nano-
particles containing 20e20,000 nM of Flt1 peptidewere added to thewellswith Flt1-Fc
in 1 wt% BSA solution and incubated at room temperature for 1 h. After washing thrice
with PBS containing 0.05% Tween 20, anti-human IgG-HRP-Fc in 0.3 wt% BSA solution
was added and incubated at room temperature for 1 h. After washing thrice with PBS
a b

c d

Fig. 2. Confocal microscopic images of A549 cells treated with (a) free medium, (b) FITC- lab
after pre-incubation with HA, and (d) a magnified image of (b). White bars correspond to 3
containing 0.05% Tween 20 and once with PBS, the amount of bound Flt1-Fc was
quantified with a BM chemiluminescence ELISA substrate system (Victor 3 lumin-
ometer, Perkin Elmer, MA). ELISA was performed twice with three replicates.
2.10. In vitro biological activity test of Dexa/Flt1 peptideeHA nanoparticles

The effect of Dexa/Flt1 peptideeHA nanoparticles was evaluated on the medi-
ator release from LPS-stimulated epithelial cells and macrophages. A human lung
epithelial cell line (A549) was treated with Dexa/Flt1 peptideeHA nanoparticles for
1 h. After removal of the supernatant, human interleukin-6 (hIL-6) level was
measured by ELISA 3 h and 6 h after 10 mg/mL LPS stimulation. A mouse alveolar
macrophage cell line (MH-S) was treated with Dexa/Flt1 peptideeHA nanoparticles
for 24 h in the presence of 10 mg/mL LPS. Then, IL-6 and tumor necrosis factor-alpha
(TNF-a) levels were measured by ELISA.
2.11. In vivo evaluation of Dexa/Flt1 peptideeHA nanoparticles in asthma model
mice

2.11.1. Preparation of neutrophilic and eosinophilic asthma model mice for
pharmacologic intervention

Neutrophilic asthma model (high-dose LPS model) mice characterized by Th1
and Th17 cell responses were prepared as described elsewhere [8]. Briefly, 6-week-
old mice were sensitized intranasally with 75 mg LPS-depleted OVA plus 10 mg LPS at
days 0,1, 2, and 7, and then challengedwith 50 mg of OVA alone at days 14,15, 21, and
22. The control group was sensitized with OVA and then challenged with PBS.
Eosinophilic asthma model (Alum model) characterized by Th2 cell responses was
also prepared as described previously [29]. Most part of the protocol was same with
that for high-dose LPS induced neutrophilic asthma model, but eosinophilic asthma
model was prepared by using Alum instead of LPS. The mice were intraperitoneally
sensitized with 75 mg of LPS-depleted OVA plus 2 mg Alum at days 0 and 7, and then
intranasally challenged with 50 mg OVA alone at days 14, 15, 21, and 22.
eled Flt1 peptide – HA nanoparticles, (c) FITC- labeled Flt1 peptide – HA nanoparticles
0 mm and black bar does 10 mm.
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2.11.2. Cellularity in bronchoalveolar lavage fluids
Bronchoalveolar lavage (BAL) cellularity for the evaluation of lung inflam-

mation was analyzed as described elsewhere [8]. Briefly, BAL cells were stained
with Diff-Quik and 300 inflammatory cells were counted for the analysis. In-
flammatory cells were classified as macrophages, lymphocytes, neutrophils, and
eosinophils.

2.11.3. Lung tissue histology
We entrusted lung tissues to Asan Medical Center (Seoul, Republic of Korea) and

received histologic sample slides for the analysis. All histologic sample slides were
compared at the same magnification (�100). Lung inflammation was measured by
assessing the degree of peribronchiolar and perivascular inflammation [8].

2.12. Statistical analysis

The data are expressed as means � standard deviation from several separate
experiments. Statistical analysis was carried out via the two-way analysis of variance
a
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interest (ROI) for (c) red and (d) green fluorescences.
(ANOVA) test using the software of SigmaPlot10.0. A value for P < 0.05 was
considered statistically significant.
3. Results and discussion

3.1. Preparation and fluorescent labeling of Flt1 peptideeHA
conjugate nanoparticles

Although Flt1 hexa-peptide of GNQWFI showed an excellent
biological activity as an antagonist for VEGFR1 [14], the use of Flt1
peptide has been limited due to its poor water solubility. To over-
come the inherent limitation for further application, Flt1 peptide
was conjugated to HA-TBA in DMSO by the amide bond formation
between carboxyl groups of HA and N-terminal a-amine groups
b

d
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of Flt1 peptide. The successful synthesis and self-assembly of
Flt1 peptideeHA conjugates were confirmed in our previous
work [30]. The formation of nanoparticles in aqueous solution
could be attributed to the hydrophobic interaction between Flt1
peptide molecules conjugated to hydrophilic HA chain. The Flt1
peptideeHA conjugate nanoparticles have shown improved ther-
apeutic effect on various ocular neovascularization diseases with
the loading of hydrophobic drugs [31]. For ex vivo tracking of
inhaled Flt1 peptideeHA conjugate nanoparticles, the nano-
particles were decorated with two kinds of fluorescent dyes. To
examine the biodistribution of Flt1 peptideeHA conjugate nano-
particles, HiLyte 647 amine was conjugated to Flt1 peptideeHA
conjugate. Ten percent of carboxyl groups in HAwere biochemically
conjugated with Flt1 peptide and some of residual carboxyl groups
were labeled with HiLyte 647 amine by the amide bond formation
using EDC chemistry as shown in Fig. 1a. The aqueous solution of
Flt1 peptideeHAeHiLyte 647 nanoparticles was mixed with CFSE
Concentra
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Fig. 4. (a) In vitro cytotoxicity of Flt1 peptideeHA conjugate nanoparticles assessed by the vi
and PEI 25K as a control. (b) In vivo cytotoxicity of Flt1 peptideeHA conjugate nanoparticles
sections in comparison with E. coli-treatment. White arrows indicate red dots stained by ED1
is referred to the web version of this article.)
dissolved in DMSO with ultrasonication. CFSE was loaded into Flt1
peptideeHAeHiLyte 647 nanoparticles by the hydrophobic inter-
action between CFSE molecules and Flt1 peptides (Fig. 1b). The
concentrations of fluorescent dyes decorated to Flt1 peptideeHA
conjugate nanoparticles were determined by measuring the
absorbance at 650 nm for HiLyte 647 and at 490 nm for CFSE. CFSE
is colorless and non-fluorescent until the acetate groups are
removed by intracellular esterase to yield highly fluorescent car-
boxyfluorescein succinimidyl ester [32]. After esterase treatment
overnight, we could observe the fluorescence of CFSE in the
nanoparticles.

3.2. Bioimaging of Flt1 peptideeHA conjugate nanoparticles

Before ex vivo fluorescence imaging for the biodistribution of
Flt1 peptideeHA conjugate nanoparticles, in vitro cellular uptake of
the nanoparticles was bioimaged in human lung epithelial cells. As
tion (μg/mL)

15 20 25 30

Flt1 peptide - HA

PEI 25K

i Flt1 peptide - HA 

ability of A549 cells 24 h after treatment with Flt1 peptideeHA conjugate nanoparticles
by histological analysis after H&E staining (top) and ED1 staining (bottom) of the lung
antibody. (For interpretation of the references to color in this figure legend, the reader



H. Kim et al. / Biomaterials 34 (2013) 8478e84908484
shown in Fig. 2, FITC-labeled Flt1 peptideeHA nanoparticles were
evenly distributed in the cytosol of A549 cells revealing the effec-
tive cellular uptake of the nanoparticles. A549 cells are well known
to have HA receptors like CD44 on their surfaces [33]. When A549
cells were preincubated with the excess amount of free HA to block
HA receptors on the cell surface, cellular uptake of the nano-
particles was significantly reduced due to the competitive binding
of HA to the receptors, reflecting the HA receptor-mediated endo-
cytosis (Fig. 2c). The results confirmed the feasibility of Flt1 pep-
tideeHA conjugate nanoparticles for the efficient intracellular drug
delivery to HA receptor positive cells by the receptor-mediated
endocytosis.

Ex vivo fluorescence imaging was carried out for the bio-
distribution of CFSE/Flt1 peptideeHAeHiLyte 647 nanoparticles
after their pulmonary delivery. Fig. 3 shows the fluorescence im-
ages of dissected organs from ICR mice treated with HiLyte 647,
CFSE, and CFSE/Flt1 peptideeHAeHiLyte 647 nanoparticles under
red and green filters. Both Flt1 peptideeHA conjugate nano-
particles (Fig. 3a) and encapsulated hydrophobic molecules
(Fig. 3b) were more significantly delivered to the lung than free
fluorescent dyes, and detected for up to 72 h post-treatment. The
fluorescence intensities of dissected organs were quantified by the
ROI method (Fig. 3ced). The maximum accumulationwas observed
in 24 h for CFSE/Flt1 peptideeHAeHiLyte 647 nanoparticles and
only tiny amount of the nanoparticles was delivered to the liver
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Fig. 5. (a) Schematic representation for dexamethasone (Dexa) loaded Flt1 peptideeHA na
bance of Dexa at 240 nm before (black line) and after (blue line) drug loading to Flt1 peptid
(d) magnified TEM image of Dexa/Flt1 peptideeHA nanoparticles. (For interpretation of the
article.)
systemically. In the case of free fluorescent dyes, the maximum
accumulation was observed in 6 h and the dyes completely dis-
appeared within 24 h. As delineated above, Flt1 peptideeHA con-
jugate nanoparticles appeared to be internalized into lung
epithelial cells by HA receptor-mediated endocytosis. Once the
nanoparticles and loaded hydrophobic drugs were delivered to the
lung, the amount of drugs systemically delivered to the liver was
reduced significantly. In addition, HA might prolong the residence
time of the nanoparticles in the lung due to its mucoadhesivity [20].
The efficient local delivery and prolonged residence of Dexa/Flt1
peptideeHA conjugate nanoparticles can reduce the necessary
dose of Dexa and alleviate the adverse effect of systemic delivery of
Dexa such as adrenal suppression, bone loss, hypertension and
hyperglycemia.

3.3. Cytotoxicity of Fl1 peptideeHA conjugate nanoparticles

In vitro cytotoxicity of Flt1 peptideeHA conjugate nanoparticles
was assessed by cell proliferation assay in A549 cells with HA
receptors for further therapeutic applications. Fig. 4a shows the
cell viability 24 h after incubation with the nanoparticles and
25 kDa PEI. PEI was used as a control exhibiting a dose-dependent
cytotoxicity. Flt1 peptideeHA conjugate nanoparticles showed a
cell viability over 98% up to the concentration of 20 mg/mL,
whereas PEI exhibited a cell viability lower than 10% at the
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concentration of PEI higher than 20 mg/mL (Fig. 4a). According to
the further analysis, Flt1 peptideeHA conjugate nanoparticles
showed a cell viability over 95% up to the concentration of 600 mg/
mL. In vivo cytotoxicity of the Flt1 peptideeHA conjugate nano-
particles was also evaluated as shown in Fig. 4b. The upper row of
Fig. 4b shows representative photomicrographs of pulmonary
parenchyma 24 h after orotracheal instillation of E. coli strain E69
and 3 mg/head nanoparticles. The nanoparticle dose was ten times
of the therapeutic dose of 300 mg/head. In a positive control group
treated with E. coli strain E69, severe congestion and infiltration of
inflammatory cells such as macrophages and neutrophils were
observed. In contrast, there was no significantly higher inflam-
matory cell infiltration in the lung parenchyma treated with Flt1
peptideeHA conjugate nanoparticles. To visualize the macro-
phages, anti-CD68 (ED1) antibody staining was performed as
shown in the lower row of Fig. 4b. ED1 is a general marker of
macrophages. While lung parenchyma treated with E. coli revealed
a significant increase in ED1 levels, ED1 staining of lung paren-
chyma treated with the nanoparticles didn’t show any visible red
fluorescent dots, showing the similar ED1 level with the normal
Ti
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control group. The results clearly confirmed the remarkable safety
of Flt1 peptideeHA conjugate nanoparticles as a pulmonary drug
delivery system.

3.4. Preparation of Dexa/Flt1 peptideeHA nanoparticles

On the basis of the results in the previous sections, Flt1
peptideeHA conjugate nanoparticles were exploited for pulmo-
nary therapeutic applications. Herein, Dexa, one of the gluco-
corticoid drugs, was encapsulated in the Flt1 peptideeHA
conjugate nanoparticles for the treatment of asthma. Glucocor-
ticoid drugs like Dexa exhibit excellent therapeutic effects on
eosinophilic asthma characterized by Th2 immune responses. In
contrast, it has poor therapeutic effect on neutrophilic asthma
due to the steroid resistance. Meanwhile, Flt1 peptide was re-
ported as a key mediator regulating neutrophilic inflammation
and showed significant therapeutic effect on neutrophilic asthma
characterized by Th1 immune responses. Accordingly, it was
expected that Dexa/Flt1 peptideeHA nanoparticles might show
formidable therapeutic effects both in eosinophilic and
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neutrophilic asthma models with their synergistic pharmacody-
namic interactions. The Dexa/Flt1 peptideeHA nanoparticles
were prepared by mixing of aqueous solution of Flt1 peptideeHA
conjugate nanoparticles and Dexa solution in ethanol with
ultrasonication. After solvent exchange and removal of unloaded
Dexa by dialysis, the nanoparticles were constructed via hydro-
phobic interactions between Flt1 peptides and Dexa molecules as
schematically shown in Fig. 5a. The loaded amount of Dexa
within the nanoparticles was quantified by HPLC analysis with
C18 column (Fig. 5b). Approximately 10% of the added Dexa was
loaded in the nanoparticles (exactly 12.0% in Fig. 5b). The for-
mation of the polymeric nanoparticles was confirmed by TEM
(Fig. 5c). In a magnified TEM image of Fig. 5d, small drug particles
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embedded in polymeric nanoparticles were observed confirming
the encapsulation of Dexa molecules. The average diameter of
Dexa/Flt1 peptideeHA nanoparticles was 110.2 � 17.4 nm by DLS,
which was in accordance with that in TEM images. The nano-
particles had a negative charge with a zeta potential
around �20 mV due to the negatively charged HA on the surface.

3.5. In vitro VEGFR binding of Dexa/Flt1 peptideeHA nanoparticles

Before evaluating in vitro biological activity of the nano-
particles, in vitro release tests of Dexa were performed in PBS
(pH 7.4) at 37 �C with dialysis bags containing the aqueous so-
lutions of water soluble Dexa and the Dexa/Flt1 peptideeHA
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nanoparticles in PBS. Fig. 6a shows the cumulative amount of
Dexa released from Dexa/Flt1 peptideeHA nanoparticles
compared with free Dexa. The half of the loaded Dexa was
released from the nanoparticles over the first 6 h by an initial
burst release and the residual Dexa was released continuously
over the following 18 h. Then, in vitro dose-dependent biological
activity of Flt1 peptideeHA conjugate nanoparticles was assessed
by monitoring the inhibition effect on the binding of Flt1-FC to
VEGF165 coated on the well. Flt1 peptide is an antagonistic pep-
tide for VEGFR1 (Flt1), interrupting the interaction of VEGFR1
with other VEGFR1 ligands like VEGF165 [14]. After treatment of
the mixed solution of Flt1 peptide and Flt1-Fc, unbound Flt1-Fc
was removed and the remaining Flt1-Fc bound to VEGF165 was
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quantified by ELISA. The luminescence value without any treat-
ment was set to be 100% and the other data were normalized in
comparison to the value. Flt1 peptide reduced the binding of Flt1-
Fc to VEGF165 in a dose-dependent manner at the concentrations
above 200 nM. Flt1 peptideeHA conjugate nanoparticles with or
without loading of Dexa showed less efficient inhibitory effect
than pristine Flt1 peptide due to the steric hindrance. However,
they still interacted with VEGFR1 and reduced the binding of Flt1-
Fc to VEGF165 even after formation of the nanoparticles. The re-
sults clearly confirmed that Flt1 peptides maintained their bio-
logical binding affinity to VEGFR1 and regulated the VEGFR1-
mediated interactions even after formation of the Flt1 peptidee
HA conjugate nanoparticles.
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3.6. In vitro biological activity of Dexa/Flt1 peptideeHA
nanoparticles

The first defense line for pathogenic particles and molecules is
airway epithelial cells and alveolar macrophages. We used a human
lung epithelial cell line of A549 cells and a mouse alveolar macro-
phage cell line of MH-S cells to evaluate the efficacy of Dexa/Flt1
peptideeHA nanoparticles in pro-inflammatory condition induced
by LPS. As reported elsewhere [33,34], HA receptors such as CD44
are highly expressed in both lung epithelial cells and alveolar
macrophages. To investigate the release and action of Dexa loaded
in the nanoparticles, A549 cells were treated with Dexa, Flt1 pep-
tideeHA conjugate nanoparticles, and Dexa/Flt1 peptideeHA
nanoparticles at the same dose for 1 h. After stimulationwith 10 ng/
mL LPS for 3 and 6 h, the secretion of hIL-6 increased in the A549
cells (Fig. 7a and b). Interestingly, the pro-inflammatory cytokine
release after 3 h and 6 h was reduced in both groups treated with
Dexa and Dexa/Flt1 peptideeHA nanoparticles in a dose-
dependent manner. The efficacy of Dexa/Flt1 peptideeHA nano-
particles was much higher and longer than free Dexa. The results
revealed that Dexa/Flt1 peptideeHA nanoparticles could be inter-
nalized to the cells, leading to the slow release of Dexa and the
reduction of pro-inflammatory mediator like IL-6. Then, the anti-
inflammatory efficacy of Dexa/Flt1 peptideeHA nanoparticles was
evaluated in MH-S cells after treatment with the samples and LPS
together for 24 h. The treatment of MH-S cells with Dexa and Dexa/
Flt1 peptideeHA nanoparticles resulted in the dose-dependently
decreased levels of pro-inflammatory cytokines such as IL-6 and
TNF-a (Fig. 7c and d). From the results, Dexa/Flt1 peptideeHA
nanoparticles appeared to be more effective than free Dexa to
alleviate airway inflammation in both the human lung epithelial
cells and the mouse alveolar macrophage cells.
3.7. In vivo efficacy of Dexa/Flt1 peptideeHA nanoparticles in
asthma model mice

Previously, we prepared a mouse model of eosinophilic asthma
gathering Th2 response by the intraperitoneal sensitization with
OVA together with Alum [29]. After intraperitoneal sensitization
with OVA in Alum and intranasal challenges with OVA, the mice
showed eosinophilic inflammationwith increasing BAL eosinophils
andmacrophages. Remarkably, the treatment groupswith both Flt1
peptideeHA conjugate nanoparticles and Dexa/Flt1 peptideeHA
nanoparticles showed significantly decreased BAL cellularity
including macrophages and eosinophils in OVA/Alum induced
eosinophilic inflammation model mice (Fig. 8a and b). Histological
analysis and inflammatory scores also confirmed the therapeutic
efficacy of Dexa, Flt1 peptideeHA conjugate nanoparticles, and
Dexa/Flt1 peptideeHA nanoparticles (Fig. 8c and d). The results
indicate that Dexa conventionally used for the treatment of asthma
is effective to alleviate eosinophilic asthma [5]. However, Dexa was
not effective to BAL cellularity in the neutrophilic asthma model
mice induced by repeated inhalation of LPS-containing allergens
(Fig. 9a and b). In contrast, Dexa/Flt1 peptideeHA nanoparticles
resulted in the significantly reduced cellularity including macro-
phages and neutrophils. Although neutrophilic asthma model mice
showed the steroid resistance and neutrophilic airway inflamma-
tion, Dexa/Flt1 peptideeHA nanoparticles alleviated neutrophilic
pulmonary inflammation. Histological analysis also showed the
relief of lung inflammation by both Flt1 peptideeHA conjugate
nanoparticles and Dexa/Flt1 peptideeHA nanoparticles (Fig. 9c and
d). Taken together, Dexa/Flt1 peptideeHA nanoparticles appeared
to have a significant therapeutic effect on both eosinophilic and
neutrophilic subtypes of asthma, showing the feasibility for the
treatment of corticosteroid-sensitive and corticosteroid-resistant
asthma.

4. Conclusions

We successfully developed Flt1 peptideeHA conjugate nano-
particles for pulmonary drug delivery applications. In vitro and
ex vivo bioimaging revealed that Flt1 peptideeHA conjugate
nanoparticles were effectively delivered and up-taken to the lung
tissues by HA receptor mediated endocytosis with a prolonged
residence time. In vitro and in vivo cytotoxicity were negligible
confirming the feasibility of Flt1 peptideeHA conjugate nano-
particles for further therapeutic applications. Dexa could be loaded
into the Flt1 peptideeHA conjugate nanoparticles for the treatment
of asthma. The formation of self-assembled nanoparticles was
verified by HPLC, DLS, and TEM analyses. The Dexa loaded nano-
particles reduced the cytokine levels in LPS-stimulated cells more
significantly than free Dexa. Furthermore, Dexa/Flt1 peptideeHA
nanoparticle showed remarkable therapeutic effects on both
eosinophilic and neutrophilic subtypes of asthma.
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