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a b s t r a c t

Lung cancer is the most malignant cancer today; in order to develop an effective drug delivery system for
lung cancer therapy, gelatin nanoparticles (GPs) were modified with NeutrAvidinFITC-biotinylated
epidermal growth factor (EGF) to form EGF receptor (EGFR)-seeking nanoparticles (GP-Av-bEGF). Aerosol
droplets of the GP-Av-bEGF were generated by using a nebulizer and were delivered to mice model of
lung cancer via aerosol delivery.
Analysis of the aerosol size revealed that 99% of the nanoparticles after nebulization had a mass median
aerodynamic diameter (MMAD) within the suitable range (0.5–5 mm) for lower airway deposition. The
safety of inhaled nanoparticles was examined by lung edema and myeloperoxidase (MPO) activity assay.
There’s no finding suggestive of acute lung inflammation following inhalation. The fluorescence images
obtained from live mice showed that the GP-Av-bEGF could target the cancerous lungs in a more specific
manner. Fluorescence analysis of the organs revealed that the GP-Av-bEGF was mainly distributed in
cancerous lungs. In contrast, nanoparticle accumulation was lower in normal lungs. The histological
results indicated that the fluorescent GP-Av-bEGF was colocalized with the anti-EGFR-immunostain due
to EGFR binding.
The results of this study revealed that GP-Av-bEGF could target to the EGFR-overexpression cancer cells
in vivo and may prove to be beneficial drug carriers when administered by simple aerosol delivery for the
treatment of lung cancer.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Lung cancer is one of the most harmful forms of cancer. The long-
term survival rate of lung cancer patients treated by conventional
modalities such as surgical resection, radiation, and chemotherapy
remains far from satisfactory. Systemic drug delivery is rarely suc-
cessful because only a limited amount of the chemotherapeutic drug
targets lung tumor sites, even when administered at a high dose [1].
Most of the chemotherapeutic drugs act on normal cells, inhibiting
their growth; this makes the patient extremely weak and can even
result in death. Therefore, accurate delivery of chemotherapeutic
drugs to the tumor site is the most crucial step for increasing the
survival rate of lung cancer patients. Intravenous (i.v.) injection of
protein-based drugs and anticancer pharmaceuticals, with or
without drug carriers, is the major delivery method employed for
chemotherapy [2]. However, drugs encapsulated in nanocarrier
were mostly accumulated in the reticuloendothelial system (RES)
such as liver or spleen before they reach the intended target site [3].
68; fax: þ886 2 23940049.
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The direct delivery of chemotherapeutic agents to the lungs
offers a novel therapeutic approach for lung cancer patients. By the
aerosol method, chemotherapeutic drugs can be efficiently and
noninvasively delivered to lung cancer area by inhalation [4]. Thus,
the drug can directly exert its effects on lung cancer cells before it is
degraded or metabolized. Targeted aerosol delivery can also
increase the retention time of the drug in the lungs; this improves
the pulmonary receptor occupancy at the expense of systemic
exposure, thereby reducing the systemic side effects of the drug
[5,6]. In addition, this method could eliminate patient complaints
associated with the daily administration employed in i.v. injection.

Aerosol therapy employing a particulate drug carrier system is
becoming a popular method for the delivery of therapeutic com-
pounds. Although many materials have been used for constructing
nanoparticles to serve as carriers for anticancer drugs, not all these
materials have proved to be very promising when applied to the
human body. Poly(lactic-co-glycolic acid) (PLGA) is a very common
biodegradable polymer used for drug delivery. However, its
biodegradation rate is extremely slow, and it is therefore unsuitable
for pulmonary drug delivery, especially in cases where frequent
dosing is required [7]. Leakage has always been a limitation of
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liposome nanoparticles prepared by nebulization as aerosols for
inhalation therapy [8].

Gelatin is a biodegradable polymer that exhibits excellent
biocompatibility, plasticity, and adhesiveness [9]. Its degradation
rate can be regulated by the degree of cross-linking. The functional
groups on gelatin nanoparticles (GPs), such as carboxyl, hydroxyl,
and amino groups, are available for conjugation with ligands to
bring about surface modifications. Gelatin microspheres have been
used for the effective delivery of salmon calcitonin to the pulmonary
system [10]. Several investigations have confirmed the aerodynamic
stability of gelatin aerosol particles generated by using a nebulizer
[6,10]. In the present study, GPs were generated as drug carriers
(cisplatin) to be administered via inhalation for the treatment of
lung cancer. The developed GPs were surface modified Neu-
trAvidinFITC-biotinylated epidermal growth factor (GP-Av-bEGF) to
direct them to the tumor site, and they were dispersed in an aerosol;
they were then delivered in vivo to lung cancer cells in nude mice via
inhalation. Fluorescence imaging and histological observation were
performed to analyze the biodistribution and targeting efficiency of
the nanoparticles in vivo via aerosol delivery. The particle size of the
nebulized nanoparticles was assessed by using a dust monitor.
Scanning electron microscopy (SEM) was performed to examine the
morphology of the nebulized GPs. An acute lung injury assay was
performed to evaluate the safety of the developed nanoparticles.
The lung wet-to-dry (W/D) weight ratio was determined to examine
lung edema, and the myeloperoxidase (MPO) activity assay was
performed to assess neutrophil infiltration [11].

2. Materials and methods

2.1. Reagent and chemicals

Gelatin type A (derived from porcine skin, bloom 175), Ham’s F12K medium,
Bicinchoninic Acid (BCA) protein assay kit, bovine serum albumin (BSA),
ethylenediaminetetraacetic acid (EDTA), hexadecyltrimethylammonium bromide
(HETAB), hematoxylin and eosin were purchased from Sigma (Saint Louis, MO, USA).
Fetal calf serum (FCS) was from Biological industries (Kibbutz Beit Haemek, Israel).
Trypsin–EDTA, penicillin/streptomycin and phosphate-buffered saline (PBS) were
obtained from Gibco/BRL (Gaithersburg, MD, USA). NeutrAvidin� Fluorescein
Conjugated (NeutrAvidinFITC), m-maleimidobenzoyl-N-hydroxysulfosuccinimide
ester (Sulfo-MBS), Sulfo-NHS-LC-biotin, 2-iminothiolane$HCl, D-Salt� Dextran
desalting columns and EZ� Biotin Quantization Kit were purchased from Pierce
(Rockford, IL, USA). Human recombinant epidermal growth factor (EGF) and mouse
(monoclonal) anti-human EGF receptor (EGFR) antibody cocktail were obtained
from BioSource (Camarillo, CA, USA). Amicon� ultra centrifugal filter device was
from Millipore (Billerica, MA, USA). Super Sensitive Non-Biotin HRP Detection Sys-
tem was from BioGenex (San Ramon, CA, USA). Tissue-Tek� OCT compound was
obtained from Sakura Finetek (Sakura, Tokyo, Japan). All other chemicals were from
Sigma–Aldrich in reagent grade.

2.2. Preparation of gelatin nanoparticles with conjugated biotinylated EGF

2.2.1. Preparation of gelatin nanoparticles (GPs)
GPs were prepared by the desolvation method, which is briefly described as

follows [12]. Five milliliters of 5% (w/v) aqueous gelatin solution was heated to 50 �C,
followed by the addition of 5 ml of acetone. The resulting supernatant was discarded
and the precipitate redissolved at 50 �C. Twelve milliliters of acetone was then
added to the redissolved gelatin solution at pH 2.5. The nanoparticles were cross-
linked by the addition of glutaraldehyde (0.04%) and stirred at 1000 rpm overnight.
Finally, acetone was removed by vacuum drying, and the fabricated GPs were
purified and resuspended in deionized water. These particles were stored at 4 �C for
further applications.

2.2.2. NeutrAvidinFITC conjugation to the surface of GPs
Two steps were required in order to complete the conjugation process. Initially,

amino groups borne on the surface of GPs were converted to thiol groups by the
addition of 2-iminothiolane. These thiol groups were subsequently used as func-
tional groups for ligand conjugation. The GPs in deionized water were initially placed
in a dialysis membrane bag and dialyzed against sodium phosphate buffer con-
taining 10 mM EDTA (pH 8.0). Following dialysis, 1 ml of gelatin nanoparticle solution
(8 mg/ml) was reacted with 2-iminothiolane (28 mM) for 1 h at 37 �C. The nano-
particles were washed three times with sodium phosphate buffer containing 10 mM

EDTA and collected in Amicon Ultra-4 filter devices (Mw cutoff, 30,000). As a result of
this process, the thiol groups were introduced into the GPs. The introduced thiol
groups were determined spectrophotometrically using the 5,50-dithio-bis-(2-
nitrobenzoic acid) (DTNB) method [13]. Separately, NeutrAvidinFITC was dissolved in
sodium phosphate buffer (pH 7.2) containing 2 mg/ml of Sulfo-MBS for activation.
The solution was mixed thoroughly and left to react at room temperature for 1 h [14].
The activated NeutrAvidinFITC was purified on a gel filtration column. The activated
NeutrAvidinFITC solution was then mixed with the thiolated nanoparticles and
allowed to react overnight at 4 �C. The unbound NeutrAvidinFITC derivative was
separated and NeutrAvidinFITC-GP-conjugated nanoparticles were concentrated by
centrifugation using a centrifugal filter device (Mw cutoff, 100,000). The complex of
NeutrAvidinFITC-gelatin nanoparticles is hereafter abbreviated as GP-Av.

2.2.3. Biotinylated EGF binding to NeutrAvidinFITC-GPs
The biotinylation of EGF was performed prior to the conjugation with GP-Av,

which is briefly described as follows. EGF was initially dissolved in phosphate-
buffered saline (PBS, pH 7.0) and then added to a biotinylation reagent (Sulfo-NHS-
LC-biotin). The molar ratio of Sulfo-NHS-LC-biotin to EGF was 15:1 [14]. The solution
was mixed and left to react at room temperature for 30 min. Biotinylated EGF was
separated by size exclusion chromatography through a D-salt dextran desalting
column. The biotinylated EGF-containing eluate fractions were pooled, and the
protein concentration of biotinylated EGF was measured using a BCA protein assay
kit. The mole ratio of biotin binding with EGF was determined using an EZ� Biotin
Quantitation kit. Biotinylated EGF is hereafter abbreviated as bEGF. Following the
preparation, 250 ml bEGF (300 mg/ml) was mixed with 500 ml (4 mg/ml) of GP-Av
nanoparticles and incubated at 4 �C for 2 h. The bEGF-conjugated GPs were washed
3 times with PBS and collected by centrifugation. The final nanoparticles are referred
to as GP-Av-bEGF.

2.3. Cell and pulmonary tumor metastases

Male nude mice, aged 5–6 weeks and weighing above 20 g, were maintained
under specific pathogen-free conditions and supplied with autoclaved mouse chow
and water. The mice, housing facilities, feed, and animal use protocol were approved
by the Institutional Animal Care and Use Committee of the National Taiwan Uni-
versity College of Medicine. A549 human lung adenocarcinoma cells were cultured
in T-75 flasks using Ham’s F12K medium supplemented with 10% fetal calf serum
(FCS), 1% penicillin/streptomycin, and 1.5 g/l sodium bicarbonate. All cultures were
incubated in 5% CO2 at 37 �C. Having obtained a sufficient cell number, the A549 cells
(6�106 cells suspended in 0.15 ml PBS) were injected into the tail vein of male
BALB/cAnN.Cg-Foxn1nu/CrlNarl nude mice, in order to induce tumor in pulmonary
tissue.

2.4. Characterization of aerosol particles

The size distribution of nebulized GPs, GP-Av, and GP-Av-bEGF, each at a con-
centration of 100 mg/ml, was analyzed using a DUST monitor (DUST-check portable
dust monitor, model 1.108; Grimm Labortechnik Ltd., Germany). The morphology of
the developed nanoparticles was examined using a scanning electron microscope
(SEM, S-2400; Hitachi, Japan). The developed nanoparticles were nebulized to an
aerosol using a nebulizer (AP-100100; APEX, Taiwan). The original nanoparticle
solution was dropped on the cover slide for the observation of nanoparticles. Aerosol
droplets containing the developed nanoparticles were collected from the outlet of
the nebulizer and dried on a cover slide. These cover slides were then coated with
a gold film by sputtering physical vapor deposition (PVD) for SEM examination.

2.5. In vivo aerosol delivery of GP-Av-bEGF

The targeting efficiency of the developed GP-Av-bEGF in vivo was evaluated by
an in vivo imaging system (IVIS� Imaging System 50; Xenogen, USA). Tumor-induced
mice were divided into 3 groups and treated with PBS, GP-Av, or GP-Av-bEGF. The
nanoparticle solution was nebulized to an aerosol and delivered to nude mice
through inhalation. The mice were exposed to the aerosol in a sealed plastic box [1].
Five milliliters of nanoparticle solution in the reservoir of the nebulizer was con-
sumed within 30 min. The total deposited dose of GP-Av-bEGF was 5 mg/kg/mouse
for each exposure. Whole mouse images were obtained 1 d after aerosol delivery.
The distribution of the developed GP-Av-bEGF in each organ was examined using
the same imaging system. Normal mice and tumor-induced mice were all treated
with GP-Av-bEGF nanoparticles (n¼ 4) using the same delivery process as described
in the previous section. The mice were sacrificed at different time points (0.5 and
24 h). Lungs, heart, liver, kidneys, spleen, and brain were harvested and cleaned
using PBS. The relative intensity of fluorescence in each organ was equivalent to the
concentration of fluorescent nanoparticles.

2.6. Histological examination

The tissues were harvested from the sacrificed mice and placed in tissue wells
filled with Tissue-Tek OCT. The tissue wells were rapidly frozen on dry ice before being
stored at �70 �C. The frozen specimens were sectioned using a cryostat microtome
(CM 3050S; Leica, Germany). The sectioned specimens were directly examined under
a fluorescent microscope (Axiovert 100TV; Zeiss, Germany) in order to detect the
location of the GP-Av-bEGF. Hematoxylin and eosin (H&E)-stained specimens were
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used to check alveolar structure and tumor nodules. An anti-EGFR immunohisto-
chemistry assay was used in order to label the EGFR-expressed cells. The cryosections
were post-fixed with acetone for 10 min at�20 �C and washed with PBS. Nonspecific
binding sites were blocked with 2% (w/v) BSA solution in PBS prior to labeling with
antibody. The specimens were washed several times with PBS, incubated overnight at
4 �C with a 1:200 dilution of monoclonal anti-EGFR primary antibody. The specimens
were then stained using a commercial Super Sensitive Non-Biotin HRP Detection
System (BioGenex, USA). All sections were counterstained with hematoxylin and
mounted on a cover slide for optical microscopic examination.

2.7. Acute lung injury assay

2.7.1. Wet to dry lung weight ratio
The wet to dry lung weight ratio was used to check lung edema after nano-

particle treatment. One day after the mice had been treated by GP-Av-bEGF
inhalation, the animals were euthanized by an intraperitoneal injection of overdose
sodium pentobarbital. The right lung was harvested and weighed immediately. The
dry weight of the right lung was subsequently determined by drying the tissue in
a laboratory oven at 60 �C for 2 d. The wet/dry lung weight ratio was calculated in
order to determine if nanoparticle treatment would cause lung edema.

2.7.2. Myeloperoxidase assay
Tissue myeloperoxidase (MPO) activity was used to quantitate neutrophil

accumulation in the lung parenchyma of each experimental group. The left lung in
50 mM potassium phosphate buffer (PPB, pH 6.0) was chopped into pieces using
a homogenizer. The homogenate was freeze-thawed 3 times and sonicated for 15 s
on ice in order to further break down the pieces. After thawing, the sample was
centrifuged for 10 min at 10,000�g and 4 �C. The resulting pellets were resuspended
in 1 ml HETAB solution (0.5% hexadecyltrimethylammonium bromide/PPB buffer).
The MPO assay reagent comprised 0.05% H2O2 and 0.19 mg/ml O-dianisidine dihy-
drochloride in PPB, pH 6.0. A 10-ml aliquot of the resuspended pellets and 290 ml
MPO assay reagent were mixed and allowed to react for 1 min, after which absor-
bance was measured at 460 nm using an ELISA reader (SpectraMax M2; Molecular
Devices, USA). The MPO activity was expressed by the following formula: MPO
activity¼ (MPO value recovered from nanoparticle-treated mice)/(MPO value
recovered from control mice without treatment)� 100 (%).
Fig. 1. (a) Schematic representation of the GPs with different degrees of modification; (b) si
following nebulization.
2.8. Statistical analysis

All data are presented as mean values (�SEM). Statistical differences between
groups were assessed using a one-way analysis of variance (ANOVA). The statistical
significance for all tests was defined as p� 0.05.
3. Results

3.1. Characterization of the nebulized GPs

Schematic representation of the GPs with different degrees of
modification is represented in Fig. 1(a). The particle sizes of the GPs,
GP-Av, and GP-Av-bEGF measured by using a Photo-Correlated
Spectrophotometer were all determined to be approximately
220 nm in previous report [15]. Following nebulization, the GPs,
GP-Av, and GP-Av-bEGF were converted into aerosol particles. The
size distribution of these aerosol particles was evaluated by using
a dust monitor. As shown in Fig. 1(b), the sizes of the nebulized GPs,
GP-Av, and GP-Av-bEGF (aerosol particles) all exhibited an
extremely narrow distribution. More than 99% of all three GPs types
were in the range of 0.5–5 mm in size; this represents the optimal
size range for delivery via inhalation to prevent deposition of the
particles in the air track or their escape through the upper
respiratory track.

Fig. 2(a) shows the morphology of the GPs, as determined by
SEM. The GPs size was extremely uniform in the range 100–300 nm.
Consistent with previous studies, the average size was approxi-
mately 200 nm. The aerosol particles generated using the other two
GPs types tested (GP-Av and GP-Av-bEGF) were morphologically
identical to those generated using unmodified GPs when examined
ze distribution of the aerosol droplets generated by using the nanoparticle suspensions



Table 1
Results of acute lung injury assay

Acute lung injury Normal group
PBS

Normal group
GP-Av-bEGF

Tumor-induced
group GP-Av-bEGF

Lung edema
(wet/dry ratio)

4.56� 0.47 4.17� 0.24 4.37� 0.10

MPO activity (%) 99.98� 7.41 100.24� 3.56 96.82� 2.37

One-way ANOVA at the 0.05 level; the difference in the population means is
significantly different from test difference.
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by SEM (data not shown). The results of the SEM examination were
similar to those obtained by using a photo-related spectrophotom-
eter. Following nebulization, the aerosol particles generated using
the GPs were approximately 0.4–2 mm in size (Fig. 2(b) red circles).
As shown in Fig. 2(c), we also observed that after nebulization, some
particles were not present in aggregates but as single nanoparticles,
possibly due to their liberation from the aggregated clusters.

3.2. Safety of aerosol nanoparticles

To determine the safety of the developed nanoparticles, lung
edema and inflammatory responses were checked based on the
lung W/D weight ratio and by performing the MPO assay, re-
spectively. The lung W/D weight ratio was 4.56� 0.47 in the normal
mice treated with PBS (Table 1) and 4.17� 0.24 and 4.37� 0.10 in
the normal mice treated with GP-Av-bEGF and the tumor-induced
mice treated with GP-Av-bEGF, respectively. The three test groups
did not differ significantly in the lung W/D weight ratio (p� 0.05).
There should be no lung edema after GP-Av-bEGF delivery. An MPO
activity assay was performed to detect the neutrophil accumulation
in the lungs. The MPO activity in the normal mice treated with PBS
was 99.98� 7.41. In the other two groups (normal mice treated
with GP-Av-bEGF and tumor-induced mice treated with GP-Av-
bEGF), the MPO activity was 100.24� 3.56 and 96.82� 2.37,
respectively (Table 1). No statistically significant difference was
observed among the three groups in the MPO activity (p� 0.05).

3.3. In vivo targeting

3.3.1. Distribution of the nanoparticles in live mice
Fig. 3 shows the distribution of the nanoparticles in live mice

24 h later following aerosol delivery. Tumor-induced mice under
gas anesthesia were used to monitor the particle distribution in real
time. The image in Fig. 3(a) corresponds to a PBS-treated mouse;
almost no fluorescence was detected. The number of fluorescent
spots obtained was greater for the mouse treated with GP-Av
(Fig. 3(b)) than that for those treated with PBS. The mouse treated
with GP-Av-bEGF yielded the strongest fluorescence signals among
the three test groups. The nanoparticles largely accumulated in the
tumor region of the lungs (Fig. 3(c)). This real-time imaging system
may not accurately reveal the distribution of nanoparticles
Fig. 2. SEM images of the GPs’ suspension prior to (a) and following nebulization with aggre
colour in this figure legend, the reader is referred to the web version of this article.)
especially in the deeper area of the body. Therefore, the next step
was to measure the fluorescence intensity in the organs in order to
further elucidate the path of the nanoparticles.

3.3.2. Accumulation of the nanoparticles in organs
The distribution profile of the GP-Av-bEGF in organs following

aerosol administration in the mice is shown in Fig. 4. It is evident
from Fig. 4(a) and (b) that the accumulation of fluorescent signals
differed significantly between the normal and cancerous lungs at
0.5 and 24 h after inhalation (p� 0.05). The relative percentage of
GP-Av-bEGF fluorescent signals attained a maximum value of
368.3�15.67% in the cancerous lungs at the time point of 24 h,
while the fluorescence intensity was only 103.87�39% in the
normal lungs (Fig. 4(b)). Moreover, the fluorescence intensity of the
GP-Av-bEGF in the lungs increased by 3.6-fold from the normal
lungs to the cancerous lungs, indicating that the GP-Av-bEGF was
specific to the tumor tissue. Although highly fluorescent intensity
was also observed in the heart, there’s no difference between the
normal and tumor induced groups. Accumulation of GP-Av-bEGF in
the heart was no variant with the time interval after inhalation. The
relative fluorescence intensity observed in the kidneys, as shown in
Fig. 4(b), suggested that the degree of particle accumulation was
lower for the tumor-induced group than that for the normal group.
The uptake of nanoparticles in the spleen and liver is known to be
mediated by the function of the reticuloendothelial system (RES)
[3], and our results revealed that the GP-Av-bEGF was effective in
preventing splenic uptake at all time points, so as the lower fluo-
rescent intensity in the liver.

At 24 h after the delivery of the GP-Av-bEGF aerosol, the dis-
tribution of nanoparticles in normal mice was in the order of kid-
neys> heart> liver> spleen> brain> lungs. The accumulation of
gation (red circles) (b) or uniform dispersion (c). (For interpretation of the references to



Fig. 3. The in vivo fluorescence images of tumor-induced mice following aerosol de-
livery 24 h later by treatment with different nanoparticles’ solution: PBS-treated group
(a), GP-Av-treated group (b), and GP-Av-bEGF conjugate-treated group (c). FITC green
fluorescence spectra were obtained from live mice xenografted with the human lung
adenocarcinoma cells (A549).
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fluorescent signals was lowest for the lungs and highest for the
kidneys. In contrast, GP-Av-bEGF accumulation in the tumor-
induced group 24 h after inhalation was in the order of
lungs> heart> kidneys> spleen> brain> liver. In the tumor-
induced group, the accumulation in the lungs was significantly
greater than that in all the other organs (p� 0.05). Further, when
compared with the normal group at the same time point, the GP-
Av-bEGF was gradually eliminated from the spleen and liver, and
their accumulation increased in the lungs and kidneys. In particular,
the fluorescence intensity for GP-Av-bEGF in the cancerous lungs
was considerably higher than that in all the normal tissues exam-
ined (p� 0.05).

3.4. Histological examination of the nanoparticle distribution

Lung sections were examined for FITC expression by performing
fluorescence microscopy. By performing hematoxylin–eosin (H&E)
staining (Fig. 5(a)), small spherical particles were observed in the
respiratory tract; these may have been GPs stained with eosin.
Compared with fluorescence image, aerosol administration of
fluorescently labeled GP-Av-bEGF revealed the nanoparticles to be
mainly localized to the epithelial cells lining the trachea and the
bronchioles of the mid-airways 0.5 h after the administration
(Fig. 5(b)). The nanoparticles were associated with the trachea above
the epithelial cell layer. Green fluorescent spots were observed in
lines along the respiration tract; however, no fluorescent signals
were observed in the blood vessel due to the presence of red blood
cells initially (Fig. 5(c)). For sections of 24 h after the administration,
green fluorescent spots were found in the blood vessel (data not
shown). Analysis of the lung sections revealed that the GP-Av-bEGFs
were principally expressed by the epithelial cells (Fig. 5(d)).

To further confirm the localization of the EGF probe within the
tumor tissue, cryosections were obtained from tumor samples 24 h
after the delivery of the GP-Av-EGF aerosol and were processed by
H&E staining and immunohistological staining with anti-EGFR. As
shown in Fig. 6(a), a small tumor nodule was observed by H&E
staining, accompanied by significant fluorescence signals from the
dye-conjugated GP-Av-bEGF (Fig. 6(b)). On comparing the sections
stained with dye-conjugated GP-Av-bEGF and those stained with
anti-EGFR, dark brown pigmentation reflecting EGFR-
overexpressing cells was observed in the same regions. The fluo-
rescent images revealed that the GP-Av-bEGF signals corresponded
to EGFR-expressing cells. Based on these results, we confirmed that
the GP-Av-bEGF targeted the EGFR-overexpressing cancer cells.

4. Discussion

The treatment of lung cancer continues to be a challenge for
oncologists. The topical delivery of anticancer agents to the lungs
via aerosols offers the advantage of achieving higher pulmonary
concentrations of the therapeutic agent by using a lower total dose
than that required for systemic administration, thus lowering the
risk of toxicity [16]. Therefore, the direct delivery of chemothera-
peutic agents to the lungs could represent a novel therapeutic
approach for patients with pulmonary metastases [17]. Inhalation
treatment is a noninvasive modality that can be performed at home
under supervision, thus reducing the frequency of clinical visits and
yielding greater freedom to patients. The present study was
designed to expand our understanding of GPs modified with EGF
ligand (GP-Av-bEGF) after aerosol delivery could be transferred to
the lungs and trace to lung cancer cells in vivo for future clinical
applications.

The mucociliary clearance (MCC) is an integral part of the
defense mechanism of the lungs and enables the efficient clearance
of inhaled drugs, particles, or microorganisms from the respiratory
tract [18]. Many studies have focused on the size of the primary
particles; however, the size of the aerosol droplet determines
whether the particles reach the target site. Particles are deposited
in the upper respiratory tract when the aerosol particle size is
greater than 10 mm. If an aerosol is required to be localized at the
bronchi or bronchial tubes, it should be between 1 and 5 mm. Par-
ticles in a size of 0.5–1 mm are delivered to the pulmonary alveoli,
while particles smaller than 0.5 mm are exhaled [19]. The deposition
of particles in the lungs depends on its mass median aerodynamic
diameter (MMAD). Particles having a narrow size distribution and
an MMAD in the range 1–5 mm are desirable for highly efficient
delivery of drugs to the lungs via inhalation [20]. The direct
pulmonary delivery of nanoparticles is difficult because they are
immediately exhaled during the next breath and only an extremely
small percentage of the nanoparticles were actually deposited in
the deeper regions of the lungs. The GPs with EGF modification
were approximately 220 nm [15] and thus could have been
immediately exhaled on direct delivery to the lungs. Therefore,
a device capable of generating and delivering droplets/particles
having the requisite MMAD is required.

A nebulizer is known to generate droplets having characteristics
suitable for lung deposition [21]. In this study, a nebulizer was used
to produce aerosol particles ranging from 0.5 to 5 mm. As shown in
Fig. 1(b), by using a nebulizer, microdroplets of GPs, GP-Av, and GP-
Av-bEGF suspension were generated (99.8%) in the ideal MMAD
range and could be delivered and deposited beyond the
increasingly narrow airways into the alveoli.

Studies performed using inhaled nanoparticles dispersed in
aqueous droplets suggest that MCC can be overcome by nano-
particle [22]. Therefore, nanoparticles are potential vehicles for the
efficient transport of drugs to the epithelium, without unwanted
MCC. Nanoparticles encapsulated in an aerosol droplet were so-
called ‘‘Trojan’’ particles [23]. Trojan particles are prepared by the
assembly of nanoparticles derived from different materials into
microparticles. On delivery into the peripheral airways, these mi-
croparticles liberate their nanoparticle components [2]. Nano-
particles are able to escape clearance mechanisms and provide



Fig. 4. Distribution of GP-Av-bEGF administered by inhalation to normal and tumor-bearing mice, measured at 0.5 (a) and 24 h (b). The distribution to each organ is presented as
a relative percentage of that in the normal mice that were not treated. A significant difference was observed between the cancerous and the normal lungs at 0.5 and 24 h after
inhalation. The level of significance was considered as p� 0.05 (*).
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sustained drug release. Our results revealed the formation of Trojan
particles (Fig. 2(b)); microparticles were assembled by the aggre-
gation of nanoparticles. We also observed that these nanoparticles
could be liberated from the microparticles and redispersed as
a single nanoparticle (Fig. 2(c)).

Nanoparticles exhibit a larger surface area per unit mass than
larger particles, thus eliciting a greater inflammatory response in
the lungs [24,25]. Although gelatin has been used extensively in
pharmaceuticals, the safety of GPs delivered via inhalation is
unknown; therefore lung inflammation examinations were per-
formed. The lung edema was assessed based on the lung W/D
weight ratio. The values showed in Table 1 were lower than 6.5.
These data were consistent with the previous assessment of acute
lung injury study. Normal mice have a W/D weight ratio in the
range of 4–6.5, while the ratio in severe lung edema increased
significantly with a value higher than 6.5 [26]. From this assay, it
appears the GP-Av-bEGF was not responsible for the development
of pulmonary edema. Increased MPO activity and increased capil-
lary permeability play an important role in the development of
pulmonary injury. In the normal nude mice, no obvious difference
in the MPO activity was noted on treatment with PBS and the GP-
Av-bEGF. This implies that the GP-Av-bEGF did not cause lung
inflammation. The MPO activity was lower in the tumor-induced
mice treated by the GP-Av-bEGF (Table 1). MPO activity is not only
an indication for lung inflammation but has also been shown to be
involved in numerous diseases such as atherosclerosis and lung
cancer [27]. The reduction in MPO activity observed in the tumor-
induced mice treated with the GP-Av-bEGF may have been caused
by the induction of tumor and not by lung inflammation. Based on
these data, we confirmed that the lungs were not in an
inflammation state following nanoparticle inhalation. Therefore,
the use of aerosols is a safe method for GP-Av-bEGF delivery. The
physicochemical properties of the particulate surface also play an
important role in its biological effects on the lungs and in systemic
circulation [28]. Unmodified and negatively charged ultrafine par-
ticles exert no effect on thrombus formation, whereas positively
charged nanoparticles enhance thrombus formation when
administrated i.v. [29]. The zeta potential of the GP-Av-bEGF was
negative [15], suggesting that these particles may have no risk of
thrombus.

Specific uptake depended on EGFR-mediated endocytosis of the
drug carrier with EGF or anti-EGFR modification has been de-
veloped [30–32]. The internalization of the EGF is reported to occur
faster than that of the anti-EGFR antibody in EGFR-overexpressing
cells [33]. Therefore, EGF is more favorable than the anti-EGFR for
conjugation with nanoparticles for in vivo application. As shown in
Fig. 3, among the cancerous mice, the fluorescence intensity was
highest in the mouse treated with the GP-Av-bEGF, intermediate in
the mouse treated with the GP-Av, and almost absent in that
treated with PBS. Sznajder et al. [34] demonstrated that the in vivo
delivery of EGF aerosols upregulates the alveolar epithelial ATPase
in rats and that EGF retains its biological activity following aero-
solization. The data performed in Fig. 3 reveal that GP-Av-bEGF
signals could still be traced to the cancer cells indicating that EGF
was functional even after aerosolization by using a nebulizer. Under
in vivo conditions, EGF probes can be delivered to the tumor site by
both passive and active targeting mechanisms. In the case of pas-
sive targeting, nanoparticles preferentially accumulate at tumor



Fig. 5. Normal lung sections were observed 0.5 h after inhalation. (a) H&E staining revealed pink-stained particles distributed in the airway; (b) green fluorescent GP-Av-bEGF
signals were obtained, further confirming the localization of these particles (indicated by white arrows); GP-Av-bEGF signals were mainly localized at the epithelia of the bron-
chioles and trachea. Particles were observed along the epithelial cells (d); no fluorescent signals were observed in the vessel initially (to the left in (c)). The images in (a) and (b)
were acquired using a constant microscope setting; magnification, 100�. The images in (c) and (d) are enlarged images of those in (b).
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sites via an enhanced permeability and retention (EPR) effect [35].
The GP-Av-bEGF was able to target lung cancer cells in vivo; oth-
erwise, the GP-Av could not recognize tumor cells in cancerous
lung. According to this result, we believed that the in vivo targeting
ability of the GP-Av-bEGF was contributed to the active targeting
mechanism via EGF–EGFR binding.

In the gas exchanged area, the barrier between the alveolar wall
and the capillaries is very thin and is separated from the blood flow
by only approximately 0.5 mm [36] and nanoparticles can be effi-
ciently exchanged from the epithelium to the circulation. In the
present study, the GP-Av-bEGF entered the vascular system and
was transferred to the whole body, since the nanoparticles were
observed in the heart, liver, and kidneys and occasionally in the
spleen and brain (Fig. 4). And the lung accumulation of GP-Av-bEGF
in tumor group is much higher than that in normal group at 0.5 and
24 h after inhalation. The accumulation of particles in the lung
cancer group 24 h after inhalation was higher than that 0.5 h after
inhalation. According to this, we hypothesized that some fraction of
the GP-Av-bEGF was not trapped by the epithelial cells immediately
after inhalation but entered into blood circulation; once these
particles approached the lung region again, they could be recog-
nized and taken up by cancer cells with EGFR-overexpression. This
tendency was only observed in the lung cancer group, while in the
normal mice, there was no difference in the results obtained at
0.5 h and those obtained at 24 h. This observation reveals that the
high accumulation in the lungs of GP-Av-bEGF should depend on
EGF ligand guiding, not the simple effect of local delivery via
inhalation.

Previous study about the distribution of polyethylene glycol
(PEG)-modified gelatin nanoparticles following i.v. administration
[3] demonstrated that the relatively low uptake of GPs by the liver
was considered to be due to the long-term circulating property



Fig. 6. Histopathological findings of the cancerous lung sections 24 h after inhalation
of the vehicle. (a) H&E staining revealed the formation of a small nodule; (b) fluo-
rescence imaging confirmed the localization of the particles; (c) immunohistological
staining with anti-EGFR revealed dark brown pigmentation, reflecting EGFR-over-
expressing cells, in the same region. Magnification, 200�.
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imparted to the nanoparticles by surface-accessible PEG chains.
PEG could prevent complement activation and macrophage-
induced opsonization by the RES following systemic administration
[37]. In our study, data revealed that the particle accumulation was
lower in the RES, and most of the GP-Av-bEGF was initially caught
by EGFR-overexpressing cells in the cancerous lungs; the other
particles distributed in blood circulation mainly accumulated in the
kidney and heart, followed by the liver and spleen in tumor-
induced mice. Fluorescence analysis of the organs showed GP-Av-
bEGF was lower deposition in spleen and liver; it revealed that
GP-Av-bEGF could escape from the RES system. Due to this result,
GP-Av-bEGF nanoparticles, without PEG modification, could match
up to the PEG-modified gelatin nanoparticles. Compared with the
normal mice, fewer GP-Av-bEGF was observed in the kidneys in
cancer-induced mice because of the specific accumulation in the
lungs, and therefore we believe that GP-Av-bEGF may serve as
a good carrier for the delivery of nephrotoxic drugs to prevent the
side effect of kidney damage. Three days after the inhalation, no
fluorescence was detected (data not shown), indicating that the
particles were completely eliminated from the mice after the
treatment was discontinued.

According to these results, the delivery of gelatin nanoparticles
as an aerosol in vivo is speculated as below: the nanoparticle
solution was nebulized into microdroplet of a suitable MMAD that
could escape removal by MCC for aerosol delivery to the lower
respiratory track. The aerosol droplets were transported to the
alveoli, and the nanoparticles were liberated from the aerosol
droplets when in contact with the alveolar wall. Further, the
nanoparticles could cross the alveolar barrier and enter the blood
vessels; they were subsequently transported in blood circulation to
the whole body. Gelatin nanoparticles modified with EGF (GP-Av-
bEGF) could be recognized and trapped by EGFR-overexpression
cancer cells, resulting in a greater degree of accumulation in the
cancerous lung tissue.
5. Conclusion

The GP-Av-bEGF efficiently bound to the EGFR-overexpressing
cells in the mice model of lung cancer. We determined that aerosol
droplets of a suitable MMAD formed using these nanoparticles
were deposited at the lower respiratory tract, and we demonstrated
that jet nebulization does not alter the targeting functions of EGF. In
the mice model, we observed the GP-Av-bEGF mainly accumulated
in the cancerous lung tissue by using a live imaging procedure for
monitoring aerosol deposition. Histological examination revealed
that the GP-Av-bEGF was selectively taken up via the EGF receptor
on the cancer cells due to the overlapping of fluorescent particles
and immunostaining of anti-EGFR. We also demonstrated that the
GPs delivered by inhalation do not cause lung inflammation and are
thus safe for use. Based on these preclinical results, this noninvasive
and convenient system involving the aerosol delivery of nano-
particle drug carriers may be used as an alternative treatment
modality for lung cancer in the future.
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