DRUG DELIVERY, 2017 T. I & F .
VOL. 24, NO. 1, 1191-1203 e aylor & Francis
https://doi.org/10.1080/10717544.2017.1365395 Taylor & Francis Group

RESEARCH ARTICLE 8 OPEN ACCESS | ™ Gheckforupdtes)

Hierarchical pulmonary target nanoparticles via inhaled administration for
anticancer drug delivery

Rui Chen®*, Liu Xu®*, Qin Fan?® Man Li% Jingjing Wang?, Li Wu®, Weidong Li®, Jinao Duan®® and
Zhipeng Chen®®

2College of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, China; PCollaborative Innovation Center of Chinese Medicinal
Resources Industrialization, Nanjing, China

ABSTRACT ARTICLE HISTORY
Inhalation administration, compared with intravenous administration, significantly enhances chemother- Received 6 July 2017
apeutic drug exposure to the lung tissue and may increase the therapeutic effect for pulmonary anti- Revised 6 August 2017

cancer. However, further identification of cancer cells after lung deposition of inhaled drugs is  Accepted 6 August 2017
necessary to avoid side effects on normal lung tissue and to maximize drug efficacy. Moreover, as the
action site of the major drug was intracellular organelles, drug target to the specific organelle is the | L

X R g X X X nhaled administration;
final key for accurate drug delivery. Here, we designed a novel multifunctional nanoparticles (MNPs) hierarchical target;

for pulmonary antitumor and the material was well-designed for hierarchical target involved lung tis- mitochondria; drug delivery;
sue target, cancer cell target, and mitochondrial target. The biodistribution in vivo determined by pulmonary anticancer drug
UHPLC-MS/MS method was employed to verify the drug concentration overwhelmingly increasing in

lung tissue through inhaled administration compared with intravenous administration. Cellular uptake

assay using A549 cells proved the efficient receptor-mediated cell endocytosis. Confocal laser scanning

microscopy observation showed the location of MNPs in cells was mitochondria. All results confirmed

the intelligent material can progressively play hierarchical target functions, which could induce more

cell apoptosis related to mitochondrial damage. It provides a smart and efficient nanocarrier platform

for hierarchical targeting of pulmonary anticancer drug. So far, this kind of material for pulmonary

mitochondrial-target has not been seen in other reports.
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Introduction drug successfully lands in the lung area, drug concentration
in a lung-resident tumor or cancerous cell may still be below
requirements, due to lack of tumor targeting. Thus, a number
of nanoparticle and liposomal formulations based on nano-
technology have been evaluated as delivery systems to real-
ize cellular level targeting (Garbuzenko, 2011; Alfagih et al.,
2015). Park used an affinity molecule to bind to lung epithe-
lium which may prolong retention of therapeutic molecules
within the lung and consequently yield higher overall bio-

administration, direct inhaled administration of chemothera- availability (Park et al., 2014). Kusumoto developed a multi-
peutic drugs to the lungs significantly enhances drug expos- functional envelope-type nanodevice that targets the lung
ure to lung-resident cancer cells and may improve endothelium, delivers its encapsulated siRNA to the cyto-
chemotherapy. Thus, inhaled administration becomes a prior- Plasm, and eradicates lung metastasis (Kusumoto et al,
ity in terms of curing a wide variety of lung-related diseases, 2013). Kaminskas proved that PEGylated nanostructure have
including lung cancer (De et al, 2015; Goyal et al, 2015; potential as inhalable drug delivery systems to promote the
Tewes et al., 2015; Rahhal et al., 2016). prolonged exposure of chemotherapeutic drugs to lung-resi-

However, direct inhalation of cytotoxic drugs may cause dent tumors and to improve antitumor activity (Kaminska
respiratory system damage and high concentrations of acute et al., 2014). These studies provide promising indications for
poisoning at the lung tissue (Chiang et al, 2010; Ngrgaard inhaled pulmonary treatment with reduced lung-related side
et al., 2010). More importantly, even if most of the inhaled effects and improved antitumor activity. Therefore, further

Among all cancers, primary lung cancer is one of the leading
causes of cancer-related death, and the lung is also a major
site of metastasis for other cancers. Due to the poor efficacy
of intravenous chemotherapy against lung tumors and little
drug access to lung tissue after intravenous administration,
the lung-resident cancers are difficult to treat via conven-
tional intravenous chemotherapy, and mortality rates are
high (Carvalho et al, 2014). Compared with intravenous
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Figure 1. (a) Schematic fabrication of intelligent RGDfk-histidine-PLGA-NPs for pulmonary mitochondrial-targeted drug delivery. (b) TEM images of yuanhuacine/

MNPs. (c) Acid titration profiles of blank solution, PLGA-NPs, and MNPs solutions.

cancerous cellular targeting should be considered for nano-
carriers after lung tissue target by inhaled administration.

As many pharmacological intervention points were the
intracellular organelle, drug delivery aimed at specific organ-
elle target became a hot research issue recently (Dong et al.,
2011; Wang et al., 2011; Biswas et al.,, 2012). The mitochon-
drion was a prime target for pharmacological intervention,
which play vital functions in the cell's energy metabolism
and the regulation of programed cell death. It controls the
activation of apoptotic effector mechanisms by regulating
the translocation of pro-apoptotic proteins from the mito-
chondrial inter-membrane space to the cytosol. Similarly,
other signs of cancer, such as unlimited proliferation, nonsen-
sitive to the growth signal, impaired apoptosis, increased
metabolism, and decreased autophagy were related to the
damage of mitochondria (Modica-Napolitano & Singh, 2002).
Based on the vital role of mitochondria in the occurrence,
development, and death of cancer cells, making the mito-
chondria become one of the most attractive drug target sites
(Malty et al., 2014). Therefore, in order to further improve the
drug efficacy, it is necessary to design mitochondrial targeted
compounds for intracellular organelle target after cancerous
cellular target.

Yuanhuacine is one natural structure extracted from the
Chinese medicine Thymelaeaceae, which has been used for
the treatment of ascites, cough, and asthma in modern clinic.
Recently, yuanhuacine is also reported to act as an antitumor
component for cancer treatment, especially effective for lung
cancer (Hong et al.,, 2010). Compared from the in vitro inhibi-
tory activity of yuanhuacine against P-388 lymphocytic leuke-
mia, A549 human lung cancer cells, and HMEC endothelial
cell, it exhibits severely significant inhibitory activity against
lung cancer cells (A549) (Zhan et al., 2005). It has been found
that yuanhuacine can activate cell apoptotic process, though
its inhibitory activity against HL-60 human promyelocytic leu-
kemia cells and SNU-1 gastric cancer (Park et al., 2007).

The anticancer mechanism of yuanhuacine has also been
investigated by Zhang et al. (2006). However, yuanhuacine
has server system toxicity, especially evident for liver, kidney,
and reproductive function through systemic administration
such as oral and intravenous delivery (Chen et al, 2013;
Jiang et al,, 2014). Therefore, to reduce toxicity and increase
efficiency of yuanhuacine in lung cancer treatment, the big-
gest obstacles is how to concentrate yuanhuacine in lung
area and decrease the amount in other organs (especially in
reproductive) (Zhang et al., 2009).

In our present study, yuanhuacine is applied to be encap-
sulated in a new developed nanocarrier for accurate pulmon-
ary drug delivery using the hierarchical target strategy (Chen
et al, 2015). The compound of RGDfk-histidine-PLGA was
well-designed with the specific structure to realize the hier-
archical target function which is illustrated in Figure 1(a).
Firstly, inhalation administration is chosen to deliver the drug
to deeper lung tissue. The biocompatible and biodegradable
materials approved by FDA, poly (lactic-co-glycolic acid)
copolymers (PLGA), were chosen as prime inhaled material,
with a percentage of the lactose mixture as carrier material.
Through regulating the size of carrier material and the affin-
ity between nanoparticles and carrier material, carrier mater-
ial could deliver most nanoparticles to deep lung area
though inhaled administration, which make prime tissue tar-
get (Stage I). Then, to deliver drug into the lung-resident can-
cer cells, RGDfk receptor was bond on the surface of the NPs
via chemical grafting to recognize the integrin o,ps receptor
on the lung cancer cell membrane, and the NPs could con-
centrate on the cell surface and internalization to achieve
cancer cellular target (Stage Il). Finally, to achieve the intra-
cellular lysosome escape and mitochondrial target, histidine
groups with highly positive charge were engineered into the
NPs to make endosomes proton influx and bursting (called
‘proton sponge’ effect), and facilitate the positive NPs close
with negative mitochondrial membrane, which make precise



drug delivery to organelle (Stage lll). These intelligent nano-
carriers can realize multistage target successively and accur-
ate drug delivery to mitochondria for pulmonary tumor
treatment.

Methods
Materials

Histidine benzyl ester p-toluenesulfonate was received from
Hanhong Chemical Co., Ltd. (Shanghai, China). Carboxyl ter-
minated poly lactic acid ethanol copolymer OH-PLGA-
COOH75/25 (My: 15000) was obtained from Dai Gang
Biological Engineering Co. Ltd. (Ji'nan, China). RGDfk was pur-
chased from Aite Biotechnology Co. Ltd. (Nanjing, China).
Sodium bicarbonate, ethyl acetate, anhydrous sodium sulfate,
methanol, dichloromethane (DCM), N,N-dimethylformamide
(DMF), hydrazine hydrate, formic acid, and dichloromethane
were purchased from Nanjing Chemical Reagent Co., Ltd.
(China). N,N'-dicyclohexyl carbodiimide (DCC), 1-hydroxyben-
zotriazole (HoBt), 4-dimethylaminopyridine (DMAP), N-hydrox-
ysuccinimide (NHS), Palladium on carbon and ninhydrin were
purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Yuanhuacine, raw material medicine
(>98% purity), was purchased from the standardization of
traditional Chinese medicine research center (Shanghai,
China). Polyvinyl alcohol (PVA) was purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Lactose
was purchased from Germany. Clarithromycin with purity of
98% or higher was purchased from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). Ether was purchased from Shanghai
Ling-feng Chemical Reagents Company (Shanghai, China).
RPMI medium1640 basic was from GIBCO (Grand Island, NY).
All other materials and reagents used in this study were of
analytical grade and were used without any further
modification.

Human lung cancer cell line A549 was purchased from the
Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Fifty-two male Sprague-Dawley
rats, weighed 180-220g, were supplied by the Experimental
Animal Center of Nanjing University of Chinese Medicine. The
rats were kept in an environmentally controlled breeding
room for 5days at a temperature of 22-25°C and a relative
humidity of 50+£10% with food and water provided ad
libitum.

Synthesis of RGDfk-histidine-PLGA

Histidine benzyl ester p-toluenesulfonate (2g, 3.4 mmol) was
dissolved in water at room temperature and adjusted to pH
8.5 with sodium bicarbonate. Then two times volume of ethyl
acetate was added to the solution for extraction and
repeated twice, then combined ethyl acetate layer succes-
sively. The mixture was dehydrated with hydrous sodium sul-
fate, then filtered, and filter liquor was evaporated with
vacuum distillation at 37°C for 60min to obtain histidine
benzyl ester. PLGA (1g, 0.667 mmol) was dissolved in 10 mL
DCM added with 2mL of DMF with DCC (0.1g, 0.485 mmol)
and HoBt (0.1g, 0.740 mmol) were was added to the PLGA
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solution successively, and then triethylamine (0.2mL) was
added to the solution under magnetic stirring for 5h. The
histidine benzyl ester (0.1 g) was dissolved in appropriate vol-
ume of DCM and then added to the solution and the reac-
tion was stirred overnight at room temperature. After the
reaction time, the solid impurities were removed by filtration,
then the filtrate was transferred to a dialysis bag (M.
8000-14,000) with the mixed solvent of DCM and DMF as
dialysis medium, and left overnight under magnetic stirring.
Then the DCM was evaporated with vacuum distillation and
the ice water was added successively, and then the product
was filtered followed by freeze-drying to obtain histidine
benzyl ester-PLGA. Histidine benzyl ester-PLGA was dis-
solved in DCM with palladium on carbon as a catalyst and
then the reaction was carried out under a hydrogen atmos-
phere and stirred for 48h at room temperature. After the
reaction time, diatomite was added to the reaction solution,
then the reaction mixture was filtered, and then the filtrate
was transferred to a dialysis bag (My: 8000-14000) with DCM
as dialysis medium and left overnight under magnetic stir-
ring. Finally, the solution was evaporated with vacuum distil-
lation to obtain the histidine-PLGA. Histidine-PLGA (0.225g,
0.015 mmol) and NHS (0.026 g, 0.226 mmol) were dissolved in
a proper amount of DMF. DMAP (0.055g, 0.450 mmol) and
DCC (0.046g, 0.223mmol) were dissolved in DMF, then it
was added dropwise into the solution and stirred for 2h at
room temperature. Then RGDfk (0.011g, 0.018 mmol) was
added to the reaction solution and then stirred for 24 h. After
the reaction time, solid impurities were removed by filtration,
then the filtrate was transferred to a dialysis bag (M.
8000-14000) with DMF as dialysis medium. Then the product
was washed with water and extracted with DCM; subse-
quently the DCM layer was evaporated with vacuum distilla-
tion to obtain the target product, RGDfk-histidine-PLGA.

Preparation of RGDfk-histidine-PLGA multifunctional
nanoparticles (MNPs)

Nanoparticles were prepared by the emulsion solvent evapor-
ation method. Specifically, RGDfk-histidine-PLGA (20 mg) was
dissolved in a mixed organic solvent consisted of DCM and
methanol (400 uL, viv=9:1) . The solution above was added
to 2% PVA (3 mL), and 5 mL distilled water was added succes-
sively, then stirred over night at room temperature to
remove DCM and MNPs were obtained. Drug-loaded nano-
particles, named yuanhuacine/MNPs, were prepared as above
by adding yuanhuacine (1 mg) in the mixed organic solvent.
PLGA-NPs were also prepared as above, using PLGA instead
of RGDfk-histidine-PLGA.

Characterization of nanoparticles

The particles size and size distribution were measured using
Malvern Zetasizer Nano ZS90 instrument (Malvern
Instruments Ltd., UK) at a concentration of 40mg/mL. All
measurements were carried out at room temperature and
the data were achieved with the average of three measure-
ments. The morphology of the nanoparticles was examined
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using a transmission electron microscope (TEM, Hitachi, Japan).
The nanoparticle suspension was dropped on the copper
mesh coated with a support film and then stained with phos-
photungstic acid stain (2%) for 1 min. Subsequently, the sam-
ple was dried naturally for observation. HPLC was used for the
quantitative determination of yuanhuacine. For the detection
of yuanhuacine, the mobile phase consisted of methanol:dis-
tilled water 82:18 (v/v) introduced at a flow rate of 1 mL/min
and the detection wavelength was 233 nm. A Merck-C18 col-
umn (4.6 mm x250 mm, pore size 5mm) was used. According
the peak area (A) and the concentration (C), the standard curve
was simulated: A=19,910C—12788 (*=1) and the linear
range of 2.5-80 ug/mL. Ultra-high-speed centrifugation tech-
nique and HPLC were used to determine the drug encapsula-
tion efficiency (EE) and drug loading content (LC) of
yuanhuacine/MNPs and yuanhuacine/PLGA-NPs. Specifically,
1.0mL suspensions contained an amount of yuanhuacine/
MNPs, and yuanhuacine/PLGA-NPs was placed in a 1.5 mL cen-
trifuge tube matched with ultra-high-speed refrigerated centri-
fuge (Amicon ultra, Millipore Co., Billerica, MA) and was
centrifuged for 30 min at 4 °C, 20,000 rpm. The unencapsulated
yuanhuacine was determined by HPLC as described above. The
EE and LC were calculated by the following equations: EE
(%) = (M — M7)/M x 100%, LC (%) = (M — M;)/W x 100%, where
M, is the amount of yuanhuacine in supernatant, M is the total
amount of yuanhuacine, and W is the quality of the freeze-
dried nanoparticles after removing the free yuanhuacine.

Determination of the buffering capacity and in vitro
evaluation of drug release

The buffering capacity of MNPs and PLGA-NPs was deter-
mined by acid-base titration over a pH range from 11.0 to
3.0 according to our previous study (Chen et al, 2015).
Briefly, solutions of each sample were adjusted to pH 11
using 0.1 mol/L NaOH and were then titrated to pH 3 with
0.05 mol/L HCI .

Both of the release studies of yuanhuacine/MNPs and
yuanhuacine/PLGA-NPs were carried out in phosphate buffer
solution (PBS, 500mL, pH 7.4) with 1% Tween 80 at 37°C
and the stirring speed was 50r/min. One milliliter of yuan-
huacine/MNPs and yuanhuacine/PLGA-NPs were placed in
the dialysis bag (My,: 8000-14,000) with concentration of 46.6
and 48.8 mg/mL respectively, corresponding to 2mg/mL of
yuanhuacine. In vitro release testing protocols were per-
formed and monitored by HPLC. 1mL of the solution was
collected for analysis and this volume of fresh PBS was
returned to the release medium. The release amount of yuan-
huacine with time was recorded and the release profile was
calculated and drawn.

Preparing of dry powder for pulmonary inhalation

Dry powder for pulmonary inhalation was first prepared
though mixing yuanhuacine/MNPs with lactose. Different pre-
scriptions of rough lactose, fine lactose were weighted and
mixed with yuanhuacine/MNPs, to obtain different size of dry
powder for inhalation. Powder Compacting NGI 170 (MSP

Corporation, Shoreview, MN) had a simulation of drug deliv-
ery to lung in 60L/min flow, with methanol/water (V:V=1:1)
rinse all the tray and the adapter component. After it was
centrifuged at 12,0009 for 5 min, the supernatant was used for
the determination of yuanhuacine. The simulation of lung
deposition in vitro is to determine the suitable size of dry pow-
der for following study.

UHPLC-MS/MS analysis to quantify yuanhuacine in vivo

A DGU-20A 5R series UHPLC system equipped with a LC-
10ATvp binary pump (SHIMADZU, Japan) was used for
UHPLC-MS/MS analysis. A 5500 triple quad tandem mass
spectrometer equipped with electrospray ionization source
(AB Sciex, Concord, OH, Canada) was used for mass spec-
trometry. The mobile phase was composed of a mixture of
0.1% formic acid aqueous solution (A) and acetonitrile (B)
with a gradient elution program (0-0.1min, 40% B;
0.1-2.5min, 40-95% B; 2.5-3.5min, 95% B; 3.5-4.5min,
95-40% B; 4.5-5.0min, 40% B). The flow rate was set at
0.3 mL/min and the injection volume was 5 L. The ESI source
was operated in positive ionization mode. The mass spec-
trometer was operated in multiple reactions monitoring
(MRM) mode and the selected monitor ions were m/z 649.4/
151.1 for yuanhuacine and m/z 748.5/590.4 for IS. The opti-
mized parameters were as follows: ion source temperature
(TEM), 550°C; curtain gas (CUR), 35psi; ion source gas 1
(GAS1), 55 psi; ion source gas 2 (GAS2), 55 psi; ion spray volt-
age (IS), 5500V.

Pharmacokinetics

Twelve male Sprague-Dawley rats were randomly divided
into two groups (n=6) for intravenous and inhaled adminis-
tration of yuanhuacine/MNPs, respectively. DP-4M pulmonary
drug  delivery  device  (Penn-Centurythe = Company,
Philadelphia, PA) was used for the inhaled administration. Six
rats each was received the same dose of yuanhuacine
(100 ng/kg). Before testing the rats were fasted overnight
with free access to water. All animal experiments were car-
ried out according to the Guidelines for the Care and Use of
Laboratory Animals. For intravenous groups, blood samples
were collected with heparinized microfuge tube at 0.5, 1, 1.5,
2, 4, 6, 8 10, 12h post-dosing. For inhaled groups, blood
samples were collected at 2, 4, 6, 8, 10, 12, 20, 40, 60, 80,
100, 120 h post-dosing. Then blood samples were centrifuged
at approximately 12,000rpm for 5min to obtain plasma.
After collection, samples were stored at —20°C until
UHPLC-MS/MS analysis. To 100 pL plasma sample, 10 uL of IS
solution and 400 pL of Na,COs solution (0.02 M) were added
into an eppendorf tube. The mixture was spiked with 1 mL
extraction solvent (ether:.dichloromethane =8:1) and then
eddied for 5min of extraction. After centrifuged at
12,000 rpm for 5min, the supernatant was then transferred
into another eppendorf tube and blown to dryness with
nitrogen at 37°C. The residue was reconstituted into 100 pL
methanol, and centrifuged (12,000rpm for 10min). The
supernatant of 5ulL was injected into UHPLC-MS/MS system



for quantitative yunhuacine based on an established analysis
method analysis (Li et al., 2016).

Biodistribution

Forty rats were randomly divided into two groups (n=4) for
intravenous and inhaled administration of yuanhuacine/MNPs
with each rat at a yuanhuacine dose of 100 pug/kg. The rats
were sacrificed at different time (1, 2, 4, 6, 9h) after drug
administration, and different tissues were collected and
weighed, including liver, spleen, kidney, lung, and reproduct-
ive. The tissues were stored at —20°C until UHPLC-MS/MS
analysis. The amounts of yuanhuacine in different tissues
were calculated as the amount of yuanhuacine (ng)/the
weight of the tissues (g), respectively.

Cellular uptake and endocytosis pathways

A549 cells were seeded in 12-well plates at a density of
8 x 10* cells per well. After incubating for 24h at 37°C, the
culture medium was replaced with RPMI 1640 medium con-
taining drugs for co-incubating 2h. Then culture medium
was removed followed by washing with PBS for three times
at 4°C. Trypsin was added to for digestion, then complete
medium was added to stop digestion and the cells were col-
lected. After centrifuging for 5min at 1000rpm the super-
natant was discarded, then the cells were suspended in 1 mL
PBS successively, centrifuged for 5min at 1000 rpm and then
the supernatant was removed. A 100 uL of RIPA lysate was
added for Lysis of cells, then mixed gently with pipetting,
and then centrifuged for 5min at 12,000rpm. The super-
natant was collected and labeled as supernatant I, then
200 pL of methanol was added to 50 pL of supernatant | suc-
cessively, vortexed for 5min, and then centrifuged at
12,000 rpm for 10 min. Finally, the supernatant of 5uL was
injected into HPLC-MS/MS system for analysis. The concen-
trations of yuanhuacine in the supernatant were calculated
using the standard curve: A=3826.0925c— 11920.50554
(r*=0.9994, linear range: 50-4000ng/mL). To analyze the
protein content in cells, 20 uL of supernatant | was taken and
then protein concentration was determined using Enhanced
BCA Protein Assay Kit (Beyotime). According the absorbance
(A) and the protein concentration (c) the standard curve was
simulated: A=0.6626 x c+0.0529 (r*=0.9990) and the lin-
earity was good in the range of 0.025-0.5 mg/mL. Uptake of
yuanhuacine was calculated as the amount of yuanhuacine
(mg)/the amount of cells protein (mg), respectively.

To explore the factors on cellular uptake, different concen-
trations (0. 25, 1, 2.5, 5, 12 uM), co-incubated time (10, 30, 60,
90, 120, 180, 240 min), and temperature (4 and 37°C) were
investigated. To understand the cellular internalization path-
ways, different kinds of endocytosis inhibitor, such as chlor-
promazine (20mg/mL), nystatin (10 ug/mL), amiloride
(50 uM), and sodium azide (1 mg/mL), were added into the
cells for 1h before drugs were added for another 2 h. Then
HPLC-MS/MS assays were conducted to determine yuanhua-
cine. Compared with the control cells without inhibitors, the
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reduced uptake percentage with inhibitors indicated the cor-
responding endocytosis pathways.

Confocal laser scanning microscopy (CLSM) observation

To verify the endolysosomal escape and mitochondrial tar-
geting function of MNPs, the double-labeling experiments
using CLSM was carried out on A549 cells. The NPs were
labeled by C6 dye, while lysosomes and mitochondria were
labeled by LysoTracker Red (Invitrogen, Carlsbad, CA) and
MitoTracker Red (Invitrogen), respectively. The cells were
seeded at a density of 1x 10° cells per well for 24 h at 37°C,
and added with 200 ng/mL of C6/PLGA NPs or C6/MNPs for
another 2h. Then 50 nM LysoTracker and 200 nM MitoTracker
were added, respectively, to stain cells for 30 min at 37°C.
The cells were washed by 4 °C PBS thrice, fixed and observed
under CLSM (Olympus, Japan).

Cell toxicity assay

MTT assay were used to assess the in vitro cytotoxicity of
yuanhuacine, yuanhuacine/PLGA-NPs, and yuanhuacine/MNPs.
A549 cells were seeded in 96-well plates at a density of 2 x 10*
cells per well with RPMI 1640 medium containing 10% FBS for
24h. Then the medium was replaced with 100puL fresh
medium containing different concentrations of yuanhuacine,
yuanhuacine/PLGA-NPs, and yuanhuacine/MNPs, respectively,
and incubated for 24 h at 37 °C. PBS containing 5 mg/mL MTT
was added to the cells (20 pL/well). After incubation for 4 h, the
supernatant was removed and DMSO was added to the cells
(150 pL/well). The resulting solution was measured the absorb-
ance at 490 nm using a microplate reader (Thermo Scientific,
Waltham, MA). The data were expressed as the inhibitory rates
of the treated cells to the untreated cells.

Cell apoptosis and cell cycle detect

Annexin V-FITC/PI stain to detect cell apoptosis

A549 cells were seeded in 6-well plates at a density of
24 % 10° cells per well for 24h at 37°C. Then the cells were
treated with yuanhuacine, yuanhuacine/PLGA-NPs, and yuan-
huacine/MNPs at 40 pug/mL per well, respectively, with the
cells without treatment as control. After incubation for 24 h,
the cells were washed by PBS twice, trypsinized, centrifuged,
and collected at 1000rpm for 5min, then washed by PBS.
The cells were resuspended into 100 uL binding buffer, and
added with 5 puL Annexin V-FITC and 5 plL Pl staining solution.
After the reaction for 10 min in dark, another 400 puL binding
buffer was added and mixed. Then the samples were ana-
lyzed using a flow cytometer system (Cytomics™ FC500 Flow
Cytometer, BECKMAN COULTER, California).

Cell cycle analysis

A549 cells were seeded and treated with different formula-
tions, washed, trypsinized, and centrifuged as above. Then
cells were fixed with cold 70% ethanol for 24h at 4°C,
and centrifuged again at 1000 rpm for 5min, then washed
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by PBS. The cells were resuspended into 500 uL Pl staining
solution. After reaction in dark for 30 min, the samples were
analyzed using the flow cytometer system.

Cell nucleus stain

A549 cells were seeded in 96-well plates at a density of
1.5 x 10* cells per well for 24 h at 37°C, and treated with dif-
ferent formulations. After incubation for 24 h, the cells were
washed by PBS twice and 100puL paraformaldehyde was
added to fix cells for 10 min. The cells were washed by PBS
twice and 100 pL hoechst 33258 stain solution was added for
5min. After washed by PBS twice, the cells were observed
under a microscope.

Cell apoptosis mechanism analysis

Determine of mitochondrial membrane potential (A\\Wm)
A549 cells were seeded and treated with different formula-
tions, washed, trypsinized, and centrifuged as above. The
cells were resuspended into 500 uL and added 1 mL JC-1 dye
stain solution incubated for 20 min. During the incubation,
JC-1 buffer was diluted by distilled water according to the
ratio of 1:4 (V/V). The cells were centrifuged at 600 rpm for
4min and washed twice by JC-1 buffer. Then the cells were
resuspended by moderate JC-1 buffer and assayed using the
flow cytometer system.

Determine of Cyt C expressions

A549 cells were seeded and treated with different formula-
tions, washed, trypsinized, and centrifuged as above. A
0.5 mL paraformaldehyde was added to fix cells and paraffin
section was prepared. The section was stained using a stand-
ard immunohistochemistry method and taken photographs
to examine Cyt C expressions.

Results and discussion
Synthesis and characterization of RGDfk-histidine-PLGA

The synthesis of RGDfk-histidine-PLGA included four steps
chemical reaction as shown in Figure S1. Briefly, histidine
benzyl ester was first obtained by extraction, then it was
grafted to PLGA by amide condensation reaction between
amino group on histidine benzyl ester and carboxyl groups
on PLGA. Subsequently, the histidine benzyl ester-PLGA was
hydrogenated to obtain histidine-PLGA. Finally,
RGDfk-histidine-PLGA was synthesis by amide condensation
reaction between histidine-PLGA and RGDfk. The product
was purified by dialysis and stored in 4°C after freeze-drying.
The structure of every product was confirmed through 'H
NMR spectra in Figures S2-S5.

Preparation and characterization of
RGDfk-histidine-PLGA NPs

Multifunctional RGDfk-histidine-PLGA NPs (MNPs) were pre-
pared via solvent evaporation method as mentioned above.

The particle sizes and size distribution of yuanhuacine encap-
sulated MNPs were measured using dynamic light scattering
(DLS) and the mean sizes of yuanhuacine/MNPs were
153.4+6.9nm. The morphology study by TEM images has
shown that the yuanhuacine/MNPs had a nearly-spherical
shape and the size was a little smaller than the results of
DLS because of dry state (Figure 1(b)). The zeta potential of
MNPs solution was investigated and found it pH dependent
(Figure S6). The MNPs were negatively charged in pH 7 due
to the PLGA matrix which was always negatively charged,
and changed to positively charge when pH decreased due to
the grafted histidine groups. The isoelectric point of histidine
was 7.58, and became positive below pH 7. This kind of
charge reversal can be used to explain ‘proton sponge’ effect
in lysosomal (pH 4.5-5.5) mentioned below.

For yuanhuacine encapsulated MNPs, the drug encapsula-
tion efficiency (EE) was high as 90.5+2.42% and the drug
loading content (LC) was 4.3+0.12%, which is quite similar
with yuanhuacine encapsulated PLGA (the data did not
shown). The in vitro release curves of yuanhuacine from
MNPs are shown in Figure S7. The releasing rates were very
fast in the initial stage, due to part of drug molecules were
binding to the surface of nanoparticles which fell off fast.
Later, drug release became slow, which may due to carrier
degradation and the inner drug spread out to the surface of
the nanoparticles. There was no significant difference in
release behavior between PLGA-NPs and MNPs.

The mechanism of MNPs escape from the endosomal/lyso-
somal pathway after internalization was generally interpreted
as ‘proton sponge’ hypothesis, which was associated to the
proton influx, osmotic swelling, plasma disruption of the
endosome membrane (Akinc et al, 2005). Highly positively
charged cationic polymers with the large buffering capacity
can play proton sponge effect to escape from endolysosomal.
Here, the histidine groups of MNPs and the guanidino groups
on RGDfk showed the positively charged in the acidic envir-
onment of endosomes (pH 5.5) and lysosomes (pH 4.5),
which may generate endosomal/lysosomal escape action. The
method commonly used to evaluate the proton sponge
effect was to determine the buffering capacity of carriers
from pH 11.0 to pH 3.0 (Singh et al., 2015). The buffering
capacity of blank solution, PLGA-NPs, and MNPs is shown in
Figure 1(d), and the calculated values of their buffer ability
from basic to acidic conditions were 10.6%, 10.4%, 16.6%,
respectively. It can be seen that MNPs displayed more obvi-
ous buffering effect than PLGA NPs due to the grafted histi-
dine groups, so MNPs had the ability to play proton sponge
effect and to escape from lysosomal. This result showed that
the MNPs were smart and functional delivery system com-
pared to the common PLGA-NPs.

Lung tissue target in vivo

For pulmonary inhalation, dye powder was first prepared
though mixing yuanhuacine/MNPs with lactose mixture.
According to the supporting experiment (Figure S8), the best
prescription was 6 pug/mg of yuanhuacine/MNPs added into
lactose mixture with a proportion of 10:1 (rough lactose:fine
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Figure 2. Biodistribution of intravenous or inhaled administration of yuanhuacine/MNPs accumulation in the (a) liver, (b) kidney, (c) spleen, (d) reproductive, and
(e) lung at different time points with a yuanhuacine dose of 100 pg/kg (n=4). *p < .05, **p < .01 versus intravenous group.

lactose), and the size of dye powder should be well con-
trolled at 1-5 um which is suitable to prolong retention time
on lung. Ryan had proved that absorption from the lung ver-
sus retention within the lung is highly size-dependent (Ryan
et al, 2013). As small nanoparticles were easily aggregated
and can be exclude out of body via exhalation, the MNPs
powder must be added with rough lactose to improve flow
ability. But if the drugs combined with rough lactose are too
conducive to separate, it makes drug deposition in the larynx
and trachea, difficult to reach deep lung. Then fine lactose
was added into the powder mixture, to improve separation
ability of the drug from rough lactose. The following experi-
ments for pulmonary inhalation were all applied this
prescription.

In fact, once the inhaled MNPs came into the blood from
the lung capillaries, the body circulation of MNPs was similar
with intravenous way (Li et al, 2009). The blood pharmaco-
kinetics in vivo of yuanhuacine/MNPs was carried on rats to
investigate the circulation time in the plasma. The mean

concentration—time curves of the two formulation after intra-
venous and inhaled administration are shown in Figure S9,
and the pharmacokinetic parameters (Berlin et al., 2016) cal-
culated by DAS2.0 software (version 2.0, Mathematical
Pharmacology Professional Committee of China, Shanghai,
China) are shown in Table S1. It can be observed that the
area under the curve (AUCy_,) of inhaled MNPs was larger
than intravenous administration, which proved the good bio-
availability of inhaled administration. The longer mean reten-
tion time (MRTy_,) and biological half-life (t;,,) of MNPs, as
well as the later T,,ax consistently showed that inhaled MNPs
had the more lasting circulation time than intravenous
administration. The lower C,,,, of inhaled MNPs, compared to
intravenous MNPs, indicated inhaled administration make it
difficult for drug to get into the systemic circulation, which
may decrease the drug toxicity of yunhuacine.

To verify the lung tissue targeting efficiency of inhaled
MNPs in vivo, the biodistribution of two formulations includ-
ing intravenous yuanhuacine/MNPs and inhaled
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Table 1. Lung targeting efficiency (Te) of yuanhuancine/MNPs.

Lung/ Intravenous Inhaled
Liver 10.29 183.67
Spleen 4.51 116.79
Kidney 8.46 241.01
Reproductive 20.6 206.15

yuanhuacine/MNPs was also carried on rats (Figure 2). It can
be seen for intravenous administration, drugs highly concen-
trated in the reticuloendothelial system (liver, spleen, and
kidney) was responsible for phagocytosis foreign substances
as protective system. However, for inhaled administration,
the drug concentration overwhelmingly increased in lung tis-
sue, while the drugs in liver, kidney, and reproductive were
very few and quickly eliminated. More important, as yuan-
huacine had some toxicity in the reproductive system,
inhaled administration can reduce its toxicity in reproductive
and the resultant side effects. Targeting efficiency (Te) was
defined as the relative AUC,_, value of target tissue to non-
target tissue, which suggests the selectivity to target tissue
of this drug administration. The Te value of lung towards
other organs is listed in Table 1, and from the perspective of
lung targeting, the inhaled administration was obviously bet-
ter than intravenous injection. Therefore, inhaled administra-
tion was proved to be significant for drug deposition in lung
tissue (Sullivan et al., 2015; Woods et al., 2015). At the same
time, the retention time in lung of inhaled yuanhuacine/
MNPs (Figure 2(e)) was quite long to maintain a high concen-
tration. This may due to the well-controlled size (1-5pm) of
inhaled yuanhuacine/MNPs dye powder which is suitable to
prolong more dose of drug retention on lung tissue.

Tumor cell target in vitro

As cellular uptake efficiency was influenced by various fac-
tors, cellular uptake assay involved different cultured time,
different drug concentration, and different temperature was
carried on A549 cells after applying yuanhuacine, yuanhua-
cine/PLGA-NPs, and yuanhuacine/MNPs. As shown in Figure
3(a,b), time- and concentration-depending increasing on cel-
lular uptake was both displayed for each formulation. During
10-90 min, the uptake of NPs by A549 cells was higher than
that of free yuanhuacie, but from 90 to 240 min, the situation
is quite opposite. Similar situations have occurred on the dif-
ferent concentration. These results indicated cellular uptake
pathway of free yuanhuacine and NPs system may be differ-
ent. In general, the uptake of yuanhuacine/MNPs by A549
cells was higher than that of yuanhuacine/PLGA-NPs. When
the drug concentration was 12 g/mL, the uptake of yuanhua-
cine/MNPs by A549 cells was about 1.54 times higher than
that of yuanhuacine/PLGA-NPs. This is primarily due to the
RGDkf grafted onto the surface of the MNPs which enhance
receptor-mediated endocytosis.

To investigate the cellular uptake pathway, we first investi-
gated the effect of temperature on cell uptake at 4 and
37°C. As transport proteins have the highest activity at 37°C
and the activity was reduced when the temperature was
decreased, we can determine whether transporter proteins
are involved in the uptake processes through temperature

change (Gabano et al., 2008). As shown in Figure 3(c), the
uptake of yuanhuacine, yuanhuacine/PLGA-NPs, and yuan-
huacine/MNPs by A549 cells at 37°C was about 1.22, 3.13,
and 3.42 times higher than that at 4°C. The significant
growth in cell uptake from low temperature to high proved
the cellular uptake of NPs system was involved in transport
proteins which may be related with energy-dependent
uptake process. Conversely, yuanhuacine group, with no
obvious change at 4 or 37°C, indicated the uptake progress
primarily depended on passive diffusion.

The cellular internalization mechanism has a variety of
ways and the mechanism of yuanhuacine/MNPs uptake was
investigated by adding different inhibitors (Figure 3(d)).
Compared with other inhibitors, the presence of chlorpro-
mazine caused the most significantly decreased on cellular
uptake of yuanhuacine/PLGA-NPs (65.03%) and yuanhuacine/
MNPs (51.74%) as control, indicated the cell entry pathway
was mainly related to clathrin-mediated endocytosis. Then,
sodium azide, an inhibitor of energy metabolism, decreased
the cellular uptake of yuanhuacine/PLGA-NPs (71.34%) and
yuanhuacine/MNPs (68.08%), indicated a possible energy-
dependent uptake pathway, consistent with the results in
Figure 3(c). Other inhibitors had no obvious impacts on rela-
tive uptake efficiency. All the results proved the cellular
uptake pathway of NPs was different from free drug, and the
functional MNPs may attributable to receptor-mediated
endocytosis.

Intracellular mitochondrial target in vitro

The intracellular fate of internalized NPs was tracked by C6
labeled NPs using confocal laser scanning microscopy (CLSM)
and NPs was observed as green fluorescence. As shown in
Figure 4, the cells incubated with NPs for 2 h exhibited green
fluorescence in the cytoplasm matrix, indicating that NPs
were able to be internalized by the cells. When lysosomes
were stained by red fluorescence dye, the merged picture of
two colors appeared orange, which indicated NPs present in
lysosomes. In fact, the most internalized NPs was first placed
in the lysosomes and trapped in lysosomes. However, when
the mitochondria were stained by red fluorescence, the yel-
low color in the merged images of MNPs (see white arrows)
represented that majority MNPs accumulate in mitochondria.
The yellow color did not appear in PLGA-NPs, which
confirmed the common NPs could not escape from the
lysosomes to mitochondria. Therefore, mitochondria
accumulation of MNPs was higher than PLGA-NPs, due to
the lysosomes escaping and mitochondria targeting function
of MNPs.

Antitumor mechanism of MNPs in vitro

With the hierarchical targeting function described as above,
MNPs were expected to have better antitumor effect in
lung cancer. The cytotoxicity of yuanhuacine, yuanhuacine/
PLGA-NPs, and yuanhuacine/MNPs against A549 cells was
quantitatively assessed by MTT assay (Figure S9). At drug
concentrations ranging from 0.25 to 20 umol/L, all the groups
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had an increasing trend on inhibition rates depending on
concentration. However, inhibition activity of yuanhuacine/
PLGA-NPs and yuanhuacine/MNPs was more sensitive at low
drug concentrations from 0.25 to 10 umol/L, and the concen-
tration-dependent increase was remarkable, while at high
concentrations (20 umol/L) nearly no enhancement was seen.
In special, the yuanhuacine group had higher inhibition than
the corresponding NPs groups at 20 umol/L, which may be
affected by incomplete release of drug from NPs. The ICsq
values for yuanhuacine, yuanhuacine/PLGA-NPs, and yuan-
huacine/MNPs were 7.31, 8.82, and 6.44 umol/L, respectively.
These results indicated MNPs could delivery more drugs into
cells, which may be brought by the multifunction of yuan-
huacine/MNPs, such as ligand binding internalized, endolyso-
somal escape, and mitochondrial targeting.

To reveal the mechanism of cell proliferation inhibition
based on the MTT results, so we studied the apoptosis effect
of yuanhuacine, yuanhuacine/PLGA-NPs, and yuanhuacine/
MNPs against A549 cells. The scatter diagram (Figure 5(a)) in
bivariate flow cytometry combined with Annexin V-FITC/PI
staining could detect normal cells (the lower left quadrant),
early apoptotic cells (the lower right quadrant), late apoptotic
cells (the upper right quadrant), and necrotic cells (the upper
left quadrant) (Chen et al, 2008). The total apoptotic rate
was equal to the sum of early and late apoptosis (Figure
5(b)). We can see the apoptosis rates of yuanhuacine, yuan-
huacine/PLGA-NPs, and yuanhuacine/MNPs were increasing
in turn, 18.55%, 25.65%, and 33.09%, respectively, while the
control group was only 4.70% (the data was not shown).

Compared with yuanhuacine group, NPs groups had the pro-
moting apoptosis effect. The MNPs were superior in trigger-
ing apoptosis compared to the untargeted analog (PLGA-
NPs). And the strongest apoptosis effect of yuanhuacine/
MNPs may attribute to escape from the lysosome and target
to mitochondria of MNPs, which make high drug concentra-
tion in the mitochondria. In addition to cell apoptosis effect,
cell cycle regulation was a key pathway for cell proliferation
(Li et al.,, 2009). We further studied the A549 cell cycle using
flow cytometry technology combined with propidium iodide
(PI) staining. The results showed that yuanhuacine had the
effect to block the cell cycle on A549 cells, and mainly
blocked in the G2/M phase (Figure 5(c)). The retardation
effect of G2/M phase was yuanhuacine/MNPs > yuanhuacine/
PLGA-NPs > yuanhuacine (Figure 5(d)). These results were
corresponding to the cell morphological observation (Figure
S10). In the cell apoptosis process, the cell morphological
underwent obvious change, including the cell membrane
shrinkage, cytoplasmic condensation, endoplasmic reticulum
expansion, and nuclear fragmentation into massive or cres-
cent shaped, which fused into multiple apoptotic bodies.
From the nuclei staining images, it can be seen that com-
pared to the control cells, a few cell nucleus in the yuanhua-
cine group shrink into a crescent, while the most remained
round and plump with no atrophy. On the yuanhuacine/
PLGA-NPs and yuanhuacine/MNPs condition, the nucleus
morphological changes are more obvious, appearing more
crescent shaped body accompanied by apoptotic bodies.
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Moreover, yuanhuacine/MNPs seemed to be more apoptotic
bodies than yuanhuacine/PLGA-NPs.

Mitochondria played a very important role in the process
of cell apoptosis. The drop of the mitochondrial membrane
potential (AW,,) was considered to be the earliest signal in
the process of cascade apoptosis (Ly et al., 2003). Once AY,,
collapsed, cell apoptosis was irreversible. Fluorescence probe
JC-1 was used in A¥,, measurement, and its state and fluor-
escence connected tightly with the function of mitochondria
(Binet et al., 2014). When the membrane potential of mito-
chondria was high, JC-1 gathered in the mitochondrial matrix
and formed a polymer that it can produce red fluorescence.
While the membrane potential was low, JC-1 was a form of

solitary and produced green fluorescence. Hence, red and
green fluorescence ratio is commonly used to measure the
percentage of mitochondrial depolarization, and it is easy to
detect cell membrane potential. In Figure 5(e), the fluores-
cence images of yuanhuacine/PLGA-NPs and yuanhuacine/
MNPs were obviously different from that of control, indicat-
ing their AY,, was significantly changed with the occurrence
of apoptosis. Fall in mitochondrial membrane potential
enhanced mitochondrial membrane permeability, subse-
quently induced the release of cytochrome c (Cyt C) from
mitochondria into cytoplasm. Cyt C is an important compo-
nent of the mitochondrial respiratory chain, which could
induce activation of caspase, leading to cell death. This study
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use the method of immunofluorescent staining to inspect the
release of Cyt C. In Figure 5(f), we can see that Cyt C was seem
to be not detected in control cells, while yuanhuacine, yuan-
huacine/PLGA-NPs, and yuanhuacine/MNPs had an increasing
Cyt C amount indicating increasing apoptosis cell. The
enhancement of mitochondrial Cyt C release was associated
with loss of mitochondrial membrane potential, and both
results proved apoptosis pathway was placed in mitochondrial.
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Figure 5. (a) Flow cytometric images to detect apoptosis and (b) apoptosis percentage on A549 cells after applying yuanhuacine, yuanhuacine/PLGA-NPs, and
yuanhuacine/MNPs with yuanhuacine concentration of 10 uM for 24 h. *p < .05, **p < .01 versus yuanhuacine, #p < .05 versus yuanhuacine/PLGA-NPs. () Cell cycle
and (d) cell percentage in G2 phase on A549 cells after applying yuanhuacine, yuanhuacine/PLGA-NPs, and yuanhuacine/MNPs with yuanhuacine concentration of
10 uM for 24 h. *p < .05, **p < .01 versus control. () Mitochondrial membrane potential measurement and (f) cytochrome ¢ detection on A549 cells after applying
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So mitochondrial targeted drug delivery was conducive to
stimulate mitochondrial-related apoptosis pathway.

Co

nclusions

In summary, our work was the first report to use hierarchical
target strategy for lung cancer drug delivery via inhaled
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administration. Inhaled administration was convenient for
first-stage target to the lung tissue of drug carriers, and the
RGDfk ligands on surface of nanoparticles improved second-
stage targeting to the cancer cell, then intracellular proton
sponge effect triggered by the positive charge of histidine in
acidic condition achieved the third-stage targeting to mito-
chondria. These stages were sequentially triggered and
aimed at precise drug delivery. The smart MNPs were given
hierarchical target function to realize mitochondria-level drug
delivery and to increase the mitochondria-related apoptosis,
which brought the enhanced efficiency of chemotherapy
drugs. This report provides a valid tactic for effective and
precise pulmonary drug delivery.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by National Natural Science Foundation of
China (No. 81473147, No. 81601598), Natural Science Foundation of
Jiangsu Province (No. BK20151001), 2011 Collaborative Innovation Center
of Chinese Medicinal Resources Industrialization (No. ZDXM-2-3), Natural
Science Foundation of Nanjing University of Chinese Medicine (No.
13XZR22, 13XZR26), Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD), Six talent peaks project in Jiangsu
Province, Outstanding talent training program of Nanjing University of
Chinese Medicine of Pharmacy, and State Key Laboratory Cultivation
Base for TCM Quality and Efficacy, Nanjing University of Chinese
medicine.

References

Akinc A, Thomas M, Klibanov AM, et al. (2005). Exploring polyethyleni-
mine-mediated DNA transfection and the proton sponge hypothesis. J
Gene Med 7:657-63.

Alfagih I, Kunda N, Alanazi F, et al. (2015). Pulmonary delivery of proteins
using nanocomposite microcarriers. J Pharm Sci 104:4386-98.

Berlin S, Spieckermann L, Oswald S, et al. (2016). Pharmacokinetics and
pulmonary distribution of clarithromycin and rifampicin after con-
comitant and consecutive administration in foals. Mol Pharm
13:336-43.

Binet MT, Doyle CJ, Williamson JE, et al. (2014). Use of JC-1 to assess
mitoch9ondrial membrane potential in sea urchin sperm. J Exp Mar
Biol Ecol 452:91-100.

Biswas S, Dodwadkar NS, Deshpande PP, et al. (2012). Liposomes loaded
with paclitaxel and modified with novel triphenylphosphonium-PEG-
PE conjugate possess low toxicity, target mitochondria and demon-
strate enhanced antitumor effects in vitro, and in vivo. J Control
Release 159:393-402.

Carvalho CDS, Daum N, Lehr CM. (2014). Carrier interactions with the
biological barriers of the lung: advanced in vitro models and chal-
lenges for pulmonary drug delivery. Adv Drug Deliv Rev 75:129-40.

Chen S, Cheng AC, Wang MS, et al. (2008). Detection of apoptosis
induced by new type gosling viral enteritis virus in vitro through
fluorescein annexin V-FITC/PI double labeling. World J Gastroenterol
14:2174-8.

Chen YY, Guo JM, Qian YF, et al. (2013). Toxicity of daphnane-type diter-
penoids from Genkwa Flos and their pharmacokinetic profile in rat.
Phytomedicine 21:82-9.

Chen Z, Zhang L, Song Y, et al. (2015). Hierarchical targeted hepatocyte
mitochondrial multifunctional chitosan nanoparticles for anticancer
drug delivery. Biomaterials 52:240-50.

Chiang PC, Hu Y, Blom JD, et al. (2010). Evaluating the suitability of
using rat models for preclinical efficacy and side effects with inhaled
corticosteroids nanosuspension formulations. Nanoscale Res Lett
5:1010

De BL, Naessens T, De KS, et al. (2015). Hybrid pulmonary surfactant-
coated nanogels mediate efficient in vivo delivery of siRNA to murine
alveolar macrophages. J Control Release 217:53-63.

Dong LF, Jameson VJA, Tilly D, et al. (2011). Mitochondrial targeting of
vitamin E succinate enhances its pro-apoptotic and anti-cancer activity
via mitochondrial complex Il. J Biol Chem 286:3717-28.

Gabano E, Colangelo D, Ghezzi AR, et al. (2008). The influence of tem-
perature on antiproliferative effects, cellular uptake and DNA platina-
tion of the clinically employed Pt(ll)-drugs. J Inorg Biochem
102:629-35.

Garbuzenko OB. (2011). Innovative strategy for treatment of lung cancer:
targeted nanotechnology-based inhalation co-delivery of anticancer
drugs and siRNA. J Drug Target 19:900.

Goyal AK, Garg T, Rath G, et al. (2015). Development and
characterization of nanoembedded microparticles for pulmonary deliv-
ery of antitubercular drugs against experimental tuberculosis. Mol
Pharm 12:3839-50.

Hong JY, Nam JW, Seo EK, et al. (2010). Daphnanediterpene esters with
anti-proliferative activities against human lung cancer cells from
Daphne genkwa. Cheminform 41:234-7.

Jiang Y, Gu L, Zhang R, et al. (2014). Evaluation of the indicative roles of
seven potential biomarkers on hepato-nephrotoxicity induced by
GenkwaFlos. J Ethnopharmacol 158:317-24.

Kaminska LM, McLeod VM, Ryan GM, et al. (2014). Pulmonary administra-
tion of a doxorubicin-conjugated dendrimer enhances drug exposure
to lung metastases and improves cancer therapy. J Control Release
183:18-26.

Kusumoto K, Akita H, Ishitsuka T, et al. (2013). Lipid envelope-type nano-

particle incorporating a multifunctional peptide for systemic siRNA

delivery to the pulmonary endothelium. Acs Nano 7:7534-41.

M, Liu X, Cai H, et al. (2016). Validation and application of an ultra

high-performance liquid chromatography tandem mass spectrometry

method for yuanhuacine determination in rat plasma after pulmonary
administration: pharmacokinetic evaluation of a new drug delivery

system. Molecules 21:1733.

R, Tang XL, Miao SY, et al. (2009). Regulation of the G2/M phase of

the cell cycle by sperm associated antigen 8 (SPAG8) protein. Cell

Biochem Funct 7:264-8.

XY, Guo QF, Zheng XL, et al. (2009). Preparation of honokiol-loaded

chitosan microparticles via spray-drying method intended for pulmon-

ary delivery. Drug Delivery 16:160-6.

Ly JD, Grubb DR, Lawen A. (2003). The mitochondrial membrane poten-
tial (deltapsi(m)) in apoptosis; an update. Apoptosis 8:115-28.

Malty RH, Jessulat M, Jin K, et al. (2014). Mitochondrial Targets for
pharmacological intervention in human disease. J Proteome Res
14:5-21.

Modica-Napolitano JS, Singh KK. (2002). Mitochondria as targets for
detection and treatment of cancer. Expert Rev Mol Med 4:1.

Ngrgaard AW, Larsen ST, Hammer M, et al. (2010). Lung damage in mice
after inhalation of nanofilm spray products: the role of perfluorination
and free hydroxyl groups. Toxicol Sci 116:216-24.

Park BY, Min BS, Ahn KS, et al. (2007). Daphnanediterpene esters isolated
from flower buds of Daphne genkwa induce apoptosis in human mye-
locytic HL-60 cells and suppress tumor growth in Lewis lung carcin-
oma (LLC)-inoculated mouse model. J Ethnopharmacol 111:496-503.

Park S, Kim YJ, Jon S. (2014). A high-affinity peptide for nicotinic acetyl-
choline receptor-a1 and its potential use in pulmonary drug delivery.
J Control Release 192:141-7.

Rahhal TB, Fromen CA, Wilson EM, et al. (2016). Pulmonary delivery of
butyrylcholinesterase as a model protein to the lung. Mol Pharm
13:1626-35.

Ryan GM, Kaminskas LM, Kelly BD, et al. (2013). Pulmonary administration
of PEGylated polylysine dendrimers: absorption from the lung versus
retention within the lung is highly size-dependent. Mol Pharm
10:2986-95.

Li

Li

Li



Singh B, Maharjan S, Park T, et al. (2015). Tuning the buffering capacity
of polyethylenimine with glycerol molecules for efficient gene deliv-
ery: staying in or out of the endosomes. Macromol Biosci 15:622-35.

Sullivan BP, Elgendy N, Kuehl C, et al. (2015). Pulmonary delivery of
vancomycin dry powder aerosol to intubated rabbits. Mol Pharm
12:2665-74.

Tewes F, Gobbo O, Ehrhardt C, et al. (2015). Amorphous calcium carbon-
ate based-microparticles for peptide pulmonary delivery. Acs Appl
Mater Inter 8:1164-75.

Wang XX, Li YB, Yao HJ, et al. (2011). The use of mitochondrial tar-
geting resveratrol liposomes modified with a dequaliniumpolyethy-
lene glycol-distearoylphosphatidyl ~ethanolamine conjugate to
induce apoptosis in resistant lung cancer cells. Biomaterials
32:5673-87.

DRUG DELIVERY 1203

Woods A, Patel A, Spina D, et al. (2015). In vivo biocompatibility, clear-
ance, and biodistribution of albumin vehicles for pulmonary drug
delivery. J Control Release 210:1-9.

Zhan ZJ, Fan CQ, Ding J, et al. (2005). Novel diterpenoids with potent
inhibitory activity against endothelium cell HMEC and cytotoxic activ-
ities from a well-known TCM plant Daphne genkwa. Bioorg Med Chem
13:645-55.

Zhang S, Li X, Zhang F, et al. (2006). Preparation of yuanhuacine and
relative daphnediterpene esters from Daphne genkwa and structur-
e-activity relationship of potent inhibitory activity against DNA topo-
isomerase |. Bioorgan Med Chem 14:3888-95.

Zhang SX, Yang PW, Zhang DC, et al. (2009). Pharmacokinetics, tissue
distribution, and metabolism of novel DNA topoisomerase | inhibitor
yuanhuacine in rabbit. Xenobiotica 39:273-81.



	Hierarchical pulmonary target nanoparticles via inhaled administration for anticancer drug delivery
	Introduction
	Methods
	Materials
	Synthesis of RGDfkhistidinePLGA
	Preparation of RGDfkhistidinePLGA multifunctional nanoparticles (MNPs)
	Characterization of nanoparticles
	Determination of the buffering capacity and in vitro evaluation of drug release
	Preparing of dry powder for pulmonary inhalation
	UHPLCMS/MS analysis to quantify yuanhuacine in vivo
	Pharmacokinetics
	Biodistribution
	Cellular uptake and endocytosis pathways
	Confocal laser scanning microscopy (CLSM) observation
	Cell toxicity assay
	Cell apoptosis and cell cycle detect
	Annexin V-FITC/PI stain to detect cell apoptosis
	Cell cycle analysis
	Cell nucleus stain

	Cell apoptosis mechanism analysis
	Determine of mitochondrial membrane potential (m)
	Determine of Cyt C expressions


	Results and discussion
	Synthesis and characterization of RGDfkhistidinePLGA
	Preparation and characterization of RGDfkhistidinePLGA NPs
	Lung tissue target in vivo
	Tumor cell target in vitro
	Intracellular mitochondrial target in vitro
	Antitumor mechanism of MNPs in vitro

	Conclusions
	Disclosure statement
	References



<<
	/PreserveCopyPage true
	/MonoImageDownsampleType /Bicubic
	/MonoImageDict <<
		/K -1
	>>
	/ParseICCProfilesInComments true
	/PreserveHalftoneInfo false
	/TransferFunctionInfo /Preserve
	/GrayImageMinResolution 150
	/EncodeColorImages true
	/AutoFilterGrayImages true
	/ImageMemory 1048576
	/PDFXRegistryName ()
	/EmbedJobOptions true
	/MonoImageFilter /CCITTFaxEncode
	/PDFXNoTrimBoxError true
	/ASCII85EncodePages false
	/DefaultRenderingIntent /Default
	/GrayImageAutoFilterStrategy /JPEG
	/PDFXCompliantPDFOnly false
	/GrayImageFilter /DCTEncode
	/ColorImageResolution 150
	/DownsampleMonoImages true
	/EncodeGrayImages true
	/ColorImageFilter /DCTEncode
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/ParseDSCComments true
	/ColorImageAutoFilterStrategy /JPEG
	/EmbedOpenType false
	/AntiAliasMonoImages false
	/JPEG2000ColorImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/CreateJDFFile false
	/PreserveEPSInfo false
	/PDFXSetBleedBoxToMediaBox true
	/DSCReportingLevel 0
	/NeverEmbed [
	]
	/Optimize true
	/Description <<
		/DEU <>
		/NOR <>
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/ESP <>
		/FRA <>
		/SUO <>
		/JPN <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/DAN <>
		/PTB <>
		/SVE <>
	>>
	/CreateJobTicket false
	/EndPage -1
	/MonoImageDepth -1
	/GrayImageResolution 150
	/AutoFilterColorImages true
	/AlwaysEmbed [
	]
	/ColorImageMinResolution 150
	/ParseDSCCommentsForDocInfo true
	/sRGBProfile (sRGB IEC61966-2.1)
	/AutoRotatePages /All
	/MonoImageResolution 600
	/AllowTransparency false
	/GrayACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DoThumbnails false
	/GrayImageDepth -1
	/AntiAliasGrayImages false
	/ColorImageDownsampleThreshold 1.5
	/CompressObjects /Tags
	/AntiAliasColorImages false
	/EmbedAllFonts true
	/ColorImageMinResolutionPolicy /OK
	/PDFXOutputConditionIdentifier ()
	/PreserveFlatness true
	/DownsampleColorImages true
	/MonoImageDownsampleThreshold 1.5
	/PDFXOutputIntentProfile ()
	/GrayImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/UsePrologue false
	/ColorACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/JPEG2000GrayACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorConversionStrategy /sRGB
	/EmitDSCWarnings false
	/MonoImageMinResolutionPolicy /OK
	/UCRandBGInfo /Remove
	/DetectCurves 0.1
	/ColorSettingsFile (None)
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/GrayImageDownsampleThreshold 1.5
	/CropColorImages true
	/MonoImageMinResolution 600
	/JPEG2000ColorACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/CalRGBProfile (sRGB IEC61966-2.1)
	/CompressPages true
	/Binding /Left
	/PDFXTrapped /False
	/PDFX3Check false
	/DetectBlends true
	/JPEG2000GrayImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/GrayImageDownsampleType /Bicubic
	/CompatibilityLevel 1.6
	/PassThroughJPEGImages false
	/PDFXOutputCondition ()
	/CannotEmbedFontPolicy /Warning
	/AllowPSXObjects true
	/LockDistillerParams true
	/ConvertImagesToIndexed true
	/GrayImageMinResolutionPolicy /OK
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoPositionEPSFiles true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/DownsampleGrayImages true
	/PDFX1aCheck false
	/CropGrayImages true
	/CalGrayProfile (Gray Gamma 2.2)
	/CropMonoImages true
	/SubsetFonts true
	/ColorImageDownsampleType /Bicubic
	/CheckCompliance [
		/None
	]
	/PreserveOPIComments false
	/PreserveOverprintSettings true
	/EncodeMonoImages true
	/MaxSubsetPct 100
	/ColorImageMinDownsampleDepth 1
	/ColorImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/OPM 1
	/StartPage 1
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


