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Abstract Efficient mucosal delivery remains a major challenge for the reason of the respiratory tract

mucus act as a formidable barrier to nanocarriers by trapping and clearing foreign particulates. The sur-

face property of nanoparticles determines their retention and penetration ability within the respiratory

tract mucus. However, the interaction between nanoparticles and mucus, and how these interactions

impact distribution has not been extensively investigated. In this study, polymeric nanoparticles loaded

with a baicaleinephospholipid complex were modified with two kinds of polymers, mucoadhesive and

mucus-penetrative polymer. Systematic investigations on the physicochemical property, mucus penetra-

tion, transepithelial transport, and tissue distribution were performed to evaluate the interaction of nano-

particles with the respiratory tract. Both nanoparticles had a similar particle size and good

biocompatibility, exhibited a sustained-release profile, but showed a considerable difference in zeta po-

tential. Interestingly, mucus-penetrative nanoparticles exhibited a higher diffusion rate in mucus, deeper

penetration across the mucus layer, enhanced in vitro cellular uptake, increased drug distribution in
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airways, and superior local distribution and bioavailability as compared to mucoadhesive nanoparticles.

These results indicate the potential of mucus-penetrative nanoparticles in design of a rational delivery

system to improve the efficiency of inhaled therapy by promoting mucus penetration and increasing local

distribution and bioavailability.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Inhaled drug delivery has great potential for the treatment of
various pulmonary conditions such as tuberculosis, asthma,
chronic obstructive pulmonary disease, and pulmonary infection.
This route of delivery helps in the direct and efficient delivery of
high doses of drugs to the target site while reducing systemic
exposure and side effects, and avoiding first-pass hepatic metab-
olism1e4. Despite these substantial advantages, the therapeutic
efficacy and clinical application of inhaled delivery of relatively
small therapeutics are primarily hampered by multiple challenges,
including rapid clearance from the site of action, poor accumu-
lation in terminal airways, especially inefficient penetration
through the mucosal and epithelial barriers, thereby necessitating
more frequent doses of drug3. To overcome the aforementioned
limitations of conventional immediate-release inhaled formula-
tions, inhaled delivery of therapeutic agents via nanocarriers holds
great potential owing to the ability to encapsulate drugs and sus-
tain their release, prolong the residence of the payloads within the
respiratory tract, and deeply penetrate the mucosal and epithelial
barriers3,5e8. Amongst the diverse nanocarriers for inhaled de-
livery, nanoparticles made of biodegradable and biocompatible
polymers including polylactic-co-glycolic acid, chitosan, and
polylactic acid are fitting choices because they show greater
encapsulation, good surface engineering properties, and controlled
release of drugs for a longer duration5,9e12.

It is a prerequisite for nanocarriers to penetrate the respiratory
tract mucus in order to efficiently deliver drugs to the mucosal
surfaces. Evidence suggests that the respiratory tract mucus is a
particularly formidable barrier to inhaled delivery of nanocarriers
as the mucus has evolved to protect the underlying tissues by
efficiently trapping and rapidly clearing foreign particulates13,14.
The surface property of nanoparticles strongly determines their
retention and penetration ability within the respiratory tract and
permeation efficiency through the mucus and epithelium15. Most
modification strategies to improve their effectiveness have focused
on coating the nanoparticles with mucoadhesive polymers, such as
chitosan10,11,16,17. Chitosan is a biocompatible and biodegradable
polymer characterized by mucoadhesive property which enables it
to interact with the negatively charged mucus that can prolong its
residence in the respiratory tract10,16. However, mucoadhesive
nanoparticles were generally captured in the luminal mucus layer
and then largely swept away from the respiratory tract by the
mucociliary escalator and expiratory clearance, which compro-
mises their sustained release potential13. According to this prin-
ciple, nanoparticles should be modified to avoid mucoadhesion in
the rapidly cleared luminal gel layer and penetrate readily across
the slowly cleared periciliary layer, thereby maximizing residence
time in the lung13. Surface modification by hydrophilic and
electro-neutral polymers, such as polyethylene glycol (PEG) and
Pluronic F127, has been reported to facilitate the penetration of
nanoparticles across highly viscoelastic mucus by minimizing
adhesive interactions between nanoparticles and mucus constitu-
ents13,15,18,19. Although polymeric nanoparticles modified with
different types of polymers have been explored for inhaled de-
livery, very few studies have studied the interaction between
polymeric nanoparticles and mucus, and how these interactions
impact distribution.

Baicalein, a natural bioactive flavonoid isolated from the root
of Scutellaria baicalensis Georgi, has been reported to exhibit
multiple pharmacological properties, especially anti-viral, anti-
inflammatory, and anti-bacterial, making it an attractive candidate
for the inhalation treatment of respiratory disorders20,21. However,
the application of baicalein in the pharmaceutical field and clinical
inhalation therapy was limited due to its poor hydrophilicity,
lipophilicity, and permeability21. As polymeric nanoparticles have
been reported to possess many advantages for pulmonary delivery,
exploration of inhalable nanoparticles for the delivery of baicalein
will be expected to overcome the limitations of conventional
aerosol formulations and bypass the physiological barriers in the
respiratory tract. However, baicalein is a poorly hydrophilic and
lipophilic compound that cannot be loaded effectively into poly-
meric nanoparticles. In our previous studies, the
baicaleinephospholipid complex was successfully developed to
improve the lipid solubility of baicalein and then easily associate
it with nanocarriers22,23.

To improve the efficacy of baicalein for the inhalation treat-
ment of respiratory disorders, polymeric nanoparticles loaded with
the baicaleinephospholipid complex were developed in this study
(Fig. 1). As the surface properties of polymeric nanoparticles have
an important effect on the interactions between nanocarriers and
the mucus within the respiratory tract, the intrinsic impact of
polymers used for surface modification on the distribution and
penetration efficiency of polymeric nanoparticles is one of the
most critical issues in nanomedicine for promoting effective
inhalation therapy. Herein, a systematic investigation was per-
formed to make a comparative evaluation of the interaction of the
respiratory tract with polymeric nanoparticles modified with two
kinds of polymers: a mucoadhesive polymer (chitosan) and a
mucus-penetrative polymer (F127). Physicochemical properties,
mucus penetration, and transepithelial transport in vitro, and tissue
distribution in vivo were observed. The study findings will facil-
itate the design and development of strategies to enhance the ef-
ficacy of inhalation therapy.
2. Materials and methods

2.1. Materials

Baicalein (purity 98%) was provided by Jiangsu Zelang Medical
Technology Co., Ltd. (Nanjing, China). Baicalein and baicalin

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Schematic illustration of the fate of mucoadhesive CS-BA NPs and mucus-penetrative F127-BA NPs upon deposition onto the

respiratory tract.
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reference substance were purchased from the National Institutes
for Food and Drug Control (Beijing, China). Chitosan was pur-
chased from SigmaeAldrich (St. Louis, MO, USA). Pluronic
F127 was provided by BASF (Ludwigshafen, Germany). Egg yolk
lecithin (PC-98T) was purchased from A.V.T. Pharmaceutical Co.,
Ltd. (Shanghai, China). 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (Rhodamine-PE) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were purchased
from GE Healthcare (Waukesha, WI, USA). Penicillin-
streptomycin, L-glutamine and non-essential amino acids were
purchased from Thermo Fisher Scientific (Waltham, MA, USA).
All other organic reagents were of analytical grade and purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Cell culture

Human bronchial epithelial cancer Calu-3 cell line was purchased
from the Cell Resource Center, Peking Union Medical College
(Beijing, China). Calu-3 cells were grown in DMEM supple-
mented with 10% FBS, 100 U/mL penicillin, 100 mg/mL strep-
tomycin, 1% non-essential amino acids, and 2 mmol/L L-
glutamine in a humidified atmosphere of 5% CO2 at 37

�C.

2.3. Preparation of baicaleinephospholipid complex (BPC)

BPC was prepared using a solvent evaporation method22. In brief,
baicalein and phospholipids (1:3.5, w/w) were dissolved in tetra-
hydrofuran. A solid product, i.e., BPC, was obtained after the
organic solvent was totally removed under agitation and vacuum.
The resulting BPC was weighed (MS104S; Mettler-Toledo GmbH,
Zurich, Switzerland) and stored in a desiccator at room tempera-
ture. Fluorescence-labeled BPC was prepared by adding
Rhodamine-PE during the preparation of BPC as described above
by dissolving Rhodamine-PE (0.25%, w/w) alongside baicalein
and phospholipids in tetrahydrofuran.
2.4. Preparation and characterization of nanoparticles

Chitosan-modified nanoparticles (CS-BA NPs) were prepared
following the solvent-injection method reported previously24.
Briefly, chitosan was dissolved in 1% (v/v) acetic acid and aliquots
of this solution were added to 5% (w/v) Tween-80. BPC was
dissolved in ethanol (25 mg/mL) and then added to the ethanolic
solution of 2.5% (w/v) lecithin. Then, CS-BA NPs were obtained
by injecting BPC dissolved in lecithin solution into the chitosan
solution with continuous moderate stirring for 30 min at room
temperature. Finally, the organic solvent was evaporated under
vacuum to obtain the resulting CS-BA NPs. Pluronic F127-
modified nanoparticles (F127-BA NPs) were prepared by high-
pressure homogenization. First, BPC was added to the aqueous
phase containing Pluronic F127 (1%, w/v) with high shear mixing.
Then, the mixture was homogenized by high pressure micro-
fluidization homogenizer (Nano DeBEE; BEE International, South
Easton, MA, USA) under 14,500 psi for 12 cycles to obtain the
resulting F127-BA NPs. Fluorescence-labeled nanoparticles were
prepared using a similar procedure with the exception of
fluorescence-labeled BPC being dissolved in ethanol with the
lipids.

The mean particle size, size distribution and zeta potentials of
nanoparticles were measured by the dynamic light scattering
method using the zeta potential/particle sizer NICOMP 380 ZLS
(PSS NICOMP, Santa Barbara, CA, USA) after appropriate dilu-
tion with ultrapure water. Particle morphology was evaluated by
transmission electron microscopy (TEM, SU8010; Hitachi, Tokyo,
Japan). Samples were prepared by adding 1 drop of nanoparticle
suspension to a copper grid followed by staining with 2% (w/v)
phosphotungstic acid. The samples were left to dry and examined.
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The stability of nanoparticles was monitored at 4 �C for 1
month. The appearance, mean particle size, size distribution, zeta
potentials, content, and entrapment efficiency were determined to
evaluate the stability of nanoparticles.

2.5. Entrapment efficiency

The entrapment efficiency of baicalein was determined by a
minicolumn centrifugation method25. The minicolumn filled with
Sephadex G50 was loaded with 0.2 mL nanoparticles and
centrifuged at 500 rpm for 1 min (LDZ5-2; Beijing Medical
Centrifuge Factory, Beijing, China). After centrifugation, the
minicolumn was eluted thrice with 0.5 mL of water to elute the
vesicles (1000 rpm for 1 min, LDZ5-2). The eluted baicalein-
loaded nanoparticles were collected and the content of entrap-
ped baicalein was determined using high-performance liquid
chromatography (HPLC, Agilent 1200; Agilent Technologies,
Santa Clara, CA, USA) by disrupting the eluted vesicles with
ethanol. Entrapment efficiency (EE, %) was calculated using Eq.
(1):

EE ð%ÞZEntrapped drug=Total drug� 100 ð1Þ

2.6. In vitro release

The in vitro release profile of baicalein from nanoparticles was
assessed in 0.5% (w/v) Tween-80 in phosphate buffer saline (PBS,
pH 7.4) using a dialysis technique. The baicalein-loaded nano-
particles (1 mL) were enclosed in a dialysis bag (MWCO cut-off
8e12 kDa) and immersed in 100 mL of release medium at 37 �C
on a shaker (100 rpm; SW22, JULABO GmbH, Seelbach, Ger-
many). At predetermined time points, 1 mL of release medium
was withdrawn and replaced with fresh release medium. The
samples were filtered through a 0.22 mm membrane filter and
analyzed for baicalein content using HPLC. Each sample was
performed in triplicate.

2.7. Multiple particle tracking

Fresh pig tracheal mucus was harvested, decontaminated and
transferred into centrifuge tubes and stored at 4 �C for use within
24 h of collection.

The tracking of fluorescently labeled nanoparticles in the mucus
was performed using multiple particle tracking (MPT)14,18,26.
Fluorescently labeled nanoparticles (2 mL) at suitable dilution was
added to 160 mL tracheal mucus and gently shake for 20 min prior
to microscopy. The equilibrated sample was dropped onto a cover
glass and movement of particles in the mucus was observed under
an inverted fluorescence microscope. Videos were captured at a
temporal resolution of 70 ms for 20 s. At least 3 independent ex-
periments were performed while trajectories of n � 100 particles
were analyzed for each experiment. Tracking videos were analyzed
using Video Spot Tracking to extract the x and y positional data
over time. Time averaged mean square displacement (MSD) was
calculated as a function of time scale.

2.8. Cell viability assay

The in vitro cytotoxicity of nanoparticles was evaluated in Calu-3
cells using CCK-8 kits (Dojindo Laboratories, Tokyo, Japan).
Calu-3 cells were plated at a density of 1 � 104 cells per well in a
96-well plate. After 24 h, the cells were treated with nanoparticles
containing various concentrations of baicalein (0, 0.2, 1, 5, 10, 20,
and 50 mg/mL). After 2 h of incubation at 37 �C, the number of
viable cells was determined using CCK-8 kits according to the
manufacturer’s protocol. Untreated cells were used as the control
and were considered to be 100% viable.

2.9. Establishment and characterization of Calu-3 cell
monolayer

To study the epithelial barrier permeability and cellular uptake, the
Calu-3 cell monolayer was established by aireliquid interface cul-
ture (AIC) system27,28. Calu-3 cells were seeded on 12-well Trans-
well� plates (0.4 mm pore size, 1.12 cm2 surface area, Costar
Corning; Corning, NY, USA) at a density of 2� 105 cells/well with
0.5 mL in the apical chamber and 1.5 mL medium in the basolateral
chamber.After incubation for 2 days, themediumwas removed from
the apical compartment to allow cells to grow at an air-interface. The
medium in the basolateral chamber was changed every 2 days. After
14e17 days, the transepithelial electrical resistance (TEER) was
determined by Millicell�-ERS (Millipore, Billerica, MA, USA) to
monitor the integrity of the cell monolayer. Only the wells of cell
monolayers with stable TEER value above 300U$cm2were used for
the subsequent uptake and transepithelial transport study.

In order to qualitatively observe the mucus expression profile,
the differentiated Calu-3 cell monolayer was washed thrice with
cold Hank’s balanced salt solution (HBSS), fixed with 4% para-
formaldehyde (PFA), stained with Alexa Fluor 488-labeled wheat
germ agglutinin (Invitrogen, Molecular Probes, Thermo Fisher
Scientific, Waltham, MA, USA), placed on the glass-bottomed cell
culture dishes (NEST Biotechnology, Wuxi, China), and observed
with confocal laser scanning microscopy (CLSM; FV1000,
Olympus, Tokyo, Japan).

2.10. In vitro uptake study of nanoparticles

Prior to the uptake experiment, the medium in the apical and
basolateral chambers was discarded and the cells were equili-
brated with pre-warmed HBSS for 30 min at 37 �C. For quanti-
tative analysis using HPLC, 0.5 mL of nanoparticles at a baicalein
concentration of 40 mg/mL in HBSS and 1.5 mL HBSS were
added to the apical and basolateral chambers, respectively. After
incubation for 1 h at 37 �C, the cells were washed thrice with cold
HBSS, collected, and centrifuged to obtain cell pellets. The bai-
calein concentration of cell pellets was determined using HPLC.
For qualitative analysis using CLSM, 0.5 mL rhodamine-labeled
nanoparticles diluted with HBSS and 1.5 mL HBSS were added to
the apical and basolateral chambers, respectively. After incubation
for 1 h at 37 �C, the cells were washed thrice with cold HBSS,
fixed with 4% PFA, stained with DAPI (Beyotime Biotechnology,
Shanghai, China), and observed with CLSM.

2.11. Interaction between nanoparticles and mucus during
transepithelial transport

In order to assess the interaction between nanoparticles and the
mucus which covers the confluent monolayers, the transepithelial
transport process of nanoparticles was investigated using the Calu-
3 monolayer cultured on Transwells. After equilibration with pre-
warmed HBSS for 30 min, the differentiated Calu-3 cell mono-
layer was exposed to rhodamine-labeled nanoparticles for 6 h at



Figure 2 In vitro characterization and the diffusion behavior of

nanoparticles in respiratory mucus. (A) Particle size distribution,

appearance, and morphology of CS-BA NPs; (B) particle size distri-

bution, appearance, and morphology of F127-BA NPs; (C) in vitro

release profile of nanoparticles in PBS (pH 7.4) containing 0.5% (w/v)

Tween 80. Each value represents the mean � SD (n Z 3). Scale

bar Z 200 nm; (D) representative trajectories of nanoparticles in

respiratory mucus; (E) ensemble-averaged geometric mean squared

displacement (<MSD>) as a function of timescale for nanoparticles

in respiratory mucus.
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37 �C. Then the cells were washed thrice with cold HBSS, fixed
with 4% PFA, stained with Alexa Fluor 488-labeled wheat germ
agglutinin, and observed with CLSM.

2.12. Pharmacokinetic study

Male Kunming mice weighing 16e18 g were supplied by Beijing
HFK BioScience Co., Ltd. (Beijing, China). All animal experi-
ments were approved by the Institutional Animal Care and Use
Committee of Peking Union Medical College. The care of labo-
ratory animal and animal experimental operation was performed
in accordance with the Beijing Administration Rule of Laboratory
Animal. The mice were randomly divided into three groups for six
time points study (n Z 90; 5 animals per time point) to receive
baicalein solution, CS-BA NPs, and F127-BA NPs at a dose of
18 mg/kg via aerosol inhalation treatment. After the completion of
administration, the mice of each group (5 animals per time point)
were sacrificed at the predetermined time points (5, 15, 30, 60,
120 and 240 min) and lungs were collected, washed with PBS, and
stored at �20 �C until analysis. The concentration of baicalein and
baicalin in lungs was determined by HPLCeMS/MS (6480B;
Agilent Technologies, Santa Clara, CA, USA).

2.13. Distribution in mouse airways

Mice were randomly divided into two groups to receive CS-BA
NPs and F127-BA NPs via aerosol inhalation treatment. The mice
were sacrificed by cervical dislocation within 10 min of admin-
istration and the trachea was harvested and frozen immediately
with liquid nitrogen. Transverse cryosections of the trachea were
then prepared and observed with CLSM.

2.14. Statistical analysis

All data subjected to statistical analyses were obtained from at
least three parallel experiments, and the results are expressed as
mean � standard deviation (SD). The statistical analyses were
performed using unpaired two-tailed Student’s t-test for two
groups, and one-way ANOVA for multiple groups with GraphPad
Prism version 7.00 for Windows (GraphPad Software, La Jolla,
CA, USA). A P value � 0.05 was considered statistically
significant.

3. Results and discussion

3.1. Properties and characteristics of nanoparticles

Phospholipid complexes are known to improve the lipophilicity of
drugs as phospholipids have long fatty acid chain (lipophilic
part)29,30. In previous studies, the baicaleinephospholipid com-
plex (BPC) was developed to be used as an intermediate of
nanocarriers with enhanced lipophilicity22,23. In this study, nano-
carriers loaded with BPC were successfully prepared and evalu-
ated for mucus penetration properties in vitro and in vivo.

As mucus is a mesh that captures particles in terms of
space and viscosity, the size and surface characteristics of
nanocarriers play a pivotal role in improving the mucosal
delivery efficiency14. Thus, it is of great significance to make
a comparative evaluation of the interaction of the respiratory
tract with polymeric nanoparticles modified with different
kinds of polymers. Various types of polymers, such as
chitosan and carbomer, have been widely investigated as
mucoadhesive materials to modify nanoparticles31. A previous
study reported the use of Pluronic F68 as a mucoadhesive
polymer to coat nanoparticles and made a careful head-to-
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head comparison to gain an insight into the in vivo behavior
of mucoadhesive and mucus-penetrative nanoparticles
following inhalation32. However, Pluronic F68 is not appro-
priate to be used as a representative mucoadhesive material
due to its dual character, including mucoadhesive and mucus-
penetrative properties reported in the literature14,32e34. Chi-
tosan, a natural polycationic polymer with mucoadhesive
property, is a most frequently used mucoadhesive polymer and
can interact with the negatively charged phospholipids to self-
assemble nanoparticles, which demonstrate good biocompati-
bility and biodegradability, excellent mucosal adhesiveness,
and minimal cytotoxicity24,35,36. In this study, self-assembled
chitosan/lecithin nanoparticles, which are composed of a
BPC surrounded by a chitosan layer, were prepared by the
solvent-injection method. In marked contrast to the mucoad-
hesive properties of chitosan, Pluronic F127 have been re-
ported to protect the surface of nanoparticles from
electrostatic and hydrophobic interactions with mucus and
then rapidly penetrate mucus14. Based on the concept of
mucus-penetrative nanoparticles, nanosuspensions were
developed and prepared from BPC and coated with Pluronics
F127 to evaluate the efficiency of mucosal delivery.

As shown in Fig. 2A and B, both CS-BA NPs and F127-BA
NPs formed a light-yellow translucent emulsion and exhibited a
similar mean particle size (202.6 � 8.9 and 219.9 � 8.8 nm,
respectively) and size distribution. It was reported that mucus
secretions have an average mesh size between 140 and 340 nm,
with a wide range of size distribution14. Therefore, the w200 nm
size of both CS-BA NPs and F127-BA NPs will be beneficial to
allow them to diffuse through mucus.
Figure 3 The penetration behavior of nanoparticles in Calu-3 monolay

aireliquid interface culture (AIC) system and confocal laser scanning mi

with AlexaFluor-488-labeled wheat germ agglutinin (green staining). Scale

to rhodamine-loaded nanoparticles (red fluorescence) for 6 h and subs

agglutinin (green staining). Scale bar Z 50 nm.
Zeta potential is a factor that not only determines the physical
stability of nanocarriers, but also has an important effect on the
interaction of nanocarriers with mucus. The zeta potentials of CS-
BA NPs and F127-BA NPs were þ41.34 � 0.30 and
�7.42 � 0.81 mV, respectively, which were closely related to the
properties of surface modified materials of nanoparticles.
Compared to a nonionic polymer F127, the polycationic polymer
chitosan possesses a highly positive charge and its adsorption onto
the surface appeared to raise the zeta potential of CS-BA NPs
significantly from slightly negative to positive values37. The high
values of zeta potential obtained for CS-BA NPs indicated rela-
tively high surface charges, not only being beneficial for the
physical stability, but also being able to interact with the nega-
tively charged mucus of the respiratory tract38. TEM examination
revealed that the both kinds of nanoparticles were spherical and
regular in shape. It should be noted that both CS-BA NPs and
F127-BA NPs have a high drug encapsulation efficiency (above
80%), which may be attributed to the enhanced lipophilicity of
BPC. The increased solubility of BPC in ethanol enabled suc-
cessful encapsulation in chitosan/lecithin nanoparticles during the
self-assembly process24.

To evaluate the effect of polymer modification on the stability
of nanoparticles, the prepared nanoparticles were stored at 4 �C
for 1 month and physicochemical properties were evaluated. The
results of the stability tests showed that the appearance, mean
particle size, size distribution, zeta potentials, content, and
entrapment efficiency of nanoparticles hardly changed within
1 month at 4 �C, indicating that all the nanoparticles exhibited
favorable stability.
er model. (A) Cartoon illustration of the Calu-3 monolayer model by

croscopy (CLSM) images of Calu-3 monolayer model mucus stained

bar Z 50 nm; (B) CLSM images of Calu-3 monolayer model exposed

equent staining of mucus with AlexaFluor-488-labeled wheat germ
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3.2. In vitro sustained-release profile of nanoparticles

As shown in Fig. 2C, the free baicalein exhibited a relatively rapid
release feature with more than 80% of drug released from the
dialysis bag within 4 h. In comparison, both CS-BA NPs and
F127-BA NPs exhibited a similar sustained-release characteristic
and the cumulative release was only 23.4% and 31.3% respec-
tively, during the same time period. These results indicate that the
nanoparticles based on BPC can not only effectively encapsulate
Figure 4 In vitro cellular uptake profile of nanoparticles in Calu-3

monolayer model. (A) In vitro cytotoxicity of nanoparticles in Calu-3

cells at 2 h. Each value represents the mean � SD (n Z 5); (B) the

uptake index was determined by HPLC. Each value represents the

mean � SD (n Z 3). *P < 0.05 vs. BA, **P < 0.01 vs. BA; (C)

CLSM images of cellular uptake. Scale bar Z 25 mm.
the poorly soluble drug, but also release baicalein in a sustained
manner. The sustained-release profile of nanoparticles, which may
be associated with the slower diffusion of the baicalein from
nanoparticles, could prevent spreading of baicalein over the res-
piratory tract fluid before diffusing through the mucus, thus
leading to effective delivery.

3.3. Diffusion behavior of nanoparticles in respiratory mucus

Mucus barriers lining the mucosal epithelia could promptly trap
and clear away most exogenous nanoparticles from the mucosae
and then compromise the efficacy of nanocarrier-based mucosal
drug delivery and imaging39. To improve the efficacy of mucosal
delivery, nanocarriers must be capable of fast mobility and diffuse
through the highly protective mucus linings39. Therefore, the
diffusion behavior in respiratory mucus is a pivotal parameter to
evaluate the penetrability of nanocarriers. Additionally, investi-
gation of the diffusion in mucus could provide corroborative ev-
idence for the effectiveness of surface coatings at reducing
interactions with mucus14.

A comparative evaluation was first made of the transport
behavior of CS-BA NPs and F127-BA NPs in fresh respiratory
mucus using multiple particle tracking (MPT). As shown in
Fig. 2D, CS-BA NPs exhibited highly hindered trajectories and
were nearly immobilized in the mucus. In contrast, the F127-BA
NPs trajectories spanned much larger distances and were more
diffusive. The MSD is the square of the distance a single particle
moves over a given time interval; thus, MSD is proportional to
particle diffusion rates40. The geometric ensemble-averaged MSD
(<MSD>) of at least 100 individual particles of each particle type
were calculated to quantify these differences. Greater <MSD>
represents faster particle movement. The <MSD> of F127-BA
NPs was consistently much greater than that of CS-BA NPs
(Fig. 2E). At a time scale of 1 s, the <MSD> of PF127-BA NPs
was about 100-fold greater than that of CS-BA NPs. The <MSD>
of CS-BA NPs was 2300-fold lower than the theoretical MSD of
similarly sized nanoparticles in water at a time scale of 1 s,
whereas the <MSD> of F127-BA NPs was only 8.6-fold lower.
The results demonstrated that the nanoparticles coated with chi-
tosan exhibited constrained movement in mucus compared to the
nanoparticles modified by F127 that traveled greater distances.
The different diffusion behaviors of CS-BA NPs and F127-BA
NPs in respiratory mucus could be attributed to the different
properties of the two surface modification polymers, chitosan and
F127. The cationic amino groups of chitosan have mucoadhesive
properties and enable chitosan to interact with the negatively
charged mucus via electrostatic forces41. In contrast, hydrophilic
and electro-neutral Pluronic F127 could minimize nanoparticle
affinity to mucus constituents33. Therefore, the higher diffusion
rate of F127-BA NPs in mucus will be beneficial in improving the
mucus penetration efficiency, and be expected to facilitate pro-
longed retention of nanoparticles at mucosal surfaces, leading to
improved pharmacokinetics and therapeutic efficacy.

3.4. Mucus penetration ability of nanoparticles

In order to evaluate the expression level of mucin on the differ-
entiated Calu-3 cell monolayer, the cell-covering mucus layer of a
14e17 days culture of Calu-3 cells was stained with the Alexa-
Fluor-488-labeled wheat germ agglutinin34. As shown in Fig. 3A,
after 14 days of culture using the AIC method, a large amount of
mucin was expressed on the surface of the cell layer, which was in



Mucus-penetrative nanoparticles to overcome the respiratory tract mucus barrier 1583
line with the results reported previously28,34. Additionally, the
TEER value of differentiated Calu-3 cell monolayer exceeded the
threshold value (300 U$cm2). Therefore, the established in vitro
Calu-3 cell model can be used for the subsequent in vitro trans-
epithelial transport and cellular uptake study.

In the captured images of CLSM, the green, red, and yellow
fluorescence represents the mucus, rhodamine-labeled nano-
particles, and the colocalization of mucus and nanoparticles,
respectively. After incubation for 6 h, CS-BA NPs exhibited
significantly greater red fluorescence overlapped with green
fluorescence (corresponding to the mucus layer) in comparison
with F127-BA NPs (Fig. 3B), indicating that CS-BA NPs had a
higher binding affinity to mucus than F127-BA NPs. As
explained in the results of MPT, the higher binding affinity of
CS-BA NPs may be associated with the interaction of the posi-
tively charged CS-BA NPs and the negatively charged mucus.
Contrary to the mucoadhesive behavior of CS-BA NPs, F127-BA
NPs seemed to partly penetrate the mucus layer and reach the
surface of the epithelial monolayer. These differences in the
Figure 5 In vivo distribution of nanoparticles. (A) Transverse

frozen sections of mouse trachea tissue following inhalation admin-

istration of rhodamine-labeled nanoparticles. Mean lung

concentrationetime profiles of baicalein (B) and baicalin (C) after

inhalation administration of BA solution, CS-BA NPs, and F127-BA

NPs. The inset to Fig. 5C magnifies the y-axis. Each value repre-

sents the mean � SD (n Z 5).
transepithelial transport behavior of nanoparticles were in
accordance with the particle motion profiles of nanoparticles in
fresh respiratory mucus mentioned above.

3.5. In vitro cellular uptake profile of nanoparticles

The results of the cell viability assay indicated that nanoparticles
at a baicalein concentration lower than 50 mg/mL produced
negligible Calu-3 cytotoxicity (Fig. 4A), indicating significant
biocompatibility of nanoparticles with epithelial cells. Therefore,
a concentration of 40 mg/mL baicalein was chosen to study the
in vitro uptake of nanoparticles.

As shown in Fig. 4B, the uptake index of both CS-BA NPs and
F127-BA NPs was greater than that of free baicalein, indicating
that nanoparticles loaded with a BPC significantly facilitated the
uptake of baicalein by Calu-3 cells. Compared to CS-BA NPs,
F127-BA NPs exhibited a trend of enhanced cellular uptake, which
was confirmed by the result of CLSM (Fig. 4C). The mucus layer
was identified to immobilize and remove cationic nanoparticles
(such as CS-BA NPs), the increased cellular uptake of F127-BA
NPs may be ascribed to its deeper mucus penetration and the
additional accumulation on the surface of epithelial cells (Fig. 3B).

3.6. Distribution of nanoparticles in mouse airways

Representative images of transverse sections of the large airways
are shown in Fig. 5A. It was found that CS-BA NPs were sparsely
distributed throughout the lung airways, whereas F127-BA NPs
exhibited more widespread distribution across the epithelial sur-
face. The MPT results mentioned above confirmed that F127-BA
NPs exhibited effective particle mobility in comparison with CS-
BA NPs in mucus, and the particle mobility in mucus has been
proven to correlate with in vivo mucosal distribution39. Therefore,
better particle mobility of F127-BA NPs likely contributed to the
increased drug distribution in airways by resisting mucociliary
clearance and enhancing mucus penetration.

3.7. Lung tissue distribution of nanoparticles

The mean lung concentrationetime profiles of baicalein after
administration of free baicalein and nanoparticles are shown in
Fig. 5B. The primary pharmacokinetic parameters were calculated
using Drug and Statistics (DAS) 3.0 software (BioGuider Me-
dicinal Technology Co., Ltd., Shanghai, China) and are summa-
rized in Table 1.

As shown in Fig. 5B, the free baicalein exhibited rapid elim-
ination in mice when dosed at 18 mg/kg. Inhalable nanoparticles
for the delivery of active ingredients have been previously re-
ported to extend lung retention and sustain drug release after
inhalation7. In this study, the baicalein concentration in the lung
tissue of both CS-BA NPs and F127-BA NPs groups was signif-
icantly higher than that of the free baicalein group at different time
points (up to 240 min). Fifteen minutes after initial administration,
the baicalein concentration of the CS-BA NPs group was 1.75
times higher than that of the free baicalein group and was com-
parable with that of F127-BA NPs, which may be ascribed to the
adhesion interaction of CS-BA NPs with the mucus layer after
inhalation. Interestingly, the F127-BA NPs group exhibited higher
baicalein concentration and a certain degree of prolonged drug
retention in the lung tissue after more than 15 min as compared to
the CS-BA NPs group, indicating that F127-BA NPs have a better
lung deposition. As shown in Table 1, pulmonary delivery of



Table 1 Pharmacokinetics parameters of baicalein in lung

(n Z 5).

Parameters Value

BA CS-BA NPs F127-BA NPs

AUC(0et) (ng/g$min) 29,429.3 49,558.8 65,822.3

AUC(0eN) (ng/g$min) 32,613.3 54,368.7 84,062.6

AUMC(0et) 1,973,907.9 3,323,580.2 5,318,220.7

AUMC(0eN) 3,087,672.8 4,993,053.6 12,680,998.8

MRT(0et) (min) 67.07 67.06 80.80

MRT(0eN) (min) 94.68 91.84 150.85

Tmax (min) 5 5 5

Cmax (ng/g) 577.03 1009.35 953.98
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F127-BA NPs led to about 1.5- to 2.6-fold increase in the area
under curve (AUC) in the lung tissues as compared to CS-BA NPs
and the free baicalein following the administration procedure.
Additionally, a remarkable increase of mean retention time (MRT)
was observed in the F127-BA NPs group as compared to the CS-
BA NPs and free baicalein group. Compared to the mucoadhesive
CS-BA NPs, the modification by hydrophilic material F127
changes the surface chemistry of F127-BA NPs, such that hy-
drophilicity and electrical neutrality, make the nanoparticles less
susceptible to adhesion by mucin in the mucus and enable it to
rapidly penetrate the mucus layer, thereby improving the distri-
bution of baicalein in the lungs.

Baicalein is rapidly metabolized to baicalin in the body after
intravenous or oral administration22,42, thereby influencing the
pharmacological activity. It is worth mentioning that baicalein is
mainly distributed in the lungs with the parent form after inha-
lation treatment, which may be attributed to the less metabolic
enzymes covered on the mucosal surface (Fig. 5C). This result
indicated that inhaled delivery of baicalein is beneficial for bai-
calein to exert the pharmacological activity.

4. Conclusions

In this study, a comparative evaluation of the interaction between
mucus and polymeric nanoparticles with different surface function-
alization was made, and the impact of these interactions on distri-
bution was assessed. The overall findings indicated that inhalation
route of delivery of baicalein via mucus-penetrative nanoparticles
could deliver the drug with a higher diffusion rate in fresh respiratory
mucus, allow deeper penetration into the mucus layer, enhance
in vitro cellular uptake by the Calu-3 cells, increase drug distribution
in airways, and provide superior local distribution and bioavailability
as compared to a mucoadhesive formulation with similar particle
size. It represents a promising inhalable carrier that can deliver
baicalein to the respiratory tract at a reduced dosing frequency.
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