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Abstract Pulmonary drug delivery has attracted increasing attention in biomedicine, and porous par-

ticles can effectively enhance the aerosolization performance and bioavailability of drugs. However,

the existing methods for preparing porous particles using porogens have several drawbacks, such as

the inhomogeneous and uncontrollable pores, drug leakage, and high risk of fragmentation. In this study,

a series of cyclodextrin-based metal-organic framework (CD-MOF) particles containing homogenous na-

nopores were delicately engineered without porogens. Compared with commercial inhalation carrier, CD-

MOF showed excellent aerosolization performance because of the homogenous nanoporous structure.

The great biocompatibility of CD-MOF in pulmonary delivery was also confirmed by a series of exper-

iments, including cytotoxicity assay, hemolysis ratio test, lung function evaluation, in vivo lung injury

markers measurement, and histological analysis. The results of ex vivo fluorescence imaging showed
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ed metal-organic framework; CD-MOF-K, ketoprofen-loaded cyclodextrin-based metal-organic framework; CD-

n-based metal-organic framework; Cdyn, dynamic lung compliance; CF, commercial formulation; CTAB, cetyl

-dipalmitoyl-sn-glycero-3-phosphocholine; FBS, fetal bovine serum; FDA, U.S. Food and Drug Administration;
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the high deposition rate of CD-MOF in lungs. Therefore, all results demonstrated that CD-MOF was a

promising carrier for pulmonary drug delivery. This study may throw light on the nanoporous particles

for effective pulmonary administration.

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

Pulmonary drug delivery has attracted great interest in recent
years, owing to its numerous advantages over the injection and
oral administration. Specifically, pulmonary drug delivery systems
can not only directly deliver therapeutic agents to lungs with high
efficiency for local diseases including respiratory diseases and
lung cancer1, but also significantly promote the drug absorption
for systematic diseases. This is due to the special physiological
characteristics of lungs, including large alveolar surface
(w100 m2), thin alveolar epithelium (w0.2 mm), extensive
vascularization, and low enzymatic metabolic activity2e4. More-
over, the pulmonary administration can avoid first pass meta-
bolism caused by oral administration and decrease pain and
discomfort of patients associated with injection5.

Lung deposition rate, the prerequisite for pulmonary drug de-
livery, has direct impact on the therapeutic effects, which is closely
related to the aerosolization performance of inhaled particles. The
aerosolization performance is mainly affected by the size distribu-
tion and the structure of particles6,7. Generally, particles with size
range between 1 and 5 mm are appropriate for deep lung deposi-
tion1,8. Moreover, the particles with porous structure are favorable
for improving the aerosolization efficiency because of the remark-
ably reduced density and small aerodynamic diameter9,10. There are
many methods for preparing porous particles, such as single emul-
sionmethod11,multiple emulsionmethod10, spray dryingmethod12,
and supercritical fluids method13. Porogens are commonly used
during the preparation process, such as ammonium bicarbonate14,
poly(vinyl pyrrolidone) (PVP)11, and Pluronic F12715. However,
the addition of porogens may bring some inevitable drawbacks.
First, the pores generated by porogens are often inhomogeneous and
uncontrollable, which may cause variability between inter- and
intra-batches16. Second, the porogens are commonly removed by
high temperature or leaching with solvents. During those processes,
the encapsulated drugs may be degraded by heating or removed
away by solvents17. Third, the pores produced by porogens are often
macropores (more than 50 nm), which may increase friability and
risk of fragmentation for particles. Therefore, developing porous
system without using porogens is a promising strategy for pulmo-
nary drug delivery. Although some porous systems, such as meso-
porous silica particles, have been used for pulmonary
administration18, their poor biocompatibility seriously impeded
further applications19. It is necessary to develop a novel porous
system with good biocompatibility.

Metal-organic frameworks (MOFs) are a new class of porous
materials composed of metal ions and organic linkers, which have
been extensively studied for versatile applications in various
fields, such as catalysis, separation, sensing, and gas storage20e28.
Besides applications in these fields, the unique advantages
including high porosity, large surface area, and excellent flexi-
bility make MOFs suitable carriers for drug delivery29e32. The
pores of MOFs are formed because of their periodic network
structures, which are self-assembled by coordination bonding
between metal ions and organic links without using any porogens.
Moreover, the pores of MOFs ranged in nanoscale with strict
homogeneity, which are usually less than 2 nm. Therefore, MOFs
may be promising candidates in pulmonary administration.
However, the excipients for pulmonary drug delivery approved by
U.S. Food and Drug Administration (FDA) are very limited, and
the toxicity of MOFs may add uncertainty to its further develop-
ment33. The safety of the carrier in pulmonary administration has
to undergo stringent assessment.

Cyclodextrin-based metal-organic framework (CD-MOF) is a
type of MOFs with great biocompatibility, which is composed of
potassium ions and g-cyclodextrin34,35. CD-MOF is body-centered
cubic structure containing apertures of 7.8 Å and large spherical
pores of 17 Å in diameter36,37. Drug molecules containing carboxyl
or hydroxyl groups in suitable size can be loaded into the cavity of
CD-MOF through electrostatic interactions and hydrogen bonds38.
We hypothesized that CD-MOF was a potential vehicle for pul-
monary drug delivery for the follow reasons. (i) The homogenous
nanoscale pores of CD-MOF could effectively improve the aero-
solization performance. (ii) The particle size of CD-MOF could be
delicately engineered by changing the reaction factors during syn-
thesis37 to achieve higher lung deposition efficiency. (iii) The
biocompatibility of CD-MOF was good since cyclodextrin, the
organic linker of CD-MOF, was widely used as an excipient in
pulmonary drug delivery, whichwas proven to be safe39e41. (iv) The
synthesis was facile and could be finished in one step.

In this study, a series of CD-MOFs with various size distri-
bution was synthesized via a vapor diffusion method. The model
drug ketoprofen, which can effectively fight pulmonary inflam-
mation by topical delivery42,43, was loaded into CD-MOF by a co-
crystallisation method during the synthetic process in one step.
The physicochemical properties and aerodynamic performance of
the particles were characterized. In order to prove the potential of
CD-MOF in pulmonary delivery, a series of experiments including
cytotoxicity assay, hemolysis ratio test, lung function evaluation,
in vivo lung injury markers measurement, and histological analysis
were performed. Moreover, ex vivo fluorescence imaging was
carried out to further investigate the in vivo fate of drug delivery
system.
2. Materials and methods

2.1. Materials

Cetyl trimethyl ammonium bromide (CTAB), ketoprofen, and
lipopolysaccharide (LPS) were purchased from Aladdin Industrial
Ltd. (Shanghai, China). g-Cyclodextrin (g-CD) was supplied by
MaxDragon Biochemical Ltd. (Guangzhou, China). Potassium
hydroxide (KOH) was purchased from Shanghai Macklin
Biochemical Ltd. (Shanghai, China). InhaLac� 230 was

http://creativecommons.org/licenses/by-nc-nd/4.0/
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purchased from Meggle Ltd. (Wasserburg, Germany). 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was supplied
by Corden Pharma Switzerland LLC (Liestal, Switzerland).
DMEM, RPMI 1640 medium, penicillin and streptomycin solu-
tion, and 0.25% trypsin solution were obtained from Gibco Life
Technology Ltd. (Waltham, USA). Fetal bovine serum (FBS) was
purchased from Thermo Fisher Scientific Inc. (Waltham, USA).
Ethanol, methanol, and isopropanol were supplied by Tianjin
Zhiyuan Chemical Reagent Ltd. (Tianjin, China).
2.2. Cells and animals

A549 and Calu-3 cells were cultured in DMEM and RPMI 1640
medium, respectively. The culture medium was supplemented
with 10% FBS (v/v) and 1% penicillin and streptomycin (v/v). All
cells were cultured in an incubator containing 5% CO2 at 37

�C.
The healthy SpragueeDawley (SD) rats were purchased from

Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). All animal experiments were carried out in
accordance with the guiding principles for the care and use of
laboratory animals approved by the Institutional Animal Care and
Ethics Committee, Sun Yat-sen University (Guangzhou, China;
Approval No.: SYSU-IACUC-2019-000085).
2.3. Synthesis of CD-MOF and ketoprofen-loaded CD-MOF
(CD-MOF-K)

g-CD and KOH were dissolved in deionized water at a concen-
tration of 32.4 and 11.2 mg/mL, respectively. The obtained solu-
tion was filtered through a 0.8 mm filter, followed by adding a
defined amount of methanol. After incubation in water bath at
50 �C, CTAB and methanol were added into the solution under
violent stirring. The mixed solution was incubated at room tem-
perature. CD-MOF particles were obtained by centrifugation,
washing with isopropanol for several times to remove the residual
reagents according to the published literatures36,44, followed by
drying under vacuum at room temperature for 24 h.

A series of ketoprofen-loaded CD-MOF (CD-MOF-K) parti-
cles were prepared by a co-crystallisation method, denoted as CD-
MOF-K-A, CD-MOF-K-B and CD-MOF-K-C (Table 1). Briefly,
ketoprofen was dissolved in methanol (20 mg/mL) and mixed with
the solution of g-CD and KOH. The other experimental proced-
ures were similar to the preparation of CD-MOF.

In order to make a comparison, the commercial formulation
(CF) was prepared. Raw ketoprofen was micronized using a jet
mill (AO, Youte Powder Mechanical Equipment Co., Ltd., China)
with the pressure of 0.4 MPa, and the feeding rate was about
100 mg/min. The micronized ketoprofen was manually mixed
evenly with the commercial nonporous carrier (InhaLac� 230) at
a ratio of 1:39 (w/w).
Table 1 Synthesis conditions of CD-MOF-K-A, CD-MOF-K-B and

Sample Vw:Vkm:Vm Water bath temperatur

CD-MOF-K-A 10:6:15 50.0

CD-MOF-K-B 10:6:6 50.0

CD-MOF-K-C 10:6:0 50.0

Vw is the volume of water, Vkm is the volume of ketoprofen methanol solu
2.4. Characterization

2.4.1. Scanning electron microscopy (SEM)
The morphologies of different kinds of CD-MOF-K and CF were
characterized by a scanning electron microscopy (SEM, JSM-
6330F, JEOL, Japan). Before characterization, the samples were
placed on a copper stub using double-sided adhesive tape and
coated with a gold film under vacuum.

2.4.2. Powder X-ray diffraction (PXRD)
The crystallinity of the powders was evaluated using an X-ray
diffractometer (D2 PHASER, Bruker, Germany) equipped with
the PXRD V1.0 software. The samples were scanned from 5� to
30� (2q) at 30 kV and 10 mAwith Cu Ka radiation. The step size
was 0.0142� (2q) and the dwell time was 0.1 s.

2.4.3. Particle size analysis
The particle size of the samples was measured by a laser
diffraction particle size analyzer (Malvern Mastersizer 2000,
Malvern, UK). Prior to the measurement, the samples were
dispersed by a compressed air stream with air pressure of 4.0 bar.

2.4.4. Nitrogen adsorption-desorption analysis
The nitrogen adsorption-desorption isotherms of the samples were
recorded by a surface area and pore size analyzer (ASAP 2460,
Micromeritics, USA). Before the measurement, the samples were
dried under vacuum to remove the residual solvent at 50 �C for
24 h, and degassed under vacuum at 50 �C for 6 h. The surface
area and pore size of the sample was calculated using Microactive
for ASAP 2460 software according to the nitrogen adsorption-
desorption isotherms.

2.5. In vitro drug release study

For in vitro drug release study, the simulated lung fluid (SLF) was
used to simulate the physiological environment in lungs, which
was composed of 0.02% DPPC, 0.02% potassium dihydrogen
phosphate, 0.318% disodium hydrogen phosphate, 0.02% potas-
sium chloride, 0.01% magnesium chloride, 0.01% calcium chlo-
ride, and 0.80% sodium chloride (all w/v)45. Samples containing
1 mg of ketoprofen and 1 mL of SLF were enclosed in the dialysis
bags and incubated in 30 mL of SLF. After incubation in a con-
stant temperature shaker (100 rpm, 37 �C), 1 mL of the release
medium was withdrawn at predetermined time points, and then
equivalent of fresh release medium was compensated for sample
losing.

The obtained release medium was filtered through 0.22 mm
membrane and analyzed by a high performance liquid chroma-
tography system (HPLC, LC-20, Shimadzu, Japan). The mobile
phase consisted of methanol and 0.02 mol/L monopotassium
phosphate buffer solution (80:20, v/v) with a flow rate of 1 mL/min.
CD-MOF-K-C.

e (�C) Water bath time (h) Standing time (h)

0.5 4.0

0.5 2.0

1.0 2.0

tion, and Vm is the volume of methanol.
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Twenty microliters of the release medium were injected into a C18
column (5 mm, 250 mm� 4.6 mm, Diamonsil, Beijing, China), and
detected at 258 nm. The column temperature was set at 40 �C.

2.6. In vitro aerodynamic performance analysis

The aerodynamic performance of the samples was evaluated using
the next generation pharmaceutical impactor (NGI, Copley Sci-
entific, Nottingham, UK). The sample (10 mg) was loaded into a
size 3 hydroxypropyl methyl cellulose capsule (Capsugel Ltd.,
Suzhou, China), which was placed into a Turbospin� device (PH
& T, Milan, Italy). The inhaler device was connected to the NGI
using a mouthpiece adaptor. Prior to measurement, the flow rate
was set to 60 L/min and the actuation time was set to 4 s. Ten
capsules were used for one measurement. After aerosolization, the
inhaler device, mouthpiece, throat, pre-separator, and all stages
were washed with deionized water separately. The amounts of
ketoprofen in different parts of NGI were determined by HPLC.
The aerodynamic parameters including fine particle fraction
(FPF), mean mass aerodynamic diameter (MMAD), and geo-
metric standard deviation (GSD) were analyzed by CITDAS
software (version 3.00, Copley Scientific). In addition, the emitted
dose was also evaluated by NGI with a flow rate of 60 L/min for
1 s, and the process was repeated four times.

2.7. Finite element analysis

Finite element analysis was performed to investigate the mechanism
of different aerosolization performance between CD-MOF-K-A and
CF. Briefly, the model of NGI was established according to its
actual size in flow field by finite element method. The number of
particles was set as 1500, and the diameters of all particles were set
as 2 mm, which was in good agreement with the actual size of
samples. The densities of CD-MOF-K-A and CF were set as 0.5 and
0.9 g/cm3 according to their actual values, respectively. The motion
of particles in NGI model followed Newton’s second law in Eq. (1):

m
d2x

dt2
ZF

�
t; x;

dx

dt

�
ð1Þ

where x represents the position of particles, m is the mass of par-
ticles, and F represents all forces on particles in the flow field,
which include the gravitational force and drag force. In addition, in
order to simulate the impact of porous structure for CD-MOF-K-A
on aerosolization performance, the lift force was applied to
CD-MOF-K-A. The simulated deposition rates of particles in
NGI model were recorded.

2.8. Cytotoxicity assay

The cytotoxicity of ketoprofen, CD-MOF, and CD-MOF-K was
tested on A549 and Calu-3 cells using cell counting kit-8 (CCK-8,
Dojindo, Japan). The A549 and Calu-3 cells were seeded in 96-
well microplates at a density of 5 � 103 and 1 � 104 cells per well,
respectively. After culturing at 37 �C for 24 h, the culture medium
was replaced with 100 mL of fresh medium containing samples
with different concentrations ranging from 10 to 500 mg/mL. The
fresh medium without sample was employed as the control. After
incubation for another 24 h, the old medium was removed, and
110 mL of fresh medium containing 10 mL of CCK-8 solution was
added into each well and incubated. The ultraviolet adsorption
value of the samples was measured at 450 nm with a plate reader
(Epoch2, BioTek, Winooski, USA). The cell viability was calcu-
lated as the percentage of the treated cells to the untreated control
cells.

2.9. Hemolysis test

The fresh blood was collected from an SD rat donor. The red
blood cells were obtained by centrifugation of the blood at
1506�g for 10 min, and washed with phosphate buffered solution
(PBS) for three times. Then, the particles were suspended in PBS
at the concentrations ranging from 31.3 to 4000 mg/mL. The so-
lution was mixed with equal volume of PBS containing the red
blood cells (5%, v/v), and incubated at 37 �C for 1 h. After
centrifugation at 1506�g for 10 min, 30 mL of supernatant was
mixed with 100 mL of PBS, and measured at 570 nm using a plate
reader (ELx800, BioTek). PBS and 2% Triton X-100 were
employed as the negative group and positive group, respectively.
The hemolysis ratio was calculated as Eq. (2):

Hemolysis ratio ð%Þ Z
ODs �ODn

ODp �ODn

� 100 ð2Þ

where ODs, ODn, and ODp are the absorbance values of the
sample, negative group, and positive group, respectively.

2.10. Lung function evaluation

The SD rats (180e220 g) were randomly divided into four groups
with twelve rats per group, and anesthetized by intraperitoneal
injection of 20% urethane solution (v/v, 5 mL/kg). Three groups
were intratracheally administered with CD-MOF, CD-MOF-K,
and CF (40 mg/kg). The sample was sprayed using a dry powder
insufflator (DP-4R, Pen-Century Inc., Wyndmoor, USA). Another
group without any treatment was regarded as control group. After
administration, six rats were evaluated by using the lung function
system (RC system, Buxco, Wilmington, USA) at 1 and 8 h,
respectively. Briefly, the rat trachea was exposed and cut a small
incision on it. Then, an endotracheal tube was inserted into the
trachea and connected to a ventilator to maintain the respiration of
rats. The rats were then placed in a whole body plethysmograph,
and the relevant values were recorded by the lung function system.

2.11. In vivo lung injury markers measurement

The SD rats (180e220 g) were randomly divided into nine groups
with six rats in each group: blank group (no drug treatment),
positive control group (LPS-24 h group and LPS-48 h group), CD-
MOF-24 h group, CD-MOF-48 h group, CD-MOF-K-24 h group,
CD-MOF-K-48 h group, CF-24 h group, and CF-48 h group. After
anesthetized by intraperitoneal injection with 20% urethane so-
lution (v/v, 5 mL/kg), the rats were intratracheally administered
with CD-MOF, CD-MOF-K, CF (40 mg/kg) by a dry powder
insufflator (DP-4R, Penn-Century Inc.), or LPS solution (3 mg/kg)
by an endotracheal aerosolization device (HRH-MAG4, HUIR-
ONGHE, Beijing, China). At 24 and 48 h post administration, an
endotracheal tube was inserted into the exposed rat trachea. Then,
the lungs were infused with 1 mL of PBS via a tube, and bron-
choalveolar lavage was carried out for three times. The bron-
choalveolar lavage fluid (BALF) was centrifuged at 7870�g for
10 min, and the supernatant was collected and stored at �80 �C
for further analysis.

The levels of the inflammatory cytokines (IL-1b, IL-6, MIP-1a
and TNF-a) in BALF were determined by a specialized assay kit



Figure 1 SEM images of (A) CD-MOF-K-A, (B) CD-MOF-K-B, (C) CD-MOF-K-C, and (D) CF. (E) The median diameters of CD-MOF-K-A,

CD-MOF-K-B, CD-MOF-K-C, and micronized ketoprofen (data are expressed as mean � SD, nZ 3). (F) PXRD patterns of simulated CD-MOF,

CD-MOF-K-A, CD-MOF-K-B, CD-MOF-K-C, and ketoprofen. (G) N2 adsorption-desorption isotherms and (H) pore size distributions of CD-

MOF-K-A, CD-MOF-K-B, CD-MOF-K-C, and micronized ketoprofen. (I) The schematic illustration of the structure of CD-MOF. (J) The

drug release profiles for CD-MOF-K-A and ketoprofen at 37 �C. The release medium was simulated lung fluid (data are expressed as mean � SD,

n Z 3).
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(RECYTOMAG-65K, Merck Millipore, Billerica, USA) accord-
ing to the protocols. Lactate dehydrogenase (LDH) was quantified
by a LDH assay kit (BC0685, Solarbio, Beijing, China), and total
protein was quantified by a BCA protein quantification kit
(20201ES76, YESEN, Shanghai, China).

2.12. Histological analysis

As described in Section 2.10, CD-MOF, CD-MOF-K, CF, and LPS
solution were administrated to rats through lungs. The rats were
sacrificed at different time points (24 and 48 h) after administra-
tion. Then, the major organs (lung, heart, liver, spleen, and kidney)
were harvested and fixed with 10% formalin. The fixed organs
were embedded in paraffin and sliced for hematoxylineeosin
(HE) staining. The stained organs were observed by a digital
scanner (Pannoramic 250, 3DHISTECH, Budapest, Hungary).

2.13. Ex vivo fluorescence imaging

In order to further investigate the biodistributions after admin-
istration. Ketoprofen was replaced with fluorescent probe
rhodamine B to prepare samples, denoted as CD-MOF-R-A and
CD-MOF-R-C. The SD rats (180e220 g) were randomly divided
into three groups, and anesthetized by intraperitoneal injection of
20% urethane solution (v/v, 5 mL/kg). Three groups were
intratracheally administered with CD-MOF-R-A, CD-MOF-R-C,
and CF (40 mg/kg), respectively. The rats were sacrificed at
different time points (0.5, 1, 2, 4, and 8 h) after administration.
The major organs (lung, heart, liver, spleen, and kidney) were
excised and imaged using a fluorescent imaging system (Night-
OWL II LB983, Berthold, Bad Wildbad, Germany). The excita-
tion wavelength was set as 475 nm and the emission wavelength
was set as 600 nm.

2.14. Statistical analysis

Data were expressed as mean � standard deviation (SD). The
statistical comparison was performed using one-way analysis of
variance (ANOVA) test by Graphpad Prism 6.02 (Graphpad
Software, San Diego, CA, USA). P values < 0.05 were considered
statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of CD-MOF-K

The particle size of CD-MOF was delicately tailored by opti-
mizing the reaction parameters during the synthesis process
including volume ratio of methanol to water, concentration of
CTAB, water bath time, and the standing time (Supporting



Figure 2 (A) In vitro pulmonary deposition patterns of CD-MOF-K-A, CD-MOF-K-B, CD-MOF-K-C, and CF. Inset shows the FPF values of

different samples (data are expressed as mean � SD, n Z 3). (B) Mass median aerodynamic diameters of CD-MOF-K-A, CD-MOF-K-B, CD-

MOF-K-C, and CF (data are expressed as mean � SD, n Z 3). (C) Emitted dose of CD-MOF-K-A, CD-MOF-K-B, CD-MOF-K-C, and CF (data

are expressed as mean � SD, n Z 10). (D) The experimental and simulated deposition rates of CD-MOF-K-A and CF in different stages of NGI.

The simulation was performed using finite element method. (E) The velocity field of the NGI model by finite element method. (F) The trajectories

of CD-MOF-K-A and CF particles in NGI model. Significant difference is regarded as P < 0.05, *P � 0.05, **P � 0.01, ***P � 0.001.
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Information Figs. S1�S4). The results showed that the volume
ratio of methanol to water was the most important factor affecting
the particle size. As shown in Fig. S1, the median particle diam-
eter decreased significantly when the volume ratio of methanol
to water increased from 1:10 to 6:10. During the synthesis of
CD-MOF, the added methanol in the solution led to the super-
saturation of precursors, subsequently enabling the formation of
the small nuclei which could act as centers for further crystal
growth. A high ratio of methanol to water increased the super-
saturation level, and induced the generation of a large number of
nuclei via burst nucleation, which ultimately resulted in smaller
particles36,46. Furthermore, the particle size of CD-MOF was
also reduced with the increasing concentration of CTAB
(Fig. S2), because CTAB could cover the surface of the existing
small particles to inhibit the crystal growth due to the steric
hindrance effect. Meanwhile, the water bath time and standing
time did not show significant influence on the particle size of
CD-MOF (Figs. S3 and S4).

According to the results above, a series of CD-MOF-K parti-
cles with different size distribution were synthesized in situ via a
one-step co-crystallisation method and denoted as CD-MOF-K-A,
CD-MOF-K-B and CD-MOF-K-C. During this process, some
interactions might participate and promote drug loading into the
cavity of CD-MOF, including the hydrogen bonds between the
carboxyl groups of ketoprofen and hydroxyl groups of g-CD and
the strong electrostatic interactions between ketoprofen and po-
tassium ions36,37. The drug loading contents of CD-MOF-K-A,
CD-MOF-K-B, and CD-MOF-K-C were 2.77%, 2.89%, and
2.17%, respectively (Supporting Information Fig. S5). In order to
make a comparative study, ketoprofen was micronized via a jet
mill and then mixed with the commercial dry powder inhaler
carrier (InhaLac� 230, Wasserburg, Germany), named CF. The
median diameter of the commercial carrier was between 70 and
110 mm, and its Carr’s index was 18% according to the product
information. During the inhalation process, the micronized keto-
profen particles would detach from the carrier and reach the deep
lungs, while the carrier would impact in the throat and be swal-
lowed with no access to lungs47. Therefore, the properties of
micronized ketoprofen are important for the aerodynamic
behavior of CF, which were systematically characterized.

The morphologies of CD-MOF-K and CF were observed by
SEM (Fig. 1A‒D). The results showed that CD-MOF-K with
different particle size were cubic in appearance. Their median
diameters were 1.82, 4.07 and 6.20 mm, respectively (Fig. 1E),
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which demonstrated that the particle size of CD-MOF could be
adjusted by changing synthetic conditions. The Span value of CD-
MOF-K-B was larger than those of CD-MOF-K-A and CD-MOF-
K-C, indicating that the particle size of CD-MOF-K-B was
inhomogeneous (Supporting Information Table S1). Moreover,
Fig. 1B showed that CD-MOF-B particles were easy to agglom-
erate. The SEM image of CF (Fig. 1D) showed that the micronized
ketoprofen was successfully adsorbed on the surface of the com-
mercial carriers. The median diameter of micronized ketoprofen
was 2.50 mm, which was similar to that of CD-MOF-K-A.

The crystalline state of CD-MOF-K and ketoprofen was
investigated by PXRD. As shown in Fig. 1F, the evident peaks of
all CD-MOF-K were at 5.8�, 7.1�, 8.2�, 13.5� and 16.8�, which
were in good agreement with the data reported in the litera-
ture36,44. Moreover, no crystalline characteristic peaks of keto-
profen were observed in the PXRD patterns of CD-MOF-K,
indicating that ketoprofen might be loaded into CD-MOF in
molecular state because of the spatial confinement of the pores of
CD-MOF.

The surface area of the samples was evaluated by the nitrogen
adsorption-desorption analysis (Fig. 1G). The Brunauere
EmmetteTeller (BET) surface area of CD-MOF-K-A, CD-MOF-
K-B, and CD-MOF-K-C were 732, 350, and 703 m2/g,
respectively, which was much higher than that of micronized
ketoprofen, indicating the porosity of CD-MOF-K. The pore
width of CD-MOF-K was approximately 1.3 nm with homoge-
neous distribution (Fig. 1H), which was consistent with the
structure of CD-MOF (Fig. 1I).

Moisture sorption profiles of samples were shown in Supporting
Information Fig. S6. No obvious difference was found in the
moisture sorption profiles among CD-MOF-K-A, CD-MOF-K-B,
and CD-MOF-K-C. The absorbed water of CD-MOF-K particles
increased with the increasing relative humidity, and the water ab-
sorptions were higher than 18% at 95% relative humidity for all
groups. Therefore, it is recommended to store CD-MOF-K powders
in low humidity environment.
Figure 3 Cell viabilities of (A) A549 cells and (B) Calu-3 cells after incu

for 24 h (data are expressed as mean� SD, nZ 6). (C) Hemolysis ratios of

as mean � SD, nZ 3). (D) Illustration of intratracheally administration of s

(F) Cdyn values of rats after pulmonary delivery of different samples for 1
The in vitro drug release profiles of CD-MOF-K-A and keto-
profen were investigated in SLF to simulate the lung conditions.
As depicted in Fig. 1J, there was no significant difference between
the drug release profiles of CD-MOF-K-A and ketoprofen. Keto-
profen showed approximately 100% drug release within 2 h, and
the amount of ketoprofen released from CD-MOF-K-A within 2 h
was 89%. The fast release rate of ketoprofen can be explained by
the following two reasons. Firstly, ketoprofen is a weakly acidic
drug with pH-dependent solubility48 and the buffer salts in SIF can
effectively improve its dissolution rate. Secondly, DPPC in SIF is
the main component of lung surfactant49, which also significantly
increased the solubility of ketoprofen.

3.2. In vitro aerodynamic performance

NGI was used for the in vitro assessment of drug delivery effi-
ciency of inhalation particles. Generally, the particles with
different aerodynamic diameter could be deposited in different
collection cups, which showed a strong correlation with the
regional deposition in lungs50. The deposition patterns of sam-
ples at different cups of NGI were shown in Fig. 2A. The
deposition rate of CD-MOF-K-A at stages 3e6 was much higher
than that of CD-MOF-K-B and CD-MOF-K-C, while the drug
deposition rate at pre-separator for CD-MOF-K-B was higher
than those for CD-MOF-K-A and CD-MOF-K-C, which was
likely due to the particle agglomeration of CD-MOF-K-B. The
aerosolization efficiency was further characterized by FPF and
MMAD (Fig. 2B), which were calculated by the CITDAS soft-
ware. FPF represents the mass percentage of the emitted particles
which are predicted to be delivered to the lungs. MMAD is
defined as the aerodynamic diameter of the median aerosol par-
ticles. The FPF value of CD-MOF-K-A was 57.99%, which was
significantly higher than that of CD-MOF-K-B (25.14%)
and CD-MOF-K-C (11.38%). It was found that the FPF values of
CD-MOF-K increased with the decreasing median diameters,
which suggested that the aerodynamic performance of CD-MOF-K
bated with various concentrations of ketoprofen, CD-MOF, CD-MOF-K

CF, CD-MOF, CD-MOF-K at various concentrations (data are expressed

amples to rats and the evaluation of lung function of rats. The (E) Rl and

and 8 h (data are expressed as mean � SD, n Z 6).



Figure 4 (A) Concentrations of various inflammatory cytokines in BALF of rats after pulmonary delivery of different samples for 24 and 48 h

(data are expressed as mean � SD, n Z 6). Significant difference is regarded as P < 0.05, *P � 0.05, *P � 0.01, ***P � 0.001. No significant

difference was found among blank, CF, CD-MOF and CD-MOF-K groups. (B) Heatmaps of various inflammatory cytokines in BALF of different

groups.
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could be improved by particle size engineering via different syn-
thesis conditions. Moreover, the MMAD of CD-MOF-K-A
(1.82 mm) was much lower than that of CD-MOF-K-B (4.07 mm)
and CD-MOF-K-C (6.20 mm), which were consistent with their
median diameters determined by the laser diffraction particle size
analyzer. Compared with the CD-MOF in the previous study51,
CD-MOF-K-A showed a higher FPF value, which might be
attributed to the smaller median diameter.

The aerodynamic performance of CF was also evaluated as a
comparison. The results showed that the FPF value of CD-MOF-K-A
was 2.21-fold higher than that of CF, though the median diameter of
CD-MOF-K-A was similar to that of micronized ketoprofen, indi-
cating that CD-MOF had a superior aerodynamic behavior as
compared with the commercial dry powder inhaler carrier. The dif-
ference in aerodynamic behaviors between CD-MOF-K-A and CF
can be explained by the following reasons. Firstly, the homogeneous
nanoporous structure of CD-MOF could greatly improve the aero-
dynamic performance. On one hand, the nanoporous structure
remarkably reduced the density of particles (Supporting Information
Table S2).On the other hand, the porous particles tended to aggregate
less and disaggregate more easily under shear forces than non-porous
particles52, which was attributed to the reduced contact area and
interparticulate interactions, ultimately resulting in excellent aero-
dynamic performance. Moreover, the unique cubic morphology of
CD-MOF-K might be favorable to lower the interparticulate in-
teractions and facilitated better particle dispersion.

The emitted dose of each formulation was also measured by
NGI, all of which were higher than 90% (Fig. 2C). Because of its
excellent aerodynamic behavior, CD-MOF-K-Awas chosen as the
optimized formulation and used for further investigation.

In order to investigate the specific motion of CD-MOF-K-A
and CF in NGI, the NGI model was established in flow field by
finite element method according to its actual size (Supporting
Information Fig. S7). As shown in Fig. 2D, the simulated depo-
sition rates in NGI were in good agreement with the experiment
data, indicated the successful simulation. The velocities of parti-
cles in various positions of NGI model were different (Fig. 2E),
and the velocities were high when air entered into the next stage
from one stage through the holes. The trajectories of CD-MOF-K-
A and CF particles in NGI model were tracked (Fig. 2F), which



Figure 5 (A) Histological images of lungs excised after pulmonary delivery of different samples into rats at different time points (scale bar:

100 mm for all panels). (B) Histological images of organs (heart, liver, spleen, and kidney) excised after pulmonary delivery of different samples

into rats at different time points (scale bar: 100 mm for all panels).
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showed that the trajectory of CD-MOF-K-A was generally higher
than that of CF, and the drag and lift force of CD-MOF-K-A was
larger than that of CF (Supporting Information Fig. S8). The
higher trajectory confirmed the better aerosolization performance
of CD-MOF-K-A particles, which was attributed to their ho-
mogenous nanoscale pores.

3.3. The cytocompatibility and lung function evaluation

Although a large number of pulmonary drug delivery carriers have
been investigated, the current list of excipients approved by FDA
for pulmonary drug delivery is very limited. Good biocompati-
bility is a prerequisite for the application of pulmonary drug de-
livery carriers. As a new type of potential pulmonary drug delivery
carrier, the toxicity of CD-MOF should be stringently evaluated.

The cytocompatibility of pure ketoprofen, CD-MOF, and
CD-MOF-K was evaluated on A549 and Calu-3 cells, respec-
tively (Fig. 3A and B). As shown in Fig. 3A, the viability of
A549 cells presented a gradual decrement trend with the
increasing concentration of ketoprofen. The cell viability value
was 58.32% at a ketoprofen concentration of 500 mg/mL. In
contrast, CD-MOF did not cause significant inhibition of cell
growth. The cell viability values were approximately 100% at
all ranges of concentration, indicating its excellent
cytocompatibility. Moreover, the cell viability values were
higher than 100% at low concentrations for CD-MOF
(10e50 mg/mL). CD-MOF is mainly composed of g-cyclodex-
trin, a kind of nature cyclic oligosaccharide, which may pro-
mote the proliferation of cells as nutrient at low concentrations.
CD-MOF-K did not show obvious cytotoxic effect towards
A549 cells, and the cell viability values were all higher than
80% at the concentrations ranging from 0 to 500 mg/mL. The
slight inhibition of cell growth was attributed to ketoprofen
loaded into CD-MOF.

The viability of Calu-3 cells incubated with ketoprofen,
CD-MOF, and CD-MOF-K was further evaluated (Fig. 3B).
The cytotoxic effects of samples towards Calu-3 cells were
similar to those towards A549 cells, which further demon-
strated the great cytocompatibility of CD-MOF.

For pulmonary administration, drugs will enter the blood cir-
culation through the capillary network of lung. Therefore, it is
necessary to investigate the blood compatibility of CD-MOF. The
hemolysis ratio of positive group (2% Triton X-100) was set as
100%. All the experimental groups of red blood cells did not show
hemolytic phenomenon after incubated with samples at concen-
trations ranging from 31.3 to 4000 mg/mL, with the hemolysis
ratios less than 0.5% (Fig. 3C). The negative values of hemolysis
ratio were probably caused by the errors from experimental



Figure 6 (A) The fluorescence images of lungs at different time points after pulmonary delivery of different samples into rats. (B) The

fluorescence images of the major organs (liver, kidney, heart, and spleen) at different time points after pulmonary delivery of CD-MOF-R-A into

rats. (C) MFI values of lungs at different time points after pulmonary delivery of different samples into rats (data are expressed as mean � SD,

n Z 3). Significant difference is regarded as P < 0.05, *P � 0.05, **P � 0.01, ***P � 0.001. (D) MFI values of the major organs (liver, kidney,

heart, and spleen) at different time points after pulmonary delivery of CD-MOF-R-A into rats (data are expressed as mean � SD, n Z 3).
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process itself, which was also reported in other literature53. These
results demonstrated the good blood compatibility of CD-MOF.

In order to assess the airway and lung responsiveness of the
samples, the lung function of rats intratracheally administered by
different samples was evaluated by lung function system (Fig. 3E
and F). If the airway and lung responsiveness of the pulmonary
drug delivery carrier is high, the inhalation and exhalation may be
obstructed by swelling in airway membranes and excessive mucus
production, leading to cough, asthma and adverse reactions. Lung
resistance (Rl) and dynamic lung compliance (Cdyn) are two
important parameters regarding lung function. The large Rl value
indicates the alterations in the lung periphery and narrowing of the
conducting airways, and the small Cdyn value reflects lung unit
derecruitment caused by the airway closure54. Compared with the
blank group, both the values of Rl and Cdyn for CD-MOF group,
CD-MOF-K group, and CF group did not show any statistical
differences at 1 and 8 h. This demonstrated that the airway and
lung responsiveness of CD-MOF carrier were low, and CD-MOF
did not significantly affect the lung function of rats after pulmo-
nary administration in a short period.

3.4. In vivo inhalation toxicity and inflammatory effects

In order to investigate the inhalation toxicity and the inflam-
matory effects of CD-MOF, the concentrations of inflammatory
cytokines (IL-1b, IL-6, MIP-1a, and TNF-a) in BALF were
measured (Fig. 4). If the sample is irritating to respiratory tract
and lung, it will stimulate inflammatory response of the body
and the expression of inflammatory cytokines will be upregu-
lated. LPS was administrated as the positive control, which
could induce the obvious inflammatory effects55. The blank
group without treatment was the negative control for these
measurements.

The concentrations of inflammatory cytokines in BALF of rats
administrated with different samples after 24 h were shown in
Fig. 4A. The concentrations of IL-1b, IL-6, MIP-1a, and TNF-a
for LPS group were much higher than those of blank group, CF
group, CD-MOF group, and CD-MOF-K group, indicating that the
inflammatory effects were successfully induced by LPS. There was
no statistical difference on the levels of inflammatory cytokines
among blank group, CF group, CD-MOF group, and CD-MOF-K
group. These results indicated that CD-MOF and commercial car-
rier would not induce severe inflammatory effects. The levels of
inflammatory cytokines in BALF after 48 h were further evaluated.
The levels of IL-1b, IL-6, MIP-1a, and TNF-a for LPS group were
much higher than those for other groups. It should be noted that the
concentrations of inflammatory cytokines at 48 h for CF group
were slight higher than those for blank group, CD-MOF group, and
CD-MOF-K group, indicating that the commercial carrier might
cause mild irritation.
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The protein concentrations and LDH activity in BALF at 48 h
were also evaluated (Supporting Information Figs. S9 and S10).
The protein concentrations and LDH activity of LPS group were
higher than those of other groups, which were consistent with the
results of inflammatory cytokines, demonstrating the excellent
biocompatibility of CD-MOF.

The histological analysis of the lungs treated with different
samples was evaluated (Fig. 5A). Compared with blank group,
the alveolar structure of LPS group significantly changed. Most
of the alveolar luminal space was obliterated with the thickening
of alveolar septum. Severe pulmonary congestion and inflam-
mation response could be observed in the histological image of
LPS group. By contrast, no obvious inflammation reactions and
histological abnormalities were observed in blank group, CD-
MOF group, and CD-MOF-K group, which were consistent
with the results of inflammatory cytokines. Histological images
of the sections of major organs (heart, liver, spleen, and kidney)
were also observed (Fig. 5B). No noticeable signals of organ
damage were observed for all groups, suggesting that CD-MOF
at the test doses would not cause apparent histological abnor-
malities or lesions. These results demonstrated the good
biocompatibility of CD-MOF as a pulmonary drug delivery
carrier.

3.5. Ex vivo fluorescence imaging

In order to investigate the in vivo fate of drug delivery system
after pulmonary administration, rhodamine B was used as the
fluorescence probe and loaded into the carriers by the similar
preparation method with CD-MOF-K, denoted as CD-MOF-R-A
and CD-MOF-R-C. As shown in Fig. 6A, the fluorescence in-
tensities of lungs decreased over time in all groups. The mean
fluorescence intensity (MFI) values of rhodamine B in lungs for
CD-MOF-R-A were much higher than those for CD-MOF-R-C
and CF (Fig. 6C), indicating that the deposition rate of CD-
MOF-R-A in lungs was higher, which was consistent with the
results of in vitro aerodynamic performance. These results indi-
cated that the particle size of CD-MOF could be delicately
tailored to achieve excellent aerodynamic performance, and the
homogenous nanoporous structure of CD-MOF could efficiently
improve the deposition rate of particles in lungs. The fluorescence
intensities of other major organs for CD-MOF-R-A at various
time points were investigated (Fig. 6B and D). The MFI values
in livers and kidneys were higher than those in hearts and
spleens, indicating that the fluorescence molecules encapsulated
in CD-MOF would be metabolized and excreted via liver and
kidney. Furthermore, the obvious fluorescence intensities of livers
and kidneys appeared at 0.5 h suggested that the fluorescence
molecules in CD-MOF-R-A would entered into the blood stream
from lungs in a short time, followed by metabolism and excretion
by liver and kidney.
4. Conclusions

In this study, nanoporous CD-MOF with different particle size was
engineered and prepared delicately for pulmonary drug delivery.
CD-MOF exhibited much better aerosolization performance
compared with commercial nonporous carriers, which could be
attributed to the decreased density of particles and weakened
interparticulate interactions based on their homogenous nanoscale
pores. The high lung deposition efficiency of CD-MOF was also
confirmed in rats. Moreover, CD-MOF showed excellent
biocompatibility, which would not affect the lung function and
cause inflammatory reaction. Therefore, CD-MOF is a promising
carrier for pulmonary drug delivery and has a broad application
prospect in the treatment of respiratory diseases and lung cancer.
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