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Abstract Radiation therapy is an effective method to kill cancer cells and shrink tumors using high-

energy X-ray or g-ray. Radiation pneumonitis (RP) is one of the most serious complications of radiation

therapy for thoracic cancers, commonly leading to serious respiratory distress and poor prognosis. Here,

we prepared curcumin-loaded mesoporous polydopamine nanoparticles (CMPN) for prevention and treat-

ment of RP by pulmonary delivery. Mesoporous polydopamine nanoparticles (MPDA) were successfully

synthesized with an emulsion-induced interface polymerization method and curcumin was loaded in

MPDA via p‒p stacking and hydrogen bonding interaction. MPDA owned the uniform spherical

morphology with numerous mesopores that disappeared after loading curcumin. More than 80% curcu-

min released from CMPN in 6 h and mesopores recovered. CMPN remarkably protected BEAS-2B cells

from g-ray radiation injury by inhibiting apoptosis. RP rat models were established after a single dose of

15 Gy 60Co g-ray radiation was performed on the chest area. Effective therapy of RP was achieved by

intratracheal administration of CMPN due to free radical scavenging and anti-oxidation ability, and

reduced proinflammatory cytokines, high superoxide dismutase, decreased malondialdehyde, and allevi-

ated lung tissue damages were observed. Inhaled CMPN paves a new avenue for the treatment of RP.

ª 2022 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/).
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1. Introduction

Radiation pneumonitis (RP) is a typical inflammation of the lung
following the stereotactic body radiotherapy for thoracic cancers,
including lung cancer, breast cancer, esophageal cancer, thymic
tumors, mesothelioma, lymphomas, and other malignant tumors
on the chest1e3. RP usually develops in the first few weeks to
months from initiation of radiotherapy and shows symptomatic
changes such as cough, shortness of breath, and fever, with or
without changes in pulmonary function tests2,4. RP affects 15%e
40% of people who undergo radiotherapy for lung cancer and
these patients have to be tormented by RP besides cancer5e7. RP
is likely to take severe respiratory problems, such as acute res-
piratory distress syndrome (ARDS) that is a potentially life-
threatening condition4,8. Moreover, it would develop to radiation
pulmonary fibrosis in the late stage, even leading to respiratory
failure9,10. Currently, the clinical treatment of RP aims to decrease
inflammation using high-dose of corticosteroids; however, the side
effects are obvious, such as weight gain, hyperglycemia, sleep
disturbances, mood changes, and edema, so that corticosteroids
are not suitable for the prevention of RP or long-term applica-
tion11,12. Therefore, a safe and effective treatment of RP is ur-
gently needed.

Radiation injury is related to the production of reactive oxygen
species (ROS), oxidative stress, and the secretion of proin-
flammatory cytokines13. Curcumin, a polyphenolic compound,
mainly extracted from the rhizome of turmeric, is reported to
alleviate radiation injury by anti-inflammation, anti-oxidation, and
free radical scavenging14. It would become a non-hormonal anti-
inflammatory candidate for the treatment of RP15. However, the
clinical application of curcumin is limited for its poor water sol-
ubility, instability, low bioavailability, and rapid clearance in the
body16. Many efforts have been tried to overcome these problems,
such as local delivery of curcumin and nanoparticle for-
mulations17e20. Local administration of curcumin may be a
fundamental solution to its biomedical application because it takes
effects in regional area. Although nanoparticle formulations could
increase the water dispersing capability and bioavailability of
curcumin, the drug loading efficiency and the biocompatibility of
vehicles are still challenges21,22.

Polydopamine (PDA) is a bioinspired fascinating polymer with
multiple interesting features including the simple preparation
Figure 1 Schematic illustration of inhaled curcumin-loaded mesoporou
protocol, biocompatibility, free radical scavenging23e25, and pho-
tothermal/photoacoustic properties26. Moreover, the free radical
scavenging ability of PDA makes it be a suitable candidate for
prevention of RP, which has been applied for therapy of in-
flammations27,28. PDA could be degraded into its monomers and
oligomers but no obvious pharmacological effect of dopamine,
exhibiting excellent biosafety29. Another advantage of PDA is that
it owns the strong molecular adsorption capacity for bioactive
chemicals. More importantly, PDA can be easily prepared to mes-
oporous nanoparticles that are suitable for pulmonary delivery due
to high lung deposition28,30. Porous carriers can deliver high doses
of drugs depositing in the lung after inhalation and they provide the
opportunity of drug controlled release in the lung31.

Pulmonary drug delivery is an attractive noninvasive method
by inhalation. Inhalation is commonly regarded as the most effi-
cient treatment strategy for lung diseases such as asthma, pneu-
monia, chronic obstructive pulmonary disease (COPD) and lung
cancer due to direct high-dose drug delivery into the lung19,32e34.
Dry powder inhalers (DPIs) are portable solid powder delivery
units35,36. The stability of loaded drugs is usually better in DPIs
than in aerosols and nebulizers. DPIs offer good patient conve-
nience and compliance. Therefore, the inhalation of curcumin
powder formulations may become an ideal strategy for the pre-
vention of RP.

Here, curcumin-loaded mesoporous PDA nanoparticles (CMPN)
were prepared and intratracheally (i.t.) administered to the lung for
prevention and treatment of RP (Fig. 1). To our knowledge, this is
the first report of pulmonary delivery of curcumin and polydop-
amine formulations for the prevention and treatment of RP. CMPN
can be directly delivered to target the lung tissue by inhalation,
enhancing the treatment efficiency of RP by the free radical scav-
enging and anti-oxidation effect of both drugs and carriers. The
characteristics of CMPN were thoroughly investigated and the high
therapeutic efficiency and the mechanism were evidenced by the
pharmacological study.

2. Materials and methods

2.1. Materials

Curcumin and 1,3,5-trimethylbenzene (TMB) were purchased from
Beijing InnoChem Science &Technology Co., Ltd., Beijing, China.
s polydopamine nanoparticles (CMPN) against radiation pneumonitis.
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Dopamine hydrochloride was obtained from Shanghai Aladdin Bio-
Chem Technology Co., Ltd., Shanghai, China. Pluronic F127 was
purchased from Shandong Yousuo Chemical Technology Co., Ltd.,
Linyi, China. 1,1-Diphenyl-2-trinitrophenylhydrazine (DPPH) was
purchased from Tokyo Chemical Industry, Tokyo, Japan. Dexa-
methasone (DXMS) was from Tianjin King York Pharmaceutical
Co., Ltd., Tianjin, China. HLC-8 media were from Gibco, Grand
Island, NY, USA. ELISA kits for rat TNF-a, IL-6, IL-1b and TGF-
b1 were obtained from Beijing Neobioscience Technology Co.,
Ltd., Beijing, China. Purified water was prepared using Heal Force
Super NW Water System (Shanghai Canrex Analytic Instrument
Co., Ltd., Shanghai, China). All other reagents were of analytical
grade without further purification.

2.2. Cells and animals

A normal bronchial epithelium cell line (BEAS-2B) was obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Male SpragueeDawley rats (170e180 g) were
provided by the Beijing Vital River Laboratory Animal Technol-
ogy Co., Ltd., Beijing, China. All experimental procedures were
executed according to the protocols approved by the Ethical
Committee of Academy of Military Medical Sciences.

2.3. Synthesis of mesoporous polydopamine nanoparticles

Mesoporous polydopamine (PDA) nanoparticles (MPDA) were
prepared by emulsion-induced interface polymerization37,38.
Firstly, Pluronic F127 (0.5 g) and TMB (0.8 mL) were added
into the mixed solvent (water/ethanol, 1:1, v/v, 50 mL). The
mixture was magnetically stirred for 30 min to form a white
emulsion followed by addition of ammonia (1.875 mL) and
dopamine hydrochloride (0.75 g) and then the reaction was
continued for 2 h at room temperature. The suspension was
centrifuged for 10 min at 14,800�g (H2-16KR, Hunan Kecheng
Instrument Equipment Co., Ltd., Changsha, China). The pre-
cipitates were collected and washed with water/ethanol (1:1, v/v)
twice and the emulsion templates were removed with ethanol/
acetone (2:1, v/v) under sonication (30 min, three times). The
precipitates were dried at 40 �C for 4 h to obtain black MPDA
powders.

2.4. Preparation and characterization of CMPN

Curcumin (100 mg) was dissolved in ethanol (100 mL) and MPDA
(100 mg) was added. The mixture was stirred overnight at room
temperature and then dried under vacuum to obtain the powders of
curcumin mesoporous polydopamine nanoparticles (CMPN). Cur-
cuminwas analyzedwith a high-performance liquid chromatography
(HPLC, Agilent 1260, USA) as the following conditions: a Dia-
monsil C18 ODS column (250mm� 4.6 mm, 5 mm), a mobile phase
of acetonitrile/water/acetic acid (50:49:1, v/v/v) at a flow rate of
1mL/min, an injection volume of 20 mL, the detection wavelength of
425 nm, and the column temperature at 30 �C. For the determination
of drug loading efficiency, CMPN was thoroughly dispersed in
ethanol under ultrasound and centrifuged (14,800�g, 10 min) to
separate curcumin, and then the supernatantwas filtered for curcumin
determination using HPLC. The drug loading efficiency was calcu-
lated according to formula as shown in Eq. (1).

Loading efficiency (%) Z Total curcumin/Total CMPN � 100(1)
The particle sizes and zeta potentials of CMPN were measured
with the dynamic light scattering (DLS) method on Zetasizer
Nano ZS (Malvern, UK) at 25 �C. The morphology of CMPN was
inspected using a transmission electron microscope (TEM, H-
7650, Hitachi, Tokyo, Japan) after staining with 2% sodium
phosphotungstate solutions. The surface structures of MPDA and
CMPN were observed under a scanning electron microscope
(SEM, S-4800, Hitachi, Tokyo, Japan). In addition, the simulated
lung deposition of CMPN powders was measured at 60 L/min
using the next generation impactor (NGI, TPK 2000R, Copley,
British). The deposited powders in every stage were collected and
curcumin was separately determined as above. The fine particle
fraction (FPF) of CMPN powders was calculated after the drug
contents in Stages 3e7 were divided by the contents in the whole
system. The FPF and mass median aerodynamic diameter
(MMAD) of CMPN were calculated using the CITDAS software
(Version 3.10 Wibu USP32/Ph. Eur. 6.0, the COPLEY company,
Nottingham, UK).

The interaction of curcumin and CMPN was identified with the
Fourier Transform Infrared spectrometry (FTIR, Spectrum Two,
PerkinElmer, USA). An X-ray diffraction (XRD) method was used
to investigate the crystalline phase of curcumin in CMPN with the
Ni filtered Cu Ka radiation and the XRD instrument (Rigaku
Ultiam IV, Japan).

2.5. In vitro drug release study

CMPN (containing ca. 1 mg curcumin) was added to a triangular
flask and suspended in 50 mL of the simulated lung fluid con-
taining 0.05% Tween 8039. The flask was placed on a shaker
(100 rpm, THZ-D, Taicang Laboratory Instrument Factory, Suz-
hou, China) at 37 �C for in vitro drug release investigation. At the
predetermined time points (0.25, 0.5, 1, 2, 4, 6, 8 and 12 h), an
aliquot (1 mL) of the media was withdrawn and replaced with the
fresh media of equal volume. The sample was centrifuged at
14,800�g for 10 min to exclude the nanoparticles. The superna-
tant was filtered through a 0.22-mm filter and analyzed with HPLC
to determine released curcumin. Additionally, the morphological
changes of CMPN were observed with SEM at different release
time points. The experiments were performed in triplicates.

2.6. Assay of free radical scavenging ability

The free radical scavenging ability of MPDA and curcumin were
tested using the DPPH method40. Briefly, an ethanol solution of
DPPH (0.05 mg/mL) was prepared in the dark. MPDA (3 mg) or
curcumin (1 mg) was added to the ethanol solution (1 mL). After
incubation for 30 min in the dark, the MPDA-contained solution
was centrifuged (14,800�g, 10 min) to separate the particles. The
supernatant was tested with an electron spin resonance (ESR)
spectrometer (Bruker-A300, Karlsruhe, Germany). The curcumin-
contained solution was directly tested without centrifugation. The
ESR spectra were recorded with the following conditions: mi-
crowave power, 1 mW; modulation amplitude, 1 G; sweep field
width, 300 G; sweep time, 180 s. The ethanol solution of DPPH
was used as the control.

2.7. Investigation of CMPN cytotoxicity

The cytotoxicities of curcumin and CMPN were investigated on
BEAS-2B cells using Cell Counting Kit-8 (CCK-8, Gen-View
Sciences Inc., USA). The BEAS-2B cells were seeded in 96-well
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plates at a density of 104 cells/well and incubated for adherence.
Curcumin and CMPN were dissolved or dispersed in dimethyl
sulphoxide (DMSO), respectively, and then diluted with the cul-
ture media to a series of concentrations. The doped culture media
were added to the plates where the final DMSO concentration kept
less than 0.1%. The cells were incubated for 24 h and the cell
viability was calculated according to the absorbance of cells after
2 h incubation with 10% CCK-8 regents. The absorbance at
450 nm was detected using a microplate reader (ELX800, BioTek
Instrument, USA).

2.8. Analysis of BEAS-2B cell apoptosis after irradiation

BEAS-2B cells were seeded in 6-well plates at a density of
2 � 105 cells/well and incubated for 24 h. The cells were treated
with curcumin or CMPN and the final concentration of curcumin
was maintained at 31.25 mmol/L. After incubation for 24 h, the
BEAS-2B cells were irradiated with 15 Gy 60Co g-ray (Beijing
Institute of Radiation Medicine). Twenty-four hours later, cell
apoptosis was detected with a flow cytometer (BD II, BD Bio-
sciences, Franklin Lakes, NJ, USA) after V-FITC/PI staining.

2.9. Pharmacodynamic study

Twenty rats were randomly divided into 4 groups: the healthy
group (no irradiation), the model group (irradiation without
treatment), the DXMS group (irradiation with i.t. dexamethasone),
and the CMPN group (irradiation with i.t. CMPN). Irradiation was
performed on the area of rat chest with a single dose of 15 Gy
60Co g-ray at a dose rate of 98.16 cGy/min. DXMS (2.5 mg/kg) or
CMPN (containing 2 mg curcumin) was i.t. administered to the
rats 5 h pre-irradiation and once a week for consecutive 4 weeks
post-irradiation. The CMPN was i.t. administered at 5 h pre-
irradiation for consideration of drug release (Fig. 2G). The time
period of 5 h would be sufficient to get ready for clinical thoracic
radiotherapy. Before the i.t. administration of DXMS or CMPN,
the rats were anesthetized with isoflurane using a gas anesthesia
system (Shanghai Yuyan Instruments Co., Ltd., Shanghai, China),
and then we sprayed the drug formulations into the lung through
the trachea with an insufflator (Model DP-4, Penn-Century, Inc.,
USA). During the experimental period, the rat living states were
carefully observed and the body weight was recorded. In addition,
the complete blood counting was performed for investigation of
the hematopoietic system injury caused by radiation. On Days �1,
1, 3, 6, 10, 14, 21 and 28, an aliquot (20 mL) of tail vein blood was
collected and mixed with the diluent (2 mL) for analysis,
respectively. The white blood cells (WBC), platelets (PLT), red
blood cells (RBC) and neutrophils (NE) in the blood were counted
with a CelltacE automatic blood cell analyzer (MEK-7222k,
Nihon Kohden, Japan).

2.10. Histopathological examination

The rats were sacrificed at the end of the pharmacodynamic study
and the whole lung tissues were excised. The upper lobe of the
right lung was immersed in 10% formalin solutions for 24 h and
then embedded in paraffin. After hematoxylin and eosin (H&E)
and Masson staining, the pathological sections were observed
under a microscope (BDS200-FL, Chongqing Optec Instrument
Co., Ltd., Chongqing, China).
2.11. ELISA measurement

The middle lobes of the right lung of rats were homogenized with
a homogenizer (KI-II, Servicebio, Wuhan, China) at 60 Hz for
4 min, and then centrifuged at 14,800�g for 20 min. The super-
natants were collected for detection of TNF-a, IL-6, IL-1b and
TGF-b1 with ELISA kits according to the manufacturer’s in-
structions. The levels of superoxide dismutase (SOD), malon-
dialdehyde (MDA) and total proteins in the lung homogenates
were also detected with ELISA kits.

2.12. Statistical analysis

All data were expressed as mean � standard deviation (SD). The
results were calculated statistically using the SPSS 19.0 software
(SPSS, Chicago, IL, USA). One-way analysis of variance
(ANOVA) with the LSD test was used to identify differences
(P < 0.05 or P < 0.01) between the data.

3. Results and discussion

3.1. Characteristics of CMPN

MPDAwas successfully prepared by dopamine polymerization on
the interface of the emulsion templates. TMB acted as the organic
phase core to form the emulsion. Thanks to the p-electron rich
structure of TMB, dopamine self-assembled on the surface of the
emulsion based on the p�p stacking interaction and polymerized
to PDA under the alkaline circumstance. After removal of TMB
and pluronic-F127, the mesoporous structure, i.e., MPDA, was
obtained. We verified the chemical structure of MPDAwith FTIR,
exhibiting obvious signals of stretching vibration of CeC, CeN
and the indole ring (Supporting Information Fig. S1). CMPN was
further obtained after curcumin was loaded in MPDA mainly
based on p‒p stacking and hydrogen bonding interactions.
Interestingly, MPDA was black solid powders (Fig. 2A), while
CMPN was yellowish-brown due to the doping of a large amount
of curcumin (Fig. 2B). Moreover, many mesopores appeared on
the surface of spherical MPDA (Fig. 2C), but the mesopores
disappeared in CMPN, which should be attributed to the filling of
mesopores with curcumin (Fig. 2D). Thanks to the mesoporous
structure and high specific surface area of MPDA, the curcumin
loading efficiency was high to about 47%. In recent years, mes-
oporous materials, characterized with the unique pore size, high
surface area and pore volume, are widely explored as drug car-
riers. The large inner space and many surface pores of mesoporous
materials provide the basis of great drug entrapment and adsorp-
tion, leading to high drug loading efficiency. The TEM image
further revealed that CMPN were uniform spheres (inserted pic-
ture in Fig. 2E). The average particle size of CMPN was
290.73 � 29.73 nm (n Z 3) with uniform size distribution
(PDI Z 0.216 � 0.017, n Z 3) and the zeta potential was
�26.4 � 3.1 mV (n Z 3, Fig. 2E and F). The zeta potential value
of about �30 mV is considered optimum for nanoparticle
stability41.

The release of water-insoluble drugs is a key factor for clinical
applications42. Curcumin release from CMPN was relatively sta-
ble and rapid with more than 80% accumulative release within 6 h
(Fig. 2G), which would improve the biological protection from
irradiation. Interestingly, we found that the surface mesopores of



Figure 2 Characteristics of CMPN. Appearance of MPDA powders (A) and CMPN powders (B). SEM images of MPDA (C) and CMPN (D).

(E) Size distribution of CMPN (the inserted picture was the TEM image of CMPN). (F) Zeta potential of CMPN. (G) Release profile of curcumin

from CMPN, the data are presented as mean � SD (n Z 3). (H) SEM images of residual CMPN after release for different time, Scale

bar Z 200 nm.
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the particles gradually reappeared with curcumin release by SEM
observation of residual CMPN particles (Fig. 2H).

The water solubility of curcumin is often influenced by its
state, which would likely affect its release behavior, also in vivo
pharmacological effect42,43. In this study, the state of curcumin in
CMPN was identified by multiple methods. The FTIR spectra of
curcumin showed a characteristic peak of phenolic hydroxyl
Figure 3 State of curcumin in CMPN and the simulated drug lung depos

mixture of curcumin/MPDA, CMPN, and MPDA. (C) Simulated drug lu

(n Z 3).
stretching vibration at 3508 cm�1 (Fig. 3A). The physical mixture
of MPDA/curcumin also showed the specific peak of phenolic
hydroxyl while the specific peak disappeared in CMPN, which
might be attributed to the hydrogen bonding between curcumin
and MPDA. Additionally, the XRD spectra showed that MPDA
was amorphous, while curcumin had a crystalline structure. The
crystalline peak of curcumin still existed in the physical mixture
ition. FTIR spectra (A) and XRD spectra (B) of curcumin, the physical

ng deposition of CMPN powders. Data are presented as mean � SD
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but almost disappeared in CMPN (Fig. 3B). The difference be-
tween the mixture and CMPN indicated that the crystalline cur-
cumin in CMPN was little. Amorphous powder inhalers offer the
benefits of increased in vivo pharmacological effect for poorly
soluble drugs44.

Effective lung deposition is one of the key elements for
inhalation drug formulation. The FPF of inhaled powders is an
important parameter for evaluation of lung deposition. The in vitro
simulated experiment indicated the FPF of CMPN powders was
29.83 � 0.24%, and the MMAD was 5.17 � 0.04 mm, indicating
that CMPN was appropriate for pulmonary delivery (Fig. 3C).
Generally, the droplets or particles of 1e5 mm in aerodynamic
diameter are likely to deposit in the small airways and alveoli and
more than 50% of the 3 mm diameter particles deposit in the
alveolar region33,45. The DLS size of CMPN was several hundred
nanometers. So did the electron microscopic size of them. How-
ever, PDA usually exhibits adhesive property46, leading to CMPN
assembling to microparticles (Fig. 2D and E). The aggregated
CMPN powders had suitable MMAD (5.17 mm) for lung deposi-
tion. Therefore, CMPN can be inhaled in dry powders. Moreover,
porous nanoparticle-aggregate-based particles are recognized as
one of the most promising carriers for controlled drug release in
the lung31. The mesoporous particles possess the smaller aero-
dynamic particle size compared to the solid particle with the same
size, leading to more lung deposition and avoiding the phagocy-
tosis of alveolar macrophages32.

3.2. Strong free radical scavenging ability of MPDA and
curcumin

DPPH assay is often used to measure the free radical scavenging
ability of compounds, where the reaction can maintain stable for
hours in solutions40. Both MPDA and curcumin turned the color
of DPPH solutions to light yellow from pink. Moreover, the ESR
peaks of DPPH disappeared after incubation with MPDA and
curcumin, indicating that the free radicals were scavenged
(Fig. 4). The strong free radical scavenging ability of MPDA and
curcumin would benefit CMPN scavenging the free radicals in
the lung tissues after g-ray irradiation and alleviating radiation
injury.

3.3. High safety and radiation protection effect of CMPN on
BEAS-2B cells

BEAS-2B cells are normal bronchial epithelium cells, which are
commonly used as the subjects of inhalation toxicity investigation.
Curcumin showed high safety with no cytotoxicity on BEAS-2B
cells even at a high concentration of 125 mmol/L (Fig. 5A). The
effect of CMPN on BEAS-2B cells was very similar to that of
Figure 4 ESR spectra of DPPH after incubation with MPDA and

curcumin.
curcumin, indicating the high safety of CMPN (Fig. 5A). More-
over, the in vivo safety of inhaled curcumin had been already
confirmed by the previous reports47,48. Inhaled curcumin is safe in
animals even when the animals are exposed to the material over
long periods. Therefore, CMPN should be safe when inhalation to
the lung.

The aim of radiation therapy is to induce cancer cell apoptosis
and death; however, it simultaneously leads to unwanted injury on
normal cells49. In this study, BEAS-2B cells were used to explore
the protection effect of CMPN. The flow cytometric results
remarkably showed the radiation protection effect of curcumin
and CMPN with the apoptosis rates of 19.1% and 13.45%,
respectively, compared to the high apoptosis rate (>30%) of the
control cells after g-ray irradiation (Fig. 5B). The higher protec-
tion effect of CMPN than curcumin could be attributed to the
stronger free radical scavenging and anti-oxidation ability of
CMPN that rapidly released curcumin to the surroundings. Be-
sides the rapid curcumin release from CMPN, another advantage
of CMPN could be enhanced mucus penetration and cell uptake.
Recent studies have verified the superior mucus penetrating ability
and cell uptake of PDA-modified nanoparticles50,51.

3.4. Protection of hematopoietic system by CMPN

The hematopoietic system is extremely sensitive to ionizing ra-
diation with remarkable decrease of bone marrow cells (BMC)
and circulating peripheral blood cells52. Therefore, the counting of
blood cells is an important method to evaluate ionizing radiation-
induced injury and the protection and treatment efficiency of
medicines. All the radiation-exposed rats showed the sharp
decrease of WBC compared to the heathy ones, especially in the
model group (Fig. 6A). Their WBC began to recover on Day 7,
where DXMS and CMPN improved the recovery. The WBC in the
CMPN group was significantly higher than that in the model group
at some time points, such as Days 1, 14, and 28 (P < 0.05), but
there was no significant difference between the CMPN and DXMS
groups. PLT exhibited the similar profiles to WBC and no sig-
nificant difference was shown between the CMPN and DXMS
groups too (Fig. 6B). Therefore, the pulmonary delivery of DXMS
and CMPN alleviated the hematopoietic damage induced by chest
ionizing radiation to some extent. However, RBC and NE did not
show significant difference between all groups (Fig. 6C and D),
indicating that local ionizing radiation may not hurt the hemato-
poietic system as seriously as the systemic radiation53,54. The
radiation injury is also highly related to the radiation dose. Clin-
ical radiation therapy commonly applies 45e60 Gy for the treat-
ment of breast, head, and neck cancers, although the doses are
divided into multiple smaller doses. In the preclinical studies of
RP, the radiation conditions are different, although 15 Gy 60Co
g-ray radiation was usually used for establishment of RP animal
models16,55. In the preliminary study, we had screened the radia-
tion dose for establishment of RP rat models, involving 10, 15, and
20 Gy. Finally, we found that the dose of 15 Gy was suitable for
establishment of moderate RP with little systemic damage.

The body weight of irradiated rats decreased until Day 7 and
then recovered with the increasing profiles (Fig. 6E), where the
DXMS and CMPN groups recovered faster than the model group.
Moreover, the CMPN group maintained the highest body weight
among the three irradiation groups, indicating the best prevention
and treatment of irradiation injury. The living state of rats represents
their whole health states. The rats in the model group exhibited
obvious dispiritedness, anorexia, piloerection, and delayed



Figure 5 High safety and radiation protection effect of CMPN on BEAS-2B cells. (A) Cell viability of BEAS-2B cells after incubation with

curcumin and CMPN. (B) Flow cytometry plots of BEAS-2B cells after FITC/PI staining. Data are presented as mean � SD (n Z 5).
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reactions, while DXMS and CMPN alleviated the above adverse
states. Additionally, the mental state of the rats in the CMPN group
was better than that in the DXMS group and the formers showed
significant activity, normal breathing, and smooth fur.
Figure 6 Cell counts in the peripheral blood and the body weight of rats

Body weight profiles of rats. The data are presented as mean � SD (n Z
3.5. Highly effective anti-lung injury effect of CMPN

Ionizing radiation seriously damages the lung tissues, leading to
RP10. The lung tissues of RP showed obvious hemorrhages,
. WBC (A), PLT (B), RBC (C), and NE (D) in the peripheral blood. (E)

5). *P < 0.05 between the CMPN and Model groups.
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sporadic white nodules, and diffuse alveolar congestion, more
importantly, remarkable pulmonary fibrosis, compared to the
ruddy and smooth appearance and the clear normal lung alve-
olar septum and well distributed alveolar walls of the healthy
lung tissues (Fig. 7). Radiation-induced pulmonary fibrosis is an
emerging disease, which destructs the lung tissue progressively
and irreversibly. Both DXMS and CMPN significantly alleviated
the hemorrhaging and pulmonary fibrosis in the lung tissues
compared to the model group, although a little fibrosis was still
present. The CMPN group seemed better than the DXMS group
with no hemorrhaging, little infiltrating inflammatory cells and
the clear alveolar structure. All the irradiated groups showed
enlarged lung tissues compared to the healthy group, probably
resulting from the thickened texture and edema. Therefore,
CMPN is an effective medicine for prevention of pulmonary
fibrosis induced by irradiation.

3.6. High anti-inflammation effect of CMPN

Cytokines are the regulators of host immune responses to infection,
inflammation, and trauma. Some cytokines (e.g., TNF-a, IL-6, IL-
1b, and TGF-b1) play key roles in the inflammation development
process56. TNF-a is an important proinflammatory cytokine in early
radiation lung injury, which represents the extent of lung injury57.
IL-6, IL-1b, and TGF-b1 are also closely related to the occurrence
and development of RP. Moreover, TGF-b1 directly acts on the later
stage of RP, promoting the development of radiation fibrosis58.
TNF-a, IL-6, IL-1b and TGF-b1 in the model group significantly
increased compared to the healthy one (P < 0.01, P < 0.001,
P < 0.05, P < 0.01, respectively, Fig. 8), indicating that radiation
induced the occurrence of pneumonia. By contrast, the inflamma-
tory cytokines decreased remarkably after treatment with DXMS or
CMPN, even close to the normal levels (Fig. 9). Therefore, both of
Figure 7 Appearance, H&E staining a
CMPN and DXMS had strong anti-inflammatory effects to alleviate
the lung injury induced by irradiation.

3.7. High anti-oxidation effect of CMPN

SOD is found to be predominantly and highly expressed in the
extracellular matrix of lung and helps to break down potentially
harmful oxygen molecules59. Due to its strong oxygen radical
scavenging ability, SOD can reduce acute radiation toxicity
caused by over-oxidation60. MDA is one of the main lipid per-
oxides, which can trigger a chain reaction of radicals61. Addi-
tionally, the alveolar epithelial cell damage would lead to an
increase of total protein content in the lung homogenate62. In this
study, the SOD in the model group decreased sharply compared to
that in the healthy group (P < 0.01, Fig. 9A), because it was
greatly consumed by the irradiation-induced oxygen radicals.
Meanwhile, the MDA and total proteins in the model group
increased remarkably (Fig. 9B and C), indicating the lipid per-
oxidation reaction and alveolar epithelial cell damage. By
contrast, after treatment with DXMS or CMPN, SOD increased
while MDA and total proteins decreased, indicating their effec-
tiveness against RP. Moreover, CMPN exhibited better therapeutic
effect on RP than DXMS in term of total proteins in the lung
tissues, although no statistical difference of SOD and MDA was
shown between them. Therefore, CMPN improved SOD activity
for anti-oxidation, inhibited lipid peroxidation, and protected
alveolar epithelial cells, favoring the treatment of RP.

Here, we demonstrate that both of CMPN and DXMS had
significant therapeutic efficiency for RP, involving reduced
proinflammatory cytokines, high SOD, decreased MDA and total
proteins, and alleviated lung tissue damage. However, the thera-
peutic effect of CMPN was better than that of DXMS in some
aspects, such as lower total proteins in the lung tissues, prevention
nd Masson staining of lung tissues.



Figure 8 Cytokines in the lung tissues. (A) TNF-a, (B) IL-6, (C) IL-1b, and (D) TGF-b1 in the lung tissues. Data are presented as mean � SD

(n Z 4). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 9 Levels of SOD (A), MDA (B) and total proteins (C) in the rat lung tissues. Data are presented as mean � SD (n Z 3). *P < 0.05,

**P < 0.01, ***P < 0.001.
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of pulmonary fibrosis, and alleviated lung tissue damage. Gluco-
corticoids are widely used for therapy of pneumonitis, achieving
positive clinical outcome to some extent63. However, the side
effects of glucocorticoids are obvious, such as body weight gain,
hyperglycemia, sleep disturbances, mood changes and edema,
indicating that these medicines are not suitable for prevention of
RP or long-term application12. Moreover, glucocorticoids have
inhibitory effects on a broad range of immune responses, leading
to immunosuppressive effect. Consistently, glucocorticoids
strongly suppress cell-mediated immunity and cause viral infec-
tion and tumor development64,65. Therefore, inhaled CMPN be-
comes a promising alternative strategy for prevention or treatment
of RP due to its safety and high effectiveness.
4. Conclusions

RP is one type of severe common clinical diseases but effective
and safe treatments are absent. In this study, curcumin and PDA
were proved to have great anti-oxidation and free radical scav-
enging ability, suitable as the active drug and carrier for preven-
tion and treatment of RP. The mesoporous structure of MPDA
provided the large inner space and numerous surface pores to
obtain high drug loading efficiency. Moreover, the amorphous
state of curcumin in CMPN improved its dissolution and release to
make the prevention and treatment very quickly after pulmonary
delivery. Besides the anti-oxidation and free radical scavenging
ability, inhaled CMPN guaranteed the highly effective prevention
and treatment of RP by reduced proinflammatory cytokines,
enhanced SOD, decreased MDA, and alleviated lung tissue dam-
age. The combination of curcumin and MPDA and the unique
administration route, i.e., inhalation of CMPN, are the keys to the
prevention and treatment of RP.
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