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Abstract Lung inflammation is an essential inducer of various diseases and is closely related to

pulmonary-endothelium dysfunction. Herein, we propose a pulmonary endothelium-targeted codelivery

system of anti-inflammatory indomethacin (IND) and antioxidant superoxide dismutase (SOD) by assem-

bling the biopharmaceutical SOD onto the “vector” of rod-like pure IND crystals, followed by coating

with anti-ICAM-1 antibody (Ab) for targeting endothelial cells. The codelivery system has a 237 nm

diameter in length and extremely high drug loading of 39% IND and 2.3% SOD. Pharmacokinetics

and biodistribution studies demonstrate the extended blood circulation and the strong pulmonary accumu-

lation of the system after intravenous injection in the lipopolysaccharide (LPS)-induced inflammatory

murine model. Particularly, the system allows a robust capacity to target pulmonary endothelium mostly

due to the rod-shape and Ab coating effect. In vitro, the preparation shows the synergistic anti-

inflammatory and antioxidant effects in LPS-activated endothelial cells. In vivo, the preparation exhibits

superior pharmacodynamic efficacy revealed by significantly downregulating the inflammatory/oxidative

stress markers, such as TNF-a, IL-6, COX-2, and reactive oxygen species (ROS), in the lungs. In
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conclusion, the codelivery system based on rod-like pure crystals could well target the pulmonary endo-

thelium and effectively alleviate lung inflammation. The study offers a promising approach to combat

pulmonary endothelium-associated diseases.

ª 2023 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

Lung inflammation is an underrecognized risk for various diseases
such as cardiovascular disease, acute lung injury (ALI), and pul-
monary hypertension1. ALI represents a serious lung inflammation
disease that may progress to acute respiratory distress syndrome
(ARDS), pulmonary fibrosis, and even severe systemic compli-
cations, as currently seen in coronavirus disease 2019 (COVID-
19)2,3. Due to the high mortality rate of over 30%e40%, ALI has
always been a difficult point in scientific research and clinical
practice4e6. So far, the clinical practices against ALI/ARDS are
mainly symptomatic, including protective ventilation and fluid
management, but no specific therapy based on the pathophysio-
logical attributes of the disorder is available7,8. Regardless of the
triggering factors of ALI (pneumonia, sepsis, trauma, multiple
transfusions, etc.), the terminal pathophysiological features are
similar, including dysregulated inflammatory response and
defective alveolar clearance leading to pulmonary edema,
impaired gas exchange, and hypoxemia9.

Pulmonary vascular injury is an important pathological hall-
mark of ALI/ARDS10. The lung endothelium is highly vulnerable
to direct and indirect ALI triggers causing functional and struc-
tural alterations of endothelial cells10. Also, the pulmonary
endothelial cells can be directly activated by endotoxins attach-
ment, activating the transcription of nuclear factor kappa B (NF-
kB)-dependent proinflammatory genes. The injured pulmonary
endothelium exacerbates the inflammatory response by secreting
proinflammatory factors, producing reactive oxygen species
(ROS) such as the superoxide anion and hydroxyl radical, and
facilitating leukocytes migration to the injury site by the over-
expression of adhesion molecules11e13. For example, the over-
produced proinflammatory cytokines such as interleukins and
tumor necrosis factors (TNF-a) lead to the recruitment of in-
flammatory cells such as macrophages and neutrophils to the lungs
that produce more proinflammatory mediators and ROS2,9,14e16.
Meanwhile, ROS upregulates the expression of proinflammatory
cytokines through inflammasome pathways and consequently in-
tensifies inflammation17e20. Therefore, pulmonary-endothelium
targeting for inflammation alleviation seems promising to fight
against ALI.

Indomethacin (IND) and superoxide dismutase (SOD) are anti-
inflammatory and antioxidant drugs, respectively. IND is a non-
steroidal anti-inflammatory drug that attenuates inflammation by
targeting inducible cyclooxygenase-2 (COX-2), converting
arachidonic acid released from the phospholipids of damaged cell
membranes into proinflammatory prostaglandins, such as prosta-
glandin E2 (PGE2), and strengthening the expression of NF-kB
and the synthesis of cytokines in a positive feedback loop21e23.
Meanwhile, COX-2 inhibition could lessen lung inflammation and
the production of proinflammatory chemokines in animal models
of lung injury24,25. More interestingly, IND was widely proposed
against the infection inflammation induced by SARS-CoV-226e29,
mainly due to its safety. As of 21 January 2023, two recruiting
clinical trials testing the efficacy of IND in COVID-19 were
registered in the public domain (ClinicalTrials.gov Identifiers:
NCT05007522 and NCT04344457). SOD is a potent antioxidant
enzyme that can convert intracellular ROS into oxygen and water
and inhibit endothelial proinflammatory activation. The enzyme
demonstrates higher activities and lower immunogenicity and is
administered with a significantly lower dose than other antioxi-
dants19,30. As a result, targeted codelivery of IND and SOD to the
pulmonary endothelium can potentially relieve serious lung
inflammation.

However, the two drugs possess different physicochemical
properties, making their codelivery challenging. The small
molecule IND is poorly water-soluble, whereas the biological drug
SOD has a molecular weight of 32.5 kDa and high water-solubi-
lity31. Furthermore, the exogenously administered SOD has a
short half-life due to its in vivo instability and rapid renal excre-
tion. Invariably, the enzyme displays poor membrane penetration
and cellular uptake and little ability to target the inflamed
sites32,33. Drug delivery systems (DDS) with tunable size and
surface properties can be exploited to load different therapeutic
agents to improve their physicochemical properties, protect them
from degradation in the bloodstream, control their release, opti-
mize their pharmacokinetic profiles, and effectively deliver them
to the diseased area34e36. Various nanosized DDS, such as poly-
meric and lipid nanoparticles, have been employed to promote
drug delivery to the lungs and pulmonary vessels37. However,
these traditional DDSs are often spherical and demonstrate a
limited ability to deliver the payloads to the pulmonary endothe-
lium due to low drug-loading capability and inadequate
endothelium-contact area38,39. In contrast, rod-like nanoparticles
with particular aspect ratios favor lung distribution and accumu-
late at the vascular wall after intravenous injection38,40. Interest-
ingly, several nanocrystals of insoluble drugs, which are pure drug
nanoparticles with almost 100% drug loading, usually have rod-
like shapes, such as IND, paclitaxel, lovastatin, and baicalein
nanocrystals41e46. Therefore, we expected that the rod-shaped
IND nanocrystals, termed IND nanorods (INRs), could target
the pulmonary endothelium.

In this study, INRs were utilized as a “vector” and assembled
with the antioxidant SOD through electrostatic interaction, fol-
lowed by coating with anti-ICAM-1 antibody (Ab) for targeting
intracellular adhesion molecule-1 (ICAM-1) on endothelial cells
(Scheme 1). The targeted codelivery system was developed to
specifically codeliver the anti-inflammatory IND and the antioxi-
dant SOD to the dysfunctional pulmonary endothelium and alle-
viate the inflammatory/oxidative profiles of the severe lung
inflammation disease, ALI. To obtain proof-of-concept, we per-
formed various experiments in vitro and in vivo, including prep-
aration and characterization, cellular trafficking, synergistic effect,
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http://ClinicalTrials.gov


Scheme 1 Schematic illustration of Ab-INRpex preparation. First, b lactoglobulin (b-LG) and 1-ethyl-3(3-dimethylpropylamine) carbodiimide

(EDC) were mixed with ethylenediamine at pH 4.7 to prepare cationic lactoglobulin (CLG). Second, INRs were prepared by antisolvent pre-

cipitation followed by ultrasonication using CLG as a stabilizer. Finally, Ab-INRplex was fabricated by absorbing SOD onto NRs via electrostatic

interaction, followed by ICAM-1 antibody incubation.
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pharmacokinetics, biodistribution, pulmonary-endothelium tar-
geting, and in vivo efficacy against the LPS-induced ALI mice
model.
2. Materials and methods
2.1. Materials

IND (I7378), b-LG (L3908), and LPS (L2880) were obtained
from SigmaeAldrich (MO, USA). Cationic b-lactoglobulin
(CLG) was synthesized via conjugation of ethylenediamine to b-
lactoglobulin (b-LG) as described in our previous report47,48.
Anti-ICAM-1 antibody (15364-1-AP) were obtained from pro-
teintech Group, Inc. (Chicago, IL, USA). SOD (ml063052) and
COX-2 (ml062904) ELISA kits were procured from Shanghai
Enzyme-linked Biotechnology (Shanghai, China). TNF-a
(SCA133Mu) and IL-6 (SEA079Mu) ELISA kits were purchased
from Cloud-Clone Corp (Wuhan, China). The total SOD activity
test kit (S0109-2, NBT method) and Lyso-Tracker Red (C1046)
were purchased from (Beyotime Biotechnology, Shanghai, China).
All other used chemicals were of analytical grade.
2.2. Cell culture and animals

Human umbilical vein endothelial cells (HUVECs) were cultured
in an endothelial cell-specific medium (ECM, U.S. Sciencell
Research Laboratories) supplemented with 5% fetal bovine serum
(FBS), 1% endothelial cell growth factor, and 100 U/mL
penicillin þ 100 mg/mL streptomycin at 37 �C in a 5% CO2 hu-
midified incubator.

All experimental protocols were carried out following the
principles of Laboratory Animal Care and the Guide for the Care
and Use of Laboratory Animals and approved by the China
Pharmaceutical University Institutional Animal Care and Use
Committee. ALI mouse model was established 4 h after
intravenous injection of LPS at a dose of 0.8 mg/kg into male
BALB/c mice (6‒8-week-old, weighting 20e25 g).

2.3. Preparation of INRs, INRplex and Ab-INRplex

First, the INRs were prepared by antisolvent precipitation fol-
lowed by ultrasonication using cationic b-LG (CLG) as a stabi-
lizer, according to our previous report44. Different amounts of IND
were dissolved in 0.4 mL of acetone and added dropwise to 10 mL
of CLG (1 mg/mL) aqueous solution. Then, the suspension was
ultrasonicated in an ice bath (4 �C). The organic solvent was
removed by rotary evaporation under reduced pressure to obtain
INRs.

Next, INR/SOD complex (INRplex) was obtained by electro-
static interaction between the negatively charged SOD and the
positively charged INRs. SOD aqueous solutions with different
concentrations were incubated with an equal volume of INR so-
lution (CLG concentration of 1 mg/mL) for 30 min at room
temperature to obtain INRplex. Finally, INRplex was mixed with
an anti-ICAM-1 solution to allow the antibodies to attach to the
residual positive charges of INRplex to obtain Ab-INRplex. The
number of antibodies conjugated to the surfaces of INRplex was
quantified using the BCA assay. The antibodies were added to the
INRplex at a ratio of 15, 30, 60, and 120 mg of antibodies per 1 mg
of NPs. The dye-labeled nanoparticles were prepared similarly but
by dissolving FITC (fluorescein isothiocyanate isomer) or DiR
(dioctadecyl-tetramethyl indotricarbocyanine iodide) with IND or
using RITC (rhodamine B isothiocyanate)-labeled SOD instead
SOD.

2.4. Characterization of the nanoparticles

The particle size, polydispersity index (PDI), and zeta potential of
the nanoparticles were measured with a 90Plus ZetaPlus Zeta
Potential Analyzer (Brookhaven Instruments, Holtsville, NY) at
25 �C. The morphology of nanoparticles was examined using a
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JEM-1230 transmission electron microscope (TEM, Tokyo,
Japan). The prepared nanoparticles with 200-fold dilution were
placed on a copper mesh TEM grid for 10 min, and then the excess
liquid was removed with filter paper, followed by adding one drop
of 2% (w/w) phosphotungstic acid for 1 min to stain the nano-
particles. Then, the sample was dried at 25 �C.

Gel electrophoresis assay was used to assess the loading of
SOD onto INRs. INRplex with CLG:SOD mass ratios of 1:1, 2:1,
4:1, 8:1, 16:1, 32:1, and 64:1 were prepared. Free SOD was used
as a control. Electrophoresis was carried out at 30 mA for 1 h, and
finally, the gel was transferred to Coomassie brilliant blue solution
for overnight staining.

For the investigation of interactions between IND and CLG,
INRs with different IND loadings were prepared and scanned with
a fluorescence spectrophotometer (Shimadzu RF-5301 PC, Japan)
using the excitation wavelength of 295 nm and the emission
wavelength range of 300e800 nm. The same samples were
analyzed with circular dichroism (CD) to further confirm the
combination between CLG and IND using the following param-
eters: wavelength range, 250‒190 nm; bandwidth, 1 nm; scanning
speed, 100 nm/min; cell length, 0.1 cm; response, 1 s; tempera-
ture, 25 �C; protein concentration, 0.1 mg/mL.

Powder X-Ray diffraction (PXRD) analysis was conducted on
a D8 advanced diffractometer (Bruker, Germany). The scanning
range was 3e40� (2q) at a speed of 1�/min. The pattern was
collected at a 40 kV tube voltage and 40 mA of tube current in
step scan mode (step size 0.02�, counting time 1 s/step).

For the serum-stability study, the nanoparticles were incubated
in PBS containing 10% serum at 37 �C, followed by measuring the
particle size and PDI at different time points.

2.5. Drug loading and encapsulation efficiency

The nanoparticles were centrifuged at 5000�g for 20 min (TDZ5-
WS, Cence, Hunan Xiangyi Instrument Co., Ltd.). The IND
content was determined in the supernatant by high-performance
liquid chromatography (HPLC, SHIMAZU LC-10AT, Kyoto,
Japan) using an ODS C18 column (250 mm � 4.6 mm, 5 mm,
Diamonsil, Beijing, China) at 40 �C, 0.1 mol/L glacial acetic acid
solution-acetonitrile (50/50, v/v) as mobile phase at a flow rate of
1 mL/min and injection volume of 40 mL. The detection was made
at 288 nm. For SOD determination, RITC-Ab-INRplex prepared
using RITC-labeled SOD were centrifuged at 5000�g for 20 min.
Then, the fluorescence intensity of the supernatant was measured
using a fluorescence microplate reader (POLARstar, Omega,
Germany). The drug loading (DL) and encapsulation efficiency
(EE) was calculated according to the following Eqs. (1) and (2):

DL (%) Z The amount of encapsulated drug/(The amount of
added drug þ The amount of carrier) � 100 (1)

EE (%)Z The amount of encapsulated drug/The amount of added
drug � 100 (2)

2.6. In vitro drug release

The in vitro release behavior of IND and SOD from Ab-INRplex
at pH 7.4 and 6.8 was investigated by the dialysis method.
Ab-INRplex and RITC-Ab-INRplex prepared using RITC-labeled
SOD were placed into dialysis bags with MWCO of 3500 Da and
100 kDa, respectively, and shaken in a water bath (100 rpm/min)
at 37 �C. At predetermined time intervals, 1 mL of the release
medium (PBS) was withdrawn and replaced with an equal volume
of fresh release medium. The content of IND and SOD in the
release medium was determined as described in the previous
section. Simultaneously, the activity of the released SOD at each
time point was measured using the total SOD activity test kit
(NBT method, Beyotime Biotechnology, Shanghai, China)
following the manufacturer’s instructions.

2.7. Cell viability

The cytotoxicity of the optimized formulation on HUVECs and
PASMCs was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. The cells were
seeded in 96-well plates at a density of 5 � 103 cells/well for 48 h
and incubated with preparations containing different drug con-
centrations for 48 h at 37 �C.

2.8. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM, LSM 800, Carl Zeiss,
Jena, Germany) was used to qualitatively evaluate the expression of
ICAM-1 on the surface of HUVECs. The cells (1 � 105 cells/mL)
were seeded on glass-bottom culture dishes and incubated for 24 h at
37 �C. Then, HUVECs were activated with LPS (2.5 mg/mL) for 2 h,
washed 3 times with PBS, treated with ICAM-1 primary antibody
(1:100) overnight at 4 �C, washed 3 times with PBS and incubated
with CoraLite 594 fluorescently labeled secondary antibodies
(1:1000) for 1 h at 37 �C in the dark. Finally, the cells were stained
with DAPI for 15 min and observed under CLSM. Similarly, the
qualitative study of nanoparticle uptakewas performed using CLSM.
HUVECs (1 � 105 cells/mL) were seeded on glass bottom culture
dishes and incubated for 24 h at 37 �C. Then, the cells were activated
with LPS (2.5 mg/mL) for 2 h, washed with PBS, and treated with
200 mL of different fluorescent agents (FITC-labeled INRs, RITC-
labeled SOD, dual fluorescently labeled INRplex and Ab-INRplex)
at FITC final concentration of 7.5 mg/mL and RITC final concen-
tration of 10 mg/mL for 1, 2, 4 h. Lastly, the cells were fixed with 4%
paraformaldehyde and stainedwithDAPI. For the study of the uptake
mechanism, LPS-activated HUVECs were incubated with the endo-
cytosis inhibitors: nystatin (10mmol/L),methylb-cyclodextrin (M-b-
CD, 2.5mmol/L), chlorpromazine (CPZ, 10mg/mL), and nocodazole
(20 mmol/L) for 30 min before treatment with fluorescent Ab-
INRplex for 4 h. The cells were tagged with Lyso-tracker Red to
observe the endosomal entrapment.

2.9. Flow cytometry

For the quantitation of ICAM-1 expression on the surface
of HUVECs, the cells were seeded in 12-well plates (8 � 105 cells/
well) and incubated for 24 h at 37 �C. After activation with LPS
(2.5 mg/mL) for 2 h, the cells were incubated with ICAM-1 primary
antibody (1:100) overnight at 4 �C, washed 3 times with PBS,
treated with CoraLite 594 secondary antibodies (1:1000) at 37 �C
for 1 h in the dark. Finally, the cells were trypsinized, centrifuged
(300�g, TDZ5-WS, Cence�, Hunan Xiangyi Instrument Co.,
Ltd.), resuspended in PBS, and the fluorescence intensity was
measured by flow cytometry (BD FACSCalibur, San Jose, CA,
USA). Likewise, the LPS-activated HUVECs seeded in 12-well
plates (8 � 105 cells/well) were treated with different fluorescent
preparations for 1, 2, and 4 h to quantify their cellular uptake.
Next, the treated LPS-activated HUVECs were digested,
collected, centrifuged (300�g, TDZ5-WS, Cence�, Hunan
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Xiangyi Instrument Co., Ltd.), resuspended in PBS, and assayed by
flow cytometry. For the examination of the endocytic mechanism,
the endocytosis inhibitors were added to the LPS-treated HUVECs
for 30 min before treating the cells with fluorescent Ab-INRplex
for 4 h.

2.10. SOD intracellular delivery efficiency and IND dissolution
assay

HUVECs were seeded in 12-well culture plates (8 � 105 cells/well)
and incubated for 24 h at 37 �C. After activation with LPS
(2.5 mg/mL) for 2 h, the cells were treated with SOD, physical
mixture, INRplex, and Ab-INRplex containing 100 mg/mL of SOD
for 4 h. PBS and INR-treated cells were used as controls. Then,
cells were detached and lysed in RIPA buffer. The total proteins
were quantified by BCA assay kit (P0010, Beyotime Biotech-
nology, Shanghai, China). Finally, the SOD concentration in each
group was determined using a specific ELISA kit. To test the IND
dissolution after cellular uptake, we determined the intracellular
drug concentration at 4, 12, and 24 h after incubation at 37 �C. The
incubated cells were washed with PBS and harvested by trypsini-
zation. Then, the cell pellets were lysed and centrifuged (300�g)
The IND in the supernatant and the total internalized drug were
assayed by the HPLC method.

2.11. In vitro evaluation of the anti-inflammatory effect

For the examination of inflammatory factors, HUVECs were
seeded in 12-well culture plates (8 � 105 cells/well) and activated
with LPS (2.5 mg/mL) for 2 h. Next, the cells were treated with
IND, SOD, physical mixture, INRplex, and Ab-INRplex, con-
taining 3.2 mg/mL of IND and/or 100 mg/mL of SOD for 4 h.
Cells of each group were collected by trypsinization and lysed in
RIPA. The intracellular levels of TNF-a, IL-6, and COX-2 were
measured using specific ELISA kits.

2.12. In vitro evaluation of the antioxidant effect

The nonpolar dye DCFH-DA (20,70-dichlorodihydrofluorescein
diacetate) was used to assess the oxidative stress in HUVECs. For
the study of the ROS-scavenging ability of SOD, cells were
cultured onto 15-mm glass-bottom dishes at a density of
1 � 105 cells/well, incubated for 24 h at 37 �C, and stimulated with
2.5 mg/mL LPS for 2 h. Next, a serum-free medium containing
5 mmol/L DCFH-DA was added. After 30-min incubation in the
dark at 37 �C, cells were washed with PBS, treated with prepara-
tions for 4 h containing 3.2 mg/mL of IND and/or 100 mg/mL of
SOD, and imaged under CLSM. Similarly, HUVECs cultured in 12-
well plates (8 � 105 cells/well) and activated with 2.5 mg/mL LPS
for 2 h were incubated with DCFH-DA for 30 min at 37 �C, treated
with the same concentrations of drugs for 4 h, and finally assayed
by flow cytometry (BD FACSCalibur, San Jose, CA, USA).

2.13. Investigation of synergistic effect

HUVECs were cultured at a density of 8 � 105 in 12-well cell
plates, stimulated with LPS (2.5 mg/mL) for 2 h, and treated with
preparations containing different concentrations of SOD and IND
for 4 h. The TNF-a expression in the cell lysates was measured by
TNF-a ELISA Kit. Finally, the fraction affected (Fa) versus
combination index (CI) plot was generated by CompuSyn soft-
ware version 1.0 (ComboSyn, Inc., Paramus, NJ, USA).
2.14. Pharmacokinetics

The animals were randomly divided into two groups (nZ 5). Free
DiR and DiR-Ab-INRplex were injected into the tail vein at a DiR
dose of 1.5 mg/kg. The orbital blood was taken at specific time
points, and the blood samples were centrifuged (1500�g for
5 min, TGL-16M, Cence, Hunan Xiangyi Instrument Co., Ltd.).
Finally, the fluorescence intensity in each supernatant was
measured using a multi-function microplate reader at the excita-
tion/emission wavelength of 730/790 nm. The pharmacokinetic
parameters were calculated by a non-compartmental model using
Phoenix WinNonlin 8.1 (Certara, Princeton, NJ, USA).

2.15. Biodistribution study

The LPS-induced ALI mice were randomly divided into three
groups (n Z 5) and injected with free DiR, DiR-INRplex, and
DiR-Ab-INRplex through the tail vein at a single DiR dose of
1.5 mg/kg. The animals were sacrificed at 4, 8, 12, and 24 h after
injection. The major organs were dissected for ex vivo imaging
(Ex: 768 nm; Em: 789 nm).

2.16. Pulmonary-endothelium targeting

The LPS-induced ALI mice were randomly divided into 3 groups
(n Z 5) and intravenously injected with free FITC, FITC-INRplex,
and FITC-Ab-INRplex at a single FITC dose of 1 mg/kg. Mice
were sacrificed at 4 h post-administration, and the lung tissues were
dissected. Then, the lung sections were successively incubated with
5% BSA solution for 1 h at room temperature, ICAM-1 primary
antibody (10 mg/mL) overnight at 4 �C, and CoraLite 594-labeled
secondary antibodies (1:100) for 1 h at room temperature. Finally,
the slides were visualized under a Leica upright fluorescence mi-
croscope (DM750, Wetzlar, Germany).

2.17. In vivo therapeutic efficiency

The animals were randomly divided into seven groups (n Z 5),
including saline (normal control), LPS (ALI model group), and the
differently treated-ALI model groups, namely IND, SOD, physical
mixture, INRplex, and Ab-INRplex, that received a single
intravenous-injection dose of preparations containing 4.8 mg/kg of
IND and/or 0.15 mg/kg of SOD. At 6 h after administration, the
lung tissues were harvested, fixed in 4% paraformaldehyde,
embedded in paraffin, and sliced into 5-mm sections. After
deparaffinization and dehydration, the lung sections were stained
with hematoxylin and eosin (H&E) for microscopic examination.

The lung tissue homogenates were prepared according to the
ELISA kits manufacturer’s instructions by homogenizing the tis-
sue pieces in fresh lysis buffer (w/v Z 1 mg: 50 mL) using a glass
homogenizer on ice. The total protein concentration was deter-
mined by the BCA protein assay kit. The inflammatory factors
were assessed using specific ELISA kits. ROS was measured using
a ROS assay kit, and the optical density was calculated using a
microplate reader (POLARstar, Omega, Germany) at 450 nm.

2.18. Statistical analysis

All results were presented as means � standard deviation (SD).
All statistical analyses were performed using SPSS 10.0 software
(IBM, Armonk, NY, USA). The difference between groups was
assessed by one-way analysis of variance (ANOVA) or Student’s t-
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test when appropriate. P values < 0.05 were considered to be
significant.
3. Results

3.1. Preparation and characterization of INRs, INRplex, and
Ab-INRplex

Different amounts of IND and ultrasonication conditions were
used to prepare the INRs using CLG as a stabilizer coating the
nanoparticles. The smallest particle size was obtained with an
ultrasonication of 400 W for 15 min and IND loading of 10 mg.
The optimized INRs with rod shape had a hydrodynamic diameter
of 160.5 � 1.23 nm and a surface charge of approximately
þ30 � 0.15 mV (Supporting Information Fig. S1A‒S1D). The
interaction between IND and CLG was examined using fluores-
cence spectroscopy. As shown in Fig. S1E, the maximum fluo-
rescence emission of CLG (lmax) was 340 nm, mainly attributed to
its tryptophans’ hydrophobic residues49. The incorporation of IND
in INRs led to a fluorescence quenching with a red shift of lmax

from 340 to 490 nm, regardless of IND loading, indicating a
strong interaction between CLG and IND. Remarkably, the fluo-
rescence intensity increased when the IND loading was
augmented from 5 to 20 mg due to the increased hydrophobic area
of the INRs complex that further facilitated the protein adsorption.
However, at high drug loadings (30e50 mg), the fluorescence
signal did not intensify because the protein tended to adsorb on the
hydrophobic surface of drug particles.

Also, CD spectroscopy was conducted to further understand
the interaction between CLG and IND (Fig. S1F). CLG exhibited
a typical spectrum with a broad minimum negative peak at
218 nm. Outstandingly, the IND loading influenced the CD
spectrum of CLG. When the IND loading increased from 0 to
30 mg, the intensity of the positive peak at 190 nm was
augmented, and the intensity of the negative peak at 208e225 nm
diminished, with a blue shift of CLG at 208 nm (span of 1 to
2 nm). Moreover, PXRD was performed to confirm the crystal-
linity of INRs. As shown in Fig. S1G, IND exhibited several
characteristic peaks between 3� and 40�. In contrast, no specific
peaks were observed for CLG due to its amorphous physical state.
The freeze-dried INRs displayed similar peaks as IND with no
obvious different peaks indicating that IND preserved its crys-
talline state, although the peaks of INRs were not as intense as the
raw powders, which may be attributed to the binding of CLG to
IND.

Next, SOD was loaded onto the optimized INRs through
electrostatic interaction to form INRplex. The gel electrophoresis
demonstrated that the band disappeared as CLG:SOD mass ratio
augmented from 1:1 to 64:1 (Supporting Information Fig. S2A),
indicating the increased binding of SOD onto INRs, which was
maximum when the ratios 32:1 and 64:1 were used. Alongside, the
INRplex diameter slightly decreased, and the zeta potential
increased due to the adsorption of the negatively charged SOD
(Figs. S2B and S2C). The CLG/SOD mass ratio 32:1 was chosen
to get a compromise between the SOD loading, INRplex size, and
charge (170.8 � 2.15 nm, þ20.3 � 0.53 mV). Then, the attach-
ment of anti-ICAM-1 antibody to INRplex was studied by
changing the CLG:SOD:Ab mass ratio. The particle size of Ab-
INRplex was proportionally augmented when the CLG:SOD:Ab
mass ratio increased while the surface charge gradually decreased
(Fig. 1A and B). The grafting efficacy of the anti-ICAM-1
antibody was affected by the feeding ratio (feed amount per
1 mg INRplex, Table S1). The greatest grafting efficacy (86.7%)
was demonstrated in the ratio of 15. The Ab-INRplex with the
ratio 32:1:1 was selected as the optimized formulation due to the
highest grafting Ab-efficacy and the suitability of its size
(237.0 � 1.16 nm) for pulmonary accumulation.

The final preparation displayed a slightly milky color but was
transparent and homogeneous in physical appearance. The
encapsulation efficiency of IND and SOD in the optimized
formulation was 64% and 76.8%, with drug loading of 39% and
2.3%, respectively. The TEM examination showed that INRs and
Ab-INRplex had rod-like morphology with particle diameters of
approximately 180 to 240 nm and with an aspect ratio of 6.5
(Fig. 1C and Fig. S1D). The size of Ab-INRplex at 37 �C didn’t
change significantly after 12-h incubation in serum (10% FBS)
(Fig. 1D). Ab-INRplex released 69.4% and 61.9% of IND within
24 h at pH 6.8 and 7.4, respectively (Fig. 1E). Similarly, about
60% SOD was liberated from the codelivery system after 24 h
with no significant difference as compared to IND, indicating the
synchronous release of the two drugs (Fig. 1F). The measurement
of the total SOD activity confirmed the maintained enzymatic
activity during the in vitro release study (Supporting Information
Fig. S3).

3.2. ICAM-1-targeting and enhanced intracellular delivery

First, an MTT assay was conducted to confirm the safety of INRs
on HUVECs and PASMCs (Supporting Information Fig. S4). The
ICAM-1 expression on HUVECs was evaluated quantitatively and
qualitatively. As depicted in Fig. 2A and B and Supporting
Information Fig. S5, normal HUVECs expressed a low ICAM-1,
whereas the expression was significantly upregulated after LPS
activation. Afterward, LPS-stimulated HUVECs were used to
evaluate the cellular uptake of naked SOD, INRplex, and Ab-
INRplex. As shown in Fig. 2C, Ab-INRplex intensified the red
fluorescence of SOD around the nuclei, indicating enhanced
cytoplasmic delivery. Flow cytometry analysis displayed that Ab-
INRplex increased the fluorescence by 40% compared to INRplex
(P < 0.01, Fig. 2D), demonstrating the ICAM-1-targeting.
Furthermore, the nanoparticle uptake was time-dependent in a 4-h
period (Supporting Information Fig. S6). Interestingly, the inter-
nalized Ab-INRplex displayed sustained release of the small
molecular drug in a 24-h period, releasing 19%, 28.5%, and 44.4%
of total IND at 4, 12, and 24 h, respectively (Supporting
Information Fig. S7). The data indicate that the IND nano-
crystals could be solubilized after uptake. In addition, Ab-INRplex
internalization could be mediated by caveolin/cholesterol-
dependent pathways, as depicted by the weakened green and red
fluorescence around the nucleus observed by CLSM after treat-
ment with the endocytosis inhibitors, nystatin and M-b-CD
(Supporting Information Fig. S8)48. In contrast to the clathrin
pathway that leads to the degradation of biological drugs in the
acidic lysosomal compartment, the caveolin/cholesterol-mediated
endocytosis avoids endo-lysosomal entrapment, thereby
increasing the cytosolic delivery of drugs50. The non-endo-
lysosomal detainment was confirmed by the few yellow spots
after merging the green fluorescence of preparation and the red
fluorescence of endo-lysosomes (Supporting Information Fig. S9).

To demonstrate the intracellular delivery of SOD, we measured
the protein level by ELISA. As indicated in Fig. 2E, the SOD level
in INRplex- and Ab-INRplex-treated groups were remarkedly
higher, whereas the free SOD and the physical mixture didn’t



Figure 1 Preparation and characterization of Ab-INRplex. (A) The nanoparticles’ particle size and (B) zeta potential with different

CLG:SOD:Ab mass ratios. (C) TEM examination. Scale bar: 100 nm. (D) Serum (10%) stability at 37 �C. In vitro release of (E) IND and (F) SOD

from Ab-INRplex at pH 7.4 and 6.8, n Z 3.
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increase the SOD level significantly compared to PBS- or INR-
treated cells. These results indicated that Ab-INRplex could
target LPS-activated HUVECs and improve intracellular delivery
of SOD.
3.3. Efficient anti-inflammatory and antioxidant effects in vitro

We evaluated the anti-inflammatory and antioxidant effects of the
preparations in LPS-induced HUVECs. The LPS activation
allowed a 3-fold increase in IL-6, TNF-a, and COX-2 expression.
Neither IND nor SOD treatment could significantly repress the
production of IL-6 with limited TNF-a inhibition. However,
INRplex and Ab-INRplex reduced the expression of IL-6 by 2 and
2.5-fold and TNF-a by 2.3- and 3-fold, respectively, compared to
the LPS-induced positive control (Fig. 3A and B), indicating an
efficient anti-inflammatory ability of the two preparations. IND
lessens inflammation by inhibiting COX-251. As shown in Fig. 3C,
Ab-INRplex downregulated COX-2 with the highest efficacy
among the IND-loaded preparations. Next, we investigated the
antioxidant efficacy of preparations by ROS-scavenging ability
using the ROS-sensitive probe DCFH-DA52,53. All SOD-
containing preparations decreased green ROS fluorescence
compared to the LPS-positive control, while weaker fluorescence
was found in INRplex- and Ab-INRplex-treated groups (Fig. 3D).
The quantitative analysis demonstrated that INRplex and Ab-
INRplex downregulated ROS levels by 2.1- and 2.8-fold
compared to the non-treated group; in contrast, the free SOD used
alone or in combination with IND reduced ROS 1.5-fold (Fig. 3E).
The data verified the robust ability of Ab-INRplex to relieve
inflammation and oxidative stress in activated endothelial cells.
3.4. In vitro synergistic effect between IND and SOD

The TNF-a inhibition in LPS-activated HUVECs was used to
study the synergy between the two drugs after treatment with IND,
SOD, or Ab-INRplex. As expected, the inhibition rate of TNF-a in
Ab-INRplex was significantly higher than IND or SOD used alone
(P < 0.001) (Supporting Information Fig. S10A). As depicted in
Fig. S10B, the combination index (CI) values of Ab-INRplex were
lower than 1, with CI less than 0.5 for Fa Z 0.2e0.90. CI < 1,



Figure 2 ICAM-1 expression and SOD intracellular delivery in LPS-activated HUVECs treated with different formulations. The ICAM-1

expression was evaluated qualitatively by (A) CLSM and quantitatively by (B) flow cytometry. The ICAM-1 was marked with CoraLite 594

labeled secondary antibody in red. ICAM-1 primary antibody and fluorescent secondary antibody dilution are 1:100 and 1:1000, respectively.

n Z 3, ***P < 0.001 compared to normal HUVECs. Cellular uptake of nanoparticles measured by (C) CLSM and (D) flow cytometry after

incubation of LPS-induced HUVECs with RITC-labeled SOD, INRplex, and Ab-INRplex for 4 h at a RITC dose of 10 mg/mL. nZ 3, **P < 0.01,

***P < 0.001, compared to the control and SOD groups; ##P < 0.01, compared to INRplex group. Scale bar: 10 mm. (E) SOD expression in LPS-

activated HUVECs determined by ELISA kit after incubation with different formulations containing 100 mg/mL of SOD for 4 h. n Z 3,

*P < 0.05, **P < 0.01, ***P < 0.001, compared with PBS; ##P < 0.01, ###P < 0.001, compared with SOD and physical mixture; &P < 0.05,

compared to INRplex group; ns, not significant. Scale bar: 10 mm.

4614 Yi Yang et al.
CI Z 1, and CI > 1 indicate synergistic, additive, or antagonistic
effects, respectively54. Consequently, the data revealed a syner-
gistic effect between the two drugs in Ab-INRplex.

3.5. Improved pharmacokinetics and prolonged blood
circulation

The plasma concentrations of Ab-INRplex were assessed by
detecting the fluorescence of DiR. The nanoparticles exhibited
higher fluorescence intensity for 24 h than free DiR (Supporting
Information Fig. S11). The pharmacokinetic behavior was
greatly improved, as shown in Table 1. The blood half-life (t1/2) of
DiR-Ab-INRplex was extended by approximately 35-fold
(P < 0.001), the area under the curve (AUC) increased by more
than 17-fold (P < 0.001), and the clearance was reduced 15 times
(P < 0.05), reflecting the prolonged blood circulation of the
nanoparticles compared with the free DiR that was rapidly elim-
inated. The improved pharmacokinetics of Ab-INRplex could be
ascribed to the Ab coating and rod-shaped structure. The Ab
coating compromises the protein-corona-caused elimination;
meanwhile, the rod-like particles could reduce phagocytosis by
the reticuloendothelial system55,56.

3.6. Enhanced lung accumulation and endothelium-targeting

For the investigation of lung accumulation, the nanoparticle
biodistribution was studied by ex vivo imaging. As displayed in
Fig. 4A and B, there was no significant difference between the
accumulation of free DiR and DiR-labeled nanoparticles
(INRplex and Ab-INRplex) in the heart, spleen, and kidneys.
Free DiR mainly accumulated in the liver, whereas the fluo-
rescence intensities of DiR-nanoparticles were significantly
higher in the lung. Besides, the pulmonary accumulation of
DiR-nanoparticles increased over time (4e24 h), indicating
their lung-targeting ability (Supporting Information Fig. S12).
The lung-targeting of the nanoparticle is related to the particle
shape39. Rod-like particles larger than 100 nm were more
internalized by endothelial cells, followed by their spherical,
cylindric, and cubic counterparts57. Also, rod-like particles have
shown enhanced tissue penetration and are prone to accumulate
in the lung after intravenous injection44,58. As expected, the
pulmonary distribution of Ab-INRplex was greater than the non-
targeted INRplex, which may be attributed to their anti-ICAM-1
moiety interacting with the overexpressed ICAM-1 on the pul-
monary endothelium and the resulting enhanced attachment.

To investigate the pulmonary-endothelium targeting, we
examined the nanoparticle accumulation at the pulmonary
endothelium at 4 h after administration by studying the coloc-
alization of FITC-labeled nanoparticles with the endothelial
marker ICAM-1 under the upright fluorescence microscope and
comparing it to free FITC and FITC-INRplex groups. As
depicted in Fig. 5A, yellow fluorescence spots appeared after
merging the fluorescence of FITC-labeled preparations (green)
and ICAM-1 stained in red, demonstrating the targeting ability



Figure 3 In vitro anti-inflammatory and anti-oxidant effects. (A) IL-6, (B) TNF-a, and (C) COX-2 expression measured by ELISA. (D) CLSM

images of DCFH-DA probed LPS-activated HUVECs. (E) ROS expression assayed by flow cytometry. The HUVECs were activated with LPS

(2.5 mg/mL) for 2 h before 4-h treatment with IND, SOD, IND/SOD, INRplex and Ab-INRplex containing 3.2 mg/mL of IND and/or 100 mg/mL

of SOD. The ROS-sensitive probe DCFH-DAwas used to detect the intracellular ROS levels at a concentration of 5 mM. The data are expressed as

mean � SD, nZ 5; *P < 0.05, **P < 0.01, ***P < 0.001, compared with the LPS group without treatment; #P < 0.05, ##P < 0.01, ###P < 0.001,

compared with IND or SOD groups, &&P < 0.01, &&&P < 0.001, compared with physical mixture group, ns, not significant. The PBS group is the

normal HUVECs without LPS activation. The LPS group was the activated HUVECs treated with PBS. Scale bar: 10 mm.
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of the nanoparticles. At the same time, the free FITC group
displayed a weak green fluorescence and slight yellow fluores-
cence after merging channels. Remarkably, the difference be-
tween the FITC-Ab-INRplex and FITC-INRplex was significant
(P < 0.001, Fig. 5B), confirming the enhanced targeting ability
due to the anti-ICAM-1 coating. The data indicated that the
nanoparticle shape and coating of the specific ligand Ab
contributed to the endothelium targeting.

3.7. Alleviated pulmonary inflammation and oxidative stress in
the ALI model

ALI represents a severe pulmonary inflammation disease with a
high mortality rate. Herein, we used an LPS-induced model to
assess the anti-inflammation and antioxidant effects of the prep-
arations. As shown in Fig. 6A, LPS stimulation significantly
increased the alveolar wall thickness, alveoli congestion, and in-
flammatory cell infiltration. Consistently, the expression of the
inflammatory and oxidative stress factors, TNF-a, IL-6, COX-2,
and ROS, in the LPS model increased 1.5-fold compared to the
normal group. The groups treated with the free drugs, IND, SOD,
or their physical mixture didn’t significantly differ from the LPS
group. In contrast, INRplex and Ab-INRplex considerably
inhibited inflammatory-cell infiltration and reduced the alveolar
wall thickness (4- and 8-fold, respectively) compared to the LPS
group (Fig. 6A and B). Moreover, the two nanosized preparations
significantly lessened inflammation and relieved oxidative stress.
Particularly, Ab-INRplex downregulated the expression of TNF-a,



Table 1 Pharmacokinetic parameters of Ab-INRplex after intravenous injection (n Z 5).

Formulation t1/2 (h) AUC0–t (mg$h/L) AUC0–N (mg$h/L) CL (mL/h/kg) Vd (mL/kg)

Free DiR 0.33 � 0.13 0.67 � 0.09 1.50 � 0.14 5.01 � 0.79 78.13 � 13.92

DiR-Ab-INRplex 11.53 � 1.57*** 11.45 � 2.55*** 14.70 � 2.45*** 0.34 � 0.06* 5.91 � 0.55**

AUC, the area under the curve; CL, the clearance rate; Vd, the apparent volume of distribution. The data are expressed as mean � SD, n Z 5;

*P < 0.05, **P < 0.01, ***P < 0.001 compared with the free DiR group.

Figure 4 Biodistribution of DiR-labeled nanoparticles in LPS-induced ALI model. (A) Tissue distribution of DiR labeled nanoparticles at 4, 8,

12, and 24 h post-administration at a DiR dose of 1.5 mg/kg. (B) The semi-quantitative fluorescence intensity. The data are expressed as

mean � SD, nZ 3, *P < 0.05, **P < 0.01, ***P < 0.001, compared with free DiR; #P < 0.05, ##P < 0.01, compared with DiR-INRplex; ns, not

significant.
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IL-6, COX-2, and ROS by approximately 2-fold for TNF-a, 3-fold
for IL-6, 1.5-fold for COX-2, and 1.4-fold for ROS compared with
the physical mixture preparation (Fig. 6CeF). It is worth noting
that Ab-INRplex exhibited an enhanced anti-inflammatory effect
over INRplex, implying that pulmonary-endothelium targeting is
essential for preparations to exert efficacy at a specific
administration dose. Additionally, its single intravenous injection
did not cause additional inflammation in the normal lung, indi-
cating its safety (Supporting Information Fig. S13). Collectively,
the results demonstrated that INRplex and Ab-INRplex could
effectively ameliorate pulmonary inflammation and oxidative
stress in the lung inflammation model.



Figure 5 Pulmonary-endothelium targeting in LPS-induced ALI model. (A) Co-localization (yellow) of FITC-dyed Ab-INRplex (green) with

the pulmonary-endothelium (red) stained with ICAM-1 primary antibody (10 mg/mL) and CoraLite 594 (1:100) secondary antibody. (B) The

semi-quantitative analysis of the fluorescent images by “Image J” software. The data are expressed as mean � SD, n Z 3, ***P < 0.001,

compared with free FITC; ###P < 0.001, compared with FITC-INRplex, ns, not significant. Scale bar: 100 mm.
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4. Discussion

This study provided an effective pulmonary endothelium-targeted
platform using rod-like drug crystals as a “vector”. Pulmonary
endothelium injury and the resultant lung inflammation are vital
drivers of various lung diseases such as ALI/ARDS, pulmonary
hypertension, and thrombosis37,59,60. Accordingly, pulmonary
endothelium-targeted therapy against inflammation is increasingly
attractive. To improve endothelium-targeting, scientists usually
associate the endothelial-target ligands such as platelet/endothelial
cell adhesion molecule 1 (PECAM-1), vascular cell adhesion
molecule-1 (VCAM-1), and ICAM-1 antibodies with nanocarriers,
including liposomes and lipid nanoparticles61e63. Differing from
the “soft” drug carriers with elastic deformation, we found that the
“hard” rod-like drug crystal-based nanoparticles, INRplex and Ab-
INRplex with a length diameter of 170e230 nm, efficiently tar-
geted the pulmonary endothelium, along with enhanced targeting
ability due to anti-ICAM-1 coating. Several factors contributed to
the pulmonary-endothelium targeting of the developed nano-
particles. Elongated particles favor adhesion to the lung-
microvascular vessels under flow situations due to an increase in
surface area and the resultant shape-stimulated improvement of
vascular attachment compared to sphere-shaped particles64.
Moreover, the elongated particles decreased phagocytosis and
displayed prolonged circulation time55,56. The pharmacokinetic
results in Table 1 show that the nanoparticle blood half-life was
extended 35-fold compared to the free dye, with a 13-fold
decrease in the apparent volume of distribution (Vd). The data
imply the nanoparticle phagocytosis by mononuclear$cells and
biodistribution was markedly compromised. A previous report
also indicated that the rod-shaped drug crystals of insoluble drugs
with a diameter of 160e500 nm in length were hardly internalized
by cells40. Additionally, we uncovered that the coating of anti-
ICAM-1 antibodies increased the INRplex accumulation in the
pulmonary endothelium by 1.5-fold, highlighting the importance
of ligand modification for the targeting of rod-shaped particles.
Unlike other rod-shaped particles prepared from inorganic or
organic materials, the present nanoplatform based on rod-like drug
crystals demonstrated high drug-loading capacity (41%, w/w)
compared with the traditional carriers (3%e5%). Overall, the
platform’s ability to target the pulmonary endothelium is mainly
ascribed to the nanoparticle shape and the coating of anti-ICAM-
1. Our platform possesses promising potential against
endothelium-associated diseases, such as ALI/ARDS, atheroscle-
rosis, and pulmonary arterial hypertension.

Another finding of our study is that efficient codelivery of IND
and SOD to target the pulmonary endothelium could significantly
attenuate serious lung inflammation (ALI). Due to insufficient
drugs reaching the injury site, the clinical ALI treatment is not
always effective as expected. For example, the data in Fig. 6
revealed that the administration of free drugs or their combina-
tion allowed modest alleviation in lung inflammation. A recent
report also indicated that free dexamethasone did not significantly
ameliorate the lung inflammation response, whereas improved
lung delivery of dexamethasone using nanoparticles relieved the
inflammation with higher efficacy65. Several reports stated that
pulmonary-endothelium dysfunction is closely linked to lung
inflammation diseases such as ALI and pulmonary hyperten-
sion37,59,60,66. Here, we found that endothelium-targeted codeliv-
ery of IND and SOD using the nanoplatform effectively alleviated
the inflammation and reduced the alveolar wall thickness in the
LPS-induced ALI model. The enhanced anti-inflammation effect
of the nanoparticles was predominantly ascribed to the improved
intracellular trafficking, the synergy between IND and SOD,
pulmonary endothelium-targeted codelivery, prolonged lung
retention, etc. Even at 24 h post-injection, the INRplex and FITC-
INRplex resided in the lung, probably owing to their caveolae-
mediated endocytosis that facilitated endothelial endocytosis and
tissue distribution67,68. Similar to our previous studies, IND
crystals allowed sustained drug dissolution and reduced elimina-
tion and metabolism, extending the retention time40,47,69. The
intracellular delivery pathway of nanoparticles is another crucial
factor determining their efficiency. SOD, a protein drug, demon-
strated robust potency against endothelial inflammation; however,
its intracellular delivery is challenging due to high molecular
weight, poor membrane penetration, and instability in the diges-
tive endosomes/lysosomes70,71. The study found that INRplex and
Ab-INRplex could enter the cells via the caveolae pathway,
avoiding the entrapment in the endo-lysosomal compartment,
particularly for biologics prone to degradation in acidic environ-
ments47. Noticeably, the intracellular drug crystals of poorly
water-soluble drugs can maintain >7 h drug release compared to
the traditional drug carriers releasing their cargos within several
minutes due to lysosomal entrapment69. Accordingly, the



Figure 6 In vivo therapeutic efficiency in the LPS-induced ALI model. (A) Representative microscopy images of H&E-stained lung sections

harvested at 6 h after a single intravenous injection. The blue, black, and red arrows indicate the alveolar wall, neutrophil infiltration, and alveolar

congestion. (B) Semi-quantitative data of the alveolar wall thickness. (C) IL-6, (D) TNF-a, (E) COX-2, and (F) ROS expression. The dose of IND/

SOD was 4.8/0.15 mg/kg, according to the body weight. The data are expressed as mean � SD, n Z 5, *P < 0.05, **P < 0.01, ***P < 0.001,

compared with the LPS group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with IND or SOD groups; &P < 0.05, &&P < 0.01, &&&P < 0.001,

compared with physical mixture group; $$$P < 0.001, compared with INRplex group, ns, not significant. Scale bar: 70 mm.
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sustained drug release from the internalized nanoparticles may
contribute to enhanced anti-inflammation and synergistic effects.

5. Conclusions

In this study, we developed a pulmonary endothelium-targeted
codelivery system of the anti-inflammatory IND and antioxidant
SOD, prepared by assembling SOD onto the rod-like pure IND
crystals and having an extremely high drug-loading capacity. The
targeted codelivery system allowed prolonged blood circulation,
effective lung accumulation over time, and pulmonary
endothelium-targeting with high efficacy. Moreover, the system
could ameliorate the severe lung inflammation in the LPS-
induced ALI model by downregulating the inflammatory/oxida-
tive stress factors. Collectively, the present codelivery system
can target the pulmonary endothelium and efficiently relieve
lung inflammation. We provided a promising strategy to combat
pulmonary endothelium-related diseases.
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