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Acute lung injury (ALI) or its aggravated stage acute respiratory distress syndrome (ARDS)
is a common severe clinical syndrome in intensive care unit, may lead to a life-threatening
form of respiratory failure, resulting in high mortality up to 30–40% in most studies.
Nanotechnology-mediated anti-inflammatory therapy is an emerging novel strategy for the
treatment of ALI, has been demonstrated with unique advantages in solving the dilemma of
ALI drug therapy. Artesunate (ART), a derivative of artemisinin, has been reported to have
anti-inflammatory effects. Therefore, in the present study, we designed and synthesized
PEGylated ART prodrugs and assessed whether ART prodrugs could attenuate
lipopolysaccharide (LPS) induced ALI in vitro and in vivo. All treatment groups were
conditioned with ART prodrugs 1 h before challenge with LPS. Significant increased
inflammatory cytokines production and decreased GSH levels were observed in the LPS
stimulated mouse macrophage cell line RAW264.7. Lung histopathological changes, lung
W/D ratio, MPO activity and total neutrophil counts were increased in the LPS-induced
murine model of ALI via nasal administration. However, these results can be reversed to
some extent by treatment of ART prodrugs. The effectiveness of mPEG2k-SS-ART in
inhibition of ALI induced by LPS was confirmed. In conclusion, our results demonstrated
that the ART prodrugs could attenuate LPS-induced ALI effectively, and mPEG2k-SS-ART
may serve as a novel strategy for treatment of inflammation induced lung injury.

Keywords: acute lung injury, artesunate, drug delivery, lipopolysaccharides, micelles, PEGylation, prodrug

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a common syndrome of respiratory failure with high
rates of morbidity and mortality, which is a cascading process developed from acute lung injury
(ALI), regarded to be induced by noncardiogenic pulmonary edema and hypoxemia, which often
requires for mechanical ventilation on critically ill patients (Matthay et al., 2019). The development
of ARDS is commonly associated with indications such as bacterial and viral pneumonia, smoking or
chemical induced inhalation injury, and nonpulmonary infections, including sepsis syndrome, severe
trauma, shock, aspiration of gastric contents, as well as pancreatitis, drug reactions and fat
embolismic (Rehberg et al., 2009; Sakai et al., 2014). Nearly 150,000 people were diagnosed with
ARDS in the United States each year, and 75,000 deaths were reported in the US annually (Bellani
et al., 2016; Butt et al., 2016). However, the treatment for this syndrome remains quite challenging
despite of decades of efforts on intensive basic and clinical research (Ashbaugh et al., 1967; Huppert
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et al., 2019). Noting that in most cases about the progression of
ALI to ARDS develop within 2–5 days of hospitalization,
therefore, the interruption of the progression from ALI to
ARDS is greatly preferred (Gajic et al., 2011; Ruthman and
Festic, 2015). With increasing in-depth studies of ALI/ARDS,
significant breakthroughs have been made (Shaw et al., 2019),
however, none of them were effective in clinical trials, and the
mortality rate remains high (He et al., 2021).

Acute lung injury (ALI) is a lung disease characterized by
pulmonary edema caused by inflammatory imbalance and
destruction of alveolar/capillary barrier (Ranieri et al., 2012).
Inflammatory responses are the physiological reflection of the
body to various pathological damages and stimuli. It is generally
regarded that uncontrolled inflammation of the lungs or the
whole body is the main pathogenesis of ALI/ARDS. During the
process, cells including polymorphonuclear neutrophils (PMNs),
macrophages, vascular endothelial cells (VEC) and alveolar
epithelial cells are involved. The PMN, VEC, macrophages and
platelets can be activated to produce inflammatory cyto-
chemokines such as tumor necrosis factor (TNF-α),
interleukin 1β (IL-1β), interleukin 6 (IL-6) and interleukin 8
(IL-8) (Luo et al., 2020). It has been demonstrated that
inflammatory cyto-chemokines play important roles in lung
injury and the innate immune responses (Baradaran Rahimi
et al., 2019). Therefore, regulating exaggerated inflammatory
response significantly promotes good prognosis. At present,
various drugs with anti-ALI effect, such as dexamethasone,
prednisone and ulinastatin, are widely used in the treatment of
ALI. However, these drugs exert a variety of side effects, including
irregularities of menstruation, hypokalaemia, cyclecoagulation
dysfunction, gastric ulcers and osteoporosis, which greatly
limited their clinical applications (Mokra et al., 2019).
Therefore, it is very important to introduce new technology
for ALI therapy with high efficacy, less toxicity and side effects.

In recent years, researchers have been devoted to developing
delivery strategies to improve the efficacy of nanotechnology in
the treatment of lung diseases. Various nanoparticle-based drug
delivery systems, such as polymeric micelles (Wang M. et al.,
2020), lipid (de Oliveira et al., 2019), nanocapsules (Chana et al.,
2015; Lorenzoni et al., 2019)and nanogel (Ferrer et al., 2014;
Merckx et al., 2018) have been used to promote drug delivery to
the lungs. For example, Zhang et al. developed a new pH-
responsive drug delivery system to target inflammatory lungs
for ALI therapies. In the ALI mouse model, the nanoparticles can
selectively target inflamed endothelium and the lungs after
intravenous injection, thus mitigating lung inflammation and
injury (Zhang et al., 2019). Kaczmarek reported degradable
polymer–lipid nanoparticles with improved serum stability,
which was capable of delivering mRNA to the mouse lungs
after intravenous administration (Kaczmarek et al., 2016).
Using a LPS-induced ALI mouse model, a novel class of
peptide-coated gold nanoparticles was able to protect lung
from injuries through reducing M2 macrophage polarizations
and effectively regulating lung inflammation (Wang L. et al.,
2020). A polydopamine nanoparticle was reported acting as a
ROS scavenger with remarkable therapeutic effect on acute
inflammation-induced injury in both acute peritonitis and ALI

murine models (Zhao et al., 2018). Pulmonary drug delivery is a
feasible way of drug targeted therapy, due to the surface area of
lung epithelium > 100 m2 and the thickness of epithelial cell layer
< 1 μm, which provides an attractive target for systemic drugs
delivery. Nanodrugs could improve drug targeted delivery by
achieving a high distributed drug content in alveolus pulmonis
(Newman, 2017). Therefore, nanotechnology mediated anti-
inflammatory therapy for pulmonary drug delivery is
becoming a new strategy for the treatment of ALI.

Artesunate (ART), a water-insoluble derivative of artemisinin,
the WHO first-line therapy for most malaria-endemic countries.
In addition to its inherent antimalarial activity, ART also exerts
various pharmacological activities such as anti-inflammation
(Zhang et al., 2020), anticancer (Jiang et al., 2018) and
immunomodulation properties (Huang et al., 2019). However,
the poor water solubility, short half-life, low bioavailability and
growing drug resistance limited the clinical application of
artesunate in other indications (Noedl et al., 2008). LPS is one
of the major component of cellular membranes of Gram-negative
bacteria, which can induce potent inflammatory response leading
to lung injury. Multiple studies have demonstrated ART could
protect against LPS-induced ALI by inhibiting inflammatory
mediator production (Cao et al., 2016; Zhao et al., 2017).

Polyethylene glycol (PEG) was widely used as a protective
coating on nanoparticles to evade immune clearance and extend
the circlation time of drugs. In this study, we designed and
synthesized PEGylated ART prodrugs (mPEG-ART) and
PEGylated ART prodrugs coupled with disulfide bond
(mPEG-SS-ART) (Scheme 1), and assessed whether ART
prodrugs could effectively attenuate LPS-induced ALI in vitro
and in vivo. Our results demonstrated the ART prodrugs can
effectively alleviate LPS-induced ALI compared with free ART,
hinting the potential application of the ART prodrugs for anti-
inflammatory purposes.

MATERIALS AND METHODS

Chemical Reagents
Methoxypoly (ethylene glycol) (mPEG, Mw = 2kD and 5kD)
was purchased from Sigma-Aldrich (St. Louis, MO,
United States). Artesunate (ART) was obtained from
Macklin (Shanghai, China). Dihydroartemisinin is a product
of Herbest (Baoji, Shaanxi, China). Bis(2-hydroxyethyl)
disulfide was provided by Alfa Aesar (Shanghai, China).
Succinic anhydride (SA), 4-dimethylaminopyridine (DMAP)
and pyrene were purchased from Aladdin (Shanghai, China).
N,N′-dicyclohexylcarbodiimide was obtained from Adamas
(Shanghai, China). Lipopolysaccharide (LPS) and esterase
was purchased from Sigma-Aldrich. 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), fetal bovine
serum (FBS), dulbecco’s modified eagle medium (DMEM)
and trypsin-EDTA were obtained from Gibco (Langley, OK,
United States). Tumor necrosis factor alpha (TNF-α),
interleukin-6 (IL-6) and interleukin-1β (IL-1β) were
obtained from R&D systems (Minneapolis, MN,
United States). Myeloperoxidase (MPO) was purchased
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from Lianke-Bio (Hangzhou, Zhejiang, China). All other
chemicals were of analytical or HPLC grade and were used
as received.

Polymer Prodrugs Synthesis and
Characterization
mPEG2k-ART andmPEG5k-ARTwere synthesized by coupling of
the carboxyl group of ART and the hydroxyl group of mPEG2k or
mPEG5k, respectively. Briefly, 1 mM of mPEG2k or mPEG5k was
reacted with an excess of ART by activation with an excess of
dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP) in 10 ml dichloromethane (DCM) and allowed to react
at RT for 24 h. The reaction solution was filtrated through
0.22 μm filter to remove the precipitates. The solvent in the
resultant solution was then removed by rotary evaporation at
50°C. The gel like product was dissolved in acetone and subjected
to a dialysis bag (MWCO 1000) for purification against DI water
for 48 h, and was lyophilized.

mPEG2k-SS-ART and mPEG5k-SS-ART were prepared
through the following procedure. Firstly, 1 mM of mPEG2k

and excess of SA were activated by DCC/DMAP following the
similar protocol as aforementioned to obtain carboxyl group
terminated mPEG2k-COOH. Then the product was purified
using dialysis bag (MWCO 1000) in DI water for 48 h and was
lyophilized. Secondly, 1 mM ART and excess of bis(2-
hydroxyethyl) disulfide (HEDS) were activated by excess of
DCC/DMAP in 10 ml DCM at RT for 24 h. The solution was
filtrated and the filtrate was reacted with activated mPEG2k-
COOH under the excess amount of DCC/DMAP at RT
for24 h mPEG2k-SS-ART was obtained by purification as
depicted as aforementioned. The synthesis of mPEG5k-SS-
ART was followed with a similar protocol as that of mPEG2k-
SS-ART.

1H NMR spectra of polymers were obtained by a
BrukerAscendTM 600 MHz NMR spectrometer (Billerica, MA,
United States) in CDCl3 at 25°C.

The drug loading content (LC) was determined by Agilent
1,260 high performance liquid chromatography (HPLC, Santa
Clara, CA, United States) equipped with an Agilent C18 column
(4.6 × 250 mm, 5 μm, column temperature 30°C), with a mobile
phase of acetonitrile/phosphoric acid solution (pH 3.0) (52:48,
v/v) and a flow rate of 1.0 ml/min. A weighed number of
lyophilized micelles was dissolved in methanol and subjected
to HPLC detection via a UV detector at 210 nm, as compared to a
calibration curve of ART in the mobile phase. The LC was
calculated according to the following equation:

LC � weight of drug in the polymer
weight of polymer prodrug

× 100%

Preparation and Characterization of
Polymer Prodrug Micelles
The as-prepared polymer prodrugs could be self-assembled into
polymer micelles in aqueous milieu. The polymer micelles were
prepared by the thin-film hydration according to previous
protocol (Chen et al., 2017).

The critical micelle concentration (CMC) of the polymer
prodrugs was determined by fluorescence spectroscopy using
pyrene as a probe (Chen et al., 2017). The emission
wavelength was set at 390 nm with excitation slit and emission
slit of 1.0 and 10 nm, respectively. The excitation intensities at
wavelength range from 300 to 360 nm were measured using a
HITACHI fluorescence spectrophotometer (F-2k, Tokyo, Japan).
The concentration of the polymers solution was varied from 1.0 ×
10−5 to 1.0 mg/ml containing 6 × 10−8 M of pyrene. The
fluorescence intensity ratio of I336/I334 was calculated against

SCHEME 1 | The schematic illustration of the fabrication of the ART-prodrug nanoparticles for improved therapeutic efficacy in the treatment of ALI mice.
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polymer concentration to determine CMC. The size and size
distribution of the micelles were measured with a Malvern
Zetasizer (Nano ZS90, Worcestershire, United Kingdom) with
a detection angle at 90°. The stability of the as-prepared polymer
micelles was also monitored on the Zetasizer under physiological
conditions at 25 and 37°C, respectively. The morphology and
structure of the polymer micelles were observed using a
HITACHI H7650 (Tokyo, Japan) transmission electron
microscope operated at an acceleration voltage of 80 kV. The
samples were prepared by dipping 0.1 wt% sample solution onto
TEM grids and air dried.

In Vitro Drug Release
The release of ART from the prodrugs was characterized
according to our previous study (Chen et al., 2017). In short, a
fixed amount of mPEG2k-ART or mPEG5k-ART micelle (with an
ART dosage of 2 mg) was reconstituted in 2 ml PBS with or
without the addition of esterase, and was sealed in a dialysis
tubing (MWCO 1000) and incubated in 20 ml PBS at pH 7.4. The
drug release was carried out at 37°C in an incubator shaking
horizontally at 100 rpm. The release medium was completely
removed and supplemented with fresh PBS at predetermined
time intervals. The ART concentration in the medium was
recorded with HPLC with a UV detector operated at 210 nm.
The cumulative released drug was integrated from each
measurement.

The release of ART from mPEG2k-SS-ART or mPEG5k-SS-
ART prodrugs was same to that of mPEG2k-ART except that the
esterase was replaced by 10 mM glutathione (GSH).

Cell Culture
Mouse RAW264.7 cells (the Cell Resource Center of the
Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences, Beijing, China) were used and maintained
in DMEM supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin–streptomycin at 37°C, 5% CO2 and 95%
humidity.

Enzyme Linked Immunosorbent Assay
RAW264.7 cells were cultured in DMEM supplemented with 10%
fetal bovine serum and 1% antibiotics (100 U/mL penicilin and
100 μg/ml streptomycin, Life Technologies) at 37°C with 5% CO2.
Cells were seeded in 24-well plates with a density of 2 × 105/well
and were treated with PEGylated prodrugs at various ART
concentrations (0, 1, 5, 10, 20, 50 μg/ml). 1 h after treatment
the cells were challenged with LPS (200 ng/ml) for 6 h. Cell
culture supernatants were collected and centrifuged at
10,000 rpm for 10 min at 4°C, then subjected to ELISA of cells
secreted TNF-α, IL-1β, IL-6 and total GSH, according to the
manufacturer’s instructions (Multisciences Biotech, Hangzhou,
China).

Animals
Kunming mice (male, 4–5 weeks, Beijing Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China) were bred in
specific pathogen free (SPF) environment. Food and water
were available ad libitum. Animal studies were conducted

according to the Regulation on Experimental Animals of
China Academy of Chinese Medical Sciences.

In Vivo Pulmonary Anti-Inflamation
LPS-induced lung inflammation was investigated on Kunming
mice according to protocols reported previously (Ferretti et al.,
2003; Bohr et al., 2017). 35 mice were randomly divided into five
groups, seven mice per group. Mice were dosed intranasally with
10 mg/kg of ART, mPEG2k-ART, mPEG5k-ART, mPEG2k-SS-
ART, mPEG2k-SS-ART (1 µL drug solution/g of mice weight), or
saline alone, respectively. 1 h later, the mice were nasal
administered with LPS solution (1.25 mg/kg) using a pipet by
pacing the mice on their backs and allowing them for inhalation
of the solution through the nostrils (1 µL LPS solution/g of mice
weight). 0.9%NaCl solution was administered in the saline group.
The mice were euthanized 6 h later via an over dose of
pentobarbital (i.p. injection of 200 μL of pentobarbital
solution, 20 mg/ml) for bronchoalveolar lavage (BAL), and the
trachea was exposed from an incision and cannulated with a 22-
gauge catheter (BD biosciences). Subsequently, BAL was
performed by flushing the lungs with 1.0 ml PBS for 2 times
and was used for protein quantification and cell counting/
differentiation. The BAL was centrifuged at 2 k rpm for
10 min at 4°C, the supernatant was stored at −80°C for protein
quantification, and the pellets were pooled and resuspended in
fresh PBS.

Lung wet/dry Ratio
The water content of the lungs was measured following the
administration of LPS. The right lungs were excised, blotted,
and weighed to obtain the wet weight, then desiccated at 80°C for
24 h to obtain the dry weight. The wet/dry weight ratio was
calculated as an assessment of tissue edema.

Lung Histology
The lung tissues were collected and fixed in 4% paraformaldehyde
fixing solution. The tissues were dehydrated, embedded in
paraffin, sliced into 5 μm sections. The sections were stained
with hematoxylin and eosin (H&E) reagent and visualized under
a light microscope.

Myeloperoxidase Activity Assay
Lung tissues were harvested, rinsed, homogenized, and
centrifuged, then the supernatants were collected and
subjected to ELISA for determination of myeloperoxidase
(MPO) activity using the MPO activity colorimetric assay kit
(Biovision, Zurich, Switzerland).

Neutrophils Assay
The number of neutrophils in each lavage was counted by
Wright’s staining using hemocytometer slides. Bronchoalveolar
lavage fluid (BALF) samples were collected by flashing the lung
three times with 4 ml PBS through a tracheal cannula placed into
each mouse under anesthesia. Briefly, animals were sacrificed and
the chest was opened, a median sternotomy was performed, and
the trachea was isolated using a blunt dissection. Next, a suitable
small-caliber tube was inserted into the airway and secured. Then
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PBS solution was infused slowly into the lungs, and the BALF was
withdrawn into the tube. The fluid recovery rate was > 80%. The
lavage samples were centrifuged at 1,500 g for 10 min at 4°C.

Protein Quantification
The protein levels of IL-6, IL-1β, and TNF-α in the BAL were
quantified using ELISA. BAL supernatants were stored at −20°C
and were used directly or diluted (1:3, v/v) in assay diluent from
the kit, and the samples were prepared following the instructions
illustrated in the protocol of the kit. All samples were measured in
triplicate.

The concentration of TNF-α, IL-1β, and IL-6 in BALF was
measured using a commercial ELISA kit. The results were
expressed as pg/mL of BALF.

GSH Measurements
The lung tissue of mice was quickly frozen with liquid nitrogen
and ground into powder.The total GSH content of BALF and lung
tissue from mice in different treatment groups were determined
as the same as the aforementioned.

Statistical Analysis
Data were processed using GraphPad Prism 5.01 software (La
Jolla, CA, United States) and presented as mean ± standard
deviation (SD). Statistical analysis was performed using one-
way analysis of variance (ANOVA). Tukey’s post-hoc
comparisons were used for statistical comparisons. The
difference was regarded statistically significant as #p < 0.05
and *p < 0.05, very significant as ##p < 0.01, and extremely
significant as ###p < 0.001.

RESULTS

Synthesis and Characterization of
PEGylated Art Prodrugs
The poor solubility severely limits the bioavailability of ART both
in vitro and in vivo. At present, special agents or solvents such as
NaHCO3 have been used to prepare well-dissolved ART stock
solutions on account of their poor solubility but shows low
bioavailability. The significant effect of PEG-modification may
pave new roads in tackling these problems (Turecek et al., 2016).
The use of reduction-sensitive disulfide bond for GSH mediated
intracellular release has already been studied (Giri et al., 2005)
and proved (Wang et al., 2011) to be very effective in reducing off-
targeting effect. In this scenario, mPEG2k-ART and mPEG5k-
ART were synthesized by coupling of the carboxyl group of ART
and the hydroxyl group of mPEG2k and mPEG5k, using
dicyclohexylcarbodiimide and 4-dimethylaminopyridine (DCC/
DMAP) as catalysts to facilitate the synthesis of ART prodrugs
and achieve desirable drug grafting ratio, respectively
(Supplementary Figure S1A). mPEG2k-SS-ART and mPEG5k-
SS-ART were synthesized by conjugation of ARTwithmPEG2k or
mPEG5k by coupling with a disulfide bond containing molecule
using DCC/DMAP linkage chemistry via the formation of ester
bond, respectively (Supplementary Figure S1B). The molar ratio
of ART to total matrices was set as a minimum of 3.5:1 (mol/mol)

to ensure the successful ligation of one ART molecule to one
mPEG chain (Supplementary Table S1). The chemical structures
of the prodrugs were characterized by 1H NMR spectroscopy, the
appearance of peaks at 5.4 ppm (a, 1H), 5.8 ppm (b, 1H) and
2.8 ppm (g, S-CH2-CH2-), 4.4 ppm (f, S-CH2-CH2-) were
attributed to ART and HEDS, respectively. Particularly, a
prominent single peak at 3.4 ppm (e, -OCH3) appeared in the
spectrum of prodrugs, demonstrating the conjugation of ART
and HEDS with mPEG, respectively. The characterization with
1 H NMR spectroscopy revealed the ART prodrugs were
successfully synthesized (Supplementary Figure S2). The
hydrophobic core composed of ART was stabilized by the
cloaking mPEG chains, conferring “stealth” properties to the
nanosystems in the blood against clearance by the mononuclear
phagocyte system for prolonged circulation (Suk et al., 2016).
Noted that the inflamed tissues are typically associated with
increased reductive and oxidative stress (García et al., 2017).
Therefore, the release of ART frommPEG2k-SS-ART ormPEG5k-
SS-ART prodrugs could be mediated by inflammation-associated
reductive microenvironment. It is anticipated to realize both
prolonged systemic circulation and on-demand drug release,
therefore can improve the anti-inflammatory purposes.

The self-assembly behavior of the ART prodrugs in aqueous
milieu was evaluated by pyrene fluorescence spectrometry to
analyze the critical micelle concentration (CMC) of the
prodrugs, due to its high sensitivity to the surrounding polar
microenvironment. The intensity ratio (I336/I334) was
monitored as a function of ART prodrugs concentration. The
intensity ratio (I336/I334) exhibited significant increase with the
increase of the prodrug concentration, corresponding to the
formation of aggregates together with the accumulation of
pyrene into hydrophobic domains. It should be noted that the
as-prepared prodrugs exhibited very low CMC values. The CMC
values of mPEG2k-SS-ART and mPEG5k-SS-ART were 0.072 and
0.256 mg mL−1, respectively (Supplementary Figure S3).
However, the CMC values of mPEG2k-ART and mPEG5k-ART
were not obtained from pyrene fluorescence spectrometry. The
results suggested the self-assembly ability of the prodrugs in
aqueous medium at low copolymer concentrations. The
hydrodynamic diameter of the particles was monitored using
dynamic light scattering (DLS). The diameters of ART prodrugs
with ester linkages were fairly small with 3.72 and 5.18 nm for
mPEG2k-ART and mPEG5k-ART, respectively (Supplementary
Table S2). However, the diameters of mPEG2k-SS-ART and
mPEG5k-SS-ART increased significantly after disulfide bond
conjugation, with diameters of 41.04 and 106.35 nm,
respectively. The influence of the physiological environment
on the size of the prodrug micelles was investigated in PBS
(pH 7.4), it can be observed that the sizes of mPEG2k-SS-ART
and mPEG5k-SS-ART micelles decreased significantly in PBS
(Supplementary Figure S4), indicating the electrostatic
screening effect on the backbone of the prodrugs, leading to
more coiled molecular structure in PBS solution. As a
comparison, the diameter of mPEG2k-ART and mPEG5k-ART
prodrugs changed slightly after replacement of the medium from
DI water to PBS. Transmission electron microscopy (TEM)
revealed the spherical structure of the as-prepared micelles,
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which was in consistence with the results observed using DLS
(Supplementary Figure S5).

The stability of the ART prodrugs was investigated by
measurement of the micelles’ sizes during incubation at 25
and 37°C according to our previous protocol (Hao et al.,
2020). As shown in (Supplementary Figure S6), the mPEG2k-
ART and mPEG5k-ART micelles showed high stability in
hydrodynamic diameter within 48 h. However, significant
increase in the size of prodrugs was observed after elongation
of incubation to 72 h at 25°C, demonstrating the formation of
large aggregates. The mPEG2k-SS-ART and mPEG5k-SS-ART
micelles were stable at least within 12 h at both 25 and 37°C,
respectively. However, the sizes of the two prodrugs increased
significantly after 12 h incubation. The differences in the stability
of the prodrugs may be ascribed to the different speed of
degradation of ester linkage and disulfide bond (Qiao et al., 2011).

The ester bond can be degraded by esterase, which is abundant
in inflammatory tissues (Xu et al., 2008). The nanoparticle
carriers stably constrain their drug payloads during systemic
circulation but perform esterase-triggered rapid release of
drugs in inflammatory tissues (Wang et al., 2021).
Dihydroartemisinin (DHA) is an active metabolite of ART.
The ART loading content (LC) of the as-prepared prodrugs
could be determined by measurement of the DHA content in
the presence of porcine liver esterase. As shown in
Supplementary Table S1, the LC of ART prodrugs were
ranged from 1.4 to 5.7% as determined by HPLC, respectively,
which was not in consistence with the result calculated from the
1H NMR data, hinting the incomplete dissociation of ART from
the respective prodrugs in the current incubation milieu.
Therefore, longer incubation time or more esterase would be
needed to completely degrade the prodrugs for ART release.
However, the solubility of ART was greatly enhanced by the
current mPEG modification strategy.

The sustained drug release profile from therapeutic
nanoparticles after intravenous administration is particularly
important for improving the pharmacokinetics and
biodistribution of therapeutic agent (Attia et al., 2013). The
in vitro release study is important to evaluate whether or not
that the prodrugs could release their payload after taken up into
cells (Qiao et al., 2021). Considering the formation of drug
conjugates via an ester bond or disulfide bond, in this study,
the release behavior of ART from the prodrugs was investigated
via dialysis method in PBS at 37°C (pH 7.4, with or without
esterase for mPEG-ART, with or without GSH for mPEG-SS-
ART) to mimic the in vivo physiological conditions of blood and
cells, respectively. As shown in Supplementary Figure S7, a burst
release was observed from mPEG2k-ART in PBS with esterase in
8 h and approximately 75% of the drug released. As a comparison,
only 27.1% of drug was released from mPEG2k-ART in PBS
without esterase even after 24 h of incubation, indicating the
accelerated drug release profile in the assistance of esterase.
However, similar release profiles were observed for mPEG5k-
ART in PBS with or without esterase, with cumulative drug
released amount of 55.6 and 52.1%, respectively. This can be
explained that the more coiled structure of mPEG5k-ART may
impede the access of esterase to the ester bond between mPEG

and ART. Subsequently, the drug release profiles of the redox-
responsive prodrugs of mPEG2k-SS-ART and mPEG5k-SS-ART
were also investigated. A burst release profile was observed for
mPEG2k-SS-ART in PBS with the existence of GSH after
incubation for 8 h with 50.7% of drug was released, due to the
disintegration of disulfide bond under GSH. In comparison, only
26.8% of drug was released from mPEG2k-SS-ART in PBS without
GSH even after 24 h of incubation. As a contrast, similar release
profiles of mPEG5k-SS-ART were observed in PBS with or without
the addition of GSH, with cumulative drug released amount of 47.2
and 34.3%, respectively, which should be ascribed to the more
entangled molecular structure of mPEG5k.

ART prodrugs downregulate LPS-induced inflammatory
mediators in RAW264.7 cells. The release of inflammatory
cytokines plays an essential role in inflammatory process,
therefore, the mediation effect of ART prodrugs on the
released cytokines from macrophages was investigated.
RAW264.7 cells were pretreated with various concentrations of
ART prodrugs for 1 h, and stimulated with LPS for 6 h, after
which the secretion of TNF-α, IL-1β, and IL-6 in the culture
medium was analyzed by ELISA. A significant increase of
intracellular inflammatory cytokine levels was observed in the
macrophages after stimulation with 200 ng/ml of LPS, as
compared to that of the non-stimulated cells. The cytokine
levels decreased significantly after treatment by free ART,
demonstrating the anti-inflammatory effect of the free drug
(Figure 1). Significant downregulation of the cytokines such as
TNF-α, IL-6 and IL-1β was observed in the cells treated by
mPEG2k-ART, mPEG5k-ARTand mPEG2k-SS-ART,
respectively. However, mPEG5k-SS-ART showed negligible
anti-inflammatory effect at all concentrations investigated. The
TNF-α expression can be significantly downregulated by ART
and mPEG2k-SS-ART at 5 μg mL−1 (p <0.001) (Figure 1A), with
0.86 and 0.82 fold decrease, respectively. The ART, mPEG2k-ART
and mPEG2k-SS-ART groups showed potent inhibitory effect on
IL-6 even at 1 μgmL−1 (p <0.01) (decreased by 0.90, 0.91, and 0.90
fold, respectively). mPEG5k-ART and mPEG5k-SS-ART exhibited
slight inhibition on IL-6 expression at 20 μgmL−1 and 50 μgmL−1

(p <0.001, p <0.01) (Figure 1B). For IL-1β mediation, mPEG2k-
SS-ART showed significant modulation effect as compared to free
ART, whereas both ART and mPEG2k-SS-ART exhibited potent
inhibitory effects at some concentrations (10 μg mL−1, 5 μg mL−1,
p <0.001). However, mPEG5k-SS-ART exhibited inhibitory effects
only at higher concentrations (50 μg mL−1, p <0.05) (Figure 1C).
The present study showed that the cytokine levels were
downregulated more efficiently by the mPEG2k-SS-ART than
that of the free ART and other ART prodrugs, hinting the
inflammation can be effectively inhibited by mPEG2k-SS-
ARTprodrug at concentrations as low as 10 μg mL−1.

ART prodrugs protect cells by elevation of intracellular GSH
level. Glutathione (GSH) is themost abundant non-protein thiol that
defends against oxidative stress but suffers depletion during the
inflammatory responses. As shown in Figure 2, the intracellular
GSH level was significantly decreased upon LPS stimulation, but that
decrease was significantly attenuated in groups co-treated with ART
or mPEG2k-SS-ART. GSH levels in groups co-treated with ART and
mPEG2k-SS-ART were 1.79 and 1.99 fold increased compared with
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LPS group, respectively (at 20 μg mL−1). However, no significant
upregulation effect on GSH level was observed in the groups of
mPEG2k-ART, mPEG5k-ART and mPEG5k-SS-ART, respectively,
which might be ascribed to the steric hindrance of mPEG chains
which hinders the cellular uptake (Męczyńska-Wielgosz et al., 2016).
Our results demonstrated that ART and mPEG2k-SS-ART can
effectively elicit compensation to oxidative stress by upregulation
of GSH levels.

In Vivo Pulmonary Inflamation Inhibition
For ALI treatment, nanodrugs are mainly administrated
through intrapulmonary or the intravenous route. For the
intrapulmonary route, the increase of lung permeability in
the pathological environment of ALI may contribute to
nanodrug-mediated passive targeted delivery (Newman,
2017). Nanodrugs are easy to penetrate the mucus layer and
pass through the cell membrane (Lin and Dean, 2011).
Therefore, the anti-inflammatory effect of the as-prepared
ART prodrugs was investigated on LPS-induced ALI model

FIGURE 1 | The effect of ART-prodrug treatment on the expression of TNF-α (A), IL-6 (B) and IL-1β (C) in LPS stimulated RAW264.7 cells. The values were
presented as mean ± SD from three independent experiments (n = 3). At the same concentration, p#<0.05, p##<0.01, p###<0.001 vs. LPS group, p*<0.05 vs ART group,
respectively.

FIGURE 2 | The GSH expression in LPS challenged RAW264.7 cells
after intervention by ART prodrugs. The values presented are the means ± SD
of three independent experiments (n = 3). p#<0.05, p###<0.001 vs LPS group,
respectively.

FIGURE 3 | The lung W/D ratio of LPS-induced ALI mice after treatment
by ART prodrugs. The values were presented as mean ± SD from three
independent experiments (n = 3)., p##<0.01, p###<0.001 vs. LPS group,
respectively.
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via nasal administration for effective delivery to lung, as
compared to free ART. Significant pulmonary edema was
observed in mice after stimulation with LPS. The wet to dry
(W/D) ratio of the lungs in all treatment groups were measured
6 h after LPS challenge. Compared with the saline group, lung
W/D ratio was significantly increased in the LPS-treated
group. The W/D ratio of the mice was significantly
decreased in mPEG2k-SS-ARTgroup, as compared to that of
the LPS group (Figure 3) (p <0.01). It was shown that
stimulation of the lung epithelial cells by LPS could induce
the release of chemokines and cytokines (Welbourn and
Young, 1992). These cytokines could lead to the
accumulation of numerous neutrophils into the lung tissues
and lead to lung edema. In addition, the overproduction of

these inflammatory cytokines leads to the injury of the lung
tissues.

To further evaluate the anti-inflammatory effect of ART
prodrugs, immunohistochemical analysis was performed to
evaluate the effect of ART formulations on the LPS-induced
histopathological changes. As shown in Figure 4, the structure
of normal lung tissues was exhibited in the saline group.
Significant pathological changes were observed in the lung
tissues of LPS group, including neutrophils infiltration, edema,
significant thickening of alveolar walls and alveolar disarray.
However, the histopathological deterioration was significantly
alleviated after treatment by ART, mPEG2k-SS-ART and
mPEG5k-SS-ART, respectively. And the most potent
therapeutic effect was observed in mPEG2k-SS-ART group.

FIGURE 4 | The histopathological changes in lung tissues of LPS-induced ALI mice after treatment by various ART formulations (A), the lung injury scores of the
lung tissues (B). Representative histological changes of lung obtained from mice of different groups (n = 3). p#<0.05, p###<0.001 vs. LPS group, respectively.

FIGURE 5 | The MPO activity in lung tissues of LPS induced ALI model
after treatment by various ART prodrugs. The values presented are mean ±
SD of three independent experiments (n = 3). p#<0.05, p###<0.001 vs. LPS
group, respectively.

FIGURE 6 | The inflammatory cell infiltration in the BALF solution of LPS-
induced ALI mice after treatment by various ART formulations. The values
were presented as mean ± SD of three independent experiments (n = 3).
p#<0.05, p###<0.001 vs. LPS group, p*<0.05 vs. ART group,
respectively.
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MPO was abnormally produced in neutrophils under
inflammatory conditions (Ndrepepa, 2019), therefore the MPO
activity in lung was spectrophotometrically assayed using test kits.
The lung neutrophil penetration marker of MPO activity was
detected 6 h later after LPS stimulation. As illustrated in
Figure 5, the lung MPO activity was significantly increased in
the LPS group compared with the saline group. However, theMPO
activity was dramatically inhibited by free ART and mPEG2k-SS-
ART, with better therapeutic effect for the mPEG2k-SS-ART group.

However, negligible inhibitory effect onMPO activity was observed
in mPEG5k-SS-ART group, which might due to the impedance of
longermPEG chain on the release of the drug (Sanchez et al., 2017).

The pathogenesis of ALI was also associated with the vasculature
inflammation and neutrophil-mediated inflammation (Thompson
et al., 2017). The severity and development of ARDS/ALI was
manipulated by the migration of neutrophil into the lungs in
response to activated macrophages (Williams and Chambers,
2014). In the current study, the total neutrophil counts of BALF

FIGURE 7 | The production of TNF-α (A), IL-6 (B) and IL-1β (C) in the BALF of LPS-induced ALI mice after treatment by various ART prodrugs. The values were
presented as mean ± SD of three independent experiments (n = 3). p#<0.05, p##<0.01, p###<0.001 vs. LPS group, respectively.

FIGURE 8 | The GSH production in BALF (A) and lung tissue (B) of LPS-induced ALI mice after treatment by various ART prodrugs. The values presented are
mean ± SD of three independent experiments (n = 3). p#<0.05, p##<0.01, p###<0.001 vs. LPS group, p*<0.05 vs. ART group, respectively.
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were all significantly down-regulated, suggesting the remarkable
therapeutic effect of ART preparations to combat ALI. And best
therapeutic efficacy was observed in the mPEG2k-SS-ART group, as
compared to that of free ART (Figure 6), whichmight be ascribed to
the accelerated phagocytosis by macrophages (Kim et al., 2018), and
enhanced neutrophil uptake for smaller sized nanoparticles with
reduced cell viability (Yu et al., 2020).

The inflammatory cytokines played an important role in the
development of lung injury (Kim et al., 2019). The inflammation
associated cytokines including TNF-α, IL-6 and IL-1β were
detected in the BALF of ALI mice by ELISA to investigate the
anti-inflammatory effects of ART prodrugs in vivo. It has been
shown that the level of proinflammatory cytokines such as TNF-
α, IL-6 and IL-1β in the lung was significantly increased after LPS
stimulation on mice, which is consistent with the anti-
inflammatory properties of ART prodrugs in vitro. It can be
seen that the BALF levels of TNF-α, IL-6 were significantly
reduced in the “LPS + ART” group as compared to the LPS
group. Moreover, the BALF levels of TNF-α, IL-6 and IL-1β all
exhibited significant decrease post mPEG2k-SS-ART treatment,
demonstrating the better anti-inflammatory effect of mPEG2k-
SS-ART prodrug in vivo studies (Figure 7).

Furthermore, the levels of GSH in the BALF and the lung
tissues were measured in order to explore the possible mode of
action of the ART prodrugs. Interestingly, increased GSH levels in
the BALF and the lung tissues were observed in free ART and
mPEG2k-SS-ART group after LPS stimulation. In the mPEG2k-
SS-ART group, the GSH levels in the BALF and in the lung tissue
increased significantly (2.09 and 2.10 fold, respectively).
However, in the free ART group, the GSH level only
significantly increased in the BALF (1.55 fold) solution. On
another hand, mPEG5k-SS-ART showed a similar trend of
increased GSH level but not statistically significant, with a
comparison to the LPS stimulated group. Therefore, it could
be indicated that mPEG2k-SS-ARTmay be the best ART prodrugs
on account of anti-inflammatory applications (Figure 8).

CONCLUSION

In the present study, ART prodrugs were synthesized by mPEG-
modification with ester bond or disulfide linkage, which were
developed for the treatment of acute inflammation induced lung
injury. The anti-inflammatory effect of the ART prodrugs was
investigated both in vitro and in vivo. The inflammatory cytokine
levels were significantly down-regulated and the GSH level was
dominated up-regulated in the macrophages treated by mPEG2k-
SS-ART prodrug post inflammatory stimulation. The anti-
inflammation activity of ART prodrugs was further evaluated
in the ALI model. The animal lung injury was markedly alleviated
after treatment by free ART and mPEG2k-SS-ART, as observed in
the significantly reduced wet to dry lung ratio, improved lung
morphological alterations, reduced lung MPO activity, decreased
total neutrophil counts of BALF, down-regulated inflammatory

cytokine levels of BALF and increased GSH levels. And better
therapeutic effect was observed inmPEG2k-SS-ART group
compared with free ART. Therefore, the mPEG2k-SS-ART
prodrug may serve as a potential candidate for the treatment
of ALI. Still, there are limitations to be settled. The current study
emphasized PEGylated ART prodrugs for early lung injury, while
in many cases, ALI could develop ARDS and may lead to serious
dysfunction of the respiratory system. Therefore, the interruption
of the progression from ALI to ARDS should be considered. The
overwhelming inflammation and destruction of lung barrier are
the fundamental pathophysiology involved in the development of
ARDS. Given the complexity of ARDS disease, single-drug
therapy may not be enough to blockade the progression of the
illness. PEGylated ART prodrugs co-delivery system, that is,
targeting multiple inflammatory and pathways simultaneously,
may be a future direction to optimize the treatment of ARDS and
frustrate the progression of the disease.
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