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Abstract

Background
Pneumonia is a life-threatening respiratory disease without effective treatment due to uncontrolled
in�ammation of the lung tissue. Suppression of cytokine storms may be one of the keys to saving the
lives of patients with severe pneumonia. Given the fragile delivery e�ciency of drugs in vivo, novel
delivery platforms to address these issues are necessary.

Results
Here, we developed a biomimetic nanocarrier (MNPs) with macrophage membranes coated ROS-
responsive Platycodon grandi�orum polysaccharides nanoparticles (PNPs) for targeted delivery of
curcumin (MNPs@Cur) to in�amed lungs and treat in�ammation by calming cytokine storms. In the
study, we could clearly �nd that MNPs@Cur signi�cantly attenuated in�ammation and cytokine storm
syndrome in acute lung injury (ALI) mice by neutralizing multiple proinfammatory cytokines. Interestingly,
we found that the PNPs also had potent pulmonary targeting compared to other polysaccharide carriers,
which probably means that PNPs have inherited the natural targeting ability in the medicinal guide theory
of Traditional Chinese Medicine (TCM).

Conclusion
The results demonstrated that the developed drug delivery system may serve as an effective and safe
nanoplatform for the treatment of pneumonia, as well as provide experimental scienti�c basis for the
medicinal guide theory of TCM and its clinical application.

Background
In�ammation is a defense mechanism that protects body from damage caused by infections and tissue
injury. However, uncontrolled hyperin�ammation can also induce an overwhelming local/systemic
in�ammatory response leading to life-threatening diseases such as pneumonia, acute lung injury (ALI),
which can rapidly cause acute respiratory distress syndrome (ARDS)[1]. For example, the novel
coronavirus disease 2019 (COVID-19), which is spreading worldwide, has infected more than 170 million
people and killed more than 3.5 million of people in worldwide so far. Based on current clinical studies,
sudden exacerbations in patients with their infections have been found to be closely associated with
cytokine storm, which marks an uncontrolled and dysfunctional immune response that will likely lead to
serious consequences and even death[2].

More and more evidences indicate that suppression of cytokine storm may be o one key to save the life
of patients with severe pneumonia[3, 4]. Currently, glucocorticoids are used in the treatment of heavy and
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critical cases in the existing protocols to exert immunosuppressive effects and to control cytokine
storm[5, 6]. Although promising, frequent long-term use or high doses of glucocorticoids may lead to the
risk of serious complications and sequelae, such as osteonecrosis and hyperglycemia[7, 8]. Meanwhile,
advanced techniques have been developed in lung-protected ventilation as well as nebulization, but to
increase the e�ciency of inhalation, part of the machine parameters need to be adjusted or sedative
drugs need to be given, which may further prolong the duration of mechanical ventilation for the patient,
which would increase the discomfort and the cost for the patient[9, 10]. In addition, there is a demand for
further development of microenvironment-responsive targeted drug delivery systems to modulate the
local in�ammatory immune response to improve the in�ammatory microenvironment (IME) at the lesions
considering the unique characteristics of the IME[11, 12], including low pH and overproduction of reactive
oxygen species (ROS), thus improving the therapeutic e�cacy as well as reducing the toxic side effects.

In light of the Traditional Chinese Medicine (TCM) played a signi�cant role in this control and treatment
of this epidemic, for example, Qingfei Paidu Decoction has become an important tool in the treatment of
COVID-19[13, 14]. It was found that in the face of complex pathogenesis of cytokine storm, active
ingredients of TCM with multiple targets can be more advantageous than chemical drugs with clear
targets through holistic modulation[15]. Curcumin (Cur), a natural plant extract, has been shown to inhibit
viral infections, reduce the severity of lung injury and inhibit subsequent �brosis by calming down
cytokine storm, thereby increasing survival rates and improving symptoms in mice with pneumonia[16].
The medicinal guide theory plays important role in the concept of, mainly guiding the drugs in the
prescription, which can lead other drugs to the lesion and change the direction or site of action of other
herbs, or make their action focused or concentrated in a speci�c direction and site. For instance,
Platycodon grandi�orum leads medicine to the lung and borneol leads medicine to the brain[17, 18]. The
medicinal guide theory of TCM is similar to the targeted action of modern preparations[19]. The
difference is that the targeting effect of modern pharmaceuticals is mostly arti�cially added to the
targeting nature of a certain carrier, while TCM medicinal guide theory has natural active targeting
characteristics. We previously constructed a nano-platform to investigate targeted therapy for liver cancer
using liver-targeted Angelica polysaccharide (AP) as the main component[20]. Platycodon grandi�orum
polysaccharide (PGP), as the active ingredient of Platycodon grandi�orum, has been studied mostly for
its pharmacological effects such as antitumor, anti-in�ammatory and antioxidant[21, 22], while the study
as a drug delivery vehicle is currently a complete blank. Inspired by the hepatic targeting ability of AP and
the unique IME, ROS-responsive strategies based on PGP can be developed for drug delivery in lung
diseases.

Cellular delivery systems are received mounting interest for their excellent biocompatibility and
exceptional drug delivery behavior[23, 24]. Macrophages as one of inherent cells in the body, which can
act as drug delivery systems are equipped with several advantages compared with other synthetic
delivery systems[25]. For instance, as a role of immune cells, macrophages have an intrinsic a�nity for
sites of in�ammation, and chemokines on the surface of macrophage membranes (MM) such as
chemokine receptors CCR2, CCR6 and CXCR1 can trigger macrophages to adhere to in�ammatory or
tumor sites[26, 27]. Simon et al[28]. recently revealed that MM-encapsulated drug delivery methods may
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be more suitable than macrophage internalized with nanoparticles for the treatment of in�ammatory
diseases, demonstrating the broad promise of cell membrane-coated nanoparticles. Wang et al[29].
utilized MM-encapsulated nanoparticles loaded with rapamycin for targeted treatment of atherosclerosis
and exhibited outstanding e�cacy. Zhang et al[30]. reported a multi-antigen nano-toxin vaccine based on
MM-encapsulated nanoparticles to combat in�ammatory lung infections. There is a growing amount of
evidence that MM-coated drug delivery systems may be a powerful platform for targeted in�ammatory
therapies.

In this study, given the important role of macrophages in the in�ammatory process, we attempted to
structure dual targeting biomimetic drug delivery system (MNPs) with MM coating for targeted therapy of
pneumonia. The core is a ROS-responsive nanoparticle loaded with Cur (PNPs@Cur) constructed on the
basis of PGP, which achieves precise drug release at the site of in�ammation (Scheme 1). Interestingly,
we discovered that PGP nanoparticles (PNPs) were also e�ciently aggregated in the lungs of model mice
compared to the control group. In mice models of ALI, we systematically evaluated the targeting
e�ciency and therapeutic e�cacy of PNPs@Cur and MM coated PNPs@Cur (MNPs@Cur), signi�cantly
reducing in�ammation and cytokine storm syndrome and alleviating symptoms in mice with ALI
compared to the free drug group. We hypothesized that MNPs@Cur, which possess the dual targeting of
TCM channel ushering and macrophage intrinsic chemotaxis, could more effectively accumulate in the
damaged lung and thus effectively inhibit the progression of lung disease.

Results And Discussion

Synthesis and characterization of PNPs and MNPs
Firstly, we obtained the amphiphilic carrier material Oxi-PGP by structural modi�cation of PGP, followed
by self-assembly to obtain nanoparticles (PNPs) with ROS responsiveness. The synthesis process of the
carrier materials is shown in Fig. 1a. The successful construction of Oxi-PGP was veri�ed by 1H NMR
(Fig. 1b), the peaks appearing at 3.0-4.0 ppm and 7.0-8.2 ppm belonged to PGP as well as ROS-
responsive groups, respectively. The marked decrease in the absorption peak of hydroxyl group at 3300
cm−1 and the appearance of carbonyl and phenyl characteristic peaks at 1748 cm−1 and 1650-1500 cm−1

in Fourier transform infrared spectroscopy (FT-IR) further con�rmed the successful preparation of the
carrier material (Fig. 1c)). Subsequently, the drug encapsulation e�ciency (EE) and drug loading
e�ciency (DLC) of PNPs@Cur were 76.6% and 11.3%, respectively, obtained by HPLC, indicating the
successful drug encapsulation. Dynamic light scattering (DLS) analysis showed that the hydrodynamic
diameter of PNPs was about 91.1 nm, the PDI was 0.139 (Fig. 2a). Transmission electron microscopy
(TEM) indicated that these PNPs particles had a spherical structure with a particle size of about 80 nm
(Fig. 2d).

The ROS-responsive drug delivery system constructed in this study, as its hydrophobic core phenylborate
polymer could be degraded under H2O2 conditions, disrupted the nanoparticle structure allowing precise
drug release in the in�ammatory microenvironment. To investigate the ROS responsiveness of PNPs, we
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selected phosphate-buffered saline (PBS) containing different concentrations of H2O2 to measure the
degree of hydrolysis of nanoparticles at predetermined time points, namely the change in transmittance
at 500 nm. The H2O2 concentrations used in this study were based on previous simulated in vitro
in�ammatory lesion tissue H2O2 levels[31]. As illustrated in Fig. 2c, the degree of hydrolysis of PNPs
gradually increased with increasing H2O2 concentration, and the particle solution was almost completely
transparent within 3 h at 1.00 mM concentration. In contrast, the particles in PBS exhibited only a
moderate decrease in absorbance within 6 h due to the partial precipitation of PNPs. With the gradual
structural disruption of the nanoparticles, the release of the drug should be increased. This speculation
was subsequently con�rmed by our in vitro cumulative release pro�les at different H2O2 concentrations
(Fig. 2f). At a concentration of 1.00 mM H2O2, PNPs@Cur exhibited a cumulative drug release rate of up
to 76%, however, only about 20% of the drug was released in the absence of peroxide treatment.
Collectively we have successfully constructed ROS-responsive drug delivery systems.

In order to acquire MNPs, the macrophage membranes were �rst oscillatory fused with PNPs in
ultrasound and then passed through 400 and 200 nm polycarbonate porous membranes by extrusion,
respectively. Compared with the uncoated PNPs, DLS (Fig. 2b) indicated that the MNPs hydrodynamic
diameter increased from 91.1 nm to 125.3 nm with a more negative zeta potential, which was closer to
the zeta potential of the macrophage surface (Figs. 2g, h). Within the TEM images MNPs exhibited a
spherical core-shell structure (Fig. 2e), each nanoparticle was encapsulated by a single layer of cell
membrane, and the coating thickness of the nanoparticles was about 9 nm, consistent with the thickness
of the cell membrane, suggesting a successful wrap of the cell membrane. Furthermore, the presence of
the key membrane antigen CCR2 (receptor for monocyte chemoattractant protein-1 (MCP-1)), which tends
immune cells to the site of in�ammation, was detected by Western blot on the surfaces of macrophages,
macrophage membranes, and MNPs. In contrast, β-Actin was largely absent compared to macrophages,
demonstrating the higher purity of macrophage membrane extraction. Moreover, no protein signal was
detected from PNPs, further indicating that macrophage membranes were successfully coated and
maintained on the surface of MNPs (Figs. 3b-d). PNPs@Cur and MNPs@Cur both exhibited relatively
stable sizes in PBS containing 10% fetal bovine serum (FBS) after long-term storage at room temperature,
indicating satisfactory stability (Fig. 3a). We also examined the in vitro release of MNPs@Cur and the
release rate of MNPs@Cur was quite similar to that of PNPs@Cur under the same conditions (Fig. 2i),
indicating that the macrophage membrane coating had no signi�cant effect on the responsiveness of
PNPs to the in�ammatory microenvironment.

In vitro binding to the site of in�ammation
Whether the drug delivery system could be taken up by target cells is a prerequisite for maximizing drug
e�cacy and reducing side effects on other tissues and organs. Therefore, it is an essential indicator to
avoid phagocytosis by macrophages of the reticuloendothelial system to verify the drug delivery system.
There is increasing evidence that MM-encapsulated nanoparticles can prevent the phagocytosis of
macrophages[32, 33]. As the model drug Cur itself is �uorescent, the uptake e�ciency of MNPs@Cur,
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PNPs@Cur was evaluated in RAW264.7 cells, respectively, with the free drug as a control group. We could
�nd a time-dependent uptake in each group (Fig. 4a), but intense green �uorescence could be observed in
macrophages incubated with free Cur for 4 h, apparently indicating that the free drug was taken up by
macrophages. In contrast, little �uorescence was observed in macrophages cultured with MNPs@Cur,
implying that the drug delivery system wrapped by the macrophage membrane may be an effective
strategy to evade macrophage clearance. Interestingly, we found that less �uorescence was also present
in the PNPs@Cur incubation group. To further investigate the uptake mechanism, CNPs@Cur was used
for comparison, and PNPs@Cur could also be effective for cellular escape (Fig. 5a), the result
demonstrated that PNPs@Cur might also has better drug delivery properties.

Subsequently, we validated whether MNPs@Cur can effectively target damaged in�ammatory cells. The
conversion of RAW264.7 cells into activated macrophages was induced by LPS thus to simulate the
establishment of a cellular in�ammation model[34, 35]. It was evident that intense �uorescence could be
observed in MNPs@Cur incubation (Fig. 4b), indicating a signi�cant uptake by in�ammatory
macrophages, implying no discrimination against macrophage-membrane coated nanoparticles. To
further verify the targeting of MNPs@Cur, the targeting effect was observed in activated HUVECs (Fig. 4c),
where endothelial cells also play a major role in the in�ammation initiation process. The targeting ability
of MNPs@Cur could be signi�cantly observed in both groups of in�ammatory cells, indicating the
chemotaxis of CCR-2 on the surface of macrophages to the site of in�ammation, directing the binding to
in�ammatory cells. Meanwhile, it was also found that PNPs@Cur had relatively strong in�ammatory
targeting ability, and further compared with CNPs@Cur (Fig. 5b). Considering the previous cell escape
ability, we suggested that PNPs have better in�ammatory cell targeting ability compared with CNPs. The
intracellular �uorescence intensity of CNPs@Cur may be a result of the positive charge on the surface of
their particles, allowing them to be readily taken up by various cells. These results suggested that PNPs
also showed a�nity for major components of in�ammation-related cells in vitro, which may be attributed
to the receptor/protein binding mechanism between the monosaccharide portion of PGP therein and
in�ammatory cells. Certainly, this speculation still needs further deeper excavation to provide stronger
scienti�c support for the guide theory of Platycodon grandi�orum.

To further investigate the intracellular release behavior of the drug, NR �uorescent probes which barely
�uoresce in polar solutions but have intense red �uorescence in the lipid environment were selected to
observe the release state in in�ammatory cells. MNPs@NR were co-incubated with activated
macrophages. As shown in the Fig. 4d, the red �uorescence of NR being excited in in�ammatory cells is
increasing in a time-dependent manner. Generally, the wrapping of macrophage membranes allowed
MNPs to effectively avoid uptake by macrophages, thereby further enhanced targeting to in�ammatory
cells, and implied that MNPs@Cur could release drugs precisely at the site of in�ammation, avoiding side
effects at other sites. More astonishingly, PNPs also possess this kind of superiority compared to CNPs,
only that their intrinsic mechanisms need to be studied more diligently. The ROS-responsive PNPs coated
with macrophage membranes constructed in this study with dual targeting may provide a potential
platform for improved therapeutic targeting of in�ammation.
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In vitro assessment of safety and anti-in�ammatory effects
Then, the safety of PNPs as well as MNPs was veri�ed by systematically assessing their biocompatibility
in vitro. HUVECs and RAW264.7 cells were incubated with media containing different concentrations of
PNPs and MNPs for 48 hours to assess their cytotoxicity. These results showed (Figs. 6a, b) favorable
cytocompatibility in all experimental groups compared to the control group.

The other important indicator of biomaterials, blood compatibility, further con�rmed the safety of the
carrier material. Therefore, PNPs as well as MNPs were evaluated in vitro to evaluate whether hemolysis
could be avoided. Hemolysis of PNPs and MNPs was examined by direct contact method. As shown in
Fig. 6c, PNPs and MNPs were not signi�cantly different from the negative control, with hemolysis rates
even lower than 0.5% (Fig. 6d). Considering the above, the results of cytotoxicity as well as
hemocompatibility con�rmed the superior biocompatibility of the carriers.

The cytokines and pro-in�ammatory mediators released by macrophages play an important role in the
pathogenesis of ALI[36]. Cur is a natural phenolic compound with various pharmacological effects such
as anti-in�ammatory, antioxidant, anti-proliferative and anti-angiogenic. The appearance of cytokine
storm is an important reason for the sudden exacerbation of the disease in many COVID-19 patients.
Therefore, blocking cytokine storms is one of the key strategies to save patients' lives. It has been
reported that IL-6 and TNF-α are key factors in triggering in�ammatory storms[3, 4]. We investigated the
ability of MNPs@Cur to block the cytokine storm at the cellular level (Figs. 6e, f), under the induction of
LPS, a signi�cant production of pro-in�ammatory factors TNF-α and IL-6 by activated macrophages
could be observed, however, their levels were decreased in all drug-treated groups, indicating the anti-
in�ammatory capacity of Cur. The downregulated levels of MNPs@Cur and PNPs@Cur were closer to the
control group compared to the free drug, indicated a considerable accumulation and e�cacy of the drug
within the in�ammatory cells, consistent with previous cellular uptake imaging results. Collectively, these
results demonstrated the superior biocompatibility of PNPs and MNPs and further showed the excellent
targeting ability of the constructed nanosystems on in�ammatory cells to calm the cytokine storm.

Biodistribution in vivo
Given that MNPs exhibit signi�cant ability to target in�ammatory cells in vitro, we next investigated
whether the lungs of in�amed mice could be speci�cally targeted in vivo. ALI mice were constructed and
free DiR, CNPs@DiR, PNPs@DiR and MNPs@DiR (same dose of DiR) were injected intravenously into the
mice in random groups, with healthy mice as controls. After 3 h of administration, the lung tissues
collected from each group were imaged by IVIS, and it was observed (Fig. 7a) that MNPs@DiR showed
the strongest �uorescence intensity in the lungs of in�amed mice compared with the �uorescence in the
lungs of healthy mice or ALI mice from other dosing treatment groups, indicating that MNPs@DiR
speci�cally targets the in�amed lungs of mice. Notably, the �uorescence intensity of PNPs@DiR was
second only to that of MNPs@DiR (Fig. 7c). Consistent with previous cellular targeting results, the
stronger �uorescence intensity of PNPs@DiR compared with DiR and CNPs@DiR implies that PNPs have
the potential function of guiding drugs into the damaged lungs more than CNPs. It was consistent with
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the theory that Platycodon grandi�orum guides drugs into the lung, implying that PGP may be one of the
vital channel ushering components of Platycodon grandi�orum. Meanwhile, in the DiR-injected ALI mice,
the �uorescent signal at 3 h was aggregated in the liver as well as the spleen. The weaker �uorescence
intensity of DiR in PNPs@DiR, taken up by the liver and spleen, and the least �uorescence signal in
MNPs@DiR-treated ALI mice was essentially present only in the liver, suggesting that after being coated
by MM (Figs. 7b, d), MNPs are more likely to achieve immune escape and thus enhance the accumulation
to in�amed lungs.

These results can be explained by the intrinsic a�nity of macrophages for sites of in�ammation. They
can bind to activated/in�amed vessel walls through a range of receptor modes, including the chemokine
receptor CCR2 and adhesion factors on the cell membrane surface. Furthermore, the temporary
vasodilation and leakage of blood vessels induced by histamine at the time of injury allows injected
nanoscale MNPs to passively target in�amed lung tissue through the vessels to the injured tissue.
Regarding the pulmonary targeting ability of PNPs, we hypothesized that the monosaccharide
component of PGP binds to receptors overexpressed on the surface of affected lung tissues and
possesses the ability of PNPs to deliver drugs to the lung, and the speci�c targeting mechanism still
needs further study. Conclusively, the ROS-responsive PNPs coated with macrophage membranes
constructed in this study possessing dual targeting may provide a potential targeting delivery platform
for improving the treatment of lung in�ammation.

Improved treatment of acute pneumonia with MNPs@Cur
As previously mentioned, prevention or inhibition of cytokine storm may be one of the key strategies to
save the lives of patients with severe pneumonia. Therefore, we investigated whether cytokine storms
could be calmed by targeting MNPs@Cur to pneumonia sites. Fig. 8a shows the experimental protocol.
To verify the e�cacy of model drug-targeted delivery, mice were treated with LPS (10 mg/kg) to induce
ALI. 5 h later, saline, free Cur (30 mg/kg), PNPs@Cur and MNPs@Cur (equivalent to 30 mg/kg of Cur)
were injected intravenously and all mice were euthanized 19 h after injection for analysis. The lung tissue
homogenate levels of TNF-α and IL-6 in the different treatment groups were analyzed separately using
ELISA kits. Although Cur has been shown to reduce cytokine storm in previous studies, in our
experimental mouse model of ALI, Cur had limited therapeutic effect and treatment with free curcumin
modestly reduced cytokine levels. Encouragingly, treatment with MNPs@Cur resulted in a signi�cant
decrease in these in�ammatory factors compared to the free drug group, demonstrating that targeted
delivery of MNPs@Cur could effectively inhibit cytokine storm (Figs. 8b, c), which again con�rms the
superior in�ammatory lung targeting ability of this combined dual-targeting bionic carrier.

In addition, we further measured the wet/dry weight ratio to observe the pulmonary edema. Pathological
examination revealed edema in the lungs of COVID-19 patients, which may be due to excessive mucus
secretion and in�ltration of immune cells in the lungs. In the ALI mouse, we found excessive pulmonary
edema, alveolar in�ammatory cell exudation/in�ltration and alveolar damage in lung tissue sections. By
administration of different formulations and free drugs, we found that treatment with MNPs@Cur
signi�cantly reduced in�ammatory cell in�ltration in mice compared to the free drug group (Figs. 8g, h).
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Meanwhile in the MNPs@Cur treatment group markedly improved the pulmonary edema status (Fig. 8d),
and the wet/dry weight ratio of the lungs was more inclined to the normal group.

As a marker of neutrophil accumulation in in�ammatory tissues, myeloperoxidase (MPO) levels can be
assessed for the degree of migration and in�ltration of neutrophils in in�ammatory cells. As shown in the
Fig. 8e, the MNPs@Cur treatment group remarkably repressed the migration and in�ltration of
in�ammatory cells, which corresponded to the improvement of pulmonary edema. Given that oxidative
stress is also part of the pathogenesis of ALI, malondialdehyde (MDA), a lipid peroxidation product, can
re�ect the level of ROS production from lipid oxidation. It was found that MDA was signi�cantly elevated
in the saline group Fig. 8f, indicating a redox imbalance and causing severe oxidative damage in AIL
mice, and yet MNPs@Cur signi�cantly inhibited the production of MDA compared with other groups, thus
improving the microenvironment of oxidative stress in vivo. Above results showed that ROS were
effectively eliminated in vivo by MPO and MDA, which are important defenses to mediate ROS in
impaired lungs. The results of MPO and MDA, which are important defenses to neutralize impaired
pulmonary ROS, indicated that the ROS were effectively cleared in vivo. Generally, the bionic drug delivery
systems MNPs@Cur based on PGP can alleviate lung in�ammation effectively, which means that MNPs
can improve the pulmonary delivery of drugs and hence facilitate ALI treatment. Meanwhile, the results of
H&E staining also showed no signi�cant damage to major organs and immunotoxicity after treatment,
which further validated the bene�cial biocompatibility of our constructed drug delivery platform in vivo
(Fig. 9).

Pneumonia is a serious respiratory disease that leads to high morbidity and mortality. Currently, few
targeted therapeutic strategies are available, as speci�c delivery of drugs to the in�amed lungs remains
challenging[37]. Although signi�cant efforts have been made to develop effective pulmonary drug
delivery systems, there is still a lack of nanodrug delivery systems that target the pathogenesis of lung
in�ammation. Combined with the presence of overexpressed ROS at the lesion site during pneumonia,
this would allow pro-in�ammatory factors to recruit macrophages to the lesion site as well as the guide
theory of TCM. Therefore, we developed a ROS-responsive nanoparticle based on PGPs and coated MM
on the surface of the nanoparticle to construct a bionic drug delivery system for lung diseases.
Experiments were conducted sequentially at the cellular as well as animal levels to verify the excellent
lung targeting ability and precise drug release. It provides inspiration for exploring other channel ushering
components to construct natural drug targeting systems, and provides a strong experimental support for
the modernization of Chinese medicine guide theory.

Conclusion
Collectively, inspired by the inherent a�nity of macrophages for the site of in�ammation and the guide
theory of Platycodon grandi�orum. We have developed a PGP-based bionic drug delivery platform for the
treatment of pneumonia. We found that MNPs can accumulate at sites of in�ammation associated with
pneumonia and facilitate delivery of anti-in�ammatory drugs via intravenous administration (Fig. 10). It
is emphasized by our results that targeted drug delivery for pneumonia signi�cantly reduces cytokine
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storm syndrome compared to free drug therapy. The prepared dual-targeted drug delivery platform
perfectly combines modern bionic technology and TCM concepts and may provide a promising approach
for the treatment of patients with COVID-19. Since the excellent biocompatibility and accessibility to
preparation, it would provide a strong scienti�c basis for related TCM classical prescriptions and
facilitates the search for natural targeted drug delivery systems, showing potential for further clinical
translation.

Material And Methods

Materials
4-hydroxymethyl phenylboronic acid pinacol ester (4-PBAP) and N, N'-carbonyl diimidazole (CDI) were
purchased from Aladdin (China). Platycodon grandi�orum polysaccharides were supplied by Shanghai
Winherb Medical Technology Co., Ltd. 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine iodide (DiR)
was obtained from Beijing Bioss Biotechnology Co. DAPI, Cell Total Protein Extraction kits, Bicinchoninic
Acid Assay (BCA) protein assay kit and Membrane Protein Extraction kits were supplied by Beyotime
Institute of Biotechnology (China). TNF-α and IL-6 ELISA kit were purchased from Beijing Solarbio
Technology Co., Ltd. (China). Antibody CCR2 (anti-rabbit, #ABP53395) special for mouse were purchased
from Abbkine (China), with a dilution ratio of 1:1000 for antibody. Antibodies β-Actin (#4967S) and HRP-
conjugated anti-rabbit IgG (#7074) were purchased from Cell Signaling Technology (USA), with a dilution
ratio of 1:1000 for both antibodies during experimental use. All other chemical reagents were supplied by
Aladdin (China). All biological reagents, and other cell culture medium were used as received following
our previous protocols.

Synthesis and characterization of copolymers.

The synthesis process was carried out according to the relevant literature[28, 38]. Brie�y, the ROS reactive
groups were �rst synthesized. The 4-hydroxymethylbenzeneboronic acid pinacol ester (4-PBAP, 5 mmol)
and N, N'-carbonyl diimidazole (CDI, 10 mmol) were added to the reaction �ask. After added 30 mL of
anhydrous dichloromethane to fully dissolve the reaction and stirred at room temperature for 12 h, the
unreacted raw material was washed with pure water (3×25 mL) followed by saturated NaCl (3×20 mL),
discarded the aqueous layer and dried overnight under anhydrous Na2SO4. The ROS-responsive groups
CDI-PBAP were obtained by reduced-pressure drying, and their chemical structures were characterized by
NMR as well as IR spectroscopy.

To prepare modi�ed Platycodon grandi�orum polysaccharides (Oxi-PGP), we performed structural
modi�cation of PGP by prepared CDI-PBAP, namely PGP (5 mmol) dissolved in formamide (4 mL), added
DMAP (10 mmol) dissolved in anhydrous dimethyl sulfoxide (DMSO), and �nally added CDI-PBAP (10
mmol), and stirred the mixture overnight at room temperature with a magnetic stirrer. Subsequently, the
resulting solution was dialyzed in deionized water and centrifuged at 1500 rpm for 5 min to obtain the
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supernatant, which was freeze-dried and prepared for use, and the successful synthesis of the modi�ed
product Oxi-PGP was veri�ed by a series of characterizations.

Preparation and characterization of ROS responsive PNPs
and PNPs@Cur
ROS-responsive nanoparticles were similarly prepared by dialysis. Oxi-PGP (10 mg) was weighed and
dissolved in anhydrous DMSO (5 mL), and the resulting solution was dialyzed in deionized water (1000
mL) (MW: 8000-14000 Da) for 36 h, with water replacement at 4 h intervals. The �nal dialyzed solution
was passed through the syringe �lter (pore size 0.45 µm) to remove insoluble material to obtain the
puri�ed PNPs solution. To validate the nanoparticles for ROS responsiveness, the PNPs were incubated in
phosphate-buffered saline (PBS) containing different concentrations of H2O2 (0, 0.1, 0.25, 0.5 and 1 mM)
for 6 h. At predetermined time points, the transmittance at 500 nm was measured separately by UV
spectrophotometer and the respective percentage of hydrolysis was calculated.

For preparation of PNPs@Cur, we dissolved the lyophilized carrier material with Cur in anhydrous DMSO
at a ratio of 6:1 (w/w). The solution was dialyzed in pure water (MW: 8000-14000 Da) to remove the free
drug and organic solvents. A portion of the resulting PNPs@Cur solution was taken and stored at 4°C,
and the rest was freeze-dried for subsequent experiments. Subsequently, particle size, polydispersity
index (PDI) and zeta potential were determined by dynamic light scattering (DLS) with a Delsa Nano C
(Beckman Coulter, USA), morphology and size were determined by transmission electron microscopy
(TEM, JEM-1400 Plus). Chitosan-based drug delivery nanosystems (CNPs@Cur) were prepared in a
similar manner to the above process.

Drug encapsulation and release in vitro
The drug content in PNPs@Cur was measured by HPLC (Agilent 1260, USA)). The measurement was
performed using 0.5% acetic acid aqueous solution and acetonitrile (35:65, V%) as the mobile phase with
a detection wavelength of 425 nm. Then, the loading content (LC, %) and encapsulation e�ciency (EE, %)
are calculated according to the following equations 1 and 2, respectively.

The release behavior of Cur in vitro was investigated using dialysis method. For the examination of the
release of PNPs@Cur in response to ROS, PNPs@Cur (5 mg) dissolved in deionized water (4 mL) were
placed in dialysis bags in PBS (40 mL) containing different concentrations of H2O2 (0, 0.5 and 1 mM). At
predetermined time points, 1 mL of the medium was taken separately for HPLC analysis and 1 mL of
fresh medium was reinjected into the corresponding concentration of PBS. The cumulative release rate of
Cur was calculated using the following equation 3.

LC (%) = × 100% (1)
weightofloadeddrugs

weightofdrugloadedNPs

EE (%) = × 100% (2)
weightofloadeddrug

weightofdruginfeed
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where Mt is the weight of drug released at time t and M0 is the weight of loaded Cur. The release of the
experiments was performed in triplicate.

Preparation of the MM
By utilizing the Membrane Protein Extraction Kit[29, 32], we obtained purer cells membrane materials.
Brie�y, the collected macrophages were resuspended in membrane protein extraction buffer for 10 min
under ice bath conditions, followed by transferring the cell suspension to a glass homogenizer and
homogenizing about 20 times to ensure cell fragmentation. After centrifugation at 2000×g and 4°C for
about 10 min, the supernatant was further centrifuged at 14000×g for about 30 min to collect the cell
membrane precipitate and repeated twice to obtain puri�ed cell membranes. Finally, the total protein
content in the puri�ed MM was analyzed by the bicinchoninic acid assay (BCA) protein assay. The
prepared membrane material was stored at -80°C for future studies.

Preparation of characterization MNPs and MNPs@Cur
MNPs and MNPs@Cur were prepared by membrane extrusion[28, 29]. In brief, MM vesicles were mixed
with PNPs and PNPs@Cur (1:5, w/w), followed by substantial sonication for 2 min using a bath sonicator
at 40 kHz and 100 W power. Finally, nanoparticles with MM coating were obtained by repeated extrusion
through 400, 200 nm polycarbonate porous membranes sequentially for at least 30 times by a micro-
extruder (LiposoEasy LE-1, USA).

Then, particle size, PDI and zeta potential were also measured by DLS, as well as morphology by TEM.
For further validation of the successful coating of cell membranes, the particular membrane proteins on
the surface of macrophages were characterized by Western blotting. Total protein was extracted from
macrophages, MM and MNPs by using a protein extraction kit, respectively, and protein concentration
was determined by BCA protein assay. Approximately 25 µg of protein was subsequently added to protein
loading buffer, boiled for 10 min, and then electrophoresed on a 10% sodium dodecyl sulfate
polyacrylamide gel and transferred to PVDF membranes. Primary and secondary antibodies were added
sequentially after closure with 5% skim milk powder, incubated for 2 h at room temperature, and speci�c
bands were observed with an enhanced chemiluminescence detection kit.

Cytotoxicity and hemolysis assay
The cytotoxicity of PNPs and MNPs were investigated by incubation in RAW264.7 (mouse mononuclear
macrophage leukemia cells) and HUVECs (human umbilical vein endothelial cells) cells. Simply, cell
densities of approximately 8000 cells per well were inoculated in 96-well plates, respectively, and after
overnight incubation, the medium was replaced with fresh medium containing different concentrations of
PNPs or MNPs. After continued incubation for 48 h at 37°C in a cell incubator containing 5% CO2, MTT (5
mg/mL) reagent was added and incubated for another 4 h. Then, the supernatant was removed and

Cumulativedrugrelease (%) = × 100% (3)
Mt

M0
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DMSO was added to dissolve the bottom residue. The absorbance of each solution was read by multi-
wall plate reader at 570 nm to obtain the corresponding cell viability.

As previously reported, direct contact method was used to detect the hemolytic properties of PNPs and
MNPs in vitro. Brie�y, 2% erythrocyte suspensions were prepared by taking blood from the orbits of mice.
Then, 0.5 mL of the red cell suspension was mixed well with saline, puri�ed water, PNPs and MNPs
solutions (0.5 mL, 2 mg/mL), respectively. These specimens were then incubated continuously at 37°C
for 2 hours. The absorbance of the supernatant was measured at 570 nm using a microplate reader to
determine the hemoglobin released from the lysed erythrocytes. Saline and pure water were used as
negative and positive controls, respectively.

In vitro binding and intracellular drug release
The targeting ability of MNPs was further investigated employing in vitro cellular uptake assays. Cellular
escape ability was studied �rst in normal macrophages. An appropriate number of cells were seeded in
12-well plates, cultured overnight, and the original medium was replaced with fresh medium containing
free Cur, PNPs@Cur, and MNPs@Cur. After incubation for 1-4 hours, respectively, the cells were washed
three times with PBS, then �xed with 4% paraformaldehyde for 15 minutes, then washed three times with
PBS, and �nally stained with DAPI for 10 minutes and washed three times before observation by
microscopy cell uptake. To imitate the in�ammatory cell model[23], macrophages as well as HUVECs
were activated with lipopolysaccharide (LPS,100ng/mL), respectively, and the subsequent steps were
performed as described above to observe the targeting ability of MNPs@Cur in in�ammatory cells.
Likewise, in order to verify the potential role of PGP as priming components of Platycodon grandi�orum,
the ability of PNPs@Cur and CNPs@Cur was compared respectively in terms of their uptake by
macrophages in different states.

To explore further the intracellular drug release behavior, another �uorescent probe, NR, was selected to
be loaded into the nanoparticles. NR did not �uoresce on its own, but excited intense �uorescence when it
came into contact with intracellular lipids. The activated macrophages were obtained by LPS
pretreatment, and the uptake was observed by replacing the original medium with medium containing
PNPs@NR and MNPs@NR after 1, 2, 4 and 8 hours of continuous incubation.

Animals
Female BALB/c mice (6-8 weeks old, 16-18 g) were purchased from Jinan Pengyue Laboratory Animal
Breeding Co. All mice were acclimatized to their environment for at least 7 days prior to the experiments.
A protocol for animal use was followed by the China Animal Protection Commission and Yantai
University for all animal-related procedures. All experiments on animals complied with ethical guidelines.

Animal model induction and treatment
Acute lung injury (ALI) mouse models were established according to the relevant literature. Mice were
injected intraperitoneally with LPS (10 mg/kg), and after 5 h of successful modeling, randomly grouped
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(n=3) and treated with intravenous saline, free Cur, PNPs@Cur and MNPs@Cur, respectively, and
euthanized at 24 h after treatment for subsequent experimental analysis.

In vivo targeting to in�ammatory site
After establishment of ALI mice, the mice were randomly grouped and injected intravenously with
�uorescent dyes DiR (1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine iodide), CNPs@DiR,
PNPs@DiR and MNPs@DiR, respectively, and normal mice were used as the control group, and the
�uorescence distribution of organs in each group was observed by imaging the collected organs at
predetermined times with the in vivo imaging system (IVIS).

Cytokine assay
The levels of cytokines (IL-6 and TNF-α) in cell supernatants and lung tissue homogenate samples of
different treatment groups were measured according to the ELISA KIT instruction manual.

Evaluation of oxidative stress in lung tissue
The lung tissues were collected from different treatment groups for weighing and then 10% lung tissue
homogenates were prepared. The levels of MPO and MDA were measured according to the procedure of
the relevant kit.

Lung wet/dry ratios
The lung tissues from the mice in the different treatment groups were removed and weighed immediately
to obtain wet weights, followed by drying the tissue samples in an oven at 50°C to a constant weight.
Finally, the degree of pulmonary edema was quanti�ed by the ratio of wet weight to dry weight.

Histopathological analysis
For histological analysis, major organs (heart, liver, spleen, lung and kidney) were collected after different
treatments, �xed overnight in 4% paraformaldehyde and para�n embedded, then sectioned and stained
with hematoxylin-eosin (H&E) for tissue evaluation.

Statistical analysis
The results obtained are expressed as mean ± SD, all statistical analyses were acquired by using
GraphPad Prism version 8.0 software (GraphPad, USA). One-way ANOVA and two-way ANOVA were
utilized for statistical analysis. Signi�cance levels were set at *P < 0.05, **P < 0.01 and ***P < 0.001.
Expression of all �uorescence intensities in the experiments were further calculated by Image J software.
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Figure 1

Synthesis and characterization of Oxi-PGP. (a) The synthesis route of Oxi-PGP. (b) 1H NMR spectrum of
CDI-PBAP, PGP and Oxi-PGP. (c) FT-IR spectrum of PGP and Oxi-PGP.

Figure 2

Preparation and characterization of ROS responsive PNPs and MNPs. (a, b) The particle size and
potential of the PNPs and MNPs respective DLS. (c) Hydrolysis rates of PNPs in PBS with different
concentrations of H2O2 (0, 0. 1 mM, 0.25 mM, 0.50 mM and 1.00 mM). (d) TEM images of representative
PNPs. Scale bar. 100 nm. (e) TEM images of representative MNPs. Scale bar. 100 nm. Inset: the ampli�ed
TEM image of a single MNP. Scale bar: 100 nm. (f) In vitro release of Cur from PNPs in PBS at different
concentrations of H2O2 (0, 0. 5 mM and 1Mm). (g, h) Particle sizes and Zeta potentials of PNPs and
MNPs analyzed by DLS. (i) In vitro drug release pro�les of PNPs@Cur and MNPs@Cur. Statistical
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signi�cance was calculated by one-way ANOVA (n=3). P-value: *P < 0.05, **P < 0.01 and ***P < 0.001.
Data are means ± SD.

Figure 3

Stability and protein analysis. (a) The particle stability of PNPs and MNPs incubated in the buffers for 60
h at 4°C. (b-d) The protein bands characteristic of PNPs, macrophages, MM derived vesicles and MNPs
were veri�ed by Western blotting. Statistical signi�cance was calculated by one-way ANOVA (n=3). P-
value: *P < 0.05, **P < 0.01 and ***P < 0.001. Data are means ± SD.
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Figure 4

Capacity to target at the cellular level in vitro. (a) Ability to escape from RAW264.7 cells (including
quantitative analysis) of free Cur, PNPs@Cur and MNPs@Cur. Scale bar: 50 µm. (b, c) Cellular uptake
(including quantitative analysis) of PNPs@Cur and MNPs@Cur by RAW264.7 cells and HUVECs treated
with LPS respectively. Scale bar: 50 µm. (d) Validated intracellular release of MNPs@NR in LPS-treated
macrophages (including quantitative analysis). Scale bar: 50 µm. Statistical signi�cance was calculated
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by one-way ANOVA and two-way ANOVA (n=3-5). P value: *P < 0.05, **P < 0.01 and ***P < 0.001. Data are
means ± SD.

Figure 5

In vitro targeting of PNPs. (a) Ability to escape from RAW264.7 cells (including quantitative analysis) of
free Cur, CNPs@Cur and PNPs@Cur. Scale bar: 50 µm. (b) Cellular uptake (including quantitative
analysis) of free Cur, CNPs@Cur and PNPs@Cur by RAW264.7 cells treated with LPS. Scale bar: 50 µm. P-
value: *P < 0.05. Data are means ± SD.
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Figure 6

In vitro safety compatibility and suppression cytokine studies. (a, b) Cell viability of HUVECs
andRAW264.7 cells after incubation with various doses of PNPs and MNPs for 48 h. (c) Images of the
hemolysis test with PNPs and MNPs. (d) The absorbance of PNPs and MNPs measured at 570 nm. (e, f)
Generation of TNF-α and IL-6 from activated macrophages supernatant after incubated with
combinations of LPS (100 ng/mL), free Cur, PNPs@Cur and MNPs@Cur. Statistical signi�cance was
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calculated by two-way ANOVA and one-way ANOVA (n=3). P-value: *P < 0.05, **P < 0.01 and ***P < 0.001.
Data are means ± SD.

Figure 7

Targeting of impaired lungs in mice. (a, b) The biodistribution �uorescence of MNPs@DiR, MNPs@DiR
and MNPs@DiR were measured using IVIS. (c, d) Quantitative analysis in lungs and other organs
con�rmed by IVIS. Statistical signi�cance was calculated by two-way ANOVA and one-way ANOVA (n=3-
5). P-value: *P < 0.05, **P < 0.01 and ***P < 0.001. Data are means ± SD.
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Figure 8

Targeted delivery of MNPs@Cur inhibits cytokine storm to improve lung in�ammation. (a) The schedule
of experiments for ALI model studies. ALI mouse models were induced by intraperitoneal injection of LPS
(10 mg/kg). 5 hours after LPS administration, mice were injected intravenously with saline, free Cur,
PNPs@Cur, and MNPs@Cur and 19 hours after drug administration, lungs were collected for treatment
analysis. (b, c) The expression levels of in�ammatory factors TNF-α, IL-6 in the lung tissue homogenate
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of mice after various treatments. (d) The wet-to-dry ratios of the lungs by different treatments indicated in
the diagram. (e, f) The levels of MPO and MDA in lung tissue homogenates after various treatments, as
shown. (g, h) Semi-quantitative analysis of lung damage scores and H&E-stained lung tissue sections
were imaged. The blue circles indicate neutrophil in�ltration. Scale bar: 100 µm. Statistical signi�cance
was calculated by one-way ANOVA (n=3-5). P-value: *P < 0.05, **P < 0.01 and ***P < 0.001. Data are
means ± SD.

Figure 9

Samples were collected from the heart, liver, kidney and spleen, sectioned and stained (H&E) for
histological analysis (scale bar = 100 µm). There were no signs of tissue damage or disorganization of
tissue structure found in any of the tissues.
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