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Abstract
Background Tea polyphenols (TPs), prominent constituents of green tea, possess remarkable antioxidant and 
anti-inflammatory properties. However, their therapeutic potential is limited due to low absorption and poor 
bioavailability. To address this limitation and enhance their efficacy, we developed a biomimetic nanoplatform by 
coating platelet membrane (PM) onto poly-lactic-co-glycolic acid (PLGA) nanoparticles (NPs) to create targeted 
delivery vehicles for TPs (PM@TP/NPs) to the inflamed tissues in asthma.

Methods After synthesizing and characterizing PM@TP/NPs, we assessed their biocompatibility and biosafety 
through cell viability assays, hemolysis tests, and inflammation analysis in vivo and in vitro. The therapeutic effect of 
PM@TP/NPs on asthma was then evaluated using a mouse model of HDM-induced asthma. Additionally, PM@TP/NPs-
mediated reactive oxygen species (ROS) scavenging capacity, as well as the activation of signaling pathways, were 
analyzed in HBE cells and asthmatic mice via flow cytometry, RT-qPCR, and western blotting.

Results Compared with free TPs, PM@TP/NPs demonstrated excellent biocompatibility and safety profiles in both 
in vitro and in vivo, as well as enhanced retention in inflamed lungs. In HDM-induced mouse asthma model, inhaled 
PM@TP/NPs largely attenuated lung inflammation and reduced the secretion of type 2 pro-inflammatory cytokines 
in the lungs compared to free TPs. The therapeutic effects of PM@TP/NPs on asthma might be associated with an 
enhanced ROS scavenging capacity, increased activation of the Nrf2/HO-1 pathway, and decreased activation of the 
CCL2/MAPK and TLR4/NF-κB pathway in the lungs.

Conclusions Our findings demonstrate that inhalation of PM@TP/NPs largely attenuated lung inflammation in HDM-
induced asthmatic mice. These results suggest that PM@TP/NPs might be a novel therapeutic strategy for asthma.
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Introduction
Tea polyphenols (TPs), prominent constituents of green 
tea, exhibit diverse biological effects including antioxi-
dant, anti-inflammatory, anti-tumor, and immunomodu-
latory activities, making them valuable for biomedical 
applications across various conditions such as autoim-
mune and neurodegenerative diseases [1, 2]. Recently, 
numerous studies have reported that the protective 
effects of Epigallocatechin-3-gallate (EGCG), which is 
the major polyphenol extracted from green tea, against 
asthma and other lung diseases [3–5]. For instance, 
EGCG inhibits airway inflammation and epithelial- mes-
enchymal transition through the PI3K/AKT pathway via 
upregulation of PTEN in ovalbumin (OVA)-challenged 
asthmatic mice [6]. However, its therapeutic efficacy is 
hindered by low absorption, poor bioavailability, and off-
target effects [7].

In recent years, membrane-coated nanomedicines 
have been widely used for the targeted therapy of dif-
ferent diseases like inflammatory diseases, infection 
diseases, cardiovascular disease, and cancer [8]. Platelet 
membrane-coated NPs has recently attracted increasing 
attention due to the protein profile on platelet surfaces, 
which allows natural pathophysiological affinity and tar-
geting to sites of inflammation, pathogens, vascular dis-
tress, and tumors [9, 10]. Previous studies have shown 
that the platelet camouflage technique is effective in 
treating certain pulmonary inflammatory diseases such 
as pneumonia and asthma, owing to their outstanding 
biocompatibility, long blood circulation, low immunoge-
nicity, and selective targeting ability [11, 12]. Our previ-
ous studies utilizing platelet membrane-coated Berberine 
biomimetic nanoparticles demonstrated improved bio-
compatibility, bioavailability, and lung targeting, effec-
tively attenuating allergic asthma [13]. However, the use 
of Tea polyphenols nanoparticles for asthma treatment 
as antioxidants and anti-inflammatory agents remains 
unexplored.

In asthma, various pro-inflammatory cytokines includ-
ing TNF, IL-1β, IL-6, and reactive oxygen species (ROS) 
such as hydroxyl radicals and peroxides are overex-
pressed [14], contributing to oxidative stress and inflam-
mation, which may culminate in airway tissue damage 
[15]. The pivotal role of ROS in asthma pathogenesis 
has been extensively studied, with oxidative stress linked 
to airway bronchoconstriction and hyperresponsive-
ness [16–18]. Consequently, inhibiting oxidative activ-
ity emerges as a potential strategy to mitigate asthma 
pathogenesis.

In this study, we synthesized platelet membrane-coated 
tea polyphenols biomimetic nanoparticles (PM@TP/
NPs) and evaluated their therapeutic efficacy in a model 
of HDM-induced asthma. Our findings demonstrate 
that PM@TP/NPs efficiently alleviate oxidative stress 

and inflammation in vitro, leading to reduced ROS and 
inflammatory cytokine production. Furthermore, in an 
HDM-induced asthma mouse model, inhaled PM@TP/
NPs effectively mitigate lung inflammation by scavenging 
ROS production while concurrently activing Nrf2/HO-1 
signaling pathway and suppressing the CCL2/MAPK and 
TLR4/NF-κB signaling pathway. Collectively, our results 
suggest that PM@TP/NPs may offer a synergistic thera-
peutic approach for preventing and attenuating asthma.

Materials and methods
Mice
Female C57BL/6 mice aged 6–8 weeks were procured 
from Guangdong Experimental Animal Center (Guang-
zhou, China). They were housed in the animal facility of 
Guangdong Medical University under controlled condi-
tions at 25.0 ± 2  °C with a 12 h/12 h light-dark cycle. All 
animal procedures strictly adhered to the Guidelines 
for the Care and Use of Laboratory Animals of Guang-
dong Medical University. The Institutional Animal Care 
and Use Committee of Guangdong Medical Univer-
sity reviewed and approved all experimental protocols 
(GDY2002326).

Preparation of TP-loaded nanoparticles (TP/NPs)
The TP/NPs were synthesized using emulsification and 
evaporation methods as previously described with minor 
adjustments [19]. In brief, 20 mg of TP (Sigma-Aldrich, 
USA) and 160  mg of PLGA-PEG (lactide: glycolide 
50:50, Sigma-Aldrich, USA) were co-dissolved in 5 mL 
of dichloromethane, serving as the oil phase (O). Mean-
while, 20 mL of PVA solution (1%, w/w, Sigma-Aldrich, 
USA) was prepared as the water phase (W). The oil phase 
was initially emulsified using ultrasonication for 40  s at 
100 Watts on ice. Subsequently, the emulsified oil phase 
was added dropwise into the water phase, followed by 
a second emulsification through ultrasonication for an 
additional 40 s. To incorporate the nanoparticle fluores-
cence marker, 250 µg of Coumarin 6 (Cou6, Sigma, USA) 
was introduced into the oil phase. Finally, the nanopar-
ticles were collected via centrifugation at 12,000 rpm for 
20 min, followed by three washes with ultrapure water.

Synthesis of platelet membrane (PM)-coated TP-loaded 
NPs (PM@ TP/NPs)
Fresh whole blood was obtained from 8-week-old normal 
mice via cardiac puncture after euthanasia using CO2. 
Platelets were then isolated from mouse blood using gra-
dient centrifugation following established protocols [13]. 
Initially, the supernatant of 0.5 mL of mouse whole blood 
was centrifuged at 200 g for 10 min to yield platelet-rich 
plasma (PRP). Subsequently, PRP was separated from 
the supernatant by centrifugation at 1800  g for 20  min, 
resulting in the precipitation of platelets. The platelet 
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precipitates were washed twice with PBS, resuspended in 
water containing a protease cocktail inhibitor, and stored 
at -80 ℃. Prior to use, the platelets were thawed at room 
temperature. This freeze-thaw process was repeated 
three times to ensure uniformity. Finally, the platelet 
membranes were mixed with TP /NPs to form uniform 
particles.

Characterization of PM@TP/NPs
The particle size of the TP/NPs was determined using 
dynamic light scattering (DLS). Surface characteristics 
of TP/NPs were analyzed via scanning electron micros-
copy (SEM). Optical properties were assessed using 
ultraviolet-visible (UV-Vis) spectroscopy. TP/NPs encap-
sulating platelet membrane proteins were evaluated via 
SDS-PAGE. Protein samples, including platelet mem-
brane proteins and PM@TP/NPs, were loaded onto a 10% 
SDS-PAGE gel, followed by staining with Coomassie Blue 
and imaging after overnight gel decolorization. Addition-
ally, platelet membrane proteins in both platelets and 
PM@TP/NPs were identified via Western blot using the 
platelet membrane protein P-selectin (CD62).

Cell culture and nanoparticles uptake
Human bronchial epithelialcells (16HBE, ATCC; Manas-
sas, VA, USA) were cultured in DMEM medium (Gibco, 
NY, USA), supplemented with 10% fetal bovine serum 
(FBS, Gibco, USA), 100 U/mL penicillin, and 100  µg/
mL streptomycin, and maintained in a humidified atmo-
sphere containing 5% CO2 at 37℃. To assess nanoparticle 
uptake, HBE cells were cultured in DMEM with 10% FBS. 
Following a 24-hour stimulation with 50  µg/mL house 
dust mite (HDM, Dermatophagoides farina, Greer Lab-
oratories), naked Cou6-TP/NPs or Cou6-PM@TP/NPs 
were introduced into the culture medium for an addi-
tional 2 h. Subsequently, fluorescence microscopy (Olym-
pus IX70 Inverted Microscope) was utilized to capture 
images of HBE cells. Nanoparticle uptake was quanti-
fied using flow cytometry. HBE cells were exposed to 
either naked Cou6-TP/NPs or Cou6-PM@TP/NPs, then 
washed twice with PBS to eliminate unbound nanopar-
ticles, and subsequently subjected to trypsinization. 
Flow cytometry analysis (LSRFortessaTM X-20, BD) was 
employed for data collection and analysis, with results 
expressed as the mean fluorescence intensity (MFI) of 
Cou6 within the cells.

Cell viability assay
A CCK-8 assay was conducted to assess the cell viabil-
ity of HBE cells. Briefly, HBE cells were seeded at a 
density of 5 × 10^3 cells per well in 96-well plates and 
incubated overnight at 37  °C in a 5% CO2 atmosphere. 
Subsequently, the culture medium was replaced with 
varying concentrations of TP, and the cells were further 

incubated for 24 h at 37 °C. Cell viability was then evalu-
ated using a CCK-8 kit (Beyotime, China) following the 
manufacturer’s protocol.

Hemolysis test
To assess the in vivo biosafety of TP/NPs, a hemolysis 
test was conducted using red blood cells treated with var-
ious formulations of TP nanoparticles [20]. Erythrocytes 
were obtained from normal C57BL/6J mice by wash-
ing anticoagulated whole blood with PBS at 3,500  rpm 
for 5 min. Subsequently, a 4% red blood cell suspension 
(v/v in PBS) was mixed with 1 mL of prepared TP and TP 
nanoparticle solutions (100 µg/mL). After incubating for 
4  h at 37  °C, all samples were centrifuged at 3,500  rpm 
at 4 °C for 5 min to collect the supernatants. The absor-
bance values (A) of the supernatants from each sample 
were measured at 550 nm using a microplate reader. The 
erythrocyte sample lysed with pure water was used as the 
positive control, while the erythrocyte sample diluted 
with PBS was used as the negative control. Hemolysis 
percentage (%) was calculated as follows: Hemolysis (%) 
= (A sample-A negative control) / (A positive control-A 
negative control) X100%. Additionally, the red blood cells 
were added to a 12-well plate and imaged using a live 
cell imaging system (EVOSFL Auto, Invitrogen, USA) to 
observe red blood cell morphology.

IVIS imaging
Following the induction of asthma in C57BL/6 mice 
via HDM exposure, 50 µL of Cou6@TP/NPs (100  µg/
mL) and 50 µL of Cou6-PM@TP/NPs (100  µg/mL) 
were administered intranasally as fluorescent mark-
ers, with PBS administration intranasally as the control. 
Two hours post-administration, images of major mouse 
organs (heart, lung, liver, spleen and kidney) were cap-
tured. Each mouse organ was placed on the scanning 
platform of the IVIS imaging system to ensure consis-
tent positioning. The PerkinElmer live imaging system 
was used to capture live fluorescence images of the mice 
organ. Quantitative analysis was performed using Living 
Imaging software to assess changes in fluorescence inten-
sity and distribution within the organs.

HDM-induced mouse asthma model
The HDM-induced mouse asthma model used in this 
study was previously described in our publications [13, 
21]. In this experiment, mice were divided into four 
groups: Basal, HDM, TP, and PM@TP/NPs, with five 
mice per group. The mouse model of HDM-induced 
asthma was conducted following this protocol. Eight-
week-old female C57BL/6 mice were intranasally sen-
sitized with HDM (200  µg HDM in 50 µL saline per 
mouse; Mite Dust D. pteronyssinus, Greer Laboratories) 
on days 0 and 2. On day 14, these mice were intranasally 
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stimulated challenged with HDM (30 µg in 50 µL saline 
per mouse) for five consecutive days. Mice in the TP 
group and the PM@TP/NPs were intranasally adminis-
tered with TP group or the PM@TP/NPs (10 mg TP per 
kg body weight) 1  h before HDM stimulation from day 
14 to day 21. Normal mice treated intranasally with saline 
served as the basal control group. Forty-eight hours after 
the final HDM stimulation on day 21, bronchoalveolar 
lavage fluid (BALF), sera, and lung tissues were collected 
for further analysis.

Flow cytometry analysis of bronchoalveolar lavage fluid 
(BALF) and lung leukocytes
After anesthetizing the mouse, BALF was collected using 
5X cold PBS (1 mL) and subjected to flow cytometry 
analysis. Lung leukocytes were isolated following a previ-
ously described method [13]. In brief, lung tissues of mice 
were minced and digested with 1 mg/mL Collagenase IV 
(Life Technologies) in RPMI1640 medium containing 5% 
FBS at 37  °C for 45  min. Subsequently, lung mononu-
clear cells were isolated using a 38% Percoll gradient (GE 
Healthcare Life Sciences), and the cells at the bottom of 
the tube were collected. Red blood cells were lysed using 
ammonium-chloride-potassium lysis buffer (Life Tech-
nologies), and the remaining cells were harvested for flow 
cytometry analysis.

For flow cytometric examination, cells were surface-
stained with antibodies in PBS containing 1% FCS 
(Sigma-Aldrich) on ice for 30 min. For intracellular cyto-
kine staining, cells were stimulated with 50 ng/mL PMA 
(Sigma-Aldrich) and 1 µM ionomycin (Sigma-Aldrich) 
for 5  h in the presence of Golgistop (BD Biosciences). 
Flow cytometric data were acquired using LSRFortes-
saTM X-20 and analyzed using FlowJo software (BD 
Bioscience).

ELISA for the determination of cytokines in sera
Whole blood obtained from mouse heart was centrifuged 
at 4 ℃ at 5,000 rpm for 10 min. The serum collected from 
the blood supernatant was used for ELISA analysis. The 
concentrations of Ig E in BALF and IL-4, IL-5, and IL-13 
in mouse serum were measured respectively using ELISA 
kits (Invitrogen), following the manufacturer’s instruc-
tions, All samples were measured in duplicate.

Histological analysis
After perfusion with cold PBS, the mouse organs (lung, 
heart, liver, spleen, and kidney) were fixed in 4% parafor-
maldehyde (PFA) at room temperature overnight. Subse-
quently, the organs were embedded in paraffin, sectioned 
into 5 μm slices, and subjected to hematoxylin and eosin 
(HE) for analysis.

ROS detection
HBE cells (1 × 10^6 cells per well) were seeded in 6-well 
plates and cultured overnight. Following incubation with 
TP (100 µg/mL) and PM@TP/NPs (100 µg/mL) for 2 h, 
the cells were stimulated with HDM (100  µg/mL) for 
24  h. Subsequently, the cells were treated with DCFH-
DA at room temperature for 30 min, following the man-
ufacturer’s instructions. After washing the cells twice 
with PBS, the fluorescence intensity of DCF-HA within 
the cells was measured using a flow cytometer with a 
FITC channel. For the detection of reactive oxygen spe-
cies (ROS) levels in lung tissues, lungs from both normal 
mice and asthmatic mice were dissected, washed imme-
diately with PBS, and then incubated in DMEM medium 
containing 100 µM DCFH-DA at 37 °C for 30 min. After 
washing the lung tissues twice with DMEM, the fluores-
cence intensity was visualized using a Small Animal Live 
Imaging System (Eastman Kodak Co, USA).

RT-qPCR
Total RNAs from lung tissues of mice and cells were iso-
lated using TRIzol reagent (Invitrogen) following estab-
lished protocols [22]. Briefly, 1  µg of total RNA was 
reverse transcribed into cDNA using the PrimeScript™ 
RT reagent Kit with gDNA Eraser (TaKaRa) according 
to the manufacturer’s instructions. Quantitative PCR 
(qPCR) was performed with SYBR Green Master Mix 
(YEASEN) using The LightCycler® 96 Instrument (Roche, 
Germany). The relative expression levels were calculated 
using the comparative Ct value method, with mRNA lev-
els normalized to Gapdh. The primers used for RT-qPCR 
in this study are listed in Table 1.

Immunoblot analysis
Immunoblot analysis was conducted following estab-
lished procedures [23]. In brief, Total protein was 
extracted from cultured HBE cells and lung tissues were 
lysed with RIPA buffer supplemented with 1% PMSF and 
a proteinase inhibitor cocktail (Roche, USA) for 30 min 
on ice. The supernatants were collected by centrifuga-
tion at 12,000 g for 20 min. Protein concentrations were 
determined using a BCA assay. Subsequently, 40  µg of 
protein samples were separated by 10% SDS-PAGE and 
electro-transferred onto a PVDF membrane (Millipore, 
Billerica, USA). The membranes were then blocked and 
immunoblotted with primary antibodies: P-selectin/
CD62p (mouse Ab, Cat No. 60322-1-Ig), HO-1/HMOX1 
(rabbit Ab, Cat No. 10701-1-AP), TRL4 (mouse Ab, Cat 
No.66350-1-Ig), Nrf2 (mouse Ab, Cat No. 66504-1-Ig) 
from Proteintech Inc. USA; p-Erk1/2 (rabbit Ab, Cat No. 
4370), p-P38 (rabbit Ab, Cat No. 4511), P65 (mouse Ab, 
Cat No. 8242), and GAPDH (rabbit Ab, Cat No.2118) 
from Cell Signaling Technology Inc. USA. Finally, the 
blots were visualized using enhanced chemiluminescent 
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reagents (Millipore) and imaged with an AI600 software 
(GE Healthcare, USA).

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 
8 and IBM SPSS Statistics 22 software. Comparison of 
the variables between groups was made by student’s t-test 
or one-way ANOVA followed by Tukey’s post-hoc test. 
P < 0.05 was considered for the statistical significance. All 
results represent mean ± standard deviation (SD).

Results
Synthesis and characterization of PM@TP/NPs
The PM@TP/NPs nanoparticles were prepared follow-
ing our previously reported method [13]. Briefly, Tea 
polyphenols were loaded onto PLGA-PEG nanopar-
ticles using the double emulsion method to form TP@
NPs. Subsequently, platelet membranes were obtained 
through repeated freeze-thaw cycles and used to prepare 
PM@TP/NPs. After formulating the PM@TP/NPs, their 
size distribution and morphology were characterized by 
dynamic light scattering (DLS) and scanning electron 
microscopy (SEM) respectively, before and after wrap-
ping with the platelet membrane. The mean size distri-
bution of TP/NPs increased from approximately 239 nm 
to 425  nm after cloaking with the platelet membrane 
(Fig.  1A), indicating successful acquisition of PM@TP/
NPs. SEM images (Fig.  1B) revealed a thick membrane 
layer after coating with the platelet membrane, with 
PM@TP/NPs displaying a spherical shape with a diam-
eter of around 425 nm. The loading capacity of TP into 
NPs was assessed using UV-Visible Spectrometry. The 
optical characterization of TP/NPs (Fig. 1C) exhibited a 
maximum UV-Vis absorption at around 200  nm. PM@
TP/NPs displayed an absorption spectrum very similar 

to free TP, suggesting successful encapsulation of TP into 
the PM@TP/NPs. Furthermore, the presence of plate-
let membrane protein in PM@TP/NPs was validated 
using SDS-PAGE (Fig.  1D), confirming the preservation 
of characteristic membrane proteins such as the platelet 
membrane protein P-selectin (CD62). Additionally, plate-
let membrane proteins were further confirmed by West-
ern blot using a P-selectin antibody. Overall, these results 
demonstrate the successful conjugation or coating of 
platelet membranes on the surface of the nanoparticles.

Bioavailability, biosafety and biocompatibility evaluation 
of the TP/NPs
Due to its susceptibility to oxidation and subsequent 
loss of activity, the bioavailability of free TP was evalu-
ated through a storage experiment. Over several weeks 
of water dissolution, the color of TP solution turned yel-
low, indicative of oxidation (Fig.  2A). Additionally, pre-
cipitation occurred after one week of TP storage in water, 
contrasting with the orange color of TP/NP solution and 
the absence of precipitation (Fig. 2A), indicating uniform 
dispersion of TP/NPs in water. Given the pivotal role of 
nanoparticle biosafety in clinical therapy, the cell viability 
of TP in HBE cells was assessed using a CCK8 test kit. 
As displayed in Fig. 2B, TP concentrations below 128 µg/
mL exhibited excellent cell viability in HBE cells, sug-
gesting this as the safe range between 0 and 128 µg/mL 
of TP concentration for treatment in vitro. Based on our 
previously results [24], a concentration of 100 µg/mL of 
TP and its nanoparticles was selected for in vitro experi-
ments in this study.

To evaluate TP’s biosafety in vivo, HDM-induced asth-
matic mice were intranasally administered TP (10  mg/
kg) and PM@TP/NPs (10 mg/kg). H&E staining (Fig. 2C) 
revealed no evident lesions in major organs (heart, liver, 

Table 1 List of primers used for RT-qPCR
Gene Mouse Forward primer Reverse primer
Il4  G G T C T C A A C C C C C A G C T A G T  G C C G A T G A T C T C T C T C A A G T G A T
Il5  C T C T G T T G A C A A G C A A T G A G A C G  T C T T C A G T A T G T C T A G C C C C T G
Il13  C C T G G C T C T T G C T G C C T T  G G T C T T G T G T G A T G T T G C T C A
Il6  A T G A A G T T C C T C T C T G C A A G A G A C T  C A C T A G G T T T G C C G A G T A G A T C T C
Tnfα  C A G G C G G T G C C T A T G T C T C  C G A T C A C C C C G A A G T T C A G T A G
Ccl2  T T A A A A A C C T G G A T C G G A A C C A A  G C A T T A G C T T C A G A T T T A C G G G T
Ccl20  A A G A C A G A T G G C C G A T G A A G  A G G T T C A C A G C C C T T T T C A C
Il25  A C A G G G A C T T G A A T C G G G T C  T G G T A A A G T G G G A C G G A G T T G
Muc5ac  G G A C T T C A A T A T C C A G C T A C G C  C A G C T C A A C A A C T A G G C C A T C
Muc5b  G C C G A G G C A A G T A C C T G T C  A C A G C C C T T A T A C C G C A A G A C
Gapdh  A G G T C G G T G T G A A C G G A T T T G  T G T A G A C C A T G T A G T T G A G G T C A
Human
Ccl2  A T G A A A G T C T C T G C C G C C C T  G G C A T T G A T T G C A T C T G G C T G
Ccl20  C A A G A G T T T G C T C C T G G C T G C T G C  A G T C A A A G T T G C T T G C T T C T G A T
Il25  C C C C C T G G A G A T A T G A G T T G G  G A G C C T G T C T G T A G G C T G A C
Gapdh  A C A A C T T T G G T A T C G T G G A A G G  G C C A T C A C G C C A C A G T T T C
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spleen, and kidney) of the PM@TP/NPs group at a con-
centration of 100  mg/kg. Furthermore, to confirm TP’s 
biocompatibility in vivo, hemolytic properties of TP 
and its modified nanoparticles were assessed by eryth-
rocyte hemolysis assay. Both TP and its nanoparticles 
were tested at a concentration of 100 µg/mL (calculated 
based on the TP loading into NPs). While TP showed 
slight hemolysis (Fig. 2D), TP nanoparticles significantly 
reduced hemolysis compared to free TP, with PM@TP/
NPs demonstrating the most pronounced effect. Opti-
cal microscope images of erythrocytes treated with TP 
and its nanoparticles (Fig.  2E) further supported these 

findings, revealing reduced cell lysis with nanopar-
ticle treatment compared to free TP. Notably, PM@TP/
NPs exhibited superior efficacy in improving red blood 
cell survival rates compared to TP/NPs, underscoring 
the potential of biomimetic nanoparticles coated with 
platelet membrane to enhance drug biocompatibility 
in vivo. Collectively, these findings highlight the signifi-
cant enhancement of TP biocompatibility and biosafety 
achieved with PM@TP/NPs.

Fig. 1 Synthesis and characterization of PM@TP/NPs. (A) Mean size of TP-NPs and PM@TP/NPs were measured by. Dynamic Light Scattering (DLS) analyz-
ers (n = 3). (B) Scanning electron microscope (SEM) image of TP/NPs and PM@TP/NPs. Scale bar = 100 nm, n = 3. (C) The encapsulation of TP was detected 
using an ultraviolet and visible spectrophotometer (UV6000). (D) Proteins of platelet membrane (PM) and PM@TP/NPs were analyzed by SDS-PAGE. (E) 
Proteins of platelet membrane and PM@TP/NPs were confirmed by Western blot with P-selectin antibody, GAPDH as a reference
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PM@TP/NPs reduced HDM-induced inflammation in HBE 
cells by suppressing ROS production and the CCL2/ MAPK 
signaling pathway
To understand how to scavenge ROS in HDM-induced 
airway epithelial inflammation with TP treatment, we 
assessed ROS production, the expression levels of ROS-
associated proinflammatory cytokines and chemokines, 
and the MAPK signaling pathway in HBE cells follow-
ing HDM stimulation. Following treatment with TP and 
HDM, HBE cells were stained with DCFH-DA and ana-
lyzed by flow cytometry. Notably, PM@TP/NPs dem-
onstrated significant inhibition of ROS production in 
HDM-challenged HBE cells compared to other treatment 
groups (Fig. 3A-B). Additionally, we evaluated the mRNA 
expression levels of Ccl2, Ccl20, and Il25 using real-time 
qPCR (Fig.  3C). The results revealed that PM@TP/NPs 
markedly decreased the mRNA expression of Ccl2 com-
pared to TP treatment following HDM stimulation. How-
ever, there were no significant differences observed in 
the mRNA expressions of Ccl20 and Il25 among all treat-
ment groups. The results indicated that PM@TP/NPs 
effectively suppressed Erk1/2 and P38 signaling pathways 
following HDM stimulation (Fig.  3D). These findings 

suggest that PM@TP/NPs alleviate HDM-induced 
inflammation in HBE cells by attenuating ROS produc-
tion and modulating the CCL2/MAPK signaling pathway.

The coating of platelet membrane promoted inflammation 
targeting and facilitated TP accumulation
To improve the precision targeting of NPs, the platelet 
membrane was coated to facilitate the inflammation tar-
geting of NPs. To examine the targeting efficacy of TP/
NPs, coumarin 6 (Cou6) was co-encapsulated into the 
TP/NPs (Cou6-PM@TP/NPs) as the fluorescent marker. 
The mean fluorescence intensity (MFI) of Cou6-TP/NPs 
and Cou6-PM@TP/NPs were determined by micro-
scope and flow cytometry to evaluate cell uptake. HBE 
cells were treated with TP/NP and PM@TP/NPs for 
1 h under conditions stimulated by PBS and HDM. The 
results in Fig.  4A indicated no significant difference in 
TP/NPs uptake in PBS-treated HBE cells compared to 
PM@TP/NPs. However, in HDM-induced inflammatory 
HBE cells, PM@TP/NPs exhibited significantly increased 
cell uptake. Flow cytometry confirmed higher MFI val-
ues for PM@TP/NPs in HBE cells compared to naked 
TP/NPs after HDM stimulation (Fig.  4B and C). These 

Fig. 2 Bioavailability, biosafety and biocompatibility evaluation of the NPs. (A) Bioavailability of TP and TP/NPs were tested in different storage times by 
storage experiment (n = 3). *p < 0.05 versus free TP group. (B) HBE cells were treated with various concentration of TP ranging from 0 to 256 µg/mL for 24 h, 
cell viability was determined using the CCK8 assay (n = 3). *p < 0.05, ***P < 0.001 versus the untreated control group. (C) After 100 mg/kg TP and PM@TP/
NPs were administered intranasally to mice, mouse major organs (heart, liver, spleen and kidney) were evaluated by H&E staining. Intranasal administra-
tion of PBS as a control (n = 3). Bar: 200 μm. (D-E) The images of hemolysis assay of pure water, free TP, TP/NPs and PM@TP/NPs, separately. The morphology 
of erythrocytes treated with free TP, TP/NPs, and PM@TP/NPs separately by light microscope (n = 3). *p < 0.05 versus water group and PM@TP/NPs group

 



Page 8 of 15Ouyang et al. Respiratory Research          (2024) 25:311 

observations imply that PM@TP/NPs predominantly 
taken up by inflammatory bronchial epithelial cells, 
showcasing excellent targeting ability in vitro.

To further assess the targeting and accumulation of 
PM@TP/NPs in inflammatory lungs, various organs 
of HDM-induced asthmatic mice were imaged using 
an IVIS imaging system. The targeting capabilities of 
Cou6-TP/NPs and Cou6-PM@TP/NPs against inflam-
matory lungs were evaluated by in vivo imaging of fluo-
rescent mice. Strong fluorescence signals were observed 
in mouse lung tissues 2  h after i.n. administration of 
TP nanoparticles, indicating enhanced targeting ability 

(Fig. 4D). Additionally, statistical analysis of MFI demon-
strated higher fluorescence intensity in mouse lungs for 
the Cou6-PM@TP/NPs group compared to the Cou6-
TP/NPs group, suggesting superior inflammatory target-
ing ability for PM@TP/NPs. These results indicate that 
Cou6-PM@TP/NPs significantly contribute to improved 
drug delivery and accumulation in inflammatory lungs.

PM@TP-NPs enhanced the attenuation of airway 
inflammatory cell infiltration in HDM-induced asthma
To explore the therapeutic potential of PM@TP/NPs as 
an antioxidant agent in mice, we assessed the efficacy of 

Fig. 3 PM@TP/NPs reduced HDM-induced inflammation in HBE cells by suppressing ROS production and CCL2/ MAPK signaling pathway. (A) HBE cells 
pretreated with different formulations of TP (100 µg/mL) for 3 h before 100 µg/mL of HDM challenging, then HBE cells with different treatments were 
stained with DCF-HA kits. The reactive oxygen species (ROS) level of 20,000 cells was determined by flow cytometry, and (B) the mean fluorescent inten-
sity (MFI) of HBE cells was measured by flowjo software. (C) The mRNA expression of Ccl2, Il25, and Ccl20 in HBE cells after HDM (100 µg/mL) stimulation 
was determined by RT-qPCR (n = 3). (D-E) Western blot was used to examined Erk1/2、P38 signal pathways in HBE cells treated with different formula-
tions of TP (n = 3). *p < 0.05
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TP and its NPs in alleviating eosinophilic airway inflam-
mation in an HDM-induced asthma model. As depicted 
in Fig. 5A, asthmatic mice exhibited significantly higher 
levels of infiltrated leukocytes compared to normal mice 
(Basal group). Both TP and the biomimetic NPs dem-
onstrated a reduction in infiltrated leukocytes in the 
bronchoalveolar lavage fluid (BALF) of asthmatic mice. 
Notably, PM@TP/NPs exhibited a greater reduction in 
inflammatory cell infiltration into the mouse airways 
compared to TP treatment alone. Additionally, PM@TP/
NPs significantly decreased total eosinophil numbers 
while increasing macrophage numbers in BALF. How-
ever, PM@TP-NPs did not affect total neutrophil and 
lymphocyte numbers in BALF (Fig. 5B and C).

Furthermore, asthmatic mice exhibited elevated lev-
els of IgE in sera and Th2-associated proinflammatory 

cytokines such as IL-4, IL-5, and IL-13 concentrations 
in BALF compared to normal mice. Both TP and its NPs 
reduced IgE levels in sera and secretion of proinflam-
matory cytokines (Fig.  5D). Importantly, PM@TP/NPs 
demonstrated a greater reduction in IgE levels in sera 
and secretion of proinflammatory cytokines in BALF 
compared to TP treatment alone (Fig.  5D). These find-
ings collectively indicate that PM@TP/NPs significantly 
enhanced the reduction of airway inflammation in the 
HDM-induced mouse asthma model, suggesting their 
potential as an effective therapeutic approach for asthma.

PM@TP/NPs relieved pulmonary inflammation in asthmatic 
mice
To further investigate the therapeutic potential of 
TP and its biomimetic NPs in mitigating pulmonary 

Fig. 4 The coating of platelet membrane promoted inflammation targeting and facilitated TP accumulation. (A) Cou6 was encapsulated into the NPs as 
a fluorescence marker. The intracellular uptake of Cou6-TP/NPs and Cou6-PM@ TP/NPs in HBE cells with or without HDM treatment, was observed using 
a fluorescence microscope (n = 3). (B-C) The typical images and the fluorescence intensity in HBE cells co-cultured with Cou6-TP/NPs and Cou6-PM@TP/
NPs with or without HDM treatment by flow cytometry (n = 3). *p < 0.05 versus control group. (D-E) Biodistribution and retention of PM@blank-TP/NPs, 
naked Cou6-TP/NPs, and Cou6-PM@TP/NPs in mouse major organs determined by IVIS imaging system at 2 h after NP intranasal administration (n = 4). 
**p < 0.01; ***p < 0.001 versus control group
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inflammation in HDM-induced asthmatic mice, lung 
mononuclear cells were isolated from asthmatic mice 
using collagenase digestion for flow cytometry analy-
sis. Asthmatic mice exhibited higher total leukocyte and 
eosinophil numbers in the lungs compared to normal 
mice. However, TP and its NPs reduced these numbers 
more effectively than PBS treatment alone (Fig.  6A-C). 
Notably, PM@TP/NPs demonstrated superior therapeu-
tic effects in reducing lung inflammatory cells compared 
to TP alone. Histological examination with H&E stain-
ing revealed that PM@TP/NPs improved the reduction 

of leukocyte infiltration in the lungs of mice (Fig.  6D). 
Furthermore, mRNA expressions of proinflammatory 
cytokines and mucin in the lungs of asthmatic mice were 
determined by RT-qPCR. The results showed a signifi-
cant increase in gene expression in the lungs of asthmatic 
mice compared to normal mice. PM@TP/NPs notably 
inhibited the expression of Th2-type cytokines (Il5, Il13) 
and mucin gene (Muc5c), while showing no effects on 
other proinflammatory cytokines (Il4, Tnf, Il6, and Ifnγ) 
and mucin gene (Muc5ab) (Fig. 6E).

Fig. 5 PM@TP-NPs enhanced the attenuation of airway inflammatory cell infiltration in HDM-induced asthma. (A) Experimental scheme for HDM-in-
duced mouse model of asthma. Eight-week-old C57BL/6 female mice (n = 5 per group) were subjected to a HDM-induced asthma model. Mice were 
intranasally sensitized with HDM (200 µg HDM in 50 µL saline per mouse) on days 0 and 2. Subsequently, these mice were intranasally stimulated with 
HDM (30 µg in 50 µL saline per mouse) on day 14 for five consecutive days. The TP group and the PM@TP/NPs group of mice were intranasally adminis-
tered (10 mg TP per kg body weight) 1 h before HDM stimulation from day 14 to day 21. Normal mice treated intranasally with saline served as the basal 
control group in this experiment. Forty-eight hours after the final HDM stimulation on day 21, Bronchiolar alveolar lavage fluid (BALF), sera, and lung tis-
sues were collected. (B-C) Two days after the last stimulation, total cell counts, eosinophils, neutrophils, macrophages, and lymphocyte cells in the BALF 
of mice were quantified by flow cytometry. (D) Representative BALF cells were prepared by flow cytometry analysis. (E) IgE levels in sera and the content 
of proinflammatory factors (IL-4, IL-5, and IL-13) in BALF were quantified by ELISA. *p < 0.05, **p < 0.01, ***P < 0.001
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Additionally, Th cell production in the lungs of HDM-
induced asthmatic mice was examined by flow cytometry. 
Asthmatic mice exhibited higher levels of IL-4, IL-5, and 
IL-13-producing Th2 cells, IFNγ-producing Th1 cells, 
and IL-17-producing Th17 cells in the lungs compared to 
normal mice. However, the PM@TP/NPs group showed a 
greater decrease compared to the TP group, with no sig-
nificant difference observed in IFNγ-producing Th1 cells 
and IL-17-producing Th17 cells among all groups (Fig. 6F 
and G). Taken together, this evidence demonstrates that 
PM@TP/NPs can significantly alleviate lung inflamma-
tion. Therefore, inhaled administration of PM@TP/NPs 
as an antioxidant agent may represent a novel potential 
therapeutic strategy for treating asthma.

PM@TP/NPs enhanced ROS scavenging capacity, activated 
the Nrf2/HO-1 signaling pathway, and suppressed 
the Ccl2/MAPK and TLR4/NF-κB signaling pathways in 
asthmatic mice
To investigate whether PM@TP/NPs alleviate lung 
inflammation in HDM-induced asthma by scaveng-
ing ROS production, we initially assessed ROS levels in 
asthmatic mice. The ROS scavenging ability of TP was 
evaluated using DCFH-DA. As shown in Fig.  7A, asth-
matic mice exhibited elevated ROS levels in the lungs 

compared to normal mice during HDM-induced asthma. 
However, the PM@TP/NPs group demonstrated a signifi-
cant reduction in ROS production compared to the TP 
group. These findings indicate that PM@TP/NPs possess 
enhanced ROS scavenging capability in vivo compared to 
free TP.

As we explored TP’s role in scavenging ROS in HDM-
induced asthma, we also analyzed the expression of 
proinflammatory cytokines and chemokines secreted 
by epithelial cells, along with potential MAPK signaling 
pathways associated with ROS production, using RT-
qPCR and Western blot analysis. As depicted in Fig. 7B, 
gene expression of Ccl2 and Il25 in the lungs of asthmatic 
mice was markedly elevated compared to normal mice. 
However, PM@TP/NPs significantly reduced the gene 
expression of Ccl2 and Il25 in the lungs of asthmatic mice 
compared to TP, with no effect on the mRNA expression 
of Ccl20. Additionally, MAPK signaling pathways such as 
Erk1/2 and P38 were activated in the lungs of asthmatic 
mice compared to normal mice. Nonetheless, PM@TP/
NPs remarkably suppressed Erk1/2 and P38 signaling 
pathways in the lungs of asthmatic mice (Fig.  7C). Fur-
thermore, recent studies have shown that TPs can alle-
viate lung inflammation by activating the Nrf2/HO-1 
signaling pathway [25] and deactivating the TLR4/NF-κB 

Fig. 6 PM@TP/NPs relieved lung inflammation in asthmatic mice. (A-B) Infiltrated cells in the lung with normal mice and HDM-induced asthmatic mice 
(n = 5 per group) were isolated and total cell counts, eosinophils, neutrophils, macrophages and lymphocyte cells in the lung were calculated by flow 
cytometry. (C) Representative lung inflammatory cells were prepared by flow cytometry analysis. (D) Representative micrographs of lung tissue cross-
sections from mice with normal mice and HDM-induced asthma were stained by H&E (n = 3). Bars: 100 μm. (E) The mRNA expression of pro-inflammatory 
cytokines from normal mice and HDM-induced asthmatic mice (n = 5 per group) with or without treatment was examined by RT-qPCR. (F-G) Th-pro-
ducing cells in the lungs from normal mice and HDM-induced asthmatic mice (n = 5 per group) were isolated and followed by flow cytometry analysis. 
*p < 0.05; **p < 0.01
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signaling pathway [26]. The results also were confirmed 
by western blot in the lungs of asthmatic mice (Fig. 7D). 
Overall, these results suggest that PM@TP/NPs enhance 
antioxidant activity and therapeutic efficacy in asthma 
through improving ROS scavenging capacity while con-
currently activing Nrf2/HO-1 signaling pathway and 
suppressing the Ccl2/MAPK and TLR4/NF-κB signaling 
pathway in the lungs of asthmatic mice. These findings 
align with observations from HDM-induced inflamma-
tion in HBE cells treated with PM@TP/NPs. Thus, all 
of these results illustrate that PM@TP/NPs potentially 
attenuate asthma by scavenging ROS and concurrently 
activing Nrf2/HO-1 signaling pathway while suppressing 
the Ccl2/MAPK and TLR4/NF-κB signaling pathway.

Discussion
In recent decades, inhalation or systemic administra-
tion of glucocorticosteroids has been the primary clinical 
approach for treating asthma. However, their long-term 
use or administration at high doses often brings about 
significant adverse effects on the human body [27]. In 
response to this challenge, numerous studies including 
Chinese herbal medicine have demonstrated to amelio-
rate asthma by scavenging ROS production [28, 29]. Tea 
polyphenols have demonstrated potent ROS scavenging 
abilities and have been explored as potential candidates 
for novel antioxidant or anti-inflammatory drugs [30, 31]. 
However, the limited bioavailability and biocompatibility 
of tea polyphenols have hampered their clinical efficacy.

Numerous studies have indicated that exposure to 
nanoparticles can contribute to the development and 
exacerbation of asthma due to their toxic effects. How-
ever, most of these nanoparticles originate from sources 
such as carbon nanotubes, carbon-based nanoparticles, 
and metal oxide nanoparticles [32]. In our experiments, 
we chose to employ PLGA due to its lower immunoge-
nicity and non-toxicity to lung tissues. PLGA is a biode-
gradable functional polymer organic compound known 
for its excellent biocompatibility, non-toxicity, and 
efficient encapsulation properties. Additionally, when 
modified with polyethylene glycol (PEG), PLGA nano-
carriers exhibit prolonged circulation time in the body 
and significantly enhanced passive targeting of inflam-
matory organs [33]. Recently, carriers modified with cell 
membranes, which possess characteristics such as pro-
longed circulation time, excellent biocompatibility, and 
strong targeting capabilities, have gained widespread use 
in the treatment of pulmonary inflammatory diseases 
[34]. Platelet membrane-coated nanoparticles have gar-
nered significant attention due to the unique properties 
of platelets, including immune evasion, sub-endothelial 
adhesion, and interactions with pathogens [35, 36]. Con-
sequently, various platelet membrane-coated nanopar-
ticles have been developed for targeted drug delivery to 
tumors and inflammatory diseases [12, 37]. Our previous 
studies have demonstrated the benefits of platelet mem-
brane coating in the treatment of pulmonary inflamma-
tion, including asthma [13], and septic pneumonia [38], 
owing to its remarkable inflammation-targeting ability.

Fig. 7 PM@TP/NPs enhanced ROS scavenging capacity, activated the Nrf2/HO-1 signaling pathway, and suppressed the Ccl2/MAPK and TLR4/NF-κB 
signaling pathways in asthmatic mice. (A) Representative micrographs of lung tissues of normal mice and the mice with different TP treatments (100 µg/
mL) (n = 3 per group) were stained with DCF-HA kits and determined by an IVIS imaging system. Relative fluorescence intensity of in lungs (ROS levels) 
originated from normal mice (Basal group) and HDM-induced asthmatic mice treated with PBS, TP or PM@TP/NP were analyzed by IVIS imaging system. 
*p < 0.05, **p < 0.01, *** P < 0.001. (B) The mRNA expression of Ccl2, Il25 and Ccl20 in the lung of mice in the basal group) and asthmatic mice (n = 5 per 
group) were detected by real-time qPCR. *p < 0.05, **p < 0.01 versus Basal. *p < 0.05 versus PM@TP/NPs. (C) Erk1/2 and P38 signal pathways were examined 
in the lung of mice in the basal group and asthmatic mice with different TP treatments by Western blot (n = 3 per group). (D) TLR4/NF-κB signal pathways 
and Nrf2/HO-1 signal pathways were examined in the lung of mice in the basal group and asthmatic mice treated with different TP formulations using 
Western blot analysis (n = 3 per group)
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In this study, our platelet membrane-coated tea poly-
phenol nanoparticles (PM@TP/NPs) exhibited excellent 
characteristics in terms of nanoparticle size distribution 
and demonstrated significantly improved bioavailabil-
ity, biosafety, and biocompatibility compared to free tea 
polyphenols (TP). Furthermore, PM@TP/NPs showed 
enhanced cellular uptake in vitro and targeted lung tis-
sues within the inflammatory microenvironment more 
effectively than TP and TP/NPs alone. In an HDM-
induced asthma model, PM@TP/NPs markedly attenu-
ated pulmonary inflammation in mice, as evidenced by 
reduced eosinophil infiltration and expression of Th2 
proinflammatory cytokines compared to free TP treat-
ment. These results suggest that inhaled administration 
of PM@TP/NPs not only improves their biocompatibil-
ity and enhances their stability in vivo, but also effectively 
alleviates asthma as an antioxidant agent.

Airway epithelial cells, associated with ROS activation, 
represent an initial step in asthma pathogenesis and are 
often accompanied by processes such as airway remod-
eling and secretion of pro-inflammatory factors [39]. 
Inflammatory cytokines and chemokines secreted by 
epithelial cells, such as CCL2, CCL20, and IL-25, play a 
crucial role in ROS generation [40–42]. Tea polyphenols 
have been shown to effectively scavenge ROS as potent 
antioxidants and suppress inflammatory cytokine secre-
tion by regulating various intracellular signaling cascades 
[43, 44]. Therefore, we investigated the mRNA expres-
sion of Ccl2, Ccl20, and Il25 in HDM-induced epithelial 
cells and asthmatic mice following TP treatment. The 
results revealed that PM@TP/NPs significantly reduced 
CCL2 mRNA expression, thus attenuating inflamma-
tion in both cells and asthmatic mice. Previous stud-
ies have shown that TPs can alleviate allergen-induced 
asthma by activating the Nrf2/HO-1 signaling pathway 
[26] and deactivating the TLR4/NF-κB signaling pathway 
[27]. The results also were confirmed by western blot in 
HDM induced asthmatic mice this study. Furthermore, 
recent several studies have highlighted the critical role 
of the MAPK signaling pathway in ROS generation [45, 
46]. Therefore, we also examined the expression changes 
in MAPK pathways, such as Erk and P38, in both HDM-
induced cells and asthmatic mice by western blot follow-
ing TP treatment. Our results demonstrated that PM@
TP/NPs inhibited the expression of Erk and P38 signal 
pathways in both cells and asthmatic mice. These find-
ings collectively illustrate that the potential mechanism 
underlying the therapeutic efficacy of PM@TP/NPs in 
asthma involves the reduction of ROS production, sup-
pression of CCL2 expression, and inhibition of the 
MAPK signaling pathway. This underscores the promis-
ing application of PM@TP/NPs for asthma treatment as a 
ROS-responsive nanoparticles.

Conclusions
In this study, we successfully designed platelet mem-
brane-cloaked nanoplatform to deliver TPs for asthma 
treatment. The synthesized PM@TP/NPs exhibited 
excellent dispersion, good biocompatibility, and bio-
safety both in vitro and in vivo. These PM@TP/NPs effec-
tively evaded immune system clearance and successfully 
accumulated in the inflamed lungs of asthmatic mice. 
We investigated the therapeutic potential of PM@TP/
NPs as a novel antioxidant agent for alleviating HDM-
induced asthma. Through in vitro cell experiments and in 
vivo mouse studies, we demonstrated that PM@TP/NPs 
effectively reduced ROS production by reducing CCL2 
expression and inhibiting the MAPK signaling pathway. 
Notably, inhaled administration of PM@TP/NPs sig-
nificantly attenuated inflammation and alleviated oxida-
tive stress-induced lung inflammation in HDM-induced 
mouse asthma.

Recently, numerous studies have demonstrated that 
TPs act as potent antioxidants for treating respiratory 
diseases such as asthma, chronic obstructive pulmo-
nary disease, and lung fibrosis. Furthermore, TPs serve 
as novel neuroprotective agents for neurodegenerative 
diseases and as anti-tumor agents for cancer treatment. 
The platelet membrane-cloaked nanoplatform over-
comes the limitations of TPs’ low biocompatibility and 
potential toxicity, enhancing their stability and bioavail-
ability within living organisms. Taken together, our find-
ings suggest PM@TP/NPs have promising efficacy in the 
treatment of asthma and could potentially be used to 
treat other diseases in clinical application by targeting 
ROS production scavenging in the future.
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