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A B S T R A C T   

Acute lung injury (ALI) is one of the most common comorbidities associated with sepsis and can lead to acute 
respiratory distress syndrome. Intense inflammatory response due to excessive activation and uncontrolled 
infiltration of neutrophils are the central processes in the development of sepsis-induced ALI. In this study, a 
biomimetic nanoplatform that is a neutrophil membrane-coated liposome-loaded acidic fibroblast growth factor 
(aFGF@NMLs), which can selectively target the inflamed lung and effectively alleviate sepsis-induced ALI via 
inflammation suppression, was constructed. In vitro findings revealed that aFGF@NMLs has pro-inflammatory 
cytokine binding capabilities and can promote cellular uptake, substantially attenuate inflammatory re-
sponses, and enhance cellular antioxidant capacity. The in vivo results show that aFGF@NMLs can specifically 
accumulate in injured lungs in ALI mice after intravenous injection, thereby reducing the secretion of pro- 
inflammatory cytokines, inhibiting pulmonary cell apoptosis, and promoting lung function recovery. In 
conclusion, aFGF@NMLs demonstrated anti-inflammatory effects, mitigated the progression of ALI, and 
contributed to the disease prognosis. This research offers an innovative strategy and concept for the clinical 
treatment of diseases related to pulmonary inflammation.   

1. Introduction 

In sepsis, the lung is the most susceptible target organ and undergoes 
sepsis-induced acute lung injury (ALI) as described by Wu et al. (2007). 
Sepsis-induced ALI is characterized by malfunction of both pulmonary 
and immune cells, resulting in reduced lung compliance, hypoxemia, 
and pulmonary edema (Xiong et al., 2020). During sepsis, inflammatory 
cells generate excessive pro-inflammatory molecules that stimulate the 
recruitment and activation of neutrophils and macrophages in the lung 
(Sun et al., 2018; Wang et al., 2019). These cells then produce cytokines, 
chemokines, oxygen radicals, and proteases, all of which lead to 
amplification of inflammatory responses and cause damage to both 
alveolar epithelial and vascular endothelial cells in lung (Gong et al., 
2017). As the permeability of the lung increases, significant volumes of 
fluid containing proteins and inflammatory cells enter the lung tissue at 
a rapid rate, causing osmotic pulmonary edema, hyaline membrane 

formation and alveolar collapse with development of interstitial lung 
fibrosis (Ren et al., 2021). Currently, the treatment of septic ALI focuses 
on ensuring adequate oxygen supply to tissues and cells, such as me-
chanical ventilation therapy with ventilator including high-flow nasal 
cannula and extracorporeal membrane oxygenation (Fan et al., 2018; 
Mauri et al., 2017). However, mechanical ventilation improves the 
oxygenation status of the patient while concurrently being detrimental 
to the organism. The mechanical tension created by excessive mechan-
ical ventilation can lead to lung inflammation and is an important cause 
of lung injury (Keszler, 2017). Therefore, exploring alternative treat-
ment methods from an anti-inflammatory perspective will be extremely 
important for bringing about a decrease in morbidity and mortality 
associated with sepsis-induced ALI (Chen et al., 2020b). 

Since the first purification of acidic fibroblast growth factor (aFGF) 
from bovine brain in 1984, aFGF has been shown to promote injury 
repair and pro-angiogenesis (Chen et al., 2020a; Wu et al., 2011). As an 
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autocrine/paracrine regulator, aFGF can promote cell proliferation and 
has been used clinically to promote wound repair and ulcer regenera-
tion. Recent studies have discovered that aFGF possesses anti- 
inflammatory properties, for example, Liang et al. (2018) found that 
aFGF alleviated diabetic nephropathy by countering inflammatory 
signaling cascades in injured renal tissue via suppressing nuclear factor 
kappa B (NF-κB) and c-Jun N-terminal kinase signaling pathways. The 
previous studies indicate that aFGF could ameliorate diabetic endothe-
lial dysfunction by suppressing mitochondrial oxidative stress and aFGF 
could effectively prevent retinal injury in diabetes by reducing the 
cascade of oxidative stress and inflammatory signals in neuroretina 
tissue (Huang et al., 2021a; Sun et al., 2021). Activation of FGF signaling 
after aFGF injection also inhibited acute pancreatitis-induced inflam-
mation response and effectively protected pancreatic tissue (Tu et al., 
2020). This evidence shows that aFGF has promising applications in the 
treatment of inflammatory diseases. However, as a peptide, aFGF has 
low stability, short biological half-life, and is rapidly degraded in vivo, all 
of which limit its clinical applications (Wang et al., 2017). Additionally, 
the limited distribution and low concentration of aFGF in the focal area 
after administration contribute to the lack of satisfactory therapeutic 
effects by aFGF. Therefore, it is urgent to develop a safe and efficient 
drug carrier for effectively delivery of aFGF in vivo to treat 
inflammation-related diseases, such as sepsis-induced ALI. 

The main pathological feature of ALI is the excessive accumulation 
and activation of neutrophils in the lung tissue (Grommes and Soehn-
lein, 2011). Neutrophils exert pro-inflammatory effects in the ALI by 
releasing proteases, cytokines, and reactive oxygen species (ROS), all of 
which further aggravate tissue damage. In the presence of ALI, activated 
macrophages release tumor necrosis factor alpha and interleukin 1 beta 
(TNF-α and IL-1β, respectively) leading to the increased production of 
chemokines by capillary endothelial cells and alveolar epithelial cells in 
the lung, activation of the inflammatory response, and promotion of 
continuous recruitment of neutrophils to the inflamed lung (Park et al., 
2019; Zemans et al., 2009). It may be possible to design lung-targeted 

drug delivery systems by taking advantage of the fact that large aggre-
gation of neutrophils can be found in an injured lung. 

In recent years, researchers have utilized neutrophil membrane (NM) 
to construct drug carriers and develop biomimetic drug delivery system 
with neutrophil characteristics (Jin et al., 2018; Kang et al., 2017; Xie 
et al., 2022). Neutrophils bind to inflamed cells via adhesion molecules, 
such as intercellular adhesion molecule-1 (ICAM-1), and then move to 
inflammatory sites (Zhao et al., 2019). Previous studies have shown that 
synthetic nanoparticles decorated with neutrophil membranes can 
target inflamed brain microvascular endothelial cells after a stroke 
(Feng et al., 2021). In addition, the NM-coated nanoparticles were found 
to show significant therapeutic efficacy in rheumatoid arthritis and 
acute pancreatitis due to their inflammation-targeted capability (Zhang 
et al., 2018; Zhou et al., 2019a). Incorporation of NM into liposomes or 
nanoparticles that inherit the neutrophil’s antigenic exterior and related 
membrane functions can be used to create neutrophil-targeted biolog-
ical carriers, which are similar to neutrophils, and can specifically 
accumulate in inflamed diseased sites, 

In this study, a neutrophil membrane-coated liposome loaded aFGF 
(aFGF@NMLs) used as a biomimetic nanoplatform for treating sepsis- 
induced ALI (Scheme 1) is reported. In this study, aFGF liposomes 
(aFGF@Lips) were prepared after which the extracted NM was inlaid in 
aFGF@Lips to construct the aFGF@NMLs. It was found that 
aFGF@NMLs could specifically target inflamed lung that contained 
abundant neutrophils for effective delivery of aFGF. In vitro experi-
mental results demonstrated the cytoprotective effects of aFGF@NMLs 
that could effectively inhibit inflammatory responses and improve 
cellular antioxidant capacity. After intravenous administration, 
aFGF@NMLs selectively accumulated in injured lungs of the ALI model 
and improved the therapeutic effect of aFGF on ALI. It is believed that 
this strategy will provide an applicative perspective for lung-targeted 
therapy. 

Scheme 1. Targeted therapy of neutrophil membrane-coated liposome loaded acidic fibroblast growth factor (aFGF@NMLs) for treating sepsis-induced acute lung 
injury (ALI). 
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2. Materials and methods 

2.1. Materials, cells, and animals 

aFGF was provided by Wenzhou Medical University (Wenzhou, 
China). Malondialdehyde (MDA) assay kit, hematoxylin and eosin 
(H&E) staining kit, fluorescein isothiocyanate (FITC), superoxide dis-
mutase (SOD) activity kit, terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) apoptosis assay kit, high mobility group box- 
1 (HMGB-1) enzyme-linked immunosorbent assay (ELISA) kits, lipo-
polysaccharides (LPS) and 4′,6-diamidino-2-phenylindole (DAPI) solu-
tion were purchased from Solarbio Science & Technology Co., Ltd 
(Beijing, China). Egg yolk lecithin and cholesterol were obtained from 
Shanghai Advanced Vehicle Technology Pharmaceutical Co., Ltd 
(Shanghai, China). Bicinchoninic acid (BCA) protein assay kit, ROS 
assay kit and cell membrane fluorescent probe (DiI) were obtained from 
Beyotime Biotechnology Co., Ltd (Shanghai, China). Cell culture plates, 
coverslips, and centrifuge tubes were obtained from NEST Biotech-
nology Co., Ltd. (Wuxi, China). Cell counting kit-8 (CCK-8) was pur-
chased from Yeasen Biotechnology Co., Ltd. (Shanghai, China). IL-1β, IL- 
6 and TNF-α ELISA kits were obtained from Multisciences Biotechnology 
Co., Ltd. (Hangzhou, China). Lymphocyte function-associated antigen-1 
(LFA-1) antibody was purchased from BioLegend (San Diego, USA). IL-1 
receptor (IL-1R) antibody was purchased from R&D Systems (Minne-
apolis, USA). TNF-α receptor (TNF-αR), CD68, CD11β, IL-6, TNF-α, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and HMGB-1 
antibody were obtained from Abcam (MA, USA). Ly6G antibody was 
obtained from Santa Cruz Biotechnology (TX, USA). The endotoxin 
quantitation kit was purchased from Thermo Scientific (Shanghai, 
China). 

The human bronchial epithelial cell line (BEAS-2B) was obtained 
from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). 
The cells were cultured in DMEM supplemented with 10% (v/v) FBS, 
100 U/mL penicillin, and 100 μg/mL streptomycin in an incubator with 
5% CO2 at 37 ◦C. 

Male C57BL/6N mice (20–30 g) were provided by Shanghai Labo-
ratory Animal Center (Shanghai, China). All animal protocols were 
conducted with the consent of the Animal Care and Use Committee of 
Wenzhou Medical University and were complied with the National 
Research Council’s Guide for the Care and Use of Laboratory Animals. 

2.2. Extraction of the neutrophil membrane 

Neutrophils were obtained according to previously described 
methods (Zhao et al., 2019). The neutrophils were stimulated with 
lipopolysaccharide ([LPS] 1 μg/mL) for 4 h at 37 ◦C after which cells 
were washed six times with phosphate-buffered saline (PBS) for 5 min 
each to ensure removal of LPS. After that, the neutrophil membrane 
(NM) was isolated from the stimulated cells. Briefly, neutrophils were 
treated with the hypotonic lysing buffer and then underwent ultra-
sonication to promote cell lysis. Subsequently, the suspension was 
centrifuged (1500 g, 5 min) at 4 ◦C to remove unbroken nuclei and cells. 
The resulting supernatant was centrifuged again (12,000 g, 30 min) to 
obtain high-purity NM. According to the instructions, the LPS content in 
the extracted NM was also detected by an endotoxin quantitation kit. 

2.3. Preparation of aFGF@NMLs 

Firstly, aFGF-loaded liposomes (aFGF@Lips) were prepared using 
the reverse-phase evaporation method (Zhao et al., 2019). Briefly, 9 mg 
egg phosphatidylcholine and 1 mg cholesterol were completely solubi-
lized in 5 mL dichloromethane after which aFGF solution (1 mg/mL) was 
added to the mixture while undergoing ultrasonication (50 W, 2 min). 
After that, a rotary evaporator was used to remove the organic solvent 
from the solution. Subsequently, the sample was rehydrated with PBS 
and homogenized while undergoing ultrasonication (50 W, 10 min) to 

obtain aFGF@Lips. Eventually, the NM coating the aFGF@Lips extruded 
from the polycarbonate membrane (100 nm) and was used to prepare 
aFGF@NMLs. The ratio of NM to lipid was 1:50 that was used to prepare 
the aFGF@NMLs following previous research methods (Zhao et al., 
2019). The blank liposomes (Lips) and blank neutrophil membrane- 
coated liposomes (NMLs) without aFGF were also prepared by the 
same procedure. 

2.4. Characterization of aFGF@NMLs 

A series of aFGF@NMLs was prepared, and the encapsulation effi-
ciency (EE%) and loading capacity (LC%) of these aFGF@NMLs were 
evaluated to obtain the appropriate proportion of aFGF@NMLs. The 
samples were centrifuged at 12,000 g for 20 min, and the content of 
aFGF in the supernatant was measured by the ELISA kit. EE% = (total 
aFGF amount − free aFGF amount in supernatant)/total aFGF amount) 
× 100%. LC% = (total aFGF amount − free aFGF in supernatant)/total 
aFGF@NMLs amount). 

The dynamic light scattering detector was used to measure the size 
distribution, polydispersity index (PDI), and zeta potentials of 
aFGF@Lips and aFGF@NMLs. The morphologies of aFGF@Lips and 
aFGF@NMLs were observed using a transmission electron microscope 
(TEM). 

The release profile of aFGF in vitro was evaluated by the dynamic 
dialysis method. Briefly, aFGF, aFGF@Lips, and aFGF@NMLs were 
transferred into a dialysis bag (100 kDa) and dialyzed in PBS. The set 
was put on a magnetic stirrer with rotating speed of 100 rpm. The 
release medium was collected to determine the concentration of aFGF at 
each specified time point. 

The aFGF@NMLs was dispersed in PBS containing different con-
centrations of fetal bovine serum (FBS), and the change of particle size 
and PDI of samples were then recorded for seven days to assess the 
stability of aFGF@NMLs. 

Western blotting was used to detect the typical markers of neutrophil 
on NM and aFGF@NMLs followed the method previously described (Liu 
et al., 2020). For the pro-inflammatory cytokine binding assay, the re-
combinant mouse IL-1β or TNF-α (20 ng/mL) was mixed with the 
aFGF@Lips or aFGF@NMLs. The samples were placed in a thermostat 
(37 ◦C) for 90 min and then centrifuged at 12,000 g for 5 min. The su-
pernatant was collected, and the remaining proteins were determined by 
corresponding ELISA kits. 

2.5. Cell proliferation activity and hemocompatibility of aFGF@NMLs 

The BEAS-2B cells were seeded in 96-well and cultured for 24 h. 
Then cells were treated with different concentrations (5–200 ng/mL) of 
blank Lips blank NMLs, aFGF, aFGF@Lips, or aFGF@NMLs for 24 h after 
which the cell viability of each group was evaluated. 

For the hemocompatibility test, erythrocyte solutions (2%) con-
taining deionized water (positive control), 0.9% NaCl (negative con-
trol), aFGF, aFGF@Lips, or aFGF@NMLs (200 ng/mL) were incubated at 
37 ◦C for 2 h. Subsequently, these samples were centrifuged at 1000 g for 
5 min, the collected supernatants were measured using an ultraviolet 
spectrophotometer (Varian, Palo Alto, CA, USA) at 576 nm to obtain the 
absorbance values of each group, and the hemolysis rates were calcu-
lated by mean absorbance measured from each group according to the 
equation: hemolysis rate (%) = (ODsamples − ODnegative control)/(ODpositive 

control − ODnegative control) × 100%. 

2.6. Fluorescent observation of aFGF@NMLs 

According to previous study, the aFGF that was labeled by FITC, and 
NM was labeled by DiI (Zhao et al., 2019), then prepare the 
fluorescence-labeled aFGF@NMLs. The RAW 264.7 cells were then 
incubated with fluorescent aFGF@NMLs for 10 min and observed using 
a fluorescent microscope (Olympus Corp., Tokyo, Japan). 

Z. Huang et al.                                                                                                                                                                                                                                  
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2.7. Cellular uptake aFGF@NMLs 

The FITC-labeled aFGF was obtained using the standard method 
according to previous study (Xu et al., 2018; Zhao et al., 2019) after 
which the fluorescence-labeled aFGF was used to prepare aFGF@Lips 
and aFGF@NMLs. The BEAS-2B cells were first stimulated by LPS (10 
μg/mL) for 12 h to activate the inflammatory microenvironment. LPS- 
stimulated cells were treated with FITC-labeled aFGF, aFGF@Lips, or 
aFGF@NMLs (100 ng/mL) for 1, 2, and 4 h. After washing with PBS, the 
cells were treated with DAPI to reveal the nucleus and then observed by 
a confocal laser scanning microscope (Olympus Corp., Tokyo, Japan). In 
addition, flow cytometry was also performed to evaluate intracellular 
fluorescence. As a comparison, the cells not treated with LPS were also 
incubated with FITC-labeled aFGF, aFGF@Lips, or aFGF@NMLs (100 
ng/mL) for 4 h, and the intracellular fluorescence was observed. 

2.8. Cytoprotective capacity of aFGF@NMLs 

The BEAS-2B cells were treated with aFGF, aFGF@Lips, or 
aFGF@NMLs (100 ng/mL) in the presence of LPS (10 μg/mL) for 24 h. 
After incubation, ROS production in cells was detected by the fluores-
cent probe DCFH-DA and observed by a fluorescent microscope 
(Olympus Corp., Tokyo, Japan). Images from each group were recorded, 
and the fluorescent intensity was quantified. The cell viability of each 
group was measured, and the contents of SOD and MDA in cells were 
measured by the corresponding reagent kits. In addition, the culture 
supernatants were also collected, and the levels of HMGB-1, IL-1β, IL-6, 
and TNF-α were measured using ELISA kits. 

2.9. Animal model 

A cecal ligation and puncture (CLP)-induced sepsis murine model 
was used in this study, and a disease model was established was ac-
cording to the previous methods (Rittirsch et al., 2009). Mice were 
anesthetized, the skin surface of the abdomen was disinfected, and skin 
was cut open. Part of the cecum was brought out of the peritoneal cavity 
and ligated it with a 6–0 silk thread, and a single puncture with a dual 
hole in distal cecum was made using 21-gauge needles. After puncture, 
the cecum was gently squeezed to extrude any feces. After that step, the 
cecum was returned to the peritoneal cavity, and the abdominal 
musculature and skin were closed. Subsequently, mice were injected 
with 0.3 saline subcutaneously for fluid resuscitation. The mice in the 
control group, except for the CLP group, also underwent the same sur-
gical procedure. 

The sepsis-induced ALI models were divided into five groups with 
three mice per group: (1) Control group + saline; (2). ALI + saline; (3). 
ALI + aFGF (1 mg/kg, intravenous [iv]); (4). ALI + aFGF@Lips (dose 
equivalent to aFGF 1 mg/kg, iv); and (5). ALI + aFGF@NMLs (dose 
equivalent to aFGF 1 mg/kg, iv). The treatment group was injected with 
aFGF, aFGF@Lips, or aFGF@NMLs 30 min before and 3 h after the CLP 
procedure according to previous studies with proper adjustments (Zheng 
et al., 2020). All mice were sacrificed 24 h after CLP, and the lung tissue, 
other organ, blood samples, and bronchoalveolar lavage fluid (BALF) 
was obtained for further measurements. The levels of liver and kidney 
function indices in blood of each group were analyzed at the First 
Affiliated Hospital of Wenzhou Medical University. 

2.10. Distribution of aFGF@NMLs 

The ALI mice were intravenously injected with FITC-labeled aFGF, 
aFGF@Lips, or aFGF@NMLs, and after 2, 4, and 8 h, the mice were 
sacrificed, and the major organs were removed to observe fluorescent 
signals using an imaging system (PerkinElmer, MA, USA). Blood samples 
were also collected to measure the concentration of aFGF in blood using 
the appropriate ELISA kit. 

2.11. Assessment of lung tissue 

H&E staining and TUNEL assay were used for the histological anal-
ysis. The scoring system of lung tissue was based on cell infiltration and 
hyperplasia, alveolar hemorrhage, and alveolar septal thickening (Wu 
et al., 2019). The levels of cells and protein in the BALF were measured 
by flow cytometry and BCA protein assay kit. The dry and wet weights of 
lung tissue were recorded, and the ratio of wet weight to dry weight (W/ 
D) was calculated to assess pulmonary edema. An Evans blue extrava-
sation assay was conducted to determine the pulmonary vascular 
permeability of each group as the previous method (Jin et al., 2020). The 
mice were injected with Evans blue (20 mg/kg) and sacrificed after 30 
min after which the lung tissue was removed for Evans blue measure-
ment. Immunohistochemistry was performed to detect the levels of 
CD68, IL-6, TNF-α, and HMGB-1 in the lung tissue. The production of 
CD68 and TNF-α in kidneys and livers were also determined by immu-
nohistochemistry and ELISA kits. 

2.12. Statistical analysis 

Data are presented as the mean value ± standard deviation (SD). 
Statistical analysis was performed using student’s t-test and one-way 
analysis of variance (ANOVA). Values of *P ≤ 0.05 and **P ≤ 0.01 
were considered statistically significant. 

3. Results and discussion 

3.1. Characterization of aFGF@NMLs 

Before preparing aFGF@NMLs using NM, the LPS residue in the 
extracted NM and the NMLs were evaluated. The results of the LPS test 
showed that the content of LPS in the NM and the NMLs were below the 
lower limit of detection (<0.01 endotoxin units [EU]/mL), which meant 
that no residual LPS in the NM and the NMLs could be detected. 

A series of aFGF@NMLs was prepared by adding 5, 7.5, 10, 12.5, and 
15 μg of aFGF per 10 mg of NMLs. The encapsulation efficiency (EE%) 
and loading capacity (LC%) of these aFGF@NMLs were shown in Fig. S1. 
According to these data, 10 μg aFGF and 10 mg NMLs (the ratio of NM/ 
lipid = 1:50) were used to prepare the aFGF@NMLs. The EE% and LC% 
of aFGF@NMLs prepared at this ratio were 94.3 ± 1.9% and 0.098 ±
0.004%, respectively. 

The hydrodynamic radius of aFGF@Lips and aFGF@NMLs were 87.5 
± 1.6 nm and 107.4 ± 2.7 nm, respectively. As shown in Fig. 1A, the 
distribution curve of aFGF@NMLs shifted to the right, which indicated 
that its particle size increased due to wrapping of the NM. The PDI of 
aFGF@Lips and aFGF@NMLs were 0.125 ± 0.008 and 0.137 ± 0.014, 
respectively. The zeta potential of the extracted NM was − 14.6 ± 1.5 
mV, which did not significantly affect the zeta potential of aFGF@NMLs 
at this preparation ratio of NM and lipid (1:50). As shown in Fig. 1B, the 
zeta potential of aFGF@NMLs was − 12.2 ± 1.9 mV, which was com-
parable to that of aFGF@Lips (− 12.9 ± 2.1 mV). The micromorpho-
logical features of aFGF@Lips and aFGF@NMLs were visualized using 
TEM after uranyl acetate staining. The image of aFGF@Lips showed a 
typical spherical structure, whereas aFGF@NMLs exhibited a spherical 
core–shell structure, and the white arcs represented unilamellar NM 
coating around the liposome (Fig. 1C). The in vitro release behavior of 
aFGF@NMLs was also investigated. As depicted in Fig. 1D, aFGF was 
released rapidly, reaching a value greater than 80% within 12 h. In 
comparison, aFGF@Lips showed a distinct sustained release pattern, and 
the aFGF@NMLs was released more slowly under the obstruction of 
membrane, thereby avoiding the significant loss of aFGF due to the 
abrupt release and failure to achieve satisfactory therapeutic benefits 
(Zhao et al., 2016). In addition, the size and PDI of aFGF@NMLs in 
different concentrations of FBS were measured daily for seven days to 
assess the stability of aFGF@NMLs (Huang et al., 2021b). During the 
observation period, no discernible changes in the sizes and PDIs of 
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aFGF@NMLs were detected, indicating that the aFGF@NMLs were sta-
ble (Fig. 1E,F). The results of immunoblotting showed the markers LFA- 
1, IL-1R, TNF-αR, CD11β, and Ly6G existed in the NM and aFGF@NMLs, 
verifying the translocation of NM into the aFGF@NMLs (Fig. 1G). 
Furthermore, the binding capability of aFGF@NMLs for IL-1β and TNF-α 
that highly expressed during the sepsis-induced ALI was evaluated. The 
results showed aFGF@Lips was incapable of binding these cytokines, 
while aFGF@NMLs could significantly bind to pro-inflammatory cyto-
kines (IL-1β and TNF-α). The levels of cytokines decreased with an in-
crease in the aFGF@NMLs concentration, suggesting dose-dependent 
binding effects of the FGF@NMLs (Fig. 1 H,I). 

3.2. Biocompatibility of aFGF@NMLs 

Considering the biosafety of the application, the effects of the blank 
Lips and blank NMLs on cellular activity were initially evaluated. As 
illustrated in Fig. 2A,B, BEAS-2B cells incubated with various concen-
trations of blank Lips and blank NMLs all showed considerably high cell 
viability, indicating that this drug carrier had good cytocompatibility. 
The results of aFGF, aFGF@Lips, and aFGF@NMLs addition in the 

cytotoxicity assay showed cell viability improved with increasing ad-
ditive concentrations, a result that could be attributed to the potent 
capability of aFGF to promote cell proliferation as shown in Fig. 2C–E. 
(Xie et al., 2011). During lung injury, pulmonary cells suffer extensive 
aberrant apoptosis, and regeneration of pulmonary epithelial cells is 
necessary to restore normal function of lung. Pathogenesis of many lung 
diseases is due to the lack of effective cell regeneration (Riemondy et al., 
2019). Therefore, aFGF@NMLs with pro-cell proliferation property 
could promote the repair of injured lung tissues and accelerate disease 
recovery. 

In addition, the hemocompatibilities of aFGF, aFGF@Lips, and 
aFGF@NMLs were also assessed before intravenous injection into the 
ALI model. As shown in Fig. 2F, no significant hemolysis was found in 
these treated groups. The calculated results showed the hemolysis rate of 
each group was quite low and fulfilled the safety requirements for ani-
mal experiments (Fig. 2G). To observe co-localization of aFGF and drug 
carrier, aFGF and NM were labeled with FITC and DiI, respectively. The 
image showed that the two different fluorescence overlapped, indicating 
the stable existence of the aFGF@NMLs in the medium (Fig. 2H). 

Fig. 1. Characterization of aFGF@NMLs. (A) The distribution of particle size and (B) zeta potential of aFGF@Lips and aFGF@NMLs. (C) Representative transmission 
electron microscopy (TEM) images of aFGF@Lips and aFGF@NMLs. (D) In vitro release profile of aFGF, aFGF@Lips, and aFGF@NMLs. The change in (E) size and (F) 
polydispersity index (PDI) of aFGF@NMLs in phosphate-buffered saline (PBS) containing various concentrations of fetal bovine serum (FBS) for seven days. (G) 
Characteristic protein bands of neutrophil membrane (NM) and aFGF@NMLs determined by western blotting. Binding capacity of aFGF@Lips and aFGF@NMLs with 
(H) interleukin 1 beta (IL-1β) and (I) tumor necrosis alpha (TNF-α). Data are expressed as the mean ± standard deviation (SD) for three samples. 
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3.3. Cellular uptake of aFGF@NMLs 

The BEAS-2B cells treated with or without LPS were incubated with 
FITC-labeled aFGF, aFGF@Lips, and aFGF@NMLs to detect cellular 
internalization. As shown in Fig. S2, cells not treated with LPS in each 
group all showed weak fluorescence, and no discernible difference be-
tween these groups was detected. However, in the LPS-treated cells 
group, the aFGF@NMLs group showed the highest fluorescent intensity 
among these groups (Fig. 3A). Furthermore, during the 4-h incubation 
period, cellular internalization of aFGF@NMLs was higher than that of 
free aFGF and aFGF@Lips at each time point and also exhibited a time- 
dependent uptake (Fig. 3B–D). In addition, the results of flow cytometry 
were consistent with the data of image (Fig. 3E), suggesting that 
aFGF@NMLs could be used as a vehicle for delivering aFGF into the 
inflamed pulmonary epithelial cells and enhancing cellular utilization of 
aFGF. 

The bronchial epithelial cells exposed to LPS could produce large 
quantities of inflammatory cytokines, such as TNF-a, which drove cells 
to generate excessive ICAM-1. Overexpression of ICAM-1 on 
inflammation-injured cells specifically bound to LFA-1 on NM, thereby 
promoting aFGF@NMLs uptake by the inflamed BEAS-2B cells (Zhang 

et al., 2018). These findings revealed that the biomimetic aFGF@NMLs 
had a distinctive advantage over free aFGF and aFGF@Lips in terms of 
cellular uptake. 

3.4. Cytoprotective effects of aFGF@NMLs 

Excessive inflammatory reactions and oxidative stress can cause se-
vere damage to lung cells during sepsis (Zhou et al., 2019b). To assess 
the cytoprotective of aFGF@NMLs on BEAS-2B cells suffering from in-
flammatory damage, LPS was used to stimulate cells that generated in-
flammatory response after which the anti-inflammatory effect of 
aFGF@NMLs were examined. First, an ROS fluorescent probe was used 
to observe the production of ROS in each group of cells. As shown in 
Fig. 4A&B, cells generated massive quantities of ROS after they were 
treated with LPS, which was accompanied by decrease in cell viability in 
LPS group (Fig. 4C). In the inflammatory environment, a significant 
accumulation of harmful MDA in the cells occurred while the activity of 
antioxidant enzymes decreased (Fig. 4D&E), indicating that the anti-
oxidant system of the cells had been disrupted. In addition, secretion of 
HMGB-1, IL-1β and -6, and TNF-α were fairly high when compared to 
control group (Fig. 4F–I), and these pro-inflammatory cytokines showed 

Fig. 2. Cytocompatibility and hemocompatibility of aFGF@NMLs. The BEAS-2B cell viability after incubating with various concentration of (A) blank Lips, (B) blank 
NMLs, (C) aFGF, (D) aFGF@Lips, and (E) aFGF@NMLs. (F) Hemocompatibility test and (G) hemolysis ratio. (H) Colocalization of fluorescein isothiocyanate (FITC)- 
labeled aFGF and DiI-labeled NM incubated with RAW 264.7 cells. Scale bar = 10 μm. Data are expressed as the mean ± SD (n = 3). 
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serious interference with the physiological metabolism of cells. Signifi-
cantly, aFGF@NMLs effectively led to a reduction in intracellular ROS 
production and improvement in cell viability. Meanwhile, aFGF@NMLs 
led to a decrease in the MDA production in cells, enhancement of SOD 
activity, suppression of pro-inflammatory cytokine secretion, and pro-
tection of antioxidant and anti-inflammatory capacities of cells. 
Consistent with previous results, biomimetic aFGF@NMLs were more 
favorable for cellular uptake compared to aFGF and aFGF@Lips, which 
reinforced the pharmacological effects of aFGF. During sepsis, the lung 
has remarkable capacities to respond to injury by repairing and 
replacing damaged cells, which requires appropriate and timely inhi-
bition of inflammation. Pulmonary epithelial cells play a key role in 
initiating and regulating lung tissue repair (Crosby and Waters, 2010). 
Thus, effective relief of inflammatory response in epithelial cells and 
maintenance of normal cell function is beneficial in the treatment of ALI. 

3.5. Biodistribution of aFGF@NMLs 

Neutrophils are the main inflammatory cells that dominate the 
progression of acute inflammation and early chronic inflammation, 
especially in ALI, in which excessive neutrophil infiltration in injured 
lung results in severe inflammatory destruction of the lung (Cui et al., 
2019; Qin et al., 2019). In terms of this feature, aFGF@NMLs for pul-
monary targeted therapy were constructed, and the targeting capability 
of FITC-labeled aFGF@NMLs was assessed using the IVIS small animal 
imaging system after injecting with the FITC-labeled aFGF and 
aFGF@Lips. As shown in Fig. 5A, strong fluorescent signals in the lung of 
ALI mice injected with aFGF@NMLs, could be observed, while faint 
fluorescent signals in the aFGF and aFGF@Lips groups at different time 
points were found. Quantitative analysis of fluorescent intensity showed 
that the fluorescent signals in the lung of all groups gradually decayed 
with time (Fig. 5B,C). Intra-pulmonary fluorescence in the aFGF group 

was almost negligible 8 h after injection. The aFGF@Lips group also 
showed weak fluorescence. In contrast, the lung of aFGF@NMLs group 
still retained considerable fluorescence (Fig. 5D). These results 
confirmed that aFGF@NMLs possessed powerful lung-targeting capa-
bility. Meanwhile, the levels of aFGF in blood after treatment with aFGF, 
aFGF@Lips, and aFGF@NMLs were also detected. As depicted in Fig. 5E, 
aFGF and aFGF@Lips had short circulation times and were rapidly 
depleted in blood, whereas aFGF@NMLs significantly enhanced the 
aFGF concentration in plasma and produced a longer circulation time. 
The results of in vivo distribution indicated that aFGF@NMLs was 
conducive for optimizing and promoting the distribution of aFGF in the 
damaged lung, increasing the concentration and retention time of aFGF 
at the lesion, amplifying the therapeutic effects of aFGF, and ultimately 
enhancing the repair and recovery of lung tissue. 

The specific molecules on the surface of NM provided homologous 
targeting; this targeting mechanism is also widely used in targeted 
therapy for various types of tumors (Chen et al., 2021; Chen et al., 2016). 
Camouflage of cell membranes might effectively circumvent the im-
mune system, extend the blood circulation of drug, and increase the drug 
accumulation in the focus area (Zhen et al., 2019). Utilizing the char-
acteristics of the disease, this nanoplatform-based drug delivery strategy 
was found to provide significant benefits for treating ALI through 
enhancing therapeutic agent targeting and circulation. 

3.6. Therapeutic effects of aFGF@NMLs in ALI 

H&E staining was conducted to investigate the effects of 
aFGF@NMLs on lung histopathology and function in the ALI model. 
Compared to the control group, the ALI group showed pathological 
changes, including structural disorder of lung tissue and alveoli, and 
pulmonary interstitial edema and inflammatory cells excessively infil-
trated the alveoli and interstitium. After treating cells with 

Fig. 3. Cellular uptake of aFGF@NMLs. (A) Representative images of the LPS-treated BEAS-2B cells incubated with aFGF, aFGF@Lips, or aFGF@NMLs for 1, 2, and 4 
h. Scale bar = 50 μm. Quantification of mean fluorescent intensity (MFI) for (B) 1 h, (C) 2 h and (D) 4 h. (E) The flow cytometric analysis for cellular uptake of aFGF, 
aFGF@Lips, or aFGF@NMLs for 1, 2, and 4 h. Data are expressed as the mean ± SD (n = 3). *P ≤ 0.05, **P ≤ 0.01. 
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aFGF@NMLs, the lung tissue of ALI mice showed a decrease in the levels 
of alveolar congestion, inflammatory cell infiltration, and damage of 
tissue architecture (Fig. 6A). The results of pathological scoring reflected 
severe lung tissue damage in ALI group, whereas aFGF@NMLs evidently 
caused a decrease in lung injury scores and exerted lung-protective ef-
fects (Fig. 6C). Elevated inflammation and oxidative stress levels in 

damaged lungs exacerbated cell apoptosis (Chambers et al., 2018). As 
shown in Fig. 6B, intense fluorescence concentrated in the lung tissue of 
ALI group indicated that excessive cell apoptosis in the lung occurred. 
The quantitative fluorescent analysis revealed that a decrease in fluo-
rescent intensity in lung of ALI model treated with aFGF and aFGF@Lips 
occurred, but obvious apoptosis still had occurred (Fig. 6D). By 

Fig. 4. Cytoprotective capability of aFGF@NMLs. (A) Representative images of intracellular reactive oxygen species (ROS) of lipopolysaccharide (LPS)-stimulated 
BEAS-2B cells after incubation with aFGF, aFGF@Lips, and aFGF@NMLs. Scale bar = 100 μm. (B) Quantitative analysis of ROS. (C) The cell viability of each group. 
The levels of (D) malondialdehyde (MDA) and (E) superoxide dismutase (SOD) in each group. The production of (F) high mobility box 1 (HMGB-1), (G) interleukin 1 
beta (IL-1β), (H) IL-6, and (I) tumor necrosis factor alpha (TNF-α) of each group. Data are expressed as the mean ± SD (n = 3). *P ≤ 0.05, **P ≤ 0.01. 

Fig. 5. In vivo distribution of aFGF@NMLs. (A) Biodistribution of aFGF, aFGF@Lips, and aFGF@NMLs in ALI mice at 2, 4, and 8 h after injection. The quantitative 
analysis of fluorescent signal in major organ at (B) 2 h, (C) 4 h and (D) 8 h. (E) The concentration of aFGF in blood after injection. Data are expressed as the mean ±
SD (n = 3). 
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comparison, aFGF@NMLs therapy caused a dramatic reduction in 
TUNEL fluorescence and ameliorated lung cell apoptosis. 

Protein levels and cells in broncho alveolar lavage fluid (BALF) were 
also determined. An abnormal increase in vascular permeability in the 
injured lung during ALI that caused a large increase in fluid that was rich 
in protein and cells flowed into the lung (Keck et al., 2002). The content 
of protein and cell in BALF were unusually high in the ALI group, while 
the aFGF@NMLs group showed minimum levels of protein and cells in 
BALF among these treatment groups (Fig. 6E,F). In addition, Evans blue 
dye was used to determine the pulmonary vascular permeability of each 
group. The ALI group showed an elevated concentration of Evans blue in 
the lung, indicating enhanced pulmonary vascular permeability 
(Fig. 6G). The wet/dry (W/D) lung was also weighed to calculated W/D 
ratio that had increased in the ALI group, demonstrating severe pul-
monary edema in the ALI mice (Fig. 6H). The aFGF@NMLs could cause a 
reduction in the Evans blue level and W/D ratio in ALI mice and pro-
tected the integrity of alveolar-capillary barrier, which suggested that 
alleviation of transvascular leakage in aFGF@NMLs group. These find-
ings showed that aFGF@NMLs had a positive impact on the therapy of 
ALI. 

3.7. Assessment of kidney and liver in ALI 

In sepsis, kidney dysfunction is a nonnegligible factor, and renal 
hypotension and associated ischemia are the primary lesions in sepsis- 
related kidney injury (Poston and Koyner, 2019). Additionally, a dele-
terious inflammatory cascade was consistently observed in kidney dur-
ing sepsis, indicating inflammation played vital roles in the pathogenesis 
of septic kidney injury. Circulating inflammatory cytokines can directly 
cause renal tissue damage (Bellomo et al., 2017). Meanwhile, endotoxin 
and other pathogen-associated molecular patterns can interact directly 
with relevant receptors on renal tubular cells, activate intracellular in-
flammatory pathways, and promote inflammatory responses in the 
kidney to cause acute tubular necrosis and tissue damaged (Zhong et al., 
2020). Sepsis is also known to cause severe liver damage. Normal liver 
function is essential for treatment and recovery of patients with sepsis. 
Liver impairment caused by oxidative stress and dysregulation of in-
flammatory factors can lead to poor prognosis in a septic patient. Liver 
sinusoidal endothelial cells can respond to inflammatory signals that 
caused iNOS-dependent endothelial dysfunction, which leads to a 
reduction in vasodilatory responses to acetylcholine in liver. These 
pathological factors cause hypoxic liver injury (Yan et al., 2014). Thus, 

Fig. 6. Therapeutic efficacy of aFGF@NMLs. (A) Representative micrographs of H&E staining of lung. Scale bar = 100 μm. (B) The terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) immunofluorescent staining of lung. Scale bar = 100 μm. (C) The lung injury score of each group. (D) The quantitation of 
TUNEL positive cells. (E) The total protein and (F) cells in bronchoalveolar lavage fluid (BALF). (G) The content of Evans blue in lung. (H) The wet/dry weight (W/D) 
ratio of lung. Data are expressed as mean ± SD (n = 3). *P ≤ 0.05, **P ≤ 0.01. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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the protective effects of aFGF@NMLs on kidney and liver were also 
investigated. As shown in Fig. 7A, the CD68 immunohistochemical 
analysis showed that substantial inflammation in kidney and liver had 
occurred during sepsis. Quantitative analysis of CD68-positive expres-
sion regions showed aFGF@NMLs also caused a reduction in inflam-
mation levels in these tissues (Fig. 7B,C). In addition, aFGF@NMLs led to 
suppression of the inflammatory cytokine, TNF-α, production in kidney 
and liver (Fig. 7D,E). To evaluate liver and renal functions, levels of 
aspartate aminotransferase, alanine aminotransferase, creatinine, and 
blood urea nitrogen (AST, ALT, SCr, and BUN, respectively) in the blood 
from each group were also measured (Fig. 7F–I). The ALI group showed 
a sharp increase in the levels of these indicators when compared with the 
control group, and aFGF@NMLs treatment could cause a reduction in 
the levels of AST, ALT, SCr, and BUN, indicating that liver and kidney 
functions had recovered in ALI mice. These results confirmed that 
aFGF@NMLs also alleviated the inflammatory reactions in the kidney 
and liver during the sepsis, which then facilitated the treatment and 
recovery from sepsis. 

3.8. The anti-inflammatory capacity of aFGF@NMLs in ALI 

Sepsis-induced ALI is typically characterized by severe pulmonary 
inflammation that causes disruption of the alveolar-vascular endothelial 
barrier and the accumulation of neutrophils in the injured lung and 
released inflammatory mediators that cause alveolar congestion and 
metabolic disturbances (Xia et al., 2021). These pathological factors lead 
to impairment in gas exchange and alveolar surface function of the lung, 
and patients develop severe hypoxemia and elevated pulmonary artery 
wedge pressure. Current research generally recognizes that an 

uncontrolled inflammatory response caused by excessive activation and 
recruitment of inflammatory cells in the lung and many inflammatory 
factors activating and interacting with each other are the main patho-
logical changes in ALI (Xia et al., 2021). Therefore, suppression of the 
excessive inflammatory response may be an essential strategy for 
treating ALI and regulating production of numerous pro-inflammatory 
factors in ALI is critical for early illness therapy and rapid reversal of 
poor prognosis (Song et al., 2021). 

Immunohistochemical staining was performed, and the expression 
levels of these inflammation-associated cytokines were determined to 
evaluate the inflammatory levels in each group (Fig. 8A). In the ALI 
group, the macrophage marker, CD68, was extensively expressed in lung 
tissue indicating that the lung of mice in ALI group suffered severe in-
flammatory damage. After treatment with aFGF or aFGF@Lips, the in-
flammatory condition of the lung was relieved to some extent. 
Importantly, the aFGF@NMLs group showed negligible positive 
expression of CD68, which meant that aFGF@NMLs led to effective re-
lief of inflammation in lung (Fig. 8B). In addition, the IL-6 and TNF-α 
were secreted extensively in the ALI group. aFGF and aFGF@Lips 
exhibited similar suppressive effects on inflammation, whereas lung- 
targeted aFGF@NMLs showed a superior anti-inflammatory activity 
(Fig. 8C,D). During the progressive phase of ALI, HMGB-1 released in 
large amounts and bound to the receptor of advanced glycation end 
products, led to activation of intracellular mitogen-activated protein 
kinases (MAPK) via intracellular tyrosine kinase or G protein-coupled 
receptor signaling pathways, which exacerbated inflammatory condi-
tions (Qu et al., 2019). In the ALI group, HMGB-1 expression was clearly 
visible on the images, and the treatment groups all showed a decline in 
positive expression levels of HMGB-1, while aFGF@NMLs exerted 

Fig. 7. Assessment of inflammation in kidneys and livers from ALI mice. (A) CD68 immunohistochemical staining in kidney and liver. Scale bar = 100 μm. The 
quantitation of positive cells of CD68 in (B) kidney and (C) liver. The levels of TNF-α in (D) kidney and (E) liver. The levels of (F) aspartate aminotransferase (AST), 
(G) alanine aminotransferase (ALT), (H) serum creatinine (SCr), and (I) blood urea nitrogen (BUN) of each group. Data are expressed as the mean ± SD (n = 3). *P ≤
0.05, **P ≤ 0.01. 
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superior efficacy (Fig. 8E). The NM-coating preferentially transported 
the aFGF@NMLs to the inflamed lung to relieve the intense inflamma-
tion at the site of the lesion. These results demonstrated that biomimetic 
drug delivery aFGF@NMLs that specifically accumulate in injured lung 
have the capability of enhancing the pharmacological actions of aFGF 
for ALI. 

4. Conclusion 

In this work, a biomimetic strategy for delivery of aFGF is reported. 
The NM extracted from LPS-activated neutrophils and then coated with 
liposomes loaded with aFGF (aFGF@NMLs) were used for treating 
sepsis-induced ALI via alleviation of pulmonary inflammation. The re-
sults of ALI treatment showed that aFGF@NMLs selectively accumulated 
in the inflamed lung and led to a reduction in the severity of inflam-
mation during sepsis-induced ALI. In addition, aFGF@NMLs also had 
mitigating effects on both sepsis-related liver and kidney injury and 
facilitated the recovery and prognosis of sepsis. This study confirmed 
that aFGF@NMLs promoted cellular uptake, optimized its distribution in 
vivo, and enhanced the pharmacological action of aFGF for treating ALI. 
Thus, this biomimetic drug carrier aFGF@NMLs offers a feasible mo-
dality for treatment of lung disorders, such as pulmonary inflammatory 
diseases and lung cancer. 
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