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Abstract 

Background  P. aeruginosa, a highly virulent Gram-negative bacterium, can cause severe nosocomial infections, and it 
has developed resistance against most antibiotics. New therapeutic strategies are urgently needed to treat such bac‑
terial infection and reduce its toxicity caused by endotoxin (lipopolysaccharide, LPS). Neutrophils have been proven to 
be able to target inflammation site and neutrophil membrane receptors such as Toll-like receptor-4 (TLR4) and CD14, 
and exhibit specific affinity to LPS. However, antibacterial delivery system based on the unique properties of neutro‑
phils has not been reported.

Methods  A neutrophil-inspired antibacterial delivery system for targeted photothermal treatment, stimuli-responsive 
antibiotic release and endotoxin neutralization is reported in this study. Specifically, the photothermal reagent indo‑
cyanine green (ICG) and antibiotic rifampicin (RIF) are co-loaded into poly(lactic-co-glycolic acid) (PLGA) nanoparticles 
(NP-ICG/RIF), followed by coating with neutrophil membrane to obtain antibacterial delivery system (NM-NP-ICG/RIF). 
The inflammation targeting properties, synergistic antibacterial activity of photothermal therapy and antibiotic treat‑
ment, and endotoxin neutralization have been studied in vitro. A P. aeruginosa-induced murine skin abscess infection 
model has been used to evaluate the therapeutic efficacy of the NM-NP-ICG/RIF.

Results  Once irradiated by near-infrared lasers, the heat generated by NP-ICG/RIF triggers the release of RIF and ICG, 
resulting in a synergistic chemo-photothermal antibacterial effect against P. aeruginosa (~ 99.99% killing efficiency in 
5 min). After coating with neutrophil-like cell membrane vesicles (NMVs), the nanoparticles (NM-NP-ICG/RIF) specifi‑
cally bind to inflammatory vascular endothelial cells in infectious site, endowing the nanoparticles with an infection 
microenvironment targeting function to enhance retention time. Importantly, it is discovered for the first time that 
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NMVs-coated nanoparticles are able to neutralize endotoxins. The P. aeruginosa murine skin abscess infection model 
further demonstrates the in vivo therapeutic efficacy of NM-NP-ICG/RIF.

Conclusion  The neutrophil-inspired antibacterial delivery system (NM-NP-ICG/RIF) is capable of targeting infection 
microenvironment, neutralizing endotoxin, and eradicating bacteria through a synergistic effect of photothermal 
therapy and antibiotic treatment. This drug delivery system made from FDA-approved compounds provides a promis‑
ing approach to fighting against hard-to-treat bacterial infections.

Keywords  Neutrophil membrane, Photothermal, Endotoxin neutralization, Pseudomonas aeruginosa, Drug delivery

Introduction
Pseudomonas aeruginosa (P. aeruginosa) is one of the 
most dangerous bacteria that has been included in the 
list of 12 superbugs by the World Healthcare Organiza-
tion (WHO). It is responsible for 10–20% nosocomial 
infections worldwide, [1, 2] causing serious infections 
such as pneumonia, skin and soft tissue infections, and 
urine tract infection etc. [1–6]. The multidrug resist-
ance of P. aeruginosa resulted from various resistance 
mechanisms, such as efflux pumps, low outer membrane 
permeability and formation of biofilm, often leads to 
treatment failure of conventional antibiotics [5, 7–10]. 
Moreover, the lipopolysaccharide (LPS), also known as 
endotoxin, located on the Gram-negative bacterial outer 
membrane is a major virulence of P. aeruginosa infec-
tion. Once released in the process of cell proliferation, 
cell death or antibiotic treatment, LPS can cause inflam-
matory cytokine storms and subsequently result in sep-
sis [11–13]. Therefore, novel antimicrobial strategies that 
can kill the P. aeruginosa and neutralize endotoxin are of 
great need.

Various antimicrobial strategies such as photothermal 
therapy (PTT), photodynamic therapy (PDT) and the 
combination of PTT or PDT with antibiotic treatment, 
have been studied to treat P. aeruginosa infections and 
showed promise [14–16]. However, the lack of targeting 
and endotoxin neutralization functions could lead to 
toxicity and failure of the aforementioned approaches, 
preventing them from further clinical applications. Cell 
membrane-coated nanoparticles have recently emerged 
as a functional therapeutic platform for various appli-
cations [17–22]. Neutrophils, as the most abundant 
type of leucocytes in the body, participate in various 
inflammatory activities and provide the first line of 
immune defenses against invading pathogens or tissue 
damages, [23–25] and neutrophil-derived membrane 
has been used for inflammation-targeted delivery [23, 
26–30]. In an inflammatory response, neutrophils are 
recruited to the inflammatory site via a cascade pro-
cess, in which the adhesive proteins presented on neu-
trophils, such as β2 integrin, play a pivotal role for the 
adhesion with inflamed vascular endothelial cells [31, 

32]. Meanwhile, as an important cell that participates 
in LPS-induced inflammation, neutrophil membrane 
receptors, such as Toll-like receptor-4 (TLR4) and 
CD14, exhibit specific affinity to LPS for the activation 
of the NF-κB-mediated inflammatory pathway [33, 34]. 
Inspired by the inflammatory cascade, we presume that 
neutrophil cell membrane-coated nanoparticles could 
target bacteria-infected site that is usually accompanied 
with inflammatory response, and may also neutral-
ize the endotoxin (LPS) due to the specific binding of 
membrane receptors to LPS.

Herein, we report the neutrophil-like cell mem-
brane-coated photothermal drug delivery system for 
the combination treatment of P. aeruginosa infection 
(Scheme 1). In this system, biodegradable poly (lactic-
co-glycolic acid) (PLGA) nanoparticles (NP) were used 
as drug carriers for the co-loading of photothermal rea-
gent indocyanine green (ICG) and antibiotic rifampicin 
(RIF). Although rifampicin is typically used to treat 
Gram-positive bacteria, this drug can be repurposed to 
treat Gram-negative bacterial infections when it is com-
bined with proper adjuvants or delivery systems that 
are able to enhance bacterial membrane permeability to 
rifampicin [35–37]. Under irradiation of near infrared 
(NIR) light, the elevated temperature induced by pho-
tothermal agent ICG can not only trigger the glass tran-
sition of PLGA and in turn release the loaded RIF, [38] 
but may also damage bacterial membrane and enhance 
the membrane permeability to RIF, leading to a syner-
gistic chemo-photothermal therapy. Coating of neutro-
phil-like cell membrane provides the targeting delivery 
of encapsulated drugs to the inflammatory tissue with 
infection, thus confining most of the heating to the 
infectious site instead of normal tissues. In the mean-
time, the neutrophil-like cell membrane is expected to 
locally neutralize LPS released from bacterial cells, pre-
venting LPS from causing further severe inflammatory 
responses. The neutrophil-like cell membrane-coated 
nanoparticles-loaded with ICG and RIF were prepared 
and characterized, followed by the in vitro evaluation of 
inflammation targeting using LPS-stimulated vascular 
endothelial cells and LPS neutralization effects. In vivo 
antibacterial and anti-virulence therapeutic efficacy of 
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the targeted delivery systems were further examined 
via a P. aeruginosa murine skin abscess infection model.

Materials and methods
Materials
PLGA (50:50) (16 kDa) was obtained from Jinan Daigang 
Co., Ltd, Jinan, China. Indocyanine green was purchased 
from J&K scientific Co., Ltd, Beijing, China. Rifampicin 
was bought from Beijing Solarbio Science & Technol-
ogy Co., Ltd, Beijing, China. DiO fluorescent dye and 
BacLight Live/dead kit were obtained from MedChem-
Express, U.S.A. LPS was obtained from Sigma Aldrich, 
U.S.A. Polyvinyl alcohol (PVA) 0588, d-mannitol, Rhoda-
mine B, sucrose, EDTA and SDS were bought from Alad-
din, Shanghai, China. Tris-HCl buffer (pH 7.5), MTT 
cell viability kit and BCA protein assay kit were bought 
from Beyotime Biotechnology, Shanghai, China. LB 
medium and agar were obtained from BD Difco, U.S.A. 
RPMI 1640 cell culture medium supplemented with 10% 
fetal bovine serum and 1% Penicillin-Streptomycin and 
IMEM medium supplemented with 20% fetal bovine 
serum and 1% penicillin & streptomycin were purchased 
from Gibco, Thermo Fisher Scientific, U.S.A. IL-6 and 
TNF-α ELISA kits were obtained from NeoBioscience 
Co., Ltd. Shenzhen, China. Mouse anti-ICAM-1 anti-
body (ab171123) and rabbit anti-integrin β1 monoclo-
nal antibody (ab179471) were bought from Abcam, U.K. 
Rabbit anti-integrin β2 polyclonal antibody (#47598) was 
bought from cell signing technology (CST), U.S.A. Rab-
bit anti-TLR4 polyclonal antibody (bs-20594R) and Rab-
bit anti-CD14 monoclonal antibody (bsm-52556R) were 
purchased from Bioss Biotechnology Co., Ltd, Beijing, 
China.

Bacterial strain, P. aeruginosa (ATCC No. 27853) and 
HL-60 (ATCC No. CCL-240), HUVEC (ATCC No. PCS-
100-041), HEK293T (ATCC No. CRL-11268), HACAT 
(ATCC No. PCS-200-011) and RAW264.7 (ATCC No. 
TIB-71) cells were purchased from American Type Cul-
ture Collection (ATCC, U.S.A.).

Instruments
The morphology of the nanoparticles was examined on a 
transmission electron microscopy (TEM, FEI Tecnai G2 
Spirit, FEI, U.S.A.). Photothermal heating experiments 
were carried out using an 808  nm laser (MDL-N-808-
10 W, Changchun, China). UV-Vis spectra were obtained 
with a UV-Vis spectrophotometer (YOKE T2602, Shang-
hai, China). Neutrophil membrane vesicles were extruded 
with Avanti mini extruder (610000, Avanti polar lipids, 
U.S.A.). Multichannel microplate reader (Thermo Scien-
tific, Multiskan FC, U.S.A.) was employed to record the 
optical density (OD) of bacterial suspension. Bacterial 
fluorescence images were acquired with a confocal laser 
scanning microscope (CLSM, Zeiss, LSM880, Germany). 
Zeta potential and hydrodynamic size were measured 
with a zeta-sizer Nano-ZS (Malvern Instruments Inc. 
Worcestershire, UK). Glass transition temperature (Tg) 
was determined using a differential scanning calorimetry 
(DSC) analyzer (DSC 4000, PerkinElmer, U.S.A.). The 
in  vivo imaging experiments were performed by using 
IVIS imaging system (IVIS® Lumina III, PerkinElmer, 
U.S.A.).

Preparation of PLGA nanoparticles loaded with ICG and RIF
PLGA nanoparticles co-loaded with ICG and RIF (NP-
ICG/RIF) were fabricated via an O/W emulsion method. 

Scheme 1  Schematic illustration of neutrophil-like cell membrane-coated photothermal drug delivery system for the combination treatment of P. 
aeruginosa infection
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Briefly, PLGA (40 mg), ICG (5 mg) and RIF (1.6 mg) were 
dissolved in 500 µL dichloromethane (DCM). Then, the 
homogenous DCM solution was transferred to a 5 mL 
glass vial, followed by adding 1.3 mL of 0.5% PVA dis-
solved in water (w/v). Subsequently, the mixture was son-
icated with a probe ultrasonicator at a power percentage 
of 15% (3 s on, 3 s off for 5 min) on top of ice. Another 
0.6 mL of 0.5% PVA solution (w/v) was then added to 
homogenize the emulsion, which was stirred at room 
temperature for 4 h to remove DCM by evaporation. The 
obtained nanoparticles were washed several times with 
deionized water using an Amicon ultra-4 centrifugal 
filter to collect final NP-ICG/RIF products and the NP-
ICG/RIF were stored in deionized water at 4℃ for future 
use. The loading content of ICG and RIF was studied with 
a UV-Vis spectrophotometer.

Neutrophil‑like cell membrane derivation
Neutrophil-like cell membrane was obtained following a 
previously published protocol [39]. Briefly, HL-60 cells 
were recovered from liquid nitrogen, followed by cultur-
ing the cells in IMEM medium supplemented with 20% 
fetal bovine serum and 1% penicillin & streptomycin for 
4 days. To differentiate HL-60 cells, DMSO was added in 
the medium (1% v/v) and cells were cultured for 4 days. 
Afterwards, the cells were lysed through a lysing buffer 
containing 30 mM Tris-HCl (pH 7.5), 225 mM d-man-
nitol, 75 mM sucrose, 0.2 mM EDTA, a protease and 
phosphatase inhibitor cocktail, followed by homogeni-
zation using a Dounce homogenizer (150 passes) in ice 
bath. The homogenized suspension was then subjected to 
centrifugation at 10,000 g for 10 min at 4  °C to remove 
organelles. Thereafter, the supernatant was centrifuged at 
20,000 g for 60 min at 4 °C to collect the cell membrane. 
The cell membrane was suspended in PBS solution, and 
extruded for 15 passes with 400 nm porous polycarbon-
ate membranes by Avanti mini extruder to obtain neu-
trophil-like cell membrane vesicles (NMVs). Membrane 
concentration was determined by quantification of mem-
brane surface protein using a BCA kit, and bovine serum 
albumin (BSA) was used as the standard.

Preparation and characterization of NM‑NP‑ICG/RIF
To prepare NM-NP-ICG/RIF, NP-ICG/RIF was first 
mixed with HL-60 membrane at a nanoparticle-to-mem-
brane protein weight ratio of 2:1 (0.5  mg mL− 1: 1  mg 
mL− 1). The mixture was coextruded for 15 passes with 
400  nm porous polycarbonate membranes by Avanti 
mini extruder to prepare neutrophil-like cell membrane-
coated nanoparticles.

To examine the morphology, nanoparticles were nega-
tively stained with phosphotungstic acid (15  mg mL− 1) 
and examined by transmission electron microscopy 

(TEM). From TEM images, the thickness of membrane 
coating was estimated based on 11 nanoparticles and 11 
different places. The hydrodynamic size and surface zeta 
potential were measured by Malvern zeta-sizer Nano-ZS. 
Rhodamine B (excitation/emission = 540/625 nm) and 
DiO (excitation/emission = 484/501 nm) were used to 
label nanoparticles and NMVs, respectively, for confocal 
microscopic observations and flow cytometry analysis.

The Tg of bulk PLGA materials and PLGA nanoparti-
cles was measured by a DSC analyzer. Briefly, samples 
(6.2 mg) were placed onto a sealed aluminum plate and 
heated from − 10℃ to 80℃ at a heating rate of 20℃ min-1 
under a nitrogen flow rate of 50 mL min-1. The obtained 
DSC curves were processed using Pyris software to 
determine the value of Tg.

Identification of membrane proteins
The membrane proteins presented on the nanoparticles 
and HUVECs were verified by SDS-PAGE and Western 
blot. In the SDS-PAGE analysis, NP (10 µg), NM (10 µg) 
and NM-NP (20 µg) were mixed with SDS loading buffer 
and loaded into each well of a 10% Tris/glycine SDS-pol-
yacrylamide gelatin in an electrophoresis chamber sys-
tem. The proteins were separated at 80  V for 0.5  h and 
then at 120 V for 1 h. Subsequently, the gel was stained 
with Coomassie brilliant blue for 1  h prior to protein 
imaging. For Western blot analysis, samples with equiva-
lent amounts of proteins were firstly separated with SDS-
PAGE. After that, the proteins were transferred to the 
nitrocellulose membranes, followed by the blockage with 
milk for 1 h. Then the blots were incubated with antibod-
ies against β2 integrin, TRL4, CD14 and ICAM-1 at 4 ℃ 
overnight, and further incubation with horseradish per-
oxidase conjugated anti-mouse or anti-rabbit IgG at 25 ℃ 
for final visualization.

Photothermal heating and photothermal responsive drug 
release
Photothermal heating property of the as-prepared nan-
oparticles was characterized with an 808  nm laser. Dif-
ferent nanoparticles (534 µg mL− 1, 500 µL) in PBS were 
added to 48-well plates, followed by the irradiation of 
laser for 5  min at a power density of 1.5  W cm− 2. The 
temperature was captured at different time points with 
an infrared thermometer. Besides, the heating properties 
of NM-NP-ICG/RIF at different power densities and dif-
ferent concentrations were also studied by following the 
same method as aforementioned.

Photothermal-responsive drug release of RIF was deter-
mined in PBS at 37  °C. NM-NP-ICG/RIF (10 mg mL− 1, 
250 µL) were added to a 48-well plate and irradiated with 
laser at 1.5  W cm− 2 for 5  min. Then, the nanoparticles 
were centrifuged and the supernatants were collected to 
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determine the amount of released drug at different time 
points over 24 h. The concentration of RIF was measured 
via UV-Vis spectra at wavelength of 474  nm. NP-ICG/
RIF and NM-NP-ICG/RIF nanoparticles (10  mg mL− 1, 
250 µL) without laser irradiation were used as controls. 
All experiments were performed in triplicates.

In vitro targeting to inflammatory HUVEC cells
HUVEC cells were seeded into 12-well plates and cul-
tured for 24 h. Then, LPS was added to DMEM medium 
(1 µg mL− 1) to stimulate the cells for 24 h. Afterwards, 
the cells were washed with PBS and incubated with DiO-
labeled neutrophil cell membrane vesicles (NMVs) (50 µg 
mL− 1). The cells were then stained with Hoechst 33,342 
and imaged under a fluorescent microscope equipped 
with green and blue filter. In order to compare the bind-
ing property of NM-NP-ICG/RIF and NP-ICG/RIF, Rho-
damine B was loaded to label PLGA nanoparticles, while 
DiO was used to stain neutrophil-like cell membrane. For 
the quantitative characterization, cells were collected and 
analyzed with flow cytometry. The mean fluorescence 
intensity (MFI) was calculated using FlowJo software, 
all the MFI values represent the mean values of three 
replications.

In vitro photothermal antibacterial tests
P. aeruginosa was inoculated into 10 mL of MHB medium 
and shaken at 37  °C for 18  h. Then, the bacterial cells 
were pelleted by centrifugation at 3500 g for 5 min at 4 °C 
and washed three times with PBS. The bacterial suspen-
sion in MHB was adjusted to a concentration of 108 CFU 
mL− 1. Different nanoparticles with the same ICG content 
(15 µg mL− 1) were mixed with the bacterial suspension 
(200 µL) and irradiated with the laser at 1.5 W cm− 2 for 
5  min. The viability of the bacterial cells was analyzed 
with plate counting assay, all experiments were run in 
three replicates.

In addition, BacLight live/dead fluorescent kit was 
employed to qualitatively characterize the viability of 
the treated bacterial cells. In brief, Syto 9 nucleic acid 
stain (1.5 µL) and propidium iodide (PI) (1.5 µL) were 
mixed and added to 1 mL of the treated bacterial solu-
tion, where green fluorescent Syto 9 stains live bacteria 
and red fluorescent PI stains dead bacteria. The mixture 
was then incubated in dark at 25℃ for 15 min. Finally, the 
stained bacterial solution (5 µL) was mounted on a glass 
slide and covered with a coverslip, followed by imaging 
on the confocal microscope.

Endotoxin neutralization and anti‑inflammation activities
LPS-FITC (0.1 µg mL− 1) and NP (1 mg mL− 1) or NM-NP 
(1  mg mL− 1) were co-incubated in dark for 30  min, 

followed by centrifugation and imaging with a fluores-
cence imaging system. To quantify the absorbed LPS, 
the precipitates were resuspended into PBS and analyzed 
with a fluorescence spectrophotometer. The absorb-
ance was calculated against standard calibration curve 
to determine the concentration of LPS-FITC. A positive 
control group of LPS-FITC (0.1 µg mL− 1) without nano-
particle treatment was used to calculate the removal rate 
of LPS by NM-NP and NP. The data were collected as 
mean values of three replicates.

For the anti-inflammation treatment, LPS (0.1  µg 
mL− 1) and different samples (2  mg mL− 1) were co-
incubated with RAW264.7 cells in DMEM medium for 
24  h. Subsequently, the cells were stained with 10 µM 
of DCFH-DA and the images were acquired under an 
inverted fluorescent microscope (Zeiss, Germany) to 
evaluate the intracellular ROS level. The cell culture 
supernatant was collected and centrifuged at 20,000 g to 
remove all the nanoparticles, after which the supernatant 
was tested with IL-6 and TNF-α ELISA kits to determine 
the cytokine level. All the experiments were repeated for 
three times.

Biocompatibility assessments
Alamar blue cytotoxicity assay and hemolysis assay were 
carried out to assess the biocompatibility of NM-NP-
ICG/RIF. In Alamar blue cytotoxicity assay, HACAT, 
HUVEC and HEK 293T cells were cultured with RPMI 
1640 or DMEM medium supplemented with 10% FBS in 
96-well plates at a cell density of 5000 cells/well for 24 h. 
Afterwards, the cells were incubated with NM-NP-ICG/
RIF at different concentrations (0, 178, 356, 534, 712, 
1069 µg mL− 1) and cultured for another 24 h. The treated 
cells were then washed 3 times with PBS and Alamar blue 
reagent was subsequently added. After 5 h incubation at 
37℃, the fluorescence intensity was recorded on a micro-
plate reader at λex of 530–560 nm and λem of 590 nm.

For the hemolytic assay, whole blood freshly collected 
from the heart of mouse was centrifuged at 2200  g for 
5  min to pellet red blood cells (RBCs). After 3 times 
washing with PBS, the obtained RBCs were then resus-
pended in PBS and incubated with NM-NP-ICG/RIF 
at different concentrations (178, 356, 534, 712, 1069  µg 
mL− 1) for 1 h. PBS without the nanoparticles and Triton-
X 100 (0.1%, v/v) were set as negative control and posi-
tive control, respectively. After centrifugation at 2200  g 
for 5 min, the absorbance of the supernatant at 576 nm 
was measured with a microplate reader. The hemolytic 
rate (%) was calculated as follows:

(1)Hemolytic rate =
ODs −ODnc

ODpc −ODnc
× 100%
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where ODs, ODnc and ODpc represent the absorbance 
of samples, negative control and positive control, respec-
tively. All the OD values represent the mean value of five 
replications.

In vivo photothermal antibacterial efficacy evaluation on P. 
aeruginosa infection
All the in  vivo experiments performed were approved 
by the Institutional Animal Care and Use Commit-
tee of School of Pharmaceutical Sciences (Shenzhen), 
Sun Yat-Sen university. The photothermal drug deliv-
ery system is more suitable for treatment of superficial 
and localized infections rather than deep infection or 
systemic infection. In addition, infection caused by P. 
aeruginosa through subcutaneous route is a common 
hospital-acquired infection [40]. In this study, a murine 
skin abscess P. aeruginosa infection model was estab-
lished. Briefly, six-week-old male Balb/c mice (20–22  g) 
were first anesthetized with an intraperitoneal injection 
of 1% pentobarbital (200 µL), and followed by shaving 
with depilatory creams and disinfection with 70% etha-
nol. Then P. aeruginosa (1.5 × 1010 CFU mL− 1, 25 µL) was 
injected to the right rear back of mice.

To visualize the nanoparticles in the infected mice, the 
infected mice were randomly divided into two groups: 
control group treated with NP-ICG/RIF and experimen-
tal group treated with NM-NP-ICG/RIF (each group with 
3 mice). After 12 h of infection, NM-NP-ICG/RIF (50 µL) 
or NP-ICG/RIF nanoparticles (50 µL) both containing 
ICG at 5 µg mL− 1 were injected to the infectious site. The 
fluorescence of ICG in the mice was imaged at time point 
of 0 h, 6 h, 12 and 24 h. The average radiant efficiency was 
evaluated by IVIS imaging system.

To evaluate the in  vivo antibacterial activity of the 
nanoparticles, the mice were randomly divided into 
6 groups for treatment, namely PBS, RIF (8  µg mL-1), 
NP-ICG/RIF (15  µg mL-1 of ICG, 8  µg mL-1 of RIF), 
NM-NP-ICG/RIF (15  µg mL-1 of ICG, 8  µg mL-1 of 
RIF), NP-ICG/RIF + NIR and NM-NP-ICG/RIF + NIR. 
A severe subcutaneous infection model in mice was 
established by injection of P. aeruginosa (1.5 × 1010 
CFU mL-1, 25 µL) to the right rear back of mice. Dif-
ferent nanoparticles (50 µL) were subcutaneously 
injected into the infectious site 12 h post infection and 

followed by laser irradiation (808  nm, 1  W cm-2) for 
5 min after 24 h of nanoparticle injection. Meanwhile, 
local temperature of the infection was monitored by an 
IR thermal camera. After laser irradiation for 4  h, the 
infectious tissues were collected and homogenized in 5 
mL normal saline for P. aeruginosa colony counting. To 
further prove that NM-NP-ICG/RIF could neutralize 
LPS and reduce the bacterial LPS-induced inflamma-
tory responses, cytokines (TNF-α, IL-6) were quanti-
fied in infectious tissue homogenate using commercial 
ELISA kits. The survival rate of the mice was recorded 
for 10 days.

Statistical analysis
The experiment data were demonstrated as means ± stand-
ard deviation, where they were repeated at least three 
times. Statistical significance (p < 0.05) was evaluated by 
Student’s t-test and only two groups were compared. In 
all tests, the statistical significance for the tests was set at 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Results
Nanoparticles preparation and characterization
Neutrophil-like cell membrane coated nanoparticles 
were prepared through a two-step process (Fig.  1a). 
Firstly, PLGA nanoparticles co-loaded with ICG and 
RIF (NP-ICG/RIF) were fabricated using a typical O/W 
emulsion method. Then, neutrophil-like cell mem-
brane vesicles (NMVs) derived from HL-60 cells were 
co-extruded with the NP-ICG/RIF to obtain NMVs-
coated NP-ICG/RIF (NM-NP-ICG/RIF). UV-Vis spec-
tra of NP-ICG/RIF showed characteristic absorption 
peaks of both RIF (474 nm) and ICG (794 nm) (Figure 
S1), indicating the successful loading of these two drugs 
in PLGA nanoparticles. The loading content of ICG 
and RIF were further determined to be 3.51% ± 0.23% 
and 1.99% ± 0.15%, respectively (Table S1). After co-
extrusion of NP-ICG/RIF and NMVs, the nanoparticles 
exhibited a membrane layer with an average thick-
ness of 8.5 ± 1.0 nm coated on the cores (Fig. 1b). This 
finding is in agreement with other membrane-coated 
nanoparticles in the literature [41, 42]. The increase 
of nanoparticle size from 166 to 200 nm and decrease 
of zeta potential from − 21 mV to -31 mV further 

Fig. 1  Preparation scheme and characterizations of the neutrophil-like cell membrane-coated nanoparticles. a NM-NP-ICG/RIF prepared by 
co-extrusion of neutrophil-like cell membrane and PLGA nanoparticles loaded with antibiotic rifampicin (RIF) and photothermal agent indocyanine 
green (ICG). b Transmission electron microscopic (TEM) images of NP-ICG/RIF, NMVs and NM-NP-ICG/RIF. All samples were negatively stained with 
phosphotungstic acid (Scale bar: 100 nm). c Hydrodynamic size and zeta-potential of NP-ICG/RIF, NMVs and NM-NP-ICG/RIF (n = 3). d Confocal 
laser scanning microscopic (CLSM) images of NM-NP-ICG/RIF with DiO-labeled NMVs (green) and Rhodamine B-labeled NP-ICG/RIF (red) (Scale 
bar :10 μm). e Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of proteins presented on NP-ICG/RIF, NMVs and 
NM-NP-ICG/RIF. f Western blot analysis of β2 Integrin, TLR4 and CD14 on NMVs and NM-NP-ICG/RIF. g Temperature change of PBS, PLGA NP, RIF and 
various ICG-loaded nanoparticles (534 µg mL− 1) irradiated with an 808 nm laser (1.5 W cm − 2) for 5 min (n = 3). h In vitro release of rifampicin from 
the NP-ICG/RIF, NM-NP-ICG/RIF and NM-NP-ICG/RIF after laser irradiation for 5 min (n = 3)

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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confirmed the presence of cell membrane coated on 
the surface of NP-ICG/RIF (Fig.  1c). The polydisper-
sity of NM-NP-ICG/RIF was determined to be 0.164, 
indicating that the membrane-coated nanoparticles 
are homogeneous (Table S2). To verify the coating effi-
ciency of the nanoparticles, fluorescent dyes DiO and 
Rhodamine B were used to label NMVs and NP-ICG/
RIF, respectively. The overlap (yellow) of fluorescent 
signals of DiO (green) in NMVs and Rhodamine B (red) 
in NP-ICG/RIF demonstrated the high coating effi-
ciency of the nanoparticles (Fig. 1d). More importantly, 
the NM-NP-ICG/RIF inherited the proteins of NMVs 
(Fig. 1E), and the important proteins that are responsi-
ble for inflammation-targeting and LPS-binding includ-
ing β2 integrin, TRL4 and CD14 [43–45] were indeed 
observed in the western blotting images of NM-NP-
ICG/RIF (Fig. 1f ).

As the co-loading of photothermal reagent ICG and 
antibiotic RIF in the NM-NP-ICG/RIF was aimed to 
achieve photothermal antibacterial function and photo-
thermal-triggered antibiotic release, the photothermal 
heating property and release profile of rifampicin were 
investigated. All the ICG-loaded nanoparticles, includ-
ing NP-ICG, NP-ICG/RIF and NM-NP-ICG/RIF, were 
heated up to 58 ℃ within 5 min upon the irradiation of 
near-infrared (NIR) laser 808 nm at 1.5 W cm− 2 (Fig. 1g), 
while the laser irradiation with the same conditions 
almost showed no heating effect on phosphate-buffered 
saline (PBS), RIF or PLGA NP alone. Further investiga-
tion of the photothermal properties of NM-NP-ICG/
RIF revealed that the heating temperature was both laser 
power-dependent and concentration-dependent (Fig-
ure S2a and S2b). Since the glass transition temperature 
(Tg) of NP-ICG/RIF nanoparticles is 35.79  °C (Figure 
S3), the photothermal heating temperature above the Tg 
upon NIR irradiation would lead to glass transition and 
flexible rubbery state of PLGA nanoparticles. There-
fore, the nanoparticles would change from a rigid solid 
state to an elastic or viscous solid state, resulting in the 
collapse of the nanoparticles and thus accelerating the 
release of rifampicin from NM-NP-ICG/RIF [38]. To ver-
ify this hypothesis, the morphology of the nanoparticles 
after NIR irradiation was analyzed (Figure S4). Indeed, 
the nanoparticles collapsed and changed from spherical 
particles to amorphous clusters. The photothermal drug 
release profile is shown in Fig.  1h, compared with the 
NM-NP-ICG/RIF without laser irradiation, the amount 
of RIF released increased from 52.15% ± 1.06 to 91.55% 
± 2.37% in 24  h after laser irradiation. To investigate if 
the fast drug release profile is due to the elevated tem-
perature, drug release from NM-NP-ICG/RIF nanoparti-
cles was studied at different temperatures in dark (Figure 
S5). More than 75% of the drug were released at 58 ℃ in 

a 24  h time interval, compared to around 40% and 30% 
drug release at 37 ℃ and 25 ℃, respectively. This result 
indicates that the NIR irradiation could lead to photo-
thermal deformation of NM-NP-ICG/RIF and thus trig-
ger fast release of the encapsulated drug.

In Vitro Targeting of NMVs‑coated nanoparticles 
to inflammatory vascular endothelial cells
The interaction of β2 integrin expressed on neutrophil 
and ICAM-1 (intercellular cell adhesion molecule-1) 
presented on inflammatory vascular endothelial cells 
plays an important role in adhesion and transmigra-
tion of neutrophil to the bacterial infection site [46, 47]. 
As β2 integrin was presented on neutrophil-like cell 
membrane-coated nanoparticles (Fig.  1f ), these nano-
particles were presumed to specifically target inflamma-
tory endothelium. ICAM-1 was found to be present on 
human umbilical vein endothelial cells (HUVECs) and 
LPS enhanced the expression of ICAM-1 (Fig. 2a). Then, 
the binding capability of NMVs to inflamed HUVECs 
was investigated. The fluorescent dye DiO-labeled NMVs 
were incubated with HUVECs with and without LPS. The 
LPS-stimulated cells exhibited significantly higher green 
fluorescence as compared to the non-stimulated cells 
(Fig.  2b and S6a), suggesting the strong specific adhe-
sion of NMVs to inflammatory endothelial cells. The 
higher fluorescence was further confirmed with quanti-
fication analysis of DiO fluorescence intensity through 
flow cytometry (Fig. 2c and S6a). Subsequently, the bind-
ing capability of NM-NP-ICG/RIF to LPS-stimulated 
HUVECs was studied, where DiO was used to label 
NMVs and Rhodamine B employed to label NP-ICG/
RIF. CLSM images showed that the cells incubated with 
NM-NP-ICG/RIF displayed obvious green (DiO) and red 
(Rhodamine B) fluorescence, while cells treated with NP-
ICG/RIF showed much weaker red fluorescence (Fig. 2d 
and S6b). Flow cytometry analysis further confirmed that 
the mean fluorescence intensity of the Rhodamine B in 
the NM-NP-ICG/RIF-treated cells is 43.94% ± 0.48% 
higher than that of NP-ICG/RIF (Fig. 2e and S6b).

In vitro antibacterial activities
With success in using NMVs-coated nanoparticles to tar-
get inflammatory vascular endothelial cells, photother-
mal reagent ICG and antibiotic RIF were encapsulated 
in the neutrophil-like cell membrane-coated nanopar-
ticles to achieve synergistic antibacterial activity. Anti-
biotic RIF (concentration: 8  µg mL− 1) and ICG-loaded 
nanoparticles (NP-ICG) (15 µg mL− 1 of ICG ) used alone 
displayed negligible antibacterial activity against P. aerug-
inosa (Fig. 3a). Although the NIR laser irradiation could 
improve the antibacterial activity of NP-ICG by photo-
thermally heating the nanoparticles to ~ 58  °C in 5 min, 
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the antibacterial efficacy was not sufficiently high enough 
to eradicate P. aeruginosa (Fig.  3a and b). However, the 
nanoparticles containing both ICG and RIF (NP-ICG/
RIF and NM-NP-ICG/RIF) under NIR irradiation exhib-
ited potent antibacterial activity with complete eradica-
tion of P. aeruginosa (Fig. 3a). The antibacterial potency 
was due to the synergistic effect of photothermal activ-
ity of ICG and bactericidal activity of RIF released from 
nanoparticles upon photothermal triggering. In addi-
tion, the photothermal treatment of NP-ICG under NIR 
irradiation could lead to bacterial membrane disrup-
tion, making bacteria permeable to red PI dye (Fig.  3c). 
The enhanced permeability of bacterial membrane to 
RIF might also contribute to the synergistic antibacterial 
activity. The live/dead fluorescence staining and bacterial 
quantification analysis both further confirmed the supe-
rior antibacterial activity of NP-ICG/RIF and NM-NP-
ICG/RIF under NIR irradiation over mono-treatment 
with RIF or NP-ICG (4.1-log, 4.1-log, 0.8-log and 2.1-log 
reduction for NP-ICG/RIF, NM-NP-ICG/RIF, RIF and 
NP-ICG, respectively) (Fig.  3c and d and S7). Notably, 
NP-ICG/RIF and NM-NP-ICG/RIF with NIR irradiation 
achieved ~ 99.99% killing efficacy (4-log reduction) of P. 

aeruginosa in 5 min even with the initial bacterial loading 
of 108 CFU mL− 1.

Endotoxin neutralization and anti‑inflammation activities 
of NMVs‑coated nanoparticles
Since TLR4 and CD14 presented on neutrophil-like cell 
membranes can bind to LPS (endotoxin), we hyposized 
that NMVs-coated nanoparticles were able to neutralize 
LPS and alleviate LPS-induced inflammatory responses 
(Fig. 4a). To evaluate the endotoxin neutralization capa-
bility of neutrophil-like cell membrane NMVs-coated 
nanoparticles, FITC-tagged LPS (LPS-FITC) was co-
incubated with NM-NP for 30  min, and followed by 
centrifugation to spin down the nanoparticles. The 
obtained precipitates displayed obvious green fluo-
rescence of FITC (red circle in Fig.  4b), while no fluo-
rescence was found in the precipitates of NP without 
membrane coating (white circle in Fig.  4b), suggesting 
that NMVs-coated nanoparticles can effectively bind to 
LPS. Moreover, the binding efficacy was concentration-
dependent, and more LPS could be bound when the 
concentration of NM-NP increased from 1  mg mL− 1 
to 2 mg mL− 1. The quantification results of the binding 

Fig. 2  In vitro targeting of NMVs and NM-NP-ICG/RIF to inflammatory vascular endothelial cells. a Western blot analysis of ICAM-1 in normal human 
umbilical vein endothelial cells (HUVECs) and LPS-stimulated HUVECs. b CLSM images of normal and LPS-stimulated HUVECs after incubation with 
NMVs (50 µg mL− 1) at 37 °C for 2 h. (Green: DiO-labelled NMs; blue: Hoechst-labeled nuclei. Scale bar, 50 μm.). c Mean fluorescence intensity of DiO 
in normal and LPS-stimulated HUVECs characterized by flow cytometry (n = 3). d CLSM images of LPS-stimulated HUVECs after incubation with 
NP-ICG/RIF (50 µg mL− 1) and NM-NP-ICG/RIF (50 µg mL− 1) at 37 °C for 2 h. (Green: DiO-labeled NMVs; red: Rhodamine B-labeled NP-ICG/RIF; blue: 
Hoechst-labeled nuclei. Scale bar: 50 μm). e The mean fluorescence intensity of Rhodamine B in HUVECs after incubation with the nanoparticles 
with or without NMVs coating (n = 3). (****p < 0.0001, Student’s t-test)
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efficicency showed that NM-NP (1  mg mL− 1) removed 
nearly 40% of the total LPS, significantly higher than 10% 
LPS removal of NP without membrane coating (Fig. 4c). 
When the concentration of NM-NP increased to 2  mg 
mL− 1, its LPS binding capability was further enhanced 
with 70% LPS removal rate (Figure S8). In view of the 
fascinating LPS-binding capability, NMVs-coated nano-
particles were expected to reduce LPS-triggered inflam-
matory responses. To prove this hypothesis, LPS and 
NMVs-coated nanoparticles were co-incubated with 
RAW264.7 macrophages for 24  h, and followed by the 
characterization of cell inflammatory responses. Firstly, 
intracelluar ROS, known as an indicator of inflamma-
tory reactions, [48, 49] was analyzed with green fluo-
rescent probe DCFH-DA. As shown in Fig.  4d, LPS 
triggered significant generation of intracellur ROS with 
obvious green fluorescence in macrophages, indicating 

severe inflammatory reactions. However, when the 
macrophages were co-incubated with NM-NP, green 
fluorescence was remarkably diminished, while the mac-
rophages treated with the NP without neutrophil-like 
cell membrane coating still exhibited prominent green 
fluorescence. This observation indicates the strong anti-
inflammatory activity of NMVs. Inflammatory cytokines 
TNF-α and IL-6 in the cell culture medium were then 
quantified using the corresponding Enzyme-Linked 
Immunosorbant Assay (ELISA) kits (Fig.  4e and f ). 
NMVs and NM-NP significantly reduced the secretion 
of TNF-α and IL-6 by macrophages as compared with 
NP and LPS control groups.

Biocompatibility assessments
To verify the biocompatibility of the NM-NP-ICG/RIF 
nanoparticles, cytotoxicity of the nanoparticles towards 

Fig. 3  In vitro synergistic photothermal antibacterial activity of nanoparticles containing both RIF and ICG. a Colony photos of P. aeruginosa upon 
treatment with RIF (8 µg mL− 1), NP-ICG (15 µg mL− 1 of ICG), NP-ICG/RIF and NM-NP-ICG/RIF (containing RIF: 8 µg mL− 1, ICG: 15 µg mL− 1) under NIR 
laser irradiation (808 nm, 1.5 W cm− 2) for 5 min or no NIR laser irradiation (initial bacterial loading: ~108 CFU mL− 1). b Photothermal heating curves 
of different samples incubated with P. aeruginosa under NIR laser irradiation (808 nm, 1.5 W cm− 2) for different time periods (n = 3). c CLSM images 
of P. aeruginosa under the same treatment conditions as aforementioned in Fig. 3A, and followed by staining with LIVE/DEAD BacLight bacterial 
viability kit where green fluorescent dye stains all the bacterial cells and red PI dye stains bacterial cells with damaged membrane (Scale bar: 20 μm). 
d The counts of P. aeruginosa colonies under the same treatment conditions as aforementioned in Fig. 3a (n = 3)



Page 11 of 16Li et al. Biomaterials Research           (2023) 27:30 	

HUVECs, HaCaT cells (a human skin keratinocyte line) 
and HEK 293T cells (a human embryonic kidney cell 
line) was evaluated, and hemolysis tests were carried out. 
NM-NP-ICG/RIF nanoparticles showed excellent bio-
compatibility with cell viability of higher than 84% even 
with the concentration of up to 1 mg mL− 1 (Figure S9a). 
These nanoparticles also exhibited negligible hemolysis 
at the concentration of up to 1 mg mL− 1 (Figure S9b). As 
the concentration of NM-NP-ICG/RIF we used for anti-
bacterial tests was only 0.534  mg mL− 1, which was sig-
nificantly lower than the highest concentration used for 
biocompatibility tests.

In vivo targeted antibacterial activity
To investigate in  vivo targeted antibacterial activity of 
NM-NP-ICG/RIF, a murine skin abscess infection model 
was established by subcutaneous injection of P. aerugi-
nosa to the back of male Balb/c mice, [50, 51] followed 
by the subcutaneous injection of NM-NP-ICG/RIF to 
the infectious site (Fig. 5a). The dissipation of ICG fluo-
rescence was recorded over a time span of 24  h after 
injection of NM-NP-ICG/RIF or NP-ICG/RIF (Fig.  5b). 
The fluorescence of NP-ICG/RIF and NM-NP-ICG/RIF 
both peaked at 6  h. However, the fluorescence of NP-
ICG/RIF decreased dramatically at the time point of 12 

Fig. 4  Endotoxin (LPS) neutralization and anti-inflammation activities of NMVs-coated nanoparticles (NM-NP). a Schematic illustration of the 
mechanisms for LPS neutralization and subsequent anti-inflammation of NM-NP. b Fluorescent images of LPS-FITC solution (0.1 µg mL− 1) 
before and after incubation and centrifugation with NP or NM-NP (1 or 2 mg mL− 1). c Binding efficiency of NP and NM-NP to LPS-FITC (n = 3); 
d Intracellular ROS fluorescent images of untreated RAW264.7 macrophages, LPS-treated macrophages, and LPS-stimulated macrophages 
treated with blank NP or NM-NP. The amount of (e) TNF-α and (f) IL-6 secreted from macrophages under different treatment (n = 3, **p < 0.01 and 
***p < 0.001, Student’s t-test)

Fig. 5  In vivo antibacterial activity against a P. aeruginosa murine skin abscess infection model. a In vivo antibacterial experimental time line. 
b In vivo fluorescence imaging (left) and quantitative analysis (right) of P. aeruginosa-infected mice after subcutaneous injection of NP- ICG/RIF 
or NM-NP-ICG/RIF (ICG concentration: 5 µg mL− 1) at different time intervals (The white circles indicate the P. aeruginosa-infected areas, n = 3). 
c Photothermal heating images of bacterial infection treated with NP-ICG/RIF or NM-NP-ICG/RIF (15 µg mL− 1 of ICG) under NIR irradiation (808 nm, 
1.0 W cm− 2) for different time periods. (d) Photothermal heating curves and (e) Final temperatures reached after photothermal treatment with 
NP-ICG/RIF or NM-NP-ICG/RIF (ICG concentration: 15 µg mL− 1, n = 5). f Plate colony images and (g) quantification results of the bacteria obtained 
from infected tissues treated under different conditions (n = 5). Quantification of (h) TNF-α and (i) IL-6 in the infected tissues after various treatment 
(n = 3). j Survival rate of infected mice in 10 days after treatment under different conditions (n = 9). (*p < 0.05, **p < 0.01 and ***p < 0.001, Student’s 
t-test)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)



Page 13 of 16Li et al. Biomaterials Research           (2023) 27:30 	

and 24 h, with very weak fluorescence shown after 24 h. 
In contrast, the mice treated with NM-NP-ICG/RIF still 
showed significant fluorescence even after 24 h. The fluo-
rescence intensity of NM-NP-ICG/RIF was more than 
twice as high as that of NP-ICG/RIF, indicating that the 
binding of NM-NP-ICG/RIF to inflammatory vascular 
endothelial cells prolonged retention time at the infec-
tion site.

Due to the targeted binding to the infection site, NM-
NP-ICG/RIF generated more heat and led to a higher 
local temperature under the NIR irradiation when com-
pared with NP-ICG/RIF (Fig.  5c). Photothermal heat-
ing curve (Fig. 5d) and final temperature record (Fig. 5e) 
showed that the coating with NMVs resulted in 7℃ 
higher heating temperature on average. After photo-
thermal treatment, the infected tissues were harvested 
and homogenized for the counting of bacteria. As shown 
in Fig.  5f, g and a single treatment with NM-NP-ICG/
RIF + NIR dramatically reduced the bacterial loading 
in the infectious wound. Over 95% bacteria were killed 
upon the treatment with NM-NP-ICG/RIF + NIR, and 
the antibacterial efficacy was significantly higher than 
other treatment groups. The results also testified that the 
synergistic antibacterial effect of photothermal reagent 
ICG and antibiotic RIF led to strong in vivo antibacterial 
activity. Moreover, the inflammatory cytokines level of 
TNF-α and IL-6 (Fig.  5h and i) in the bacteria-infected 
mice after treatment with NM-NP-ICG/RIF + NIR 
showed the neutrophil-like cell membrane coating signif-
icantly reduced the LPS-induced inflammatory responses 
in  vivo. Thus, NM-NP-ICG/RIF + NIR with efficient 
bacterial eradication and LPS neutralization functions 
significantly improved the survival rate of infected mice 
(Fig.  5j). More than a half of infected mice died within 
10 days after infection. Although the single treatment 
with RIF, NP-ICG/RIF, NM-NP-ICG/RIF or NP-ICG/RIF 
under NIR irradiation could slightly increase the survival 
rate to 55.6% or 66.7%, the single treatment with NM-
NP-ICG/RIF and NIR irradiation showed the highest 
therapeutic efficacy with survival rate improved to 88.9%, 
indicating the strong in  vivo photothermal antibacterial 
activity of NM-NP-ICG/RIF against P. aeruginosa bacte-
rial infection.

Discussion
Neutrophils play an important role in immune defenses, 
particularly in the initial phase of inflammation [52]. 
Various biomaterials have taken advantages of inflamma-
tion-targeting functions of neutrophils to treat inflam-
mation-related diseases such as rheumatoid arthritis, 
ischemia brain damage and cancers [23, 29, 30, 52]. How-
ever, the neutrophil-based biomaterials or drug deliv-
ery systems for treatment of infectious diseases have 

been rarely reported [53]. Although a very recent report 
showed that neutrophil membrane vesicles (NMVs) are 
able to encapsulate the antibiotic ceftazidime, the inflam-
mation-targeting functions in  vivo was not studied and 
antibacterial efficacy of ceftazidime-loaded NMVs was 
very limited (< 50% bacterial reduction in a bacterium-
induced peritonitis model) [54]. The off-targeted release 
of antibiotic and unsatisfactory targeting capability of 
NMVs could be responsible for the weak potency. In this 
study, a photothermo-responsive antibacterial delivery 
system coated with neutrophil membranes (NM-NP-
ICG/RIF) was developed to achieve enhanced antibac-
terial activity. On the one hand, the thermo-responsive 
PLGA core loaded with the photothermal agent ICG 
reduced the passive release of RIF from NM-NP-ICG/
RIF, which was proven by the increased release of the 
antibiotic RIF from 52.15% ± 1.06 to 91.55% ± 2.37% in 
24  h after laser irradiation (Fig.  1h). The photothermo-
responsive release profile is beneficial for the reduction 
of off-target drug release of antibiotic. On the other 
hand, neutrophil membrane was coated on the surface 
of NP-ICG/RIF to further enhance the accumulation of 
nanoparticles in the microenvironment of bacterial infec-
tion. In  vitro and in  vivo experiments revealed that the 
NM-NP-ICG/RIF specifically bound to inflamed vascular 
endothelial cells (Fig. 2) and prolonged the retention time 
of nanoparticles in the infection site (Fig. 5b). The pho-
tothermo-responsive core and inflammation site-specific 
shell of NM-NP-ICG/RIF together contributed to the 
targeted delivery of antibacterial agents, resulting in high 
therapeutic efficacy.

Given the rising resistance of Gram-negative bacte-
ria to the existing antibiotics, potentiation of antibiotics 
that are clinically used to treat Gram-negative bacteria 
could be a promising solution [55]. The key barrier for 
the repurposing of antibiotics is how to cross the double 
membrane structure and enhance the cellular uptake of 
antibiotic by Gram-negative bacteria. The photother-
mal activity of ICG loaded in nanoparticles damaged the 
bacterial membrane (Fig.  3c), and the disrupted bacte-
rial membrane might lead to increased cellular uptake of 
antibiotic rifampicin by P. aeruginosa, resulting in potent 
antibacterial activity both in  vitro (Fig.  3) and in  vivo 
(Fig. 5). Therefore, this study proposed a novel strategy to 
repurpose the Gram-positive bacteria-specific antibiotic 
rifampicin that is difficult to penetrate through the outer 
membrane of Gram-negative bacteria, as effective antibi-
otic to combat Gram-negative bacterial infection.

Current antibacterial strategies against Gram-negative 
bacterial infections are mainly focused on killing the 
bacterial pathogens, but a major virulence of such infec-
tion, endotoxin LPS, has been neglected. The release 
of LPS from Gram-negative bacteria can cause serious 
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consequences, such as inflammatory cytokine storms 
and subsequent sepsis [11–13]. Therefore, it is neces-
sary to neutralize the endotoxins when treating bacte-
rial infections. Although Zhang’s group reported that the 
nanoparticles coated with macrophage membrane was 
capable of neutralizing endotoxin and sequestering pro-
inflammatory cytokines, [56] whether neutrophil-derived 
membrane can neutralize endotoxin and its mechanism 
have not been explored yet. In this study, we, for the first 
time, demonstrated that neutrophil membrane-coated 
nanoparticles neutrolized endotoxin (Fig.  4 and Figure 
S8) and reduced the endotoxin-induced cell inflamma-
tory responses in  vitro. The endotoxin neutralization 
property of the nanoparticles could be because the neu-
trophil membrane receptors expressed on the surface of 
nanoparticles, such as Toll-like receptor-4 (TLR4) and 
CD14 (Fig. 1f ), exhibit specific affinity to LPS [33, 34].

In addition to potent antibacterial activity and endo-
toxin neutralization, the in  vitro biocompatibility of 
NM-NP-ICG/RIF was also proven with no significant 
toxicity to HUVECs and HEK 293T cells (Figure S9). As 
the NM-NP-ICG/RIF is mainly composed of biocompat-
ible PLGA (FDA-approved polymer for drug delivery), 
FDA-approved drugs RIF and ICG, its biosafety in  vivo 
is expected, and the nanoparticles may thus be used for 
treatment of bacterial infections.

Conclusions
We have successfully synthesized a neutrophil-like cell mem-
brane-coated photothermal-responsive drug delivery system 
for targeted antibacterial and anti-virulence treatment of P. 
aeruginosa infections. The biocompatible and biodegradable 
PLGA nanoparticles loaded with both ICG and RIF gener-
ated significant heat and subsequently released RIF under 
the NIR irradiation, showing a synergistic antibacterial 
effect. Neutrophil-like cell membrane coating enabled the 
strong adhesion of nanoparticles to LPS-stimulated inflam-
matory cells, rendering enhanced and targeted photothermal 
therapy of bacterial infections. Importantly, the neutrophil-
like cell membrane-coated nanoparticles bound to LPS effec-
tively due to the high affinity of NMVs to LPS, reducing 
inflammatory response. In  vivo studies on a murine skin 
abscess infection model further demonstrated the infection-
targeting and LPS-neutralization activities, and the superior 
therapeutic efficacy of NM-NP-ICG/RIF. It is envisioned that 
the neutrophil-coated drug delivery system may be used to 
treat notorious multidrug-resistant bacterial infections.
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293T cells after incubation with NM-NP-ICG/RIF nanoparticles at differ‑
ent concentrations for 24 h. (n= 3). (b) Hemolysis of mouse red blood 
cells upon treatment with NM-NP-ICG/RIF nanoparticles at different 
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concentrations. The PBS-treated group and 0.1% triton-treated group were 
used as negative and positive controls, respectively. (n = 3). Table S1. 
Loading content of ICG and RIF in different nanoparticles. Table S2. Poly‑
dispersity index (PDI) of different nanoparticles.

Acknowledgements
Not applicable.

Authors’ contributions
CL, YG, YYY, PY and XD conceived the concept. CL, YG and XD designed 
experiments and write the manuscript. CL, YG and ZL performed most of 
experiments and analyzed data. MF, YL, XP and YY performed experiments and 
analyzed data. GT provided resources and reviewed the manuscript. YYY, PY 
and XD supervised and provided funding to this project, reviewed and edited 
the manuscript. All authors have read and approved the manuscript.

Funding
This study was supported by the grants from National Natural Science 
Foundation of China (Grant No.: 81830103, 52072418), Guangdong 
provincial Natural Science Foundation (Grant No.: 2022A1515010977), 
Technology & Innovation Commission of Shenzhen Municipality (Grant No.: 
JCYJ20190807151807459, JCYJ20200109142401698, JCYJ20210324124214038) 
and the Fundamental Research Funds for the Central Universities, Sun Yat-sen 
University (22lgqb37). The work was also supported by the Bioprocessing 
Technology Institute (BTI) and CRF UIBR (Biomedical Research Council, Agency 
for Science, Technology and Research (A*STAR), Republic of Singapore).

Availability of data and materials
The datasets during and/or analysed during the current study available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All the in vivo experiments performed were approved by the Institutional 
Animal Care and Use Committee of School of Pharmaceutical Sciences (Shen‑
zhen), Sun Yat-Sen university (Approval No. SYSU-YXYSZ-20210348).

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Author details
1 School of Pharmaceutical Science (Shenzhen), Shenzhen Campus of Sun 
Yat-sen University, Shenzhen 518107, PR China. 2 Center for Pathogen 
Research, West China Hospital, Sichuan University, Chengdu 610041, China. 
3 Department of Immunology, School of Medicine, Sun Yat-sen University, 
Shenzhen 518107, China. 4 Bioprocessing Technology Institute (BTI), Agency 
for Science, Technology and Research (A*STAR), 20 Biopolis Way, Centros 
#06‑01, Singapore 138668, Republic of Singapore. 

Received: 27 December 2022   Accepted: 26 March 2023

References
	1.	 Zhao Y, Guo Q, Dai X, Wei X, Yu Y, Chen X, Li C, Cao Z, Zhang X. A Biomi‑

metic Non-Antibiotic Approach to eradicate drug-resistant infections. 
Adv Mater. 2019;31(7):e1806024.

	2.	 Chatterjee M, Anju CP, Biswas L, Anil Kumar V, Gopi Mohan C, Biswas R. 
Antibiotic resistance in Pseudomonas aeruginosa and alternative thera‑
peutic options. Int J Med Microbiol. 2016;306(1):48–58.

	3.	 Rossi E, La Rosa R, Bartell JA, Marvig RL, Haagensen JAJ, Sommer LM, 
Molin S, Johansen HK. Pseudomonas aeruginosa adaptation and evolu‑
tion in patients with cystic fibrosis. Nat Rev Microbiol. 2021;19(5):331–42.

	4.	 Wheeler KM, Carcamo-Oyarce G, Turner BS, Dellos-Nolan S, Co JY, Lehoux S, 
Cummings RD, Wozniak DJ, Ribbeck K. Mucin glycans attenuate the virulence 
of Pseudomonas aeruginosa in infection. Nat Microbiol. 2019;4(12):2146–54.

	5.	 Ibrahim D, Jabbour JF, Kanj SS. Current choices of antibiotic treat‑
ment for Pseudomonas aeruginosa infections. Curr Opin Infect Dis. 
2020;33(6):464–73.

	6.	 Portsmouth S, van Veenhuyzen D, Echols R, Machida M, Ferreira JCA, 
Ariyasu M, Tenke P, Nagata TD. Cefiderocol versus imipenem-cilastatin 
for the treatment of complicated urinary tract infections caused by 
Gram-negative uropathogens: a phase 2, randomised, double-blind, non-
inferiority trial. Lancet Infect Dis. 2018;18(12):1319–28.

	7.	 Tsutsumi K, Yonehara R, Ishizaka-Ikeda E, Miyazaki N, Maeda S, Iwasaki 
K, Nakagawa A, Yamashita E. Structures of the wild-type MexAB-OprM 
tripartite pump reveal its complex formation and drug efflux mechanism. 
Nat Commun. 2019;10(1):1520.

	8.	 Maisuria VB, Okshevsky M, Deziel E, Tufenkji N. Proanthocyanidin inter‑
feres with intrinsic antibiotic resistance mechanisms of Gram-Negative 
Bacteria. Adv Sci (Weinh). 2019;6(15):1802333.

	9.	 Ciofu O, Tolker-Nielsen T. Tolerance and resistance of Pseudomonas aer‑
uginosa Biofilms to Antimicrobial Agents-How P. aeruginosa Can escape 
antibiotics. Front Microbiol. 2019;10:913.

	10.	 Ropponen HK, Richter R, Hirsch AKH, Lehr CM. Mastering the Gram-
negative bacterial barrier - chemical approaches to increase bacterial 
bioavailability of antibiotics. Adv Drug Deliv Rev. 2021;172:339–60.

	11.	 Jang JC, Li J, Gambini L, Batugedara HM, Sati S, Lazar MA, Fan L, Pellecchia M, 
Nair MG. Human resistin protects against endotoxic shock by blocking LPS-
TLR4 interaction, Proc. Natl. Acad. Sci. U. S. A. 114(48) (2017) E10399-E10408.

	12.	 Vanaja SK, Russo AJ, Behl B, Banerjee I, Yankova M, Deshmukh SD, Rathi‑
nam VAK. Bacterial outer membrane vesicles mediate cytosolic localiza‑
tion of LPS and Caspase-11 activation. Cell. 2016;165(5):1106–19.

	13.	 Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, Hu L, Shao F. Inflammatory 
caspases are innate immune receptors for intracellular LPS. Nature. 
2014;514(7521):187–92.

	14.	 Manivasagan P, Khan F, Hoang G, Mondal S, Kim H, Hoang Minh Doan V, 
Kim YM, Oh J. Thiol chitosan-wrapped gold nanoshells for near-infrared 
laser-induced photothermal destruction of antibiotic-resistant bacteria. 
Carbohydr Polym. 2019;225:115228.

	15.	 Bilici K, Atac N, Muti A, Baylam I, Dogan O, Sennaroglu A, Can F. Yagci Acar, 
Broad spectrum antibacterial photodynamic and photothermal therapy 
achieved with indocyanine green loaded SPIONs under near infrared 
irradiation. Biomater Sci. 2020;8(16):4616–25.

	16.	 Huang Z, Zhou T, Yuan Y, Natalie Klodzinska S, Zheng T, Sternberg C, 
Morck Nielsen H, Sun Y, Wan F. Synthesis of carbon quantum dot-poly 
lactic-co-glycolic acid hybrid nanoparticles for chemo-photothermal 
therapy against bacterial biofilms. J Colloid Interface Sci. 2020;577:66–74.

	17.	 Liu WL, Zou MZ, Qin SY, Cheng YJ, Ma YH, Sun YX, Zhang XZ. Recent 
advances of cell membrane-coated nanomaterials for Biomedical Appli‑
cations. Adv Funct Mater. 2020;30(39):2003559.

	18.	 Kong F, He H, Bai H, Yang F, Ma M, Gu N, Zhang Y. A biomimetic nano‑
composite with enzyme-like activities and CXCR4 antagonism efficiently 
enhances the therapeutic efficacy of acute myeloid leukemia. Bioact 
Mater. 2022;18:526–38.

	19.	 Liang JL, Luo GF, Chen WH, Zhang XZ. Recent advances in Engineered 
materials for immunotherapy-involved Combination Cancer Therapy. Adv 
Mater. 2021;33(31):e2007630.

	20.	 Wang S, Hu X, Wei W, Ma G. Transformable vesicles for cancer immuno‑
therapy. Adv Drug Deliv Rev. 2021;179:113905.

	21.	 Ye P, Li F, Zou J, Luo Y, Wang S, Lu G, Zhang F, Chen C, Long J, Jia R, Shi M, 
Wang Y, Cheng X, Ma G, Wei W. In situ Generation of Gold nanoparticles 
on Bacteria-derived magnetosomes for imaging‐guided Starving/Chem‑
odynamic/Photothermal synergistic therapy against Cancer. Adv Funct 
Mater. 2022;32(17):2110063.

	22.	 Gong C, Zhang X, Shi M, Li F, Wang S, Wang Y, Wang Y, Wei W, Ma G. Tumor 
exosomes reprogrammed by low pH are efficient Targeting Vehicles for 
Smart Drug Delivery and Personalized Therapy against their homologous 
tumor. Adv Sci (Weinh). 2021;8(10):2002787.

	23.	 Chu D, Dong X, Shi X, Zhang C, Wang Z. Neutrophil-Based Drug Delivery 
Systems Adv Mater. 2018;30(22):e1706245.

	24.	 Delgado-Rizo V, Martinez-Guzman MA, Iniguez-Gutierrez L, Garcia-Orozco 
A, Alvarado-Navarro A, Fafutis-Morris M. Neutrophil Extracellular Traps and 
its implications in inflammation: an overview. Front Immunol. 2017;8:81.



Page 16 of 16Li et al. Biomaterials Research           (2023) 27:30 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	25.	 Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health 
and inflammation. Nat Rev Immunol. 2013;13(3):159–75.

	26.	 Gao J, Wang S, Wang Z. High yield, scalable and remotely drug-loaded 
neutrophil-derived extracellular vesicles (EVs) for anti-inflammation 
therapy. Biomaterials. 2017;135:62–73.

	27.	 Bao L, Dou G, Tian R, Lv Y, Ding F, Liu S, Zhao R, Zhao L, Zhou J, Weng L, 
Dong Y, Li B, Liu S, Chen X, Jin Y. Engineered neutrophil apoptotic bodies 
ameliorate myocardial infarction by promoting macrophage efferocytosis 
and inflammation resolution. Bioact Mater. 2022;9:183–97.

	28.	 Zhang Q, Dehaini D, Zhang Y, Zhou J, Chen X, Zhang L, Fang RH, Gao W, 
Zhang L. Neutrophil membrane-coated nanoparticles inhibit synovial 
inflammation and alleviate joint damage in inflammatory arthritis. Nat 
Nanotechnol. 2018;13(12):1182–90.

	29.	 Zhang L, Qin Z, Sun H, Chen X, Dong J, Shen S, Zheng L, Gu N, Jiang Q. 
Nanoenzyme engineered neutrophil-derived exosomes attenuate joint 
injury in advanced rheumatoid arthritis via regulating inflammatory 
environment. Bioact Mater. 2022;18:1–14.

	30.	 Feng L, Dou C, Xia Y, Li B, Zhao M, Yu P, Zheng Y, El-Toni AM, Atta NF, 
Galal A, Cheng Y, Cai X, Wang Y, Zhang F. Neutrophil-like cell-membrane-
coated Nanozyme Therapy for ischemic brain damage and long-term 
neurological functional recovery. ACS Nano. 2021;15(2):2263–80.

	31.	 Wodicka JR, Morikis VA, Dehghani T, Simon SI, Panitch A. Selectin-
targeting peptide-glycosaminoglycan conjugates modulate neutrophil-
endothelial interactions. Cell Mol Bioeng. 2019;12(1):121–30.

	32.	 Nemeth T, Sperandio M, Mocsai A. Neutrophils as emerging therapeutic 
targets. Nat Rev Drug Discov. 2020;19(4):253–75.

	33.	 Khatib-Massalha E, Bhattacharya S, Massalha H, Biram A, Golan K, Kollet 
O, Kumari A, Avemaria F, Petrovich-Kopitman E, Gur-Cohen S, Itkin T, 
Brandenburger I, Spiegel A, Shulman Z, Gerhart-Hines Z, Itzkovitz S, 
Gunzer M, Offermanns S, Alon R, Ariel A, Lapidot T. Lactate released by 
inflammatory bone marrow neutrophils induces their mobilization via 
endothelial GPR81 signaling. Nat Commun. 2020;11(1):3547.

	34.	 Vandooren J, Goeminne P, Boon L, Ugarte-Berzal E, Rybakin V, Proost P, 
Abu El-Asrar AM, Opdenakker G. Neutrophils and activated Macrophages 
Control Mucosal immunity by proteolytic cleavage of Antileukoprotein‑
ase. Front Immunol. 2018;9:1154.

	35.	 Ramirez D, Berry L, Domalaon R, Brizuela M, Schweizer F. Dilipid Ultrashort 
Tetrabasic Peptidomimetics Potentiate Novobiocin and Rifampicin 
Against Multidrug-Resistant Gram-Negative Bacteria, ACS infect. Dis. 
2020;6(6):1413–26.

	36.	 Wu S, Huang Y, Yan J, Li Y, Wang J, Yang YY, Yuan P, Ding X. Bacterial outer 
membrane-coated mesoporous silica nanoparticles for targeted delivery 
of antibiotic rifampicin against Gram‐Negative bacterial infection in vivo. 
Adv Funct Mater. 2021;31(35):2103442.

	37.	 Ding X, Yang C, Moreira W, Yuan P, Periaswamy B, de Sessions PF, Zhao H, 
Tan J, Lee A, Ong KX, Park N, Liang ZC, Hedrick JL, Yang YY. A macromol‑
ecule reversing Antibiotic Resistance phenotype and repurposing drugs 
as potent antibiotics. Adv Sci (Weinh). 2020;7(17):2001374.

	38.	 Chiang WL, Lin TT, Sureshbabu R, Chia WT, Hsiao HC, Liu HY, Yang 
CM, Sung HW. A rapid drug release system with a NIR light-activated 
molecular switch for dual-modality photothermal/antibiotic treatments 
of subcutaneous abscesses. J Control Release. 2015;199:53–62.

	39.	 Fang RH, Hu CM, Luk BT, Gao W, Copp JA, Tai Y, O’Connor DE, Zhang L. 
Cancer cell membrane-coated nanoparticles for anticancer vaccination 
and drug delivery. Nano Lett. 2014;14(4):2181–8.

	40.	 Motbainor H, Bereded F, Mulu W. Multi-drug resistance of blood stream, 
urinary tract and surgical site nosocomial infections of Acinetobacter 
baumannii and Pseudomonas aeruginosa among patients hospitalized at 
Felegehiwot referral hospital, Northwest Ethiopia: a cross-sectional study. 
BMC Infect Dis. 2020;20(1):92.

	41.	 Kang T, Zhu Q, Wei D, Feng J, Yao J, Jiang T, Song Q, Wei X, Chen H, Gao X, 
Chen J. Nanoparticles coated with neutrophil membranes can effectively 
treat Cancer Metastasis. ACS Nano. 2017;11(2):1397–411.

	42.	 Rao L, Yu GT, Meng QF, Bu LL, Tian R, Lin LS, Deng H, Yang W, Zan M, Ding 
J, Li A, Xiao H, Sun ZJ, Liu W, Chen X. Cancer Cell membrane-coated 
nanoparticles for personalized therapy in patient‐derived xenograft 
models. Adv Funct Mater. 2019;29(51):1905671.

	43.	 Rosadini CV, Kagan JC. Early innate immune responses to bacterial LPS. 
Curr Opin Immunol. 2017;44:14–9.

	44.	 Sandler NG, Wand H, Roque A, Law M, Nason MC, Nixon DE, Pedersen C, 
Ruxrungtham K, Lewin SR, Emery S, Neaton JD, Brenchley JM, Deeks SG, 

Sereti I, Douek DC, Group ISS. Plasma levels of soluble CD14 indepen‑
dently predict mortality in HIV infection. J Infect Dis. 2011;203(6):780–90.

	45.	 Fan Z, McArdle S, Marki A, Mikulski Z, Gutierrez E, Engelhardt B, Deutsch 
U, Ginsberg M, Groisman A, Ley K. Neutrophil recruitment limited by 
high-affinity bent beta2 integrin binding ligand in cis. Nat Commun. 
2016;7:12658.

	46.	 Phillipson M, Kubes P. The neutrophil in vascular inflammation. Nat Med. 
2011;17(11):1381–90.

	47.	 Margraf A, Germena G, Drexler HCA, Rossaint J, Ludwig N, Prystaj B, 
Mersmann S, Thomas K, Block H, Gottschlich W, Liu C, Krenn PW, Haller 
H, Heitplatz B, zu Brickwedde MM, Moser M, Vestweber D, Zarbock A. 
The integrin-linked kinase is required for chemokine-triggered high-
affinity conformation of the neutrophil beta(2)-integrin LFA-1. Blood. 
2020;136(19):2200–5.

	48.	 Park S, Shin HJ, Shah M, Cho HY, Anwar MA, Achek A, Kwon HK, Lee B, 
Yoo TH, Choi S. TLR4/MD2 specific peptides stalled in vivo LPS-induced 
immune exacerbation. Biomaterials. 2017;126:49–60.

	49.	 Zhang M, Zhang X, Tian T, Zhang Q, Wen Y, Zhu J, Xiao D, Cui W, Lin Y. 
Anti-inflammatory activity of curcumin-loaded tetrahedral framework 
nucleic acids on acute gouty arthritis. Bioact Mater. 2022;8:368–80.

	50.	 Coleman SR, Pletzer D, Hancock REW. Contribution of swarming motility 
to dissemination in a Pseudomonas aeruginosa Murine skin abscess 
infection model. J Infect Dis. 2021;224(4):726–33.

	51.	 Zou L, Hu D, Wang F, Jin Q, Ji J. The relief of hypoxic microenvironment 
using an O2 self-sufficient fluorinated nanoplatform for enhanced photo‑
dynamic eradication of bacterial biofilms. Nano Res. 2021;15(2):1636–44.

	52.	 Lee NK, Kim S-N, Park CG. Immune cell targeting nanoparticles: a review. 
Biomater Res. 2021;25:44.

	53.	 Dong J, Wang W, Zhou W, Zhang S, Li M, Li N, Pan G, Zhang X, Bai J, Zhu 
C. Immunomodulatory biomaterials for implant-associated infections: 
from conventional to advanced therapeutic strategies. Biomater Res. 
2022;26:72.

	54.	 Gao J, Dong X, Su Y, Wang Z. Human neutrophil membrane-derived nan‑
ovesicles as a drug delivery platform for improved therapy of infectious 
diseases. Acta Biomater. 2021;123:354–63.

	55.	 Wesseling CMJ, Martin NI. Synergy by perturbing the Gram-negative 
outer membrane: opening the door for Gram-positive specific antibiotics. 
ACS Infect Dis. 2022;8(9):1731–57.

	56.	 Thamphiwatana S, Angsantikul P, Escajadillo T, Zhang Q, Olso J, Luk BT, 
Zhang S, Fang RH, Gao W, Nizet V, Zhang L. Macrophage-like nanoparti‑
cles concurrently absorbing endotoxins and proinflammatory cytokines 
for sepsis management. Proc. Natl. Acad. Sci. U S A. 14(43) (2017) 
11488–11493.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Neutrophil-inspired photothermo-responsive drug delivery system for targeted treatment of bacterial infection and endotoxins neutralization
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Materials
	Instruments
	Preparation of PLGA nanoparticles loaded with ICG and RIF
	Neutrophil-like cell membrane derivation
	Preparation and characterization of NM-NP-ICGRIF
	Identification of membrane proteins
	Photothermal heating and photothermal responsive drug release
	In vitro targeting to inflammatory HUVEC cells
	In vitro photothermal antibacterial tests
	Endotoxin neutralization and anti-inflammation activities
	Biocompatibility assessments
	In vivo photothermal antibacterial efficacy evaluation on P. aeruginosa infection
	Statistical analysis

	Results
	Nanoparticles preparation and characterization
	In Vitro Targeting of NMVs-coated nanoparticles to inflammatory vascular endothelial cells
	In vitro antibacterial activities
	Endotoxin neutralization and anti-inflammation activities of NMVs-coated nanoparticles
	Biocompatibility assessments
	In vivo targeted antibacterial activity

	Discussion
	Conclusions
	Anchor 31
	Acknowledgements
	References


