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Purpose: To investigate the effect and mechanism of macrophage membrane-coated nano-

particles (M-NPs) on hepatic ischemia-reperfusion injury (I/RI) caused by orthotopic liver

transplantation. In addition, the advantages of TLR4+/M-NPs compared to M-NPs are

discussed.

Materials and Methods: We prepared biomimetic M-NPs and identified their character-

istics. M-NPs were injected into an SD rat model of orthotopic liver transplantation, and the

anti-inflammatory and anti-I/RI activities of M-NPs were studied in vivo and in vitro. In

addition, we overexpressed macrophage membrane Toll-like receptor 4 (TLR4) in vitro and

prepared TLR4+/M-NPs. Then, we assessed the characteristics and advantages of TLR4

+/M-NPs.

Results: The M-NPs neutralized endotoxin, inhibited the overactivation of Kupffer cells

(KCs) and suppressed the secretion of inflammatory factors by inhibiting the endotoxin-

mediated TLR4/MyD88/IRAK1/NF-κB signaling pathway. In an orthotopic liver transplan-

tation model in SD rats, M-NPs showed significant therapeutic efficacy by neutralizing

endotoxin and suppressing the secretion of inflammatory factors. Moreover, overexpression

of TLR4 on the macrophage membrane by using a TLR4+-plasmid in vitro effectively

reduced the amount of M-NPs needed to neutralize an equivalent dose of endotoxin, reducing

the potential risks of NP overuse.

Conclusion: This study indicates that M-NPs can effectively alleviate I/RI induced by liver

transplantation.

Keywords: biomimetic nanoparticle, endotoxin, Kupffer cell, liver transplantation, ischemia

reperfusion injury

Introduction
Liver transplantation is the most effective method to treat end-stage liver diseases,

but it still faces many challenges, such as the insufficiency of liver sources, immune

rejection of the donor liver by the recipient, and hepatic ischemia-reperfusion injury

(I/RI) after liver transplantation.1,2 Studies have confirmed that liver transplantation

I/RI is closely related to the susceptibility of Kupffer cells (KCs) in the liver to

endotoxin during reperfusion, which primarily occurs because liver transplantation

recipients often have different degrees of endotoxemia before the operation, and

portal vein occlusion during liver transplantation also causes intestinal endotoxin
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accumulation in the portal vein.3,4 In addition, KCs are

especially sensitive to endotoxins due to the interruption of

portal vein blood.4 The above factors lead to the activation

of KCs by a large amount of endotoxin during liver trans-

plantation, which activates the inflammatory pathway, thus

promoting the release of inflammatory factors such as

tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6)

that induce hepatic I/RI.3,5 The specific molecular mechan-

ism may be related to endotoxin recognition by Toll-like

receptor 4 (TLR4) on KC membranes, which activates the

myeloid differentiation factor 88 (MyD88)/interleukin

receptor associated kinase 1 (IRAK1)/NF-κB inflamma-

tory pathway and promotes the release of inflammatory

factors.3,5 Endotoxin is the lipopolysaccharide (LPS) com-

ponent of the Gram-negative bacteria cell wall.6 If the

concentration of endotoxin in the blood in liver transplan-

tation can be effectively reduced, the overactivation of

KCs will be effectively suppressed, thus inhibiting hepatic

I/RI after liver transplantation.5–7

Recently, cell membrane-coated nanoparticles have

emerged as a promising therapeutic platform.8 The cell

membrane-coated nanoparticles prepared by this method

not only have the transfer function of nanoparticles but

also the biological function of the cell membrane, and

targeted treatment of damaged areas is possible through

the transfer of nanoparticles.9 Researchers coated nanoma-

terials with the membranes of neutrophils to treat the

synovitis of joints and reduce joint damage caused by

joint inflammation.10 Nanoparticles prepared by this

method not only have the neutrophil membrane function

of neutralizing proinflammatory factors but are also cap-

able of targeted infiltration into the damaged areas, thus

achieving targeted treatment.10 Furthermore, nanoparticles

coated with human platelet membranes have immunomo-

dulatory functions and adhesion antigens associated with

platelets.11 Moreover, nanoparticles coated with red blood

cell membrane have the ability to absorb membrane-

damaging toxins and divert them away from their cellular

targets.12

KCs are macrophages located in the hepatic sinusoid and

account for 80~90% of the total macrophages in the body.13

Many studies have confirmed that PLGA nanoparticles

injected into the body are mainly distributed in the liver.14

Hepatic I/RI in liver transplantation is mainly caused by

a large amount of endotoxin, which activates inflammatory

pathways and promotes the release of inflammatory factors

by binding to TLR4 on KC membranes.5 TLR4 is widely

present on various macrophage membranes.5,15 Therefore,

we aimed to synthesize macrophage membrane-coated nano-

particles (M-NPs) with macrophage membrane functions

(enriched in TLR4) and inject the M-NPs into the body.

Because M-NPs are mainly localized to the liver, endotoxin

can bind to TLR4 on M-NPs, thus leading to the adsorption

of a large amount of endotoxin. Reducing the endotoxin-

induced activation of KCs, inhibiting the release of inflam-

matory factors and ultimately alleviating hepatic I/RI after

liver transplantation would improve the prognosis of liver

transplantation recipients. Here, we established an orthotopic

liver transplantation model in SD rats and explored the effect

and molecular mechanism of M-NPs on hepatic I/RI in rat

orthotopic liver transplantation by synthesizing M-NPs and

injecting them into rats through the tail vein.

Materials and Methods
Cell Culture
The RAW264.7 mouse macrophage line was purchased

from American Type Culture Collection (ATCC) and cul-

tured in medium (DMEM, HyClone) with 10% FBS

(PAN) and 1% penicillin–streptomycin (Beyotime) at 37

°C in a 5% CO2 environment.

Macrophage Membrane Derivation
Plasma membranes of RAW264.7 macrophages were har-

vested following a previously published protocol.8,16

Briefly, RAW264.7 macrophages in a good growth state

were washed with PBS (HyClone) three times and then

collected (centrifugation at 800 × g for 5 min). The cells

were then suspended in a hypotonic solution containing 30

mM Tris-HCl, 225 mM d-mannitol, 75 mM sucrose and

0.2 mM EGTA (all reagents purchased from Sigma). The

cells were then disrupted with 20 passes using a dounce

homogenizer. After this step, all of the cells were ruptured.

Then, the suspension solution was centrifuged at 20,000 ×

g for 25 min at 4 °C. The precipitate was discarded, and

the supernatant was transferred to a new tube and centri-

fuged again at 100,000 × g for 35 min at 4 °C. After

centrifugation, the supernatant was discarded, and the pel-

let contained the macrophage membranes. The obtained

macrophage membranes were stored for a short time at

−80°C. The membrane protein content was quantified with

a BCA assay (Beyotime). In addition, we also extracted

whole protein and nuclear protein from the cells with

appropriate protein extraction kits (Sangon Biotech) and

quantified the protein extracts with a BCA assay

(Beyotime).
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Macrophage Membrane-Coated

Nanoparticle Preparation and

Characterization
First, 150~180 nm polymeric cores were prepared using 0.67

dL/g carboxyl-terminated 50:50 poly (lactic-co-glycolic) acid

(PLGA) (LACTEL Absorbable Polymers) by nanoprecipita-

tion. The PLGA polymer was dissolved in acetone at

a concentration of 10 mg/mL. Then, 1 mL of the solution

was diluted with 3 mL of water. For fluorescently labeled

PLGA cores, 1,1-dioctadecyl-3,3,3ʹ,3ʹ-tetramethylindodicar-

bocyanine perchlorate (DiR, excitation/emission = 748 nm/

780 nm; Ye Sen) was loaded into the polymeric cores at 0.1 wt

%. The nanoparticle solution was then stirred in open air for 2

h to remove the organic solvent. Then, the extracted macro-

phage membranes with the PLGA cores were mixed in a mass

ratio of 1:2 and the mixed solution was repeatedly extruded

through a liposome extruder (Sigma) to obtain macrophage

membrane-coated nanoparticles (M-NPs). The macrophage

membrane coating was detected by transmission electron

microscopy (TEM) and the size of NPs and M-NPs were

measured by dynamic light scattering (DLS).

Since macrophages contain cell membranes and

nuclear membranes, we further detected the expression of

related marker proteins on the M-NPs. Antibodies against

F4/80 (ab6640, Abcam), TLR4 (ab13556, Abcam), CD206

(ab64693, Abcam) and CD11c (ab52632, Abcam) was

used to detect markers of the macrophage membrane.

The antibody against LanminA/C was used to detect

a marker of the cell nucleus. Western blotting was used

to detect the protein expression in cell homogenates

(Hom), membranes (Mem), nuclei (Nuc) and M-NPs.

Briefly, proteins were extracted with a protein extraction

kit (KeyGene), and the protein concentration was detected

with a BCA kit (Beyotime) in each group. The protein and

5 × loading buffer (Beyotime) were mixed in a volume

ratio of 4:1 and boiled in water for 10 min. Then, 30 µg of

each protein sample was separated by electrophoresis

(Bio-Rad) at 120 V for approximately 2 h. The proteins

were transferred to a PVDF membrane at 250 mA. The

membranes were blocked with 5% milk in TBS/Tween 20

(0.5%) (TBST) for 1 h at room temperature and then

incubated with primary antibody (1:1000, Abcam) over-

night at 4 °C. After washing three times with TBST and

adding HRP-conjugated secondary antibody (1:10,000,

CST) for 1 h at room temperature, the membranes were

washed three times with TBST and developed with

a freshly prepared luminol-based developing solution.

Plasmid Transfection of RAW264.7

Macrophages
Plasmids with green fluorescent genes that overexpressed

and silenced TLR4 were purchased from Sangon Biotech.

Plasmid transfection of the RAW264.7 macrophages was

performed according to a previously published protocol.17

Briefly, the plasmids was transformed into Escherichia coli,

and Escherichia coli containing a large number of plasmids

was obtained through expanded culture. Then, the plasmids

were extracted from the genomic DNA of the Escherichia

coli. Finally, plasmid DNAwas transfected into the macro-

phages. A total of 3 μL of purified plasmid DNA was

dissolved in 250 μL of serum-free and penicillin-

streptomycin-free DMEM, mixed gently, and incubated at

room temperature for 5 min. Then, 10 μL of liposome was

dissolved in 250 μL of serum-free and penicillin-

streptomycin-free DMEM, mixed gently, and incubated at

room temperature for 5 min. The prepared DNAwas mixed

with liposomes and incubated at room temperature for 20

min to obtain wrapped liposomes/DNA. The liposomes

were added to RAW264.7 macrophages in a good growth

state for continuous culture for 10 h, and then the liquid was

changed, and DMEM with 10% FBS was added for further

culture for 48 h. The fluorescence expression of the cells

was observed under an inverted microscope. Western blot-

ting and reverse transcription-quantitative PCR (qRT-PCR)

was used to detect the protein and nucleic acid expression of

TLR4 in cells, respectively. qRT-PCR was performed as

previously described.18 Primers for qRT-PCR were

obtained from Sangon Biotech. The primers used were as

follows: TLR4 forward 5ʹ-ATTTCCGCTTCCTGGTCT −3ʹ
and reverse 5ʹ-GTCATCCCACTTCCTTCCT-3ʹ; and

GAPDH forward 5ʹ-CACCCACTCCTCCACCTTTG-3ʹ

and reverse 5ʹ-CCACCACCCTGTTGCTGTAG-3ʹ.

M-NP Neutralization of LPS in vitro
RAW264.7 macrophages were used to explore the effect of

M-NPs on LPS-mediated cell activation and its molecular

mechanism. Cells were cultured in medium (DMEM)

(HyClone) with 10% FBS (PAN) and 1% penicillin–strep-

tomycin (Beyotime) at 37 °C in a 5% CO2 environment.

The cells were divided into six groups with 1 × 106 cells in

each group. Each group was stimulated with 150 ng/mL

LPS (Sigma), and different concentrations of M-NPs (0,

0.5, 1.0, 2.0, 3.0 and 5.0 mg/mL) were added to each

group of LPS-stimulated macrophages. Twenty-four

hours later, Western blotting was used to detect the protein
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expression of MyD88, IRAK1, phosphorylation NF-κB
(p-p65) and p65. ELISA was used to detect the remaining

LPS and the inflammatory factors TNF-α and IL-6 in the

supernatant.

Cell viability was also used to evaluate LPS neutraliza-

tion by M-NPs. Briefly, 5 × 103 cells were seeded in each

well of a 96-well plate in 100 μL of medium and cultured

for 24 h. Then, 10 μL of Cell Counting Kit-8 (CCK8,

Beyotime) was added to each well, and the cells were

incubated at 37 °C for 1 h. The absorbance of each well

was detected at 450 nm using an enzyme reader.

To study whether in vitro overexpression of TLR4 on

the macrophage membrane reduced the usage of M-NPs,

thus reducing the toxic effect of M-NPs on macrophages,

TLR4 on the cell membrane of RAW264.7 macrophages

was effectively silenced or overexpressed by plasmid

transfection. TLR4+/M-NPs and TLR4−/M-NPs were suc-

cessfully synthesized by previous methods. The cells were

divided into six groups, with 1 × 106 cells in each group,

and cultured in 6 cm petri dishes. The control group was

not treated. The LPS group was treated with 150 ng/mL

LPS for 24 h. The M-NP group was treated with 1 mg/mL

M-NPs for 24 h. The LPS + M-NP group, LPS + TLR4+/

M-NP group and LPS + TLR4−/M-NP groups were treated

with 150 ng/mL LPS for 24 h, and the corresponding

M-NPs at a concentration of 1 mg/mL were added at the

same time. Twenty-four hours later, Western blotting was

used to detect the protein expression of MyD88, IRAK1,

p-p65 and p65. ELISA was used to detect the remaining

LPS and the inflammatory factors TNF-α and IL-6 in the

supernatant.

Animal Care and Liver Transplantation
All male SD rats were purchased from the Experimental

Animal Center of Chongqing Medical University and were

housed in a specific pathogen-free (SPF) animal facility at

the Experimental Animal Center of Chongqing Medical

University. The animals were maintained under the guide-

lines of the Animal Care and Use Committee of

Chongqing Medical University and this study was

approved by the Research Ethics Committee of

Chongqing Medical University (2019–107).

The rats were anesthetized with 5% chloral hydrate.

15 mg/kg NPs or M-NPs with the fluorescent probe (DiR,

excitation/emission = 748 nm/780 nm; Ye Sen) were admi-

nistered to the rats by tail vein injection for 24 h. The

distribution of the M-NPs or NPs by was determined by

detecting the fluorescence distribution in the rats.

Liver transplantation of SD rats (Supporting

Information Figures)

Procedures for liver transplantation of SD rats followed

a previously published protocol.19,20 In brief, rat liver

transplantation mainly includes two steps: donor liver pre-

paration and recipient preparation. (1) To prepare the

donor liver: SD rats weighing 200 g were selected for

preoperative fasting and drinking for 24 h. The donor

rats were administered 40 mg/kg sodium pentobarbital by

intramuscular injection, the abdominal hair was shaved off

after anesthesia, and the abdomen was disinfected with

iodophor. A cross incision was made in the abdomen to

expose the inferior hepatic vena cava and the right lumbar

vein. Heparin was injected through the lumbar vein. The

lower end of the abdominal aorta was freed and exposed

for later use. The inferior hepatic vena cava, the right renal

vein and the right adrenal vein were freed. The adrenal

vein and the right renal vein were ligated and severed. The

left adrenal gland was exposed and the fascia was torn

open with microscopic forceps. The abdominal aorta was

freed and clamped with a blood vessel clamp. Then, the

lower segment of the abdominal aorta was perfused with

cold physiological saline and residual blood in the liver

was fully perfused and removed. The portal vein and

inferior vena cava of the liver were freed and cut off.

Finally, the superior and inferior vena cava of the liver

were cut and placed into a sterile petri dish filled with 4°C

Ringer’s solution. The inferior vena cava and portal vein

were catheterized. The superior and inferior vena cava of

the liver was equipped with a needle and thread for

standby. (2) To prepare the recipients, SD rats weighing

200 g were selected for preoperative fasting and drinking.

The donors were administered 40 mg/kg sodium pentobar-

bital by intramuscular injection, the abdominal hair was

shaved off after anesthesia, and the rats were disinfected

with iodophor. The abdominal cavity was opened through

a median abdominal incision, and the left inferior phrenic

vein was ligated and severed. The remaining liver lobes

were freed, the bile duct and portal vein were exposed, and

the ligate bile duct it was severed. The hepatic artery was

ligated and freed, and the portal vein was fully freed. The

area of inferior hepatic vena cava and right renal vein were

exposed, the inferior hepatic vena cava, right renal vein

and right adrenal vein were freed, and the right adrenal

vein was freed and disconnected. The esophageal vein was

ligated and disconnected. Arterial clamps were applied to

the inferior vena cava and portal vein of the liver. Starting

from the nonhepatic phase, 2 mL of normal saline was
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injected through the portal vein to enable blood in the liver

to enter the systemic circulation. The superior and inferior

vena cava of the liver ere clamped above the diaphragm

ring, and each blood vessel was cut off and removed from

the liver. Gauze was soaked and used to cover the abdom-

inal cavity, the donor liver was laid flat on the gauze, and

the anterior and posterior walls of the upper and lower

liver cavities were sutured by a continuous suture method

to prevent residual lacunae. The donor liver side catheter

was inserted into the recipient inferior hepatic cavity and

portal vein and ligated, and the arterial clamp and vascular

clamp were opened to restore blood flow. When the liver

was hyperemic and ruddy, the nonhepatic phase ended,

ensuring that the nonhepatic phase occurred within 30

min. Mesentery was repositioned with wet cotton swabs,

and the abdominal wall was disinfected and sutured, com-

pleting the operation, after which we waited for the reci-

pient rats to wake up.

M-NP Neutralization of LPS in vivo
The efficacy of M-NPs in neutralizing LPS was first eval-

uated with an SD rat liver transplantation model. Thirty

rats were randomly divided into six groups: Blank group

(Blank, n = 5); Liver transplantation group (Control,

n = 5); Liver transplantation + NPs group (NPs, n = 5);

Liver transplantation + M-NPs group (M-NPs, n = 5);

Liver transplantation + TLR4+/M-NPs group (TLR4+/

M-NPs, n = 5) and liver transplantation + TLR4−/M-NPs

group (TLR4−/M-NPs, n = 5). Rats in the Blank group

were not treated. Other groups were treated by injection of

20 mg/kg of corresponding materials into liver transplant

recipient rats through the tail vein after successful liver

transplantation. The control group was injected with nor-

mal saline. Four days later, the liver was removed, and

peripheral blood was collected from the rats in each group.

Pathological changes in the heart, liver, spleen, lung and

kidney were detected by HE staining (n = 2). The serum

ALT and AST levels were measured at the Experimental

Animal Center of Chongqing Medical University (n = 5).

LPS and inflammatory cytokines, including IL-6 and TNF-

α, in the serum were quantified by ELISA as described

above (n = 5).

Activation of inflammatory pathways in KCs was also

used to evaluate the efficacy of M-NPs in neutralizing LPS

in an SD rat liver transplantation model. KCs were

extracted from rats in each group 4 days later after liver

transplantation (n = 3). The isolation, purification and

identification of KCs from SD rats was performed as

described in our previous study.21 LPS-mediated inflam-

matory-associated proteins, including MyD88, IRAK1,

p-p65 and p65, were detected by Western blotting.

Statistical Analyses
All quantitative data are represented as the mean ± stan-

dard error of the mean (SEM). Statistical analyses were

performed using SPSS 17.0 software (SPSS, Inc., Chicago,

IL, USA). One-way ANOVA with Tukey’s post hoc test

was used to analyze data sets that included more than two

experimental groups, while Student’s t-test was used to

compare data sets based on only two variables. In all

analyses, a p-value less than 0.05 was considered

significant.

Results and Discussion
M-NP Preparation and Characterization
There are three steps involved in preparing macrophage

membrane-coated nanoparticles (M-NPs). First, mem-

branes were obtained from RAW264.7 mouse

macrophages.8,22 Then, poly (lactic-co-glycolic acid)

(PLGA) nanoparticles (NPs) were generated according to

a previous study.23 Finally, the macrophage membranes and

the NPs were mixed at a mass ratio of 1:2 to prepare M-NPs

by repeated extrusion with a liposome extruder (Figure 1A).

The morphology and diameters of the NPs and M-NPs were

observed by transmission electron microscopy (TEM). The

NPs were spherical with a uniform size and diameter of

171.4 ± 17.3 nm (Figure 1B and E). After separation and

purification, the macrophage membranes contained trans-

parent fragments (Figure 1C). The M-NPs had a PLGA core

wrapped by a transparent shell and a diameter of 214.1 ±

18.6 nm (Figure 1D and E). RAW264.7 macrophages have

not only plasma membranes but also nuclear membranes.

To investigate the purity of the cell membrane and the

coating effect of M-NPs, Western blotting was used to

detect the protein expression of the macrophage plasma

membrane markers F4/80, TLR4, CD206, and CD11c and

the nuclear marker laminA/C in the cell homogenates

(Hom), membranes (Mem), nuclei (Nuc) and M-NPs. The

isolated membranes only expressed F4/80, TLR4, CD206,

and CD11c but not laminA/C, while the cell nuclei only

expressed laminA/C but not the plasma membrane markers.

This indicates that the separation of the plasma membrane

was successful (Figure 1F). In addition, M-NPs only

expressed F4/80, TLR4, CD206, and CD11c but not lamin
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A/C (Figure 1F). Taken together, these results demonstrate

the successful generation of M-NPs.

M-NPs Alleviate LPS-Mediated

Macrophage Activation
The macrophage membrane contains TLR4, which is an

important receptor that triggers the LPS-activated TLR4/

MyD88/IRAK1/NF-κB pathway to induce the inflammatory

response.5,24 To examine the ability of M-NPs to bind to LPS

and to study the effect of M-NPs on LPS-mediated macro-

phage activation, we used PLGA nanoparticles as carriers

and synthesized M-NPs as previously described. RAW264.7

macrophages in a good growth state were divided into 6

groups, and the macrophages in each group were treated

with 150 ng/mL LPS for 24 h. Different concentrations of

M-NPs (0, 0.5, 1.0, 2.0, 3.0 and 5.0 mg/mL) were added into

Figure 1 Formulation and characterization of macrophage membrane-coated nanoparticles (M-NPs). Three-step formulation of M-NPs (A). TEM images of NPs. (Scale bar:

200 nm) (B). TEM images of the macrophage membrane. (Scale bar: 200 nm) (C). TEM images of M-NPs. (Scale bar: 200 nm) (D). The sizes of the NPs and M-NPs were

measured by DLS (E). Western blotting was used to detect F4/80, TLR4, CD206, CD11c and lamin A/C protein expression in cell homogenates (Hom), membranes (Mem),

nuclei (Nuc) and M-NPs (F).
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each group of LPS-treated macrophages. Western blotting

was used to detect the protein expression of MyD88, IRAK1,

p-NF-κB (p-p65) and NF-κB (p65). ELISA was used to

detect the remaining LPS and the inflammatory factors

TNF-α and IL-6 in the supernatant. In the presence of high

concentrations of M-NPs, there was decreased protein

expression of MyD88, IRAK1 and p-p65 (Figure 2A).

Moreover, when the concentration of M-NPs was approxi-

mately 2.0 mg/mL, the remaining amount of LPS and the

expression of TNF-α and IL-6 in the supernatant were at the

lowest levels, indicating that 2.0 mg/mL M-NPs was the

optimal concentration for the neutralization of LPS (150

ng/mL) (Figure 2B and C). Subsequently, we further evalu-

ated whether NPs and M-NPs were cytotoxic toward

RAW264.7 macrophages. Cell counting kit-8 (CCK-8)

assays were used to detect the effect of different concentra-

tions of NPs and M-NPs on macrophage viability in the

absence of LPS. We found that when the concentration of

NPs or M-NPs exceeded 3.0 mg/mL, NPs or M-NPs signifi-

cantly inhibited the viability of macrophages (p<0.05)

(Figure 2D).

These results showed that M-NPs prepared from bioac-

tive macrophage membranes can effectively inhibit LPS-

mediated macrophage activation and reduce the release of

inflammatory factors by neutralizing LPS and inhibiting

activation of the TLR4/MyD88/IRAK1/NF-κB signaling

pathway. However, when the concentration of LPS was

high, the amount of M-NPs required to neutralize LPS was

increased, which increased the risk of the overuse of M-NPs

to macrophages. Therefore, we hypothesized that because

TLR4 on the macrophage membrane can be overexpressed

in vitro, synthesizing TLR4+/M-NPs to reduce the amount

of M-NPs needed to neutralize an equivalent concentration

of LPS would thus reduce the toxic effect of M-NPs on

macrophages. To investigate this hypothesis, we silenced or

overexpressed TLR4 on macrophage membranes by trans-

fecting TLR4− or TLR4+ plasmids and further studied the

feasibility of the hypothesis. The plasmid transfection rate

was high, and the effect of silencing and overexpressing

TLR4 on macrophages after plasmid transfection for 72

h was good (Figure 3A-C). Then, the macrophage mem-

brane-coated nanoparticles were synthesized according to

the above described methods to obtain M-NPs, TLR4+/

M-NPs and TLR4−/M-NPs. The experiment was divided

into a control group, LPS group, M-NP group, LPS +

M-NP group, LPS + TLR4+/M-NP group and LPS +

TLR4−/M-NP group. The control group was not treated.

The LPS group was treated with 150 ng/mL LPS for 24

Figure 2 M-NPs alleviate LPS-mediated macrophage activation by neutralizing LPS in vitro. Western blotting was used to detect the protein expression of MyD88, IRAK1,

p-p65 and p65 (A). ELISA was used to detect the remaining LPS in the supernatant (B). ELISA was used to detect the levels of TNF-α and IL-6 in the supernatant (C). CCK-8

was used to detect the viability of RAW264.7 macrophages (D). *p < 0.05, **p < 0.01.
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h. The M-NP group was treated with 1 mg/mL M-NPs for

24 h. The LPS + M-NP group, LPS + TLR4+/M-NP group

and LPS + TLR4−/M-NP group were treated with 150 ng/

mL LPS for 24 h, and the corresponding M-NPs at

a concentration of 1 mg/mL were added at the same time

as the LPS was added. Western blotting was used to detect

the expression of the inflammation-related proteins MyD88,

IRAK1, p-p65 and p65. Western blotting analysis verified

that M-NPs and TLR4+/M-NPs both effectively inhibited

LPS-induced inflammation-related protein expression in

macrophages (Figure 3D). In addition, quantitative analysis

of the remaining LPS in the supernatant of the culture

medium showed that the level of LPS in the TLR4+/M-NP

group was the lowest (p<0.05) (Figure 3E). Moreover, when

the concentration of M-NPs or TLR4+/M-NPs was less than

3 mg/mL, the consumption of TLR4+/M-NPs was less than

that of M-NPs when neutralizing the same amount of LPS

(p<0.05) (Figure 3F). For example, to neutralize the same

LPS concentration as that neutralized by treatment with

3.0 mg/mL M-NPs, the concentration of TLR4+/M-NPs

Figure 3 Overexpression of TLR4 on macrophage membranes results in increased inhibition of LPS-mediated macrophage activation. Fluorescence microscopy observations

of the transfection efficiency of plasmid transfection for 72 h (Scale bar: ×200) (A). Western blotting was used to detect the transfection efficiency (B). qRT-PCR was used to

detect the transfection efficiency (C). Western blotting was used to detect the protein expression of MyD88, IRAK1, p-p65 and p65 (D). ELISA was used to detect the

remaining LPS in each group (E). ELISA was used to detect the remaining LPS in different concentrations of M-NPs and TLR4+/M-NPs (F). *p < 0.05, **p < 0.01,

***p < 0.001.
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required was between 1.0 and 1.5 mg/mL (Figure 3F). As

shown in Figure 2D, the toxicity of 1.5 mg/mL M-NPs to

macrophages was significantly lower than that of 3.0 mg/mL

M-NPs (p<0.05). These results show that in vitro, it is

feasible and practical to reduce the NP dose required to

neutralize equivalent doses of LPS by overexpressing

TLR4 on the macrophage membrane.

M-NPs Alleviate Hepatic I/RI in Liver

Transplantation
Hepatic I/RI is an important cause of liver transplantation

failure.25 Hepatic I/RI can be divided into ischemic injury

and reperfusion injury.26 Gram-negative bacteria produce

large amounts of endotoxin that activate KCs and promote

the production of inflammatory factors, including IL-6 and

TNF-α, which are the main causes of reperfusion injury.27 If

endotoxin produced by intestinal G− bacteria can be removed,

KC activation will be effectively inhibited, thus reducing

hepatic I/RI and improving the prognosis of liver transplanta-

tion recipients.7

Endotoxin is the lipopolysaccharide (LPS) component of

the Gram-negative bacterial cell wall. In previous cell experi-

ments, we confirmed that M-NPs effectively inhibited the

activation of macrophages and the production of inflammatory

factors by neutralizing LPS. We further explored whether

M-NPs could be injected into rats after liver transplantation

to competitively bind to LPS and reduce the binding of LPS to

KCs. Inhibiting the LPS-mediated activation of KCs would

inhibit the inflammatory reaction and further inhibit liver

transplantation-induced I/RI. To explore this hypothesis, we

established an SD rat liver transplantationmodel by the double

cuff method, and there was no obvious infection in the wounds

of the rats after the operation.22 After successful liver trans-

plantation, we injected the corresponding nanomaterials

through the tail vein to explore the effect of M-NPs on rat

liver transplantation and its molecular mechanism. NPs or

M-NPs with a red fluorescent probe at a concentration of

15 mg/kg were injected into rats through the tail vein for

24 h. Fluorescence in the rats in the NP and M-NP groups

was mainly distributed in the liver, followed by the spleen

(Figure 4). This indicated that coating the nanoparticles with

the macrophage membranes did not change the distribution of

the nanoparticles in the rats.

The experiment was divided into the blank group

(Blank), liver transplantation group (control), liver trans-

plantation + NP group (NPs), liver transplantation + M-NP

group (M-NPs), liver transplantation + TLR4+/M-NP

group (TLR4+/M-NPs) and liver transplantation +

TLR4−/M-NP group (TLR4−/M-NPs). Rats in the Blank

group were not treated. In the other groups, the liver

transplant recipient rats were injected with 20 mg/kg NPs

or M-NPs through the tail vein after successful liver trans-

plantation. The control group was injected with the same

amount of normal saline. Four days later, the liver was

removed, and peripheral blood was collected from the rats

in each group. Hematoxylin-eosin (HE) staining was used

to detect the pathological changes in the heart, liver,

spleen, lung and kidney in each group. Liver transplanta-

tion significantly exacerbated heart, liver, spleen, lung and

kidney injury compared with that observed in the Blank

group, which manifested as the destruction of normal

tissue structures and the infiltration of inflammatory cells.

Injection of NPs alone did not exacerbate or reduce organ

damage after liver transplantation (NP group), while

M-NPs appropriately reduced the degree of heart, liver,

spleen, lung and kidney injury. The degree of heart, liver,

spleen, lung and kidney injury in the TLR4+/M-NP group

was minimal, but TLR4−/M-NPs lost their protective

effect on the organs (Figure 5A). The results of serum

liver function tests were also consistent with the HE

Figure 4 In vivo fluorescence detection of the NP and M-NP distribution in SD rats and organs.
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Figure 5 Overexpression of TLR4 on the macrophage membrane reduces liver I/RI after liver transplantation. HE staining was used to detect pathological changes in the

heart, liver, spleen, lung and kidney. (Scale bar: 1 mm) (A). The level of ALT in serum (B). The level of AST in serum (C). ELISA was used to detect the level of LPS in serum

in each group (D). ELISA was used to detect the level of LPS in serum in the presence of different concentrations of M-NPs or TLR4+/M-NPs (E). The overall survival of liver
transplantation rats treated with different concentrations of NPs (F). The overall survival of liver transplantation rats treated with different concentrations of M-NPs (G).

*p < 0.05, **p < 0.01, ***p < 0.001, #p>0.05.
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staining results (Figure 5B and C). That is, injection of

NPs alone did not exacerbate or reduce liver function at 4

days after liver transplantation (p>0.05). M-NPs improved

the liver function of rats after liver transplantation. The

rats in the TLR4+/M-NP group had better liver function

than those in the M-NP group (p<0.05). Silencing TLR4

abrogated the protective effect of M-NPs on the liver

(Figure 5B and C). We further detected the level of LPS

in the serum by ELISA. Liver transplantation significantly

increased the LPS content in the serum. The level of LPS

in the rats in the M-NP group was lower than that in the

control group, and the level of LPS in the TLR4+/M-NP

group was lower than that in the M-NP group (Figure 5D).

These results indicate that M-NPs reduce liver I/RI after

liver transplantation and that overexpressing macrophage

membrane TLR4 in vitro can better protect the liver.

Silencing macrophage membrane TLR4 weakens or com-

pletely inhibits the protective effect of M-NPs on the liver.

We further studied the correlation between the dose of

M-NPs or TLR4+/M-NPs and the level of LPS in rat

serum. We found that the level of LPS in serum gradually

decreased with increasing concentrations of M-NPs or

TLR4+/M-NPs. In addition, the dose of TLR4+/M-NPs

required to eliminate the same amount of LPS

(Figure 5E) was less than that of M-NPs. To reduce LPS

in rat serum to the lowest level, the concentration of

M-NPs needed was approximately 30 mg/kg, while the

concentration of TLR4+/M-NPs needed was approximately

20 mg/kg (Figure 5E). We further studied the effect of NP/

M-NP concentrations on toxicity in liver transplantation

rats. We found that when the concentration of NPs or

M-NPs exceeded 250 mg/kg in a rat after liver transplan-

tation, the rat (n = 5) died within 2 days (Figure 5F and G).

The exact cause of death was unknown and may be asso-

ciated with acute liver failure. However, this indicates that

excessive use of nanomaterials poses serious risks to liver

transplantation rats. Further studies confirmed that concen-

trations of NPs or M-NPs less than 100 mg/kg in each rat

were relatively safe (Figure 5F and G). Although the

concentration of M-NPs or TLR4+/M-NPs did not exceed

100 mg/kg (damage threshold for rats) when the LPS in

serum was reduced to the lowest level, the above described

results highlight the importance of reducing the dose of

nanomaterials. Here, by overexpressing macrophage mem-

brane TLR4 in vitro and preparing TLR4+/M-NPs, the

dose of TLR4+/M-NPs needed to reduce the same amount

of LPS in the serum of rats after liver transplantation was

significantly lower than the corresponding dose of M-NPs.

Reducing the dose of nanomaterials is a method to reduce

the potential risks of using nanomaterials.

KCs are macrophages located in the hepatic sinusoid

that account for 80~90% of the total macrophages in the

body, and they play an important role in regulating the

immune response of the body.13 Studies have shown that

Figure 6 M-NPs relieve liver I/RI by neutralizing LPS, inhibiting activation of the inflammatory pathway in KCs and inhibiting the expression of inflammatory factors. Western

blotting was used to detect the protein expression of MyD88, IRAK1, p-p65 and p65 (A). ELISA was used to detect the levels of TNF-α and IL-6 in the serum of each group

(B). *p < 0.05, #p>0.05.
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inhibiting KC activation during liver transplantation effec-

tively improves the efficacy of liver transplantation and

improves the prognosis of liver transplantation

recipients.7,20 Therefore, we isolated KCs from SD rats

through our previously described methods and investigated

the activation of KCs in rats in each group to further study

the molecular mechanism by which M-NPs alleviate hepa-

tic I/RI after liver transplantation.21 Western blotting was

used to detect the expression of the inflammation-related

proteins MyD88, IRAK1, p-p65 and p65. Western blotting

analysis showed that liver transplantation activated the

inflammatory pathway in KCs, and M-NP injection effec-

tively inhibited activation of the inflammatory pathway in

KCs and inhibited the expression of the inflammatory

factors TNF-α and IL-6. TLR4+/M-NP injection more

effectively inhibited the activation of the KC inflammatory

pathway and the level of inflammatory factors in serum

compared with M-NP injection (Figure 6A and B). These

results show that M-NPs relieved liver I/RI in liver

transplantation by neutralizing LPS. In addition, when

the same amount of LPS was neutralized with M-NPs or

TLR4+/M-NPs, the dose of TLR4+/M-NPs needed was

significantly less than that of M-NPs, which greatly

reduced the potential harm of NPs to the body.

Conclusions
In summary, we explored the effect of macrophage mem-

brane-coated nanoparticles (M-NPs) on hepatic I/RI after rat

liver transplantation and the molecular mechanism

(Figure 7). In vitro, M-NPs effectively inhibited LPS-

mediated activation of RAW264.7 macrophages. In vivo,

M-NPs alleviated liver transplantation-induced liver dysfunc-

tion and multiple organ injury in rats by neutralizing LPS and

suppressing the LPS-mediated activation of KCs by inhibit-

ing the TLR4/MyD88/IRAK1/NF-κB signaling pathway.

Moreover, we found that excessive use of nanomaterials

has various toxic effects on RAW264.7 macrophages and

rats after liver transplantation. Therefore, for the first time,

Figure 7 Schematic representation of the proposed underlying mechanism of the alleviation of hepatic I/RI caused by liver transplantation by M-NPs.
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we silenced or overexpressed TLR4 on macrophage mem-

branes by transfecting TLR4− or TLR4+ plasmids.

Overexpressing TLR4 on the macrophage membrane

in vitro increases the amount of TLR4 per unit of the macro-

phage membrane area. TLR4+/M-NPs synthesized by this

method had more LPS binding sites than ordinary M-NPs,

thus reducing the amount of NPs needed to neutralize the

same dose of LPS, which reduced the potential risks of NP

overuse. This method provides a reference for other similar

studies and has certain theoretical and practical significance.
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