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a b s t r a c t 

RNA interference (RNAi) presents great potential against intractable liver diseases. However, the estab- 

lishment of specific, efficient, and safe delivery systems targeting hepatocytes remains a great chal- 

lenge. Herein, we described a promising hepatocytes-targeting system through integrating trianten- 

nary N- acetylgalactosamine (GalNAc)-engineered cell membrane with biodegradable mesoporous silica 

nanoparticles, which efficiently and safely delivered siRNA to hepatocytes and silenced the target PCSK9 

gene expression for the treatment of non-alcoholic fatty liver disease. Having optimized the GalNAc- 

engineering strategy, insertion orders, and cell membrane source, we obtained the best-performing 

GalNAc-formulations allowing strong hepatocyte-specific internalization with reduced Kupffer cell cap- 

ture, resulting in robust gene silencing and less hepatotoxicity when compared with cationic lipid-based 

GalNAc-formulations. Consequently, a durable reduction of lipid accumulation and damage was achieved 

by systemic administering siRNAs targeting PCSK9 in high-fat diet-fed mice, accompanied by displaying 

desirable safety profiles. Taken together, this GalNAc-engineering biomimetics represented versatile, effi- 

cient, and safe carriers for the development of hepatocyte-specific gene therapeutics, and prevention of 

metabolic diseases. 

Statement of Significance 

Compared to MSN@LP-GN3 (MC3-LNP), MSN@CM-GN3 exhibited strong hepatocyte targeting and Kupffer 

cell escaping, as well as good biocompatibility for safe and efficient siRNA delivery. Furthermore, siPCSK9 

delivered by MSN@CM-GN3 reduced both serum and liver LDL-C, TG, TC levels and lipid droplets in HFD- 

induced mice, resulting in better performance than MSN/siPCSK9@LP-GN3 in terms of lipid-lowering ef- 

fect and safety profiles. These findings indicated promising advantages of our biomimetic GN3-based sys- 

tems for hepatocyte-specific gene delivery in chronic liver diseases. Our work addressed the challenges 

associated with the lower targeting efficiency of cell membrane-mimetic drug delivery systems and the 

immunogenicity of traditional GalNAc delivery systems. In conclusion, this study provided an effective 

and versatile approach for efficient and safe gene editing using ligand-integrated biomimetic nanoplat- 

forms. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Chronic liver diseases, particularly viral hepatitis and non- 

lcoholic fatty liver disease (NAFLD) account for more than 3.5% 

f global mortality [ 1 , 2 ], due to the lack of curative treatment

ptions. The recent FDA approval of the first siRNA-based thera- 

eutic targeting hereditary transthyretin-mediated amyloidosis un- 

erscores RNA interference (RNAi) as a potent strategy for ad- 

ressing diverse intractable liver diseases by specifically silencing 

isease-causing genes [3–5] . To harness the therapeutic potential 

f RNAi-based drugs in the liver, numerous delivery systems have 

een developed to address three crucial challenges: RNA protection 

6] , targeted delivery to specific liver cells, and effective release 

nto the cytosol [7–9] . To overcome the obstacle, numerous de- 

ivery systems have been developed, including polymer, exosomes, 

ationic lipids, etc. [10–12] . 

Among these systems, cationic lipid nanoparticles (LNPs) have 

ained prominence in clinical settings due to their structural flexi- 

ility, scalability in manufacturing, excellent biodegradability, and 

fficient cytosolic release [ 13 , 14 ]. However, after systematic de- 

ivery, RNA-loaded LNPs primarily and rapidly accumulated in 

he liver [15] . Nevertheless, their broad uptake by liver-specific 

acrophages (Kupffer cells, KCs) hampers specific hepatocytes tar- 

eting [ 16 , 17 ], while their susceptibility to blood instability and 

epatoxicity pose major concerns for long-term application [18] . 

onsequently, effective and saf e RNAi delivery systems that are 

pecific and efficient remain a significant obstacle in translating 

herapies for chronic liver diseases [ 19 , 20 ]. 

Hepatocytes (HCs) are the main functional units of the liver 

nd are integral to maintaining metabolic homeostasis, which rep- 

esents a potential target for RNAi modalities [ 21 , 22 ]. Given that

he asialoglycoprotein receptor (ASGPR) is specifically and abun- 

antly expressed on hepatocytes, its ligand N -acetylgalactosamine 

GalNAc) is considered a robust targeting ligand to enable the de- 

elopment of effective and selective RNA delivery systems for hep- 

tocytes [20] . The success of GalNAc-siRNA conjugates in clinical 

rials has provided a treasure trove for the potent and long-lasting 

utcomes of RNAi therapy [23] . Inspired by these pioneering exam- 

les, several GalNAc-functionalized nanoplatforms have been de- 

eloped for hepatocyte-specific gene delivery in a versatile, pow- 

rful, and long-lasting manner. Nevertheless, the rational design of 

SGPR-targeting nanocarriers with low immunogenicity and high 

Cs/KCs uptake ratio to achieve efficient and safe RNAi therapeu- 

ics remains a great challenge. 

To address these issues, cell membrane-based nanotherapeu- 

ics have emerged as a fruitful approach to improve drug delivery 

ia integrating the functional versatility of nanoplatforms with the 

iomimetic features of cell membranes [24] . Such facile functional- 

zation is characterized by “coating” drug-encapsulating nanocores 

ith lipid-like membrane layers, which surmounts challenges as- 

ociated with poor stability and immunogenicity [ 25 , 26 ]. Tailored 

ngineering of the cell membrane using physical, chemical, and 

enetic approaches offers a wide array of functions, such as pro- 

onged circulation and intrinsic bioactivities [24] . Based on these 

ndings, we believe that integrating the cell membrane layer with 

alNAc will facilitate the cell-selectivity of biomimetic nanoplat- 

orms, leading to maximal hepatocyte-specific RNA delivery effi- 

iency and minimizing non-specific scavenging by the reticuloen- 

othelial system (RES). However, it remains unclear whether the 

nteraction between cell membrane vesicles and GalNAc molecules 

ffects HC-specific targeting. 

Herein, we introduced a biomimetic approach, CM-GN3, which 

ombines GalNAc-engineering cell membranes with siRNA-loaded 

iodegradable mesoporous silica nanoparticles (MSNs). We system- 

tically investigated how the HC-targeting efficiency can be modu- 

ated through the GalNAc-engineering strategy (covalent or non- 
282 
ovalent method), insertion orders, and cell membrane sources 

macrophage or mesenchymal stem cells). After optimizing the 

est-performing CM-GN3 and illustrating their cellular internal- 

zation mechanism, we compared the HC-targeting, KCs-escaping, 

nd gene therapy properties between MSN@CM-GN3 and GalNAc- 

ngineering lipid-coating nanoplatform (MSN@LNP-GN3) in vitro 

nd in vivo . Ultimately, we demonstrated the therapeutic and 

afety potential of this biomimetic siRNA delivery system in a 

igh-fat diet-induced NAFLD mouse model targeting proprotein 

onvertase subtilisin kexin type 9 (PCSK9) gene. This study pro- 

ided a proof-of-concept for using a versatile GalNAc-engineering 

iomimetic approach for efficient and safe hepatocyte-specific 

iRNA delivery. 

. Materials and methods 

.1. Materials 

Tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane 

APTES), bis[3-(triethoxysilyl)propyl]tetrasulfide (BTESPT), 

tyltrimethylammonium tosylate (CTAT), γ -chloropropyl 

rimethoxysilane (CP), triethanolamine (TEA), triethanolamine 

TEAH3 ), succinic anhydride and fluorescein isothiocyanate (FITC) 

ere purchased from Sigma-Aldrich Co. (USA). Selenium (Se) 

owder and ammonium nitrate (NH4 NO3 ) were purchased 

rom Beijing Chemical Reagent Co. (China). 4′ ,6-diamidino-2- 

henylindole (DAPI) was purchased from Invitrogen Co. (USA). 

NF- α(mouse) ELISA Kit was bought from Elabscience (China). 

BCO-PEG20 0-FITC, DSPE-PEG20 0-FITC, DBCO-PEG20 0 0-SH, and 

SPE-PEG20 0 0-SH were purchased from Kaixin Co. (China). Cy5- 

abeled siRNA was purchased from Biosyntech Co. (China). PCSK9 

LISA kit was purchased from Spbio Co. (China). TC and TG assay 

its were purchased from the Jiancheng bioengineering Institute 

China). 

.2. Cell engineering 

Both the click reactivity and lipid insertion of the FITC-modified 

ell membrane were characterized. To achieve this, azide-modified 

ells or non-modified cells were obtained by culturing them with 

r without 100 μM Ac4 ManNAz in a complete medium for 72 h 

nd seeded in a confocal microscope dish. Subsequently, DBCO- 

EG20 0 0-FITC and DSPE-PEG20 0 0-FITC were respectively added at 

 final concentration of 100 μM and incubated for 1 h at 37 °C. 

he cells were washed with cold PBS three times and then stained 

ith DAPI for 15 min. Imaging was carried out using confocal laser 

canning microscopy. 

.3. Synthesis of cell engineering ligands 

The synthesis of Triantennary N- acetylgalactosamine maleimide 

Tris-GalNAc) was carried out using a modified protocol as in 

revious reports [ 27 , 28 ]. To prepare the GN3 ligand, a mixture 

f DSPE-PEG20 0 0-SH, DBCO-PEG20 0 0-SH, or FITC-SH, and tri- 

ntennary N- acetylgalactosamine maleimide (GN3-maleimide) at a 

ole ratio of 1:1.2 was prepared in anhydrous dimethyl sulfoxide 

DMSO) under nitrogen protection. The thiol-maleimide “click” re- 

ctions were carried out in the dark for 48 h at room temperature, 

nd reactions were monitored by thin-layer chromatography. The 

eaction mixtures were collected, dialyzed, and lyophilized. Bruker 

scend 400 spectrometer was used to detect 1 H NMR spectra. 

SN-GN3 was also synthesized via thiol-maleinide “click chem- 

stry” reaction using MSN-SH and GN3-maleinide. 
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.4. Preparation of biomimetic NPs 

RAW264.7 cells were cultured with or without 100 μM 

c4 ManNAz in a complete medium for 72 h to obtain azide- 

odified cells or cells. Subsequently, the cells were lysed and son- 

cated on ice using a Vibra-cell VCX 400 probe sonicator with a 

V 26 probe (tip diameter of 3 mm). The sonication at 100 W 

as continuous for 2 min with a working frequency of 30 kHz 

nd durations of 10 sec each. Then, the azide-modified or blank 

ell membrane fractions were collected by ultracentrifugation. The 

CA protein assay kits were employed to measure the total mem- 

rane protein concentration. Diselenide-bridged MSNs were pre- 

ared according to our previous reports [ 29 , 30 ]. The cell mem-

rane fractions and MSNs were mixed, pipetted, and sonicated to 

orm MSN@CM or MSNs@CM-GN3. 

For the fabrication of MSN@CM-GN3-L, DSPE-PEG20 0 0-GN3 

as incorporated into the cell membrane vesicles via lipid inser- 

ion for 1 h at 37 °C and sonicated for 2 min in an ultrasonic

ell disruptor at 100 W. The mole ratio of the GN3 ligand was the 

ame as that used in CM-GN3-C fabricated by click chemistry. The 

N3-functionalized cell membrane vesicles were then resuspended 

o coat mesoporous silica nanoparticles (MSNs) at a ratio of 2:1 

membrane protein: MSN) to form MSN@CM-GN3-L. To prepare 

SN@CM-GN3-C by click chemistry, the azide-modified cell mem- 

rane was incubated with DBCO-PEG20 0 0-GN3 for 1 h at 37 °C 

nd sonicated for 2 min in an ultrasonic cell disruptor at 100 W. 

he mass ratio of membrane protein and ligand was 1/2. The GN3- 

unctionalized cell membrane vesicles were sonicated and resus- 

ended to coat MSNs at a mass ratio of 2:1 (membrane protein: 

SN) to form MSN@CM-GN3-C. 

To investigate the HC-targeting efficiency of insertion orders, 

SN@CM-GN3 was prepared by insertion methods Ⅰ or Ⅱ . For the 

reparation of MSN@CM-GN3 by lipid insertion Ⅰ , MSN, and cell 

embrane fractions were mixed at an equivalent volume, followed 

y DSPE-PEG20 0 0-GN3 insertion into the cell membrane, resulting 

n the formation of MSN@CM-GN3- Ⅰ . To prepare MSN@CM-GN3 by 

ipid insertion Ⅱ , cell membrane fractions, and DSPE-PEG20 0 0-GN3 

ere applied to fabricate the blank CM-GN3 using sonication for 2 

in in an ultrasonic bath sonicator at 100 W. MSNs were mixed 

ith blank CM-GN3 by sonication for 2 min in an ultrasonic bath 

onicator at 100 W to form MSN@CM-GN3- Ⅱ . 
The selection of cell membrane sources may impact the effi- 

iency of HC targeting [31] . To investigate this, cell membrane vesi- 

les from RAW264.7 macrophages and bone marrow mesenchy- 

al stem cells (BMSC) were collected by ultracentrifugation fol- 

owing lysis and homogenization. Equivalent masses of membrane 

esicles from RAW264.7 and BMSCs were used to prepare GN3- 

unctionalized cell membrane vesicles through lipid insertion with 

SPE-PEG20 0 0-GN3 at 37 °C for 1 h, followed by sonication for 2 

in in an ultrasonic bath sonicator at 100 W. These vesicles were 

sed to coat MSNs at a mass ratio of 1:2 (MSN: membrane protein) 

o obtain MSN@CM-GN3-R and MSN@CM-GN3-B, respectively. 

.5. Characterization of NPs 

To quantify ligand incorporation onto nanoformulations, differ- 

nt amounts of DSPE-PEG20 0 0-FITC and DBCO-PEG20 0 0-FITC were 

ncubated with nanoformulations for 30 min. The nanoformula- 

ions were purified and resuspended to characterize the modifi- 

ation efficiency. The ligand density could be estimated based on 

ts molecular weight and membrane concentration. The physico- 

hemical properties of various nanoformulations were examined 

o determine their stability and efficacy. Dynamic light scattering 

as used to measure the size, polydispersity index (PDI), and zeta 

otential of the cell membrane, MSN, MSN@CM, and MSN@CM- 

N3. To assess the stability, MSN@CM-GN3 was suspended in 
283 
hosphate-buffered saline (PBS) or fetal bovine serum (FBS) and 

nalyzed by DLS. Samples were prepared on a carbon-coated 

opper grid. The membrane layer on the surface of MSN@CM 

as visualized using transmission electron microscopy. For SDS- 

AGE protein analysis, samples of cells, cell membrane fractions, 

SN@CM, MSN@CM-GN3, and MSN were individually prepared in 

DS loading buffer at equivalent protein concentrations and loaded 

nto a 10% SDS-gel for PAGE. Positively charged amine-modified 

SNs were synthesized and combined with negatively charged 

iRNA to fabricate MSN/siRNA at an equivalent volume (w:w, 50:1). 

SN/siRNA@CM-GN3 and MSN/siRNA@LP-GN3 were prepared by 

ixing MSN/siRNA with CM-GN3 or LP-GN3 at equivalent volumes. 

he characterization of MSN/siRNA and MSN/siRNA@CM-GN3 was 

arried out by DLS and TEM analysis. Encapsulation efficiency and 

oading capacity were calculated using the following formula. 

ncapsulation efficiency ( %) = 

[
m

(
total siRNA 

)
−m

(
free siRNA 

)]

m(total siRNA) 

× 100% 

oading capacity ( %) = 

[
m

(
total siRNA 

)
− m

(
free siRNA 

)]

m(total siRNA) + m( MSN ) 

× 100% 

.6. Cytotoxicity assay and cellular uptake 

To evaluate the cytotoxicity of various nanocarriers, including 

SN, MSN@CM, MSN@CM-GN3, and MSN@LP-GN3, these particles 

ere dispersed into a complete DMEM medium at a range of con- 

entrations and individually incubated with RAW264.7 cells, L929 

ells, and HUVECs in the proper density for 24 h. Then the cell vi- 

bility was analyzed by SRB assay. 

To further assess the efficacy of these nanocarriers in target- 

ng the human hepatocellular liver carcinoma cell line (HepG2), 

he cells were cultured in DMEM medium at a density of 2 × 105 

ells/well. HepG2 cells were initially cultured with or without 

00 μg/mL GN3 solution as an inhibitor of ASGPR for 1 h, fol- 

owed by incubation with MSN, MSN@CM, MSN@CM-GN3-C, and 

SN@CM-GN3-L in the medium at 200 μg/mL concentration of 

SN for 2 h. The cells were collected, washed, and resuspended 

n PBS, and the resulting cell suspension was analyzed by BD FACS 

elesta and Accuri C6 plus flow cytometer. 

For the investigation of lipid insertion orders on HC-targeting 

fficiency, HepG2 cells were cultured with MSN@CM-GN3- Ⅰ and 

SN@CM-GN3- Ⅱ at 50 μg/mL concentration of MSN for 4 h at 

7 °C. After washing with cold PBS, cellular uptake of MSN@CM- 

N3 by different lipid insertion methods was analyzed using flow 

ytometry. 

To determine the cellular internalization of MSN@CM-GN3 at 

ifferent sources of the cell membrane, RAW264.7 and BMSC cell 

embrane fractions were sonicated with DSPE-PEG20 0 0-GN3 and 

sed to coat the surface of MSNs. The cells were then cultured 

ith MSN@CM-GN3-R and MSN@CM-GN3-B for 4 h. The result- 

ng cells were washed, collected, and resuspended in PBS for flow 

ytometry. The cellular uptake of MSN, MSN@CM, MSN@CM-GN3, 

nd MSN@LP-GN3 was assessed in Hepatocytes and Kupffer cells 

sing HepG2 cells and RAW264.7 cells. Cells were incubated for 

 h with or without incubation of GN3 in advance. 

Cultured cells were subjected to exposure to particles of vary- 

ng concentrations and incubated for different periods. Addition- 

lly, HepG2 cells were seeded and treated with MSN@CM-GN3 in 

ow, medium, and high GN3 density. The mean fluorescence in- 

ensity was subsequently determined via FlowJo software. To eval- 

ate ASGPR expression levels on cell membrane surfaces, HepG2 

ells, Hepa1-6 cells, and RAW264.7 cells were stained with FITC- 

N3. Finally, quantification of cellular uptake of MSN, MSN@CM, 
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nd MSN@CM-GN3 was achieved using flow cytometry. To com- 

are the cellular uptake of MSN-GN3 and MSN@CM-GN3, HepG2 

nd RAW264.7 cells were incubated with nanocarriers for 4 h. The 

uorescence intensity of nanocarriers was determined. 

Cy5-labeled siRNA was encapsulated into MSN@CM-GN3 or 

SN@LP-GN3. HepG2 cells were incubated with MSN/Cy5-siRNA, 

SN/Cy5-siRNA@CM, and MSN/Cy5-siRNA@CM-GN3 for 4 h, and 

he resulting cellular uptake efficiency and mean fluorescence in- 

ensity were determined using flow cytometry (Beijing Challen 

iotechnology Co., Ltd, FongCyte). 

.7. Determining endocytic pathways 

HepG2 cells were subjected to incubation with various nanofor- 

ulations including MSN, MSN@CM, and MSN@CM-GN3 at differ- 

nt temperatures for 2 h. The resulting cells were washed with 

old PBS and the mean fluorescence intensity was determined via 

ow cytometry. To identify the cellular uptake pathways of vari- 

us particles, HepG2 cells were first pre-cultured with specific in- 

ibitors for 1 h at 37 °C for different pathways. Chlorpromazine 

20 μg/mL) was used to inhibit the clathrin-mediated endocytosis 

athway, while nystatin (15 μg/mL) was used to block caveolae- 

ediated endocytosis. Amiloride (133 μg/mL) was used to pre- 

ent micropinocytosis, while sodium azide (1 mg/mL) was used 

o inhibit cell energy generation. Subsequently, MSN, MSN@CM, 

SN@CM-GN3, and MSN@LP-GN3 were diluted in the medium for 

 h at 37 °C. The solution was removed and the cells were washed

ith cold PBS twice, collected, and resuspended in PBS for analysis 

ia flow cytometry. A comparison of the cellular uptake percentage 

f particles with inhibitors relative to those without inhibitors was 

sed to infer the specific endocytosis pathways of MSN, MSN@CM, 

nd MSN@CM-GN3. 

.8. In vivo targeting and cell-specific accumulation in the liver 

All animal experiments were approved by the Ethics Commit- 

ee and Institutional Animal Care and Use Committee of the South 

hina University of Technology (Guangzhou, China). Five-week-old 

ale C57BL/6 mice were obtained from Human SJA Laboratory An- 

mal Co., LTD. The mice were divided randomly into three groups 

nd the in vivo liver distribution of MSN-ICG, MSN-ICG@CM, and 

SN-ICG@CM-GN3 (5 mg/kg) were investigated through intra- 

enous injection by in vivo imaging. The ICG fluorescence signals 

ere detected at specified time points using the AniView100 in 

ivo imaging system. Subsequently, the animals were euthanized 

nd various tissues such as the liver, spleen, heart, lung, and kid- 

ey were isolated after 2 h and examined using the AniView100 in 

ivo imaging system. The mean fluorescence intensity was quanti- 

ed using ImageJ software. 

C57BL/6 mice were divided randomly into six groups. The 

roups received intravenous injections of PBS, FITC-MSN, FITC- 

SN@CM, FITC-MSN@CM-GN3, GN3 + FITC-MSN@CM-GN3, and 

ITC-MSN@LP-GN3 at a dose of 10 mg/kg, with PBS serving as 

he control. After 3 h, all animals were anesthetized, and the 

iver was perfused with EGTA to remove circulating cells and 

as perfused with collagenase to digest collagen. The cells were 

hen released into suspension and separated into HCs and KCs 

sing percoll with different densities. The fluorescence intensity of 

ifferent particles in HCs and KCs was measured using a BD FACS 

elesta flow cytometer. Furthermore, PBS, Ru-MSN, Ru-MSN@CM, 

u-MSN@CM-GN3, GN3 + Ru-MSN@CM-GN3, and Ru-MSN@LP-GN3 

ere administered via tail vein injection at a dose of 20 mg/kg, 

nd the amount of Ru is quantified was quantified using ICP-MS 

fter isolation of HCs and KCs at 3 h post-injection. 
284 
.9. In vitro and in vivo gene silencing 

HepG2 cells were seeded into a 12-well plate at 2 ×105 cells per 

ell. After 24 h, siRNA, MSN/siRNA@CM-GN3, and MSN/siRNA@LP- 

N3 were added into wells for siRNA at different concentrations 

or 12 h or at a final concentration of 100 nM for different time 

oints. The cells were also incubated with MSN@CM-GN3 in dif- 

erent ratios of siRNA and MSN. After incubation, the cells were 

ashed with cold PBS and harvested using the Trizol reagent. 

NA was extracted by adding chloroform, centrifuging the samples, 

dding isopropanol, washing with 75% ethanol, and drying the sed- 

ment. The RNA was then reverse-transcribed into DNA and gene 

ilencing was assessed by real-time quantitative polymerase chain 

eaction (RT-qPCR). 

C57BL/6 mice were administered with siRNA, MSN/siRNA@CM- 

N3, and MSN/siRNA@LP-GN3 via the tail vein injection at a dose 

f 0.4 mg/kg. Additionally, siRNA and MSN/siRNA@CM-GN3 were 

lso administered via tail vein at doses of 0.1, 0.2, and 0.4 mg/kg. 

t predetermined time intervals, all mice were anesthetized, and 

he blood and liver tissue samples were collected. The liver tissue 

amples were subsequently preserved in the Trizol reagent for fur- 

her mRNA expression analysis. 

.10. Lipid-lowing effects of MSN/siRNA@CM-GN3 in HFD-induced 

odel 

To establish an HFD-induced NAFLD model, thirty C57BL/6 

ice were fed a high-fat diet (60% kcal) from days -98 to - 

 with an additional four mice fed a standard chow diet serv- 

ng as a control [32] . On days 0, 7, and 14, HFD-fed animals

ere divided into five groups and treated with PBS, MSN, siRNA, 

SN/siRNA@CM-GN,3 and MSN/siRNA@LP-GN3, each at an equiv- 

lent 0.4 mg/kg siRNA or 20 mg/kg MSN. MSN and siRNA were 

mployed as negative controls. On day 16, all animals were anes- 

hetized and serum was collected. The liver tissues were iso- 

ated and then imaged. Adipose tissues, liver, spleen, heart, lung, 

nd kidneys were isolated and fixed in 4% formalin for hema- 

oxylin and eosin (H&E) staining, while necrosis of the liver and 

dipocyte diameter was calculated using ImageJ software. Further- 

ore, the NAFLD activity score was assessed by summing the 

cores of steatosis, inflammation, and ballooning. The liver sam- 

les were also stained with oil red O to determine the level of 

ipid accumulation. Levels of aspartic transaminase (AST), alanine 

ransaminase (ALT), total triglycerides (TG), total cholesterol (TC), 

ow-density lipoprotein cholesterol (LDL-C), high-density lipopro- 

ein cholesterol (HDL-C) were detected using serum biochem- 

stry analysis. Additionally, the relative mRNA expression of PCSK9 

nd low-density lipoprotein receptor (LDLR) was determined us- 

ng RT-qPCR. Control animals were fed a standard chow diet and 

FD-induced animals were fed a high-fat diet during the whole 

tudy. 

The levels of PCSK9 in the serum and supernatant of liver tissue 

uspension were measured using a mouse PCSK9 ELISA Kit. Briefly, 

he samples were diluted and then incubated in pre-coated plates 

or 1 h. Following incubation, the wells were washed four times 

ith washing buffer, and an enzyme-labeled antibody was added 

nd incubated for 30 min. Subsequently, the wells were washed 

our times, and TMB solution was added to each well for a 15- 

in incubation period in the dark. The stop solution was then 

dded, and the absorbance was measured at 450 nm using a mi- 

roplate reader. TC and TG levels in both the serum and liver tis- 

ues supernatant were assayed using a total cholesterol assay kit 

nd triglyceride assay kit. Moreover, the levels of TNF- α in the 

erum and liver tissues were analyzed using a mouse TNF- α ELISA 

it. 
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.11. Statistical analysis 

The FlowJo software was employed to analyze the flow cytom- 

try data, while the GraphPad Prism software was utilized for the 

tatistical analysis. The data were undergone one-way or two-way 

nalysis of variance (ANOVA), with a Tukey correction applied. In- 

ignificance was denoted as “ns”, whereas P-values less than or 

qual to 0.05, 0.01, and 0.001 were labeled with ∗, ∗∗, and ∗∗∗, re- 

pectively. The mean values with their corresponding standard er- 

or of the mean (SEM) were depicted by each bar. 

. Results 

.1. Preparation and optimization of MSN@CM-GN3 

Optimization of the fabrication conditions for MSN@CM-GN3 

equired adjustments to the engineering GalNAc-functionalized cell 

embrane layer and camouflage encapsulation of the nanopar- 

iculate core. To this end, we modified the GalNAc-engineering 

trategy, insertion orders, and cell membrane source. Since phys- 

cal and chemical engineering were the main methods to fabricate 

igand-functionalized nanoparticles, we first investigated the engi- 

eering efficiency of the non-covalent and covalent methods. For 

hysical engineering, the cell membrane (CM) was directly fused 

ith DSPE-PEG20 0 0-ligand using a non-covalent method ( Fig. 1 a). 

or chemical engineering, the azide-modified cell membrane (CM- 

3) was conjugated with DBCO-PEG20 0 0-ligand using covalent 

ethod ( Fig. 1 b). To optimize the coating conditions, FITC-labeled 

SPE-PEG20 0 0 or DBCO-PEG20 0 0 were employed to prepare en- 

ineered CMs and coated on diselenide-bridged mesoporous silica 

anoparticles (MSNs) to form MSN@CM-FITC-L (lipid insertion) and 

SN@CM-FITC-C (click chemistry), respectively. The intracellular 

uorescence of MSN@CM-FITC-L and MSN@CM-FITC-C were deter- 

ined using flow cytometry. The fluorescence of cells engineered 

y using lipid insertion and click chemistry was determined via 

onfocal laser scanning microscopy (Fig. S1). The results revealed 

hat increasing the ligand concentration led to a concentration- 

ependent manner of engineering ligand-functionalized cell mem- 

rane, as evidenced by the increased fluorescence of MSN@CM- 

ITC-L and MSN@CM-FITC-C with increasing ligand concentrations 

 Fig. 1 c and d). The coating efficacy of the cell membrane-coated 

SNs was detected. The NP-to-membrane mass ratio was approx- 

mately saturation at 1:2 (Fig. S2). The size and zeta potential 

f MSN@CM-GN3-L and MSN@CM-GN3-C were evaluated. The re- 

ults showed that the changes of size and zeta potential exhibited 

o significance (Fig. S2), indicating that the different method has 

ittle impact on particle size and surface charge. Next, the den- 

ity of GN3 ligand on the surface of the formulation was deter- 

ined. The MSN@CM-GN3-L and MSN@CM-GN3-C contained ap- 

roximately 46025 and 8430 GN3s, respectively. These findings in- 

icate that the physical conjugation exhibited better performance 

f engineering efficiency than that of chemical methods. Specially, 

hysical insertion is done in one step, while chemical modification 

oes through a complex glycosylation process. 

After investigating the engineering efficiency of both physi- 

al and chemical methods, we identified optimized conditions 

or each engineering method. We synthesized DSPE-PEG-GN3 and 

BCO-PEG-GN3, utilizing Tris-GalNAc (GN3) with the highest AS- 

PR binding affinity (Scheme S1 and 2, Fig. S3 and 4). Subse- 

uently, we examined how the physical and chemical engineer- 

ng of GalNAc affect the hepatocyte-targeting effects of MSN@CM- 

N3. The cellular internalization of MSN@CM-GN3-C or MSN@CM- 

N3-L was determined by calculating the mean fluorescence in- 

ensity through flow cytometry. The results indicated that the cel- 

ular uptake of MSN@CM-GN3-L and MSN@CM-GN3-C was signif- 

cantly increased in comparison to bare MSN or MSN@CM with- 
285 
ut GN3-engineering ( Fig. 1 e and f). Moreover, the pre-treatment 

f GN3 remarkedly reduced the improved internalization of GN3- 

ngineered MSN@CM, indicating that the cellular internalization 

f MSN@CM-GN3 in hepatocytes may be mediated by ASGPR. Im- 

ortantly, the hepatocyte targeting of MSN@CM-GN3-L was higher 

han MSN@CM-GN3-C with the same molecular weight of GN3 lig- 

nd and membrane concentration. Consequently, we opted for the 

on-covalent method to fabricate MSN@CM-GN3 through lipid in- 

ertion for further study. 

As the sequence of lipid insertion and membrane coating is crit- 

cal for achieving targeting efficiency [33] , we investigated two in- 

ertion orders for MSN@CM-GN3-L (lipid insertion Ⅰ for membrane 

oating first with lipid insertion second, and lipid insertion Ⅱ for 

ipid insertion first with membrane coating second) ( Fig. 2 a and 

). The density of GN3 ligand on the surface of the formulation 

as determined. The MSN@CM-GN3-L and MSN@CM-GN3-C con- 

ained approximately 3427 and 45413 GN3s, respectively, indicat- 

ng that the lipid insertion Ⅱ exhibited better performance of engi- 

eering efficiency than that of lipid insertion Ⅰ . The results showed 

hat the cellular uptake of MSN@CM-GN3 fabricated by lipid inser- 

ion Ⅰ did not significantly increase compared to MSN@CM with- 

ut GN3-engineering ( Fig. 2 c). In contrast, the cellular uptake of 

SN@CM-GN3 fabricated by lipid insertion Ⅱ showed a signifi- 

ant increase compared to MSN@CM ( Fig. 2 d). Therefore, we be- 

ieved that the better hepatocyte-targeting efficiency was achieved 

y MSN@CM-GN3 fabricated by lipid insertion Ⅱ , where cell mem- 

rane vesicles first inserted with GN3 before coating on the sur- 

ace of MSN. To further maximize the hepatocyte-targeting effi- 

iency of biomimetic nanoparticles, different sources of cell mem- 

ranes were investigated. RAW264.7 macrophages and BMSC cell 

embranes were selected to prepare MSN@CM-GN3. The results 

howed that the cellular uptake of MSN@CM-GN3-R, fabricated us- 

ng RAW264.7-derived membrane, was significantly higher than 

hat of MSN@CM-GN3-B, prepared using BMSC-derived membrane 

Fig. S5). Based on these findings, we selected MSN@CM-GN3 pre- 

ared by inserting GN3 into RAW264.7-derived membrane and 

oated MSN for subsequent in vitro and in vivo experiments to 

aximize hepatocyte-targeting efficiency. 

.2. Characterization and cellular internalization of MSN@CM-GN3 

The size and polydispersity index (PDI) of optimized MSN@CM- 

N3 were assessed using dynamic light scattering (DLS), and the 

esults were shown in Fig. S6a and b. The mean particle sizes 

f CM, MSN, MSN@CM, and MSN@CM-GN3 were measured as 

4.1 ± 4.7 nm, 95.8 ± 6.6 nm, and 98.7 ± 6.4 nm, and 110.5 ± 10.5 

m, respectively. The slight increase in hydrodynamic diameter 

nd decrease in surface charge were indicative of successful coat- 

ng ( Fig. 3 a). Consistent with these findings, SDS-PAGE protein 

lectrophoresis suggested the presence of membrane proteins on 

he surface of MSN@CM-GN3 ( Fig. 3 b). Furthermore, TEM im- 

ges demonstrated that MSN@CM-GN3 had a core-shell structure, 

ith a nanoparticulate core enclosed in a thin, smooth membrane 

hell ( Fig. 3 c). Moreover, the good stability and biodegradability of 

SN@CM-GN3 were confirmed in 10% FBS and H2 O2 ( Fig. 3 d and 

5c). To quantify the cellular uptake of MSN@CM-GN3, the cor- 

esponding fluorescence intensity was detected at different time 

oints or concentrations. The results indicated that the fluores- 

ence intensity of MSN@CM-GN3 increased significantly with an 

ncrease in incubation time or concentration, suggesting the out- 

erforming internalization of MSN@CM-GN3 was time-dependent 

nd concentration-dependent ( Fig. 3 e and f). Similar results were 

bserved in HepG2 cells treated with MSN@CM-GN3 compared to 

SN@CM or MSN (Fig. S7). 

Considering the effect of surface ligand density of nanoparti- 

les and receptor density of cells on the specific targeting effi- 
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Fig. 1. Engineering GalNAc-functionalized biomimetic nanocarriers. (a, b) Schematic illustration of the preparation of MSN@CM-ligand-L and MSN@CM-ligand-C through lipid 

insertion and chick chemistry, respectively. (c, d) Calibration curve between the normalized mean fluorescence intensity of DSPE-PEG20 0 0-FITC and DBCO-PEG20 0 0-FITC- 

based biomimetic nanocarriers, respectively. (e, f) Cellular uptake of MSN@CM-GN3-L and MSN@CM-GN3-C were characterized by mean fluorescence intensity, respectively. 

Data are means ± SEM ( n = 3 independent experiments; ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test). 
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iency [ 34 , 35 ], we investigated the density of receptor and lig-

nd in our biomimetic nanoparticles and hepatocytes, respectively. 

irst, the MSN@CM-GN3 with high, mild and low density of ligand 

defined as MSN@CM-GN3 + H, MSN@CM-GN3 + M, and MSN@CM- 

N3 + L, respectively) was fabricated. The density of GN3 ligand 

n the surface of the formulation was determined. The results in- 

icated that MSN@CM-GN3 + H, MSN@CM-GN3 + M, and MSN@CM- 

N3 + L contained approximately 47127, 12241, 3795 GN3s, respec- 

ively. To assess the HepG2 cell targeting capacity of MSN@CM- 

N3 with different ligand densities, we performed internaliza- 

ion assays. The results showed that MSN@CM-GN3 with a high 

ensity of GalNAc demonstrated significantly stronger internaliza- 

ion compared to MSN@CM-GN3 with medium and low density 

f GalNAc ( Fig. 3 g), in line with density-mediated cellular uptake 
286 
f other ligands [36] . Beyond the GalNAc density, the quantifica- 

ion of ASGPR on the hepatocyte surface is crucial, which we de- 

ermined by the FITC-GN3 (Scheme S3 and Fig. S8). The ASGPR 

xpression level of HepG2 was found to be higher than Hepa1- 

 and RAW264.7 cells ( Fig. 3 h). Furthermore, the cellular uptake 

f MSN@CM-GN3 in hepatocytes was in proportion to the recep- 

or density of cell membrane ( Fig. 3 i), implying that the hepatic 

nternalization of GalNAc-functionalized nanocarriers relied on re- 

eptor density. In contrast, the internalization of MSN@CM-GN3 

n RAW264.7 cells was significantly lower than bare MSN, sug- 

esting that the cell membrane coating might escape the uptake 

f macrophage cells. Importantly, the uptake of MSN@CM-GN3 in 

epatocytes was remarkedly higher than in macrophages, demon- 

trating their hepatocyte-specific targeting property in vitro . 
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Fig. 2. GalNAc-functionalized biomimetic nanocarriers. (a, b) Schematic illustration of the fabrication of MSN@CM-GN3 by post-insertion Ⅰ and Ⅱ , respectively. (c, d) De- 

termination of fluorescence intensity of HepG2 cells incubated with FITC-MSN@CM-GN3 prepared by post-insertion Ⅰ and Ⅱ methods, respectively. Data are means ± SEM 

( n = 3 independent experiments; ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test). 
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Building upon our previous results, we sought to decipher the 

echanism of GalNAc-mediated hepatocyte internalization. Ma- 

or transport proteins have optimal activity at physiological tem- 

eratures, whereas their activity decreases at lower temperatures 

37] . Compared to MSN, the cellular uptake of MSN@CM and 

SN@CM-GN3 was significantly enhanced at 37 °C as opposed 

o 4 °C (Fig. S9), indicating the involvement of transport proteins 

n the internalization process. Furthermore, the substantial block- 

ng effect of sodium azide demonstrated that the internalization 

f MSN@CM-GN3 relied on a strictly energy-dependent process. 

mportantly, we exploited several pharmacological inhibitors such 

s chlorpromazine (known to inhibit clathrin-mediated pathway), 

ystatin (a caveolae-mediated pathway blocker), and amiloride (a 

icropinocytosis-mediated pathway inhibitor) to block potent in- 

racellular transport ( Fig. 3 j). The cellular uptake of MSN@CM-GN3 

as significantly inhibited by the chlorpromazine, nystatin, and 

miloride, suggesting that the involvement of clathrin-mediated 

ndocytosis, caveolae-mediated endocytosis, micropinocytosis in 

he cellular uptake process. Among those pathways, clathrin- 

ediated endocytosis seemed to play a significant role in ASGPR- 

ediated endocytosis. 
287 
.3. MSN@CM-GN3 performed hepatocyte-specific uptake and Kupffer 

ell escaping in vivo 

To investigate the benefits of GalNAc-engineering biomimetic 

anocarriers for specific targeted delivery to hepatocytes and Kupf- 

er cells, we utilized cationic lipid nanoparticles modified with 

alNAc to encapsulate MSNs (MSN@LP-GN3) as a non-cell mem- 

rane control group. In vitro , fluorescence intensity measure- 

ents showed that both MSN@CM-GN3 and MSN@LP-GN3 were 

ore efficiently internalized by hepatocytes compared with MSN 

r MSN@CM (Fig. S10a). In contrast, a substantial amount of 

SN@LP-GN3 was internalized by RAW264.7 macrophages com- 

ared to MSN@CM-GN3 (Fig. S10b). In HepG2 cells, MSN-GN3 

nd MSN@CM-GN3 were more efficiently internalized when com- 

ared with bare MSN (Fig. S10c). Uptake of MSN-GN3 was higher 

han MSN@CM-GN3 by RAW264.7 macrophages (Fig. S10d). After 

emonstrating the specific targeting of hepatocytes and escaping 

rom macrophages in vitro , we evaluated the distribution of ICG- 

abeled MSN@CM-GN3 via ex vivo fluorescent imaging. We found 

hat MSN@CM-GN3 was predominantly accumulated in the liver 

ollowing intravenous injection ( Fig. 4 a). The quantitative analy- 
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Fig. 3. Characterization and cellular uptake of MSN@CM-GN3. (a) Characterization of zeta potential. (b) SDS-PAGE analysis of protein in each group. (c) TEM images of MSN 

and MSN@CM-GN3. Scale bar, 50 nm. (d) Size of MSN@CM-GN3 in PBS and complete medium of 10% FBS for 7 days. (e, f) Uptake of MSN, MSN@CM, and MSN@CM-GN3 in 

HepG2 cells in a (e) time or (f) concentration manner, respectively. (g) The effect of GalNAc density on cell targeting. (h) Flow cytometry analysis of the ASGPR density. (i) 

The corresponding effect of receptor density on cell targeting in HepG2, Hepa1-6, and RAW264.7 cells, respectively. (j) Relative cellular uptake efficiency of MSN@CM-GN3 

in the presence of various endocytosis inhibitors. Data are means ± SEM ( n = 3 independent experiments; ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 by one-way ANOVA with 

Tukey’s multiple comparison test). 
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is confirmed that MSN@CM-GN3 exhibited significantly increased 

iver accumulation compared to bare MSN and MSN-@CM ( Fig. 4 b), 

hich may be attributed to the GalNAc-mediated hepatocyte tar- 

eting and liver first pass effect [38] . 

To further investigate the cell-specific distribution of MSN@CM- 

N3, the fluorescence intensity of FITC-labeled biomimetic 

anoparticle were evaluated in isolated primary hepatocytes and 

upffer cells ( Fig. 4 c). The relative mean fluorescence intensity of 

Cs indicated that both MSN@CM-GN3 and MSN@LP-GN3 showed 

onsiderable HCs targeting effect, which was significantly higher 

han MSN@CM without GalNAc-engineering ( Fig. 4 d). On the other 

and, MSN@CM-GN3 exhibited a remarkable reduction in KCs ac- 

umulation compared to MSN@LP-GN3 and MSN ( Fig. 4 e). Further- 

ore, quantitative analysis of Ruthenium (Ru) content in HCs and 

Cs after administration of Ru-labeled formulations show a similar 

rend to that of the fluorescence intensity, where the HCs uptake 

f MSN@CM-GN3 was comparable to MSN@LP-GN3 ( Fig. 4 f), while 

he accumulation of MSN@CM-GN3 in KCs was consistently lower 
288 
han that of MSN and MSN@LP-GN3 ( Fig. 4 g), which might be ex- 

lained by the cell membrane coating-mediated protection to re- 

uce non-specific RES scavenging [39] . These findings collectively 

uggested the selective HC-targeting ability of the MSN@CM-GN3 

ith reduced non-specific uptake of KCs, which highlighted its po- 

ential for HC-specific delivery as a potent nucleic acid-based ther- 

peutic for chronic liver diseases. 

.4. Knockdown of a hepatocyte-specific gene by 

SN-siRNA@CM-GN3 

Given that efficient internalization and controlled release were 

f great importance for siRNA delivery, we encapsulated the siRNA 

nto MSN@CM-GN3 or other formulations. We measured drug en- 

apsulation efficiency and loading capacity, as outlined in Table 

1, which indicated the satisfactory drug delivery performance of 

SN@CM-GN3. We next assessed the cellular uptake efficiency 

nd mean fluorescence intensity in HepG2 cells, which were in- 
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Fig. 4. Liver distribution of MSN@CM-GN3. (a) Fluorescence imaging of isolated organs (heart, liver, spleen, lung, and kidney) after intravenous injection. (b) Quantitative 

analysis of fluorescence intensity in the liver. (c) Schematic illustration of primary mouse HCs and KCs isolation for further flow cytometry (FACS) and inductively coupled 

plasma optical emission spectrometry (ICP-OES). (d, e) Flow cytometry analysis for the distribution of MSN, MSN@CM, MSN@CM-GN3, and MSN@LP-GN3 in the (d) HCs and 

(e) KCs, respectively. (f, g) ICP analysis for determining the Ru content of MSN, MSN@CM, MSN@CM-GN3, and MSN@LP-GN3 in the (f) HCs and (g) KCs, respectively. Data are 

means ± SEM ( n = 3 independent experiments; ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test). 
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ubated with Cy5-labeled siRNA-loaded nanocarriers for 4 h (Fig. 

11a). The results indicated that GalNAc-functionalized membrane- 

oated nanocarriers enhanced the cellular uptake and internal- 

zed efficiency of siRNA (Fig. S11b and c). The gene silencing effi- 

iency of PCSK9 was evaluated in vitro and in vivo to further eval- 

ate the delivery performance of MSN@CM-GN3 ( Fig. 5 a). Amine- 

odified MSNs were utilized to encapsulate siRNA to fabricate 

SN/siRNA@CM-GN3 with varying MSN/siRNA ratio from 100:1 to 

0:1 (w: w). HepG2 cells were transfected with MSN/siRNA at dif- 

ering ratios, and RT-qPCR was performed to determine the relative 
289 
RNA expression of PCSK9 and its downregulated LDLR. The data 

emonstrated that MSN/siRNA@CM-GN3 significantly suppressed 

CSK9 mRNA expression, while significantly up-regulated LDLR ex- 

ression at the ratio of 50:1 (MSN: siRNA, w: w) (Fig. S11d and 

). The MSN/siRNA@CM-GN3 showed an average diameter about 

70 nm (Fig. S11f), which is considerable to that of MSN @CM- 

N3 (Fig. S6a). This result indicated that siRNA loading MSN core 

ad litter influence effects on the CM coating on the surface. Thus, 

e chose this condition to perform further experiments. Compared 

o free siRNA-treated cells, MSN/siRNA@CM-GN3 dramatically in- 
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Fig. 5. Transfection efficiency of MSN/siRNA@CM-GN3 in vitro and in vivo . (a) Schematic illustration of gene silencing process both in vitro and in vivo . (b, c) RT-qPCR 

validation of (b) PCSK9 and (c) LDLR mRNA expression level in the HepG2 cells relative to the untreated control after normalization to GAPDH expression, respectively. (d, e) 

RT-qPCR validation of (d) PCSK9 and LDLR (e) mRNA expression level at differing transfection times. (f, g) Relative (f) PCSK9, and (g) LDLR mRNA expression in the liver after 

administration of 0.1, 0.2, and 0.4 mg/kg dose, respectively. (h, i) The levels of (h) PCSK9 and (i) LDLR expression in the liver at indicated time points. Data are means ± SEM 

( n = 3 independent experiments; ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test). 
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ibited PCSK9 mRNA expression and facilitated LDLR mRNA ex- 

ression in a concentration-dependent manner ( Fig. 5 b and c). 

n particular, HepG2 cells transfected with MSN/siRNA@CM-GN3 

chieved almost 60% knockdown of PCSK9 mRNA expression. Fur- 

hermore, PCSK9 mRNA expression in HepG2 cells decreased with 

he extension of transfection time, while LDLR mRNA expression 

as increased at the same time ( Fig. 5 d and e). These results indi-

ated the time-dependent gene silencing by MSN/siRNA@CM-GN3. 

n addition, DLin-MC3-DMA LNP has been approved for siRNA ther- 

peutics. A knockdown activity study was conducted in HepG2 

ells comparing MC3-LNP to MSN@CM-GN3. The results demon- 

trated that both siRNA@MC3-LNP and MSN/siRNA@CM-GN3 ex- 

ibited robust gene therapeutic efficiency (Fig. S12a and b). 

To further evaluate the in vivo gene therapeutic efficiency 

f MSN@CM-GN3, mice were grouped and administered 

SN/siRNA@CM-GN3 intravenously at a dose of 0.1 mg/kg, 

.2 mg/kg, and 0.4 mg/kg. The dose-dependent effects of the 

anocarrier on PCSK9 and LDLR mRNA expression in the liver 

ere evaluated ( Fig. 5 f and g). Consistently, PCSK9 mRNA expres- 
290 
ion was suppressed, and LDLR mRNA expression was enhanced in 

 dose-dependent manner. Additionally, the expression of PCSK9 

nd LDLR mRNA expression was measured at different time points 

24, 48, and 72 h) ( Fig. 5 h and i). Gene silencing was observed

or each time point with the peak silencing occurring at 48 h. 

mportantly, both MSN/siRNA@CM-GN3 and siRNA@MC3-LNP were 

ntravenously administered to mice, demonstrating considerable 

ene therapy efficiency in the liver (Fig. S12c and d). Taken to- 

ether, these findings demonstrated that MSN/siRNA@CM-GN3 

fficiently silenced gene expression in hepatocytes and the liver, 

ndicating its potential use in the treatment of liver diseases. 

.5. Hepatocyte-specific siRNA-dependent PCSK9 deletion in 

FD-induced NAFLD model with good biocompatibility 

NAFLD is considered one of the leading causes of liver disease- 

elated mortality worldwide and is probably associated with in- 

reased cardiovascular mortality [ 40 , 41 ]. Currently, RNAi-based 

ipid-lowering has emerged as an attractive strategy for reduc- 
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Fig. 6. Therapeutic efficacy of MSN/siRNA@CM-GN3 in HFD-induced mice. (a) Scheme illustration of the therapeutic schedule. (b) Body weight changes, (c) liver weight, 

and (d) liver/body weight ratio during the treatment. (e) NAFLD activity scores (NAS) of steatoses, lobular inflammation, and ballooning for each group. (f) ELISA analysis 

of the serum PCSK9 content. (g, h) RT-qPCR analysis of (g) PCSK9 and (h) LDLR mRNA expression in the liver. (i, j) Levels of serum LDL-C and TG at the end of treatment, 

respectively. (k) Oil red O staining of the liver tissues of each group. Scale bar, 100 μm. Data are means ± SEM ( n = 3–4 independent experiments; ∗P < 0.05, ∗∗P < 0.01, 

and ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test). 
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ng LDL-C levels by silencing PCSK9 [42] . To further assess 

he therapeutic effects of MSN/siRNA@CM-GN3, the NAFLD mice 

odel was established through long-term exposure to a high- 

at diet. Subsequently, animals were treated once per week with 

SN/siRNA@CM-GN3 or other formulations (PBS, MSN, siRNA, and 

SN/siRNA@LP-GN3) according to the illustration ( Fig. 6 a). The 

ody weight of animals treated with MSN/siRNA@CM-GN3 grew 

lowly during the first two weeks of treatment in contrast to 

he HFD model group ( Fig. 6 b). However, the body weight of 

he MSN/siRNA@LP-GN3 group decreased rapidly after the third 
291 
njection. At the end of MSN/siRNA@CM-GN3 treatment, liver 

eight, and liver/body weight ratio decreased remarkably com- 

ared to PBS, siRNA, and MSN-treated animals ( Fig. 6 c and d). 

ince epididymal adipose tissues are associated with the pro- 

ression of NAFLD [43] , we also observed significantly lower epi- 

idymal adipose tissue weight and smaller adipocyte diameter in 

SN/siRNA@CM-GN3 and MSN/siRNA@LP-GN3 groups (Fig. S13). 

Hematoxylin and eosin (H&E) staining of the liver tissues 

howed that the HFD-fed mice had numerous vacuoles ( Fig. 6 e 

nd S14). However, both MSN/siRNA@CM-GN3 and MSN/siRNA@LP- 
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N3-treated mice exhibited no significant steatosis, lobular inflam- 

ation, or hepatocyte ballooning compared to siRNA and MSN- 

reated animals. The remarked reduction of serum PCSK9 level 

nd PCSK9 mRNA in the liver was observed in MSN/siRNA@CM- 

N3 and MSN/siRNA@LP-GN3 treated animals ( Fig. 6 f and g). The 

CSK9 mRNA expression decreased, accompanied by an increase in 

DLR mRNA expression ( Fig. 6 h). Furthermore, LDL-C, TG, and TC 

n the serum and liver of MSN/siRNA@CM-GN3-treated mice re- 

ained within the normal range in contrast to HFD-induced mice 

 Fig. 6 i, j and S15). The treatment of MSN/siRNA@CM-GN3 and 

SN/siRNA@LP-GN3 led to fewer lipid droplet accumulation in the 

ytoplasm, as revealed by oil red O staining ( Fig. 6 k). Collectively, 

hese therapeutic performances demonstrated the robust PCSK9 

ene inhibition of both MSN/siRNA@CM-GN3 and MSN/siRNA@LP- 

N3 in HFD-induced mice. 

The body weight data shown in Fig. 6 b indicated that repeated 

dministration of MSN/siRNA@LP-GN3 may be associated with po- 

ential toxicity. This was further confirmed by the H&E staining of 

SN/siRNA@LP-GN3-treated mice, which revealed significant liver 

ecrosis ( Fig. 7 a and Fig. S16). In addition, the H&E staining of the

iver, heart, spleen, lung, and kidney yielded no observable dam- 

ge in all treatment groups (Fig. S17), indicating that the repeated 

dministration of MSN/siRNA@CM-GN3 did not induce any obvi- 

us toxicity. Consistent with these in vivo safety profiles, cell vi- 

bility assays at a final concentration of 400 μg/mL demonstrated 

hat MSN@CM-GN3 treatment showed no significant impact on the 

iability of RAW264.7 cells, Fibroblast cells (L929) and HUVECs 

 Fig. 7 b-d). However, MSN@LP-GN3-treated cells exhibited signifi- 

ant toxicity compared to PBS-treated cells. To further determine 

he potential toxicity of MSN/siRNA@LP-GN3, the levels of serum 

LT, AST, and TNF- α in the serum and liver indicated that only 

epeated administration of MSN/siRNA@LP-GN3 resulted in signifi- 

ant adverse effects ( Fig. 7 e-h), possibly due to the static interac- 

ion with proteins on the cationic nanoparticulate surface. Overall, 

hese findings demonstrated that MSN/siRNA@CM-GN3 has a safe 

otential for long-term treatment of NAFLD. 

. Discussion 

Efficient management of chronic liver diseases remained a great 

hallenge due to the lack of curative therapeutic options [ 44 , 45 ].

NAi has been recognized as a promising approach for third- 

eneration drug development, with LNPs being the most widely 

sed carrier in clinic settings [46] . However, the application of 

NPs has been hindered by issues such as undesirable stability, 

epatoxicity, and non-specific uptake of KCs. The ligand GalNAc has 

een found to exhibit a high binding affinity for ASGPR, which is 

verexpressed on hepatocytes [47] . This GalNAc/ASGPR relationship 

as prompted the development of GalNAc-functionalized nanoplat- 

orms for selective hepatocyte targeting, though they are still sub- 

ect to non-specific capture by RES. Incorporated cell membrane 

oating into nanocarriers provides the macrophage-escaping ability 

nd prolongs systematic circulation time [ 4 8 , 4 9 ], making it possi-

le to design a GalNAc-functionalized biomimetic system that can 

elivery small interfering RNA with high efficiency and safety for 

epatocyte-specific targeting. 

An important variable in developing the GalNAc-functionalized 

iomimetic system was the engineering strategy employed. To nor- 

alize the amount of GalNAc incorporated into the cell mem- 

rane, we employed the GalNAc-to-membrane protein ratio as a 

seful metric. Herein, we generated biomimetic nanoformulations 

sing covalent or non-covalent methods with identical GalNAc-to- 

embrane protein ratios, followed by sonication-based coating. To 

ssess the impact of the engineering strategy on the biofunctional 

haracteristic, we quantitatively compared cellular uptake. The pri- 

ary hepatocytes can exhibit higher ASGPR receptor expression 
292 
han cancer cell lines, their expression was unstable due to read- 

ly loss of their phenotype culturing in vitro, which was harm- 

ul for evaluation of receptor-mediated uptake. Thus, we chose 

epG2 and Hepa1-6 cells for the evaluation of cellular uptake. 

ur findings demonstrated that the pathways through which the 

alNAc is functionalized affect the cellular uptake of nanoparti- 

les. Nanocarriers generated through lipid insertion exhibited in- 

reased uptake, which was consistent with the higher engineer- 

ng efficiency. However, the azide-modified cell membrane vesi- 

les for click chemistry were obtained through culture with azide- 

odified molecules, as previously reported, and subsequently con- 

ugated with DBCO-modified ligands [ 50 , 51 ]. The functionalized ef- 

ciency of this two-step process might be challenged due to the 

ow engineering efficiency when compared with one-step inser- 

ion. 

Lipid insertion relies on physical interactions by exploiting the 

uidity of membranes [52] . The fluidity of the cell membrane on 

he surface of nanoparticles was probably decreased compared to 

hat of bare cell membrane vesicles. The low cellular uptake of 

he biomimetic system prepared by lipid insertion Ⅰ might be af- 

ected by the fluidity or integrity of the cell membrane. Moreover, 

he low efficient insertion of by lipid insertion Ⅰ method might led 

he direction of GalNAc to the inside rather than outside. There- 

ore, cell membrane vesicles were functionalized with GalNAc pre- 

iously and then coated on the MSN might be the best inser- 

ion order for drug delivery. Furthermore, the differing cell mem- 

rane types (macrophages and borrow mesenchymal stem cells) 

ere selected to construct a biomimetic system to reduce im- 

unogenicity. We observed that both of these types of cell mem- 

ranes coated nanocarriers functionally delivered nanoparticles to 

epG2 cells, demonstrating that the GalNAc-functionalized system 

pproach could be widely used for different cell types. Interest- 

ngly, we observed that the cellular uptake of MSN coated with 

acrophage membrane was more potent than that of MSN coated 

ith the stem cell membrane. However, this apparent discrepancy 

ould be due to multiple variables such as the production process 

nd the intrinsic characteristic of homing, which required further 

nvestigation. By optimizing the insertion order and cell membrane 

ource, we obtained outperforming GalNAc-functionalized nanofor- 

ulations via lipid insertion. 

The GalNAc-functionalized biomimetic system exhibited a time- 

nd dose-dependent internalization in HepG2 cells, with the cel- 

ular uptake being influenced by various factors, including GalNAc 

ensity, ASGPR density, and cell membrane type. To optimize 

he nanoplatform, it is important to balance the fluidity of the 

iomimetic system and the saturation of the receptor. We found 

hat nanoplatforms generated with higher GalNAc density com- 

romised with good fluidity of CM-GN3 exhibited a positive ef- 

ect on hepatocyte targeting. The cellular uptake of MSN@CM- 

N3 was positively relevant to the receptor density on the cell 

embrane and enhanced uptake of nanoparticles was partially 

ttributed to ASGPR-mediated endocytosis. Clathrin-mediated en- 

ocytosis was the predominant uptake mechanism of MSN@CM- 

N3, consistent with previous studies [ 28 , 37 ]. We investigated the 

ptake efficiency of MSN@CM-GN3, along with MSN@LP-GN3 as 

 widely used carrier in small interfering RNA delivery [ 11 , 53 ].

SN@CM-GN3 and MSN@LP-GN3 were both effectively taken up 

n HepG2 cells, but MSN@LP-GN3 showed greater accumulation 

han MSN@CM-GN3 in RAW264.7 cells, likely due to the predomi- 

antly uptake of macrophages for cationic liposomes [ 17 , 54 ]. Both 

SN@CM-GN3 and MSN@LP-GN3 exhibited similar efficiency in 

ivo , but MSN@CM-GN3 demonstrated strong hepatocyte-specific 

elivery and Kupffer cell escaping, suggesting promising advan- 

ages for hepatocyte-specific gene delivery. 

The functional delivery of siRNA by MSN@CM-GN3 showed a 

ual-time and dose-dependent manner in vitro and in vivo, with 
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Fig. 7. The safety profile of MSN/siRNA@CM-GN3 in vitro and in vivo . (a) H&E staining of the liver sections of each group. Scale bar, 100 μm. (b-d) Cell viabilities of MSN, 

MSN@CM, MSN@CM-GN3, and MSN@LP-GN3 were evaluated using (b) RAW264.7 cells, (c) L929 cells, and (d) HUVECs, respectively. (e, f) Serum (e) AST and (f) ALT were 

measured, respectively. (g, h) Measurement of TNF- α in the (g) serum and (h) liver, respectively. Data are means ± SEM ( n = 3 independent experiments; ∗P < 0.05, 
∗∗P < 0.01, and ∗∗∗P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test). 
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he highest knockdown achieved at a specific time point. However, 

 direct comparison of the activity of siRNA delivery nanoplatforms 

equired further investigation of the pharmacokinetics of nanoplat- 

orms. MSN@CM-GN3 exhibited superior in vivo gene expression 

nockdown, resulting in effective lipid-lowering performance in 

he HFD-induced NAFLD model. Both MSN@CM-GN3 and MSN@LP- 

N3 exhibited considerable effects on PCSK9 gene therapy. Hep- 

totoxicity was a major concern for cationic liposomes used for 

NA delivery, which might be relevant to innate immune activa- 

ion [55] . To address these concerns, cell membrane vesicles were 

enerally considered to lower immunogenicity and toxicity in pre- 

ious studies [56–58] . MSN@CM-GN3 demonstrated good biocom- 

atibility in vitro and in vivo compared to MSN@LP-GN3 for re- 
293 
eated doses, highlighting their promising potential for safe and 

fficient hepatocyte-specific siRNA delivery with selective hepato- 

yte targeting ability and escaping from non-specific RES capture. 

owever, further preclinical studies in large animal models were 

equired to optimize the treatment regimen for MSN@CM-GN3- 

ased gene delivery before clinical testing. 

Following the introduction of DLin-MC3-DMA, LNP technology 

as initially utilized for small nucleic acid drug delivery, with On- 

attro receiving market approval and making LNP the most ex- 

ensively used RNA delivery technology of that period. The suc- 

ess of Alnylam’s Patisiran exemplified the potential of LNP as a 

arrier for small nucleic acid drugs. However, the toxicity of ion- 

zable cations in LNPs posed a significant obstacle, limiting their 
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Scheme 1. The schematic illustration of the fabrication procedure of biomimetic system for hepatocyte-specific delivery. 
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aximum dosage and necessitating prolonged monitoring of their 

ong-term side effects. In this context, the development of novel 

anoplatforms with degradability, low toxicity, and organ-specific 

argeting capabilities was a promising direction for research and 

evelopment. Our delivery formulation (MSN@CM-GN3) was com- 

ared to a positive control formulation (MSN@LP-GN3) containing 

SPC, DLin-MC3-DMA, cholesterol, and PEG-lipid. Compared with 

SN@LP-GN3, MSN@CM-GN3 exhibited strong hepatocyte target- 

ng and Kupffer cell escaping, as well as good biocompatibility for 

afe and efficient siRNA delivery. Furthermore, siPCSK9 delivered 

y MSN@CM-GN3 reduced both serum and liver LDL-C, TG, TC lev- 

ls and lipid droplets in HFD-induced mice, resulting in better per- 

ormance than MSN/siPCSK9@LP-GN3 in terms of lipid-lowering ef- 

ect and safety profiles. In addition, a comparative study of gene 

herapy activity has been conducted in mice using MC3 LNP and 

alNAc-siRNA conjugate [59] . The results illustrated that MC3 LNP- 

ediated gene silencing was higher than that of GalNAc-siRNA due 

o the specific pharmacokinetics property of GalNAc-siRNA, with 

he highest knockdown usually occurring on days 7-14 after sub- 

utaneous injection. However, to directly compare the gene ther- 

peutic efficiency of siRNA delivery platforms, the samples were 

ollected at 48 h. These findings indicated promising advantages 

f our biomimetic GN3-based systems for hepatocyte-specific gene 

elivery in chronic liver diseases ( Scheme 1 ). 

. Conclusion 

In conclusion, we introduced a promising hepatocyte-targeting 

anoplatform for robust gene therapy, which enabled efficient and 

afe treatment of NAFLD. This easy-to-fabricate delivery system 

everages the biodegradable MSN core to load siRNA or other 

iomolecular cargos, while the cell membrane coating provided 

onsistent and predictable characteristics to reduce non-specific 

elivery. Importantly, the integration of the Tris-GalNAc ligand 
294 
ith the cell membrane through ordered lipid insertion allowed 

pecific hepatocyte targeting and internalization. The in vitro and 

n vivo gene disruption results provided encouraging evidence that 

SN@CM-GN3 exhibited considerable performance when com- 

ared with cationic MSN@LP-GN3. Consequently, data manifested 

hat the siPCSK9 delivered by MSN@CM-GN3 reduced both serum 

nd liver LDL-C, TG, and TC levels in HFD-induced mice, resulting 

n better performance than MSN/siPCSK9@LP-GN3 in lipid-lowing 

ffect and safety profiles. Our work addressed the challenges of 

ower targeting efficiency of cell membrane-mimetic drug deliv- 

ry systems and the immunogenicity of traditional GalNAc delivery 

ystems. The rational design of sophisticated ligand-engineering 

iomimetic nanoplatforms by precisely regulating the optimal lig- 

nd on the cell membrane-coated nanoparticulate core explored 

ruitful applications in achieving cell-selective targeting and reduc- 

ng non-specific clearance. Collectively, this study provided an ef- 

ective and versatile approach for efficient and safe gene therapy 

sing ligand-integrated biomimetic nanoplatforms. 
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