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Galactose-modified erythrocyte membrane fusion
liposomes enable the targeted delivery of drug

nanoparticles to the liver
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The safe and efficient delivery of chemicals and biologics remains crucial for liver disease therapy. In this
study, we developed a targeted drug delivery system utilizing a galactose-modified erythrocyte
membrane coating technique and drug liposome nanoparticles, which were further optimized using

orthogonal experiments and response surface analysis. The specificity, precision, accuracy, and stability

exhibited satisfactory performance in bioanalytical analysis. Specifically, targeting ligands (Gal-DSPE-
PEG3400) were efficiently inserted into red blood cell (RBC) membranes using a facile insertion method.
When Gal-DSPE-PEG3400-RBC was fused with fenofibrate liposome nanoparticles (FNB-Lip) by co-
extrusion, the resulting galactose-modified erythrocyte membrane fusion liposome nanoparticles (Gal-
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RBC-FNB-Lip) showed long-term stability, excellent biocompatibility, prolonged retention time, and

superior liver accumulation and therapeutic efficacy. These qualities make it suitable for effective drug
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1. Introduction

According to the 2023 Global Burden of Disease Project, more
than 2 million people died from major liver diseases, including
alcohol-related liver disease, non-alcoholic fatty liver disease,
acute hepatitis, cirrhosis and liver cancer, accounting for
approximately 4% of global mortality (equivalent to 1 in every 25
deaths worldwide)." In recent years, numerous clinical studies
on liver disease have been conducted globally; however, no
efficacious treatment has been discovered.>* With the contem-
porary focus on precision medicine, the precise administration
of pharmaceutical agents is being increasingly recognized as an
innovative treatment approach.*® Numerous studies have
shown that precision-targeted delivery enhances drug pharma-
cokinetics, mitigates toxic side effects, and promotes patient
adherence.®® Moreover, it facilitates the clinical application of
chemicals and biologics that were previously deemed imprac-
tical due to toxicity, rapid clearance, or off-target deposition.®
Currently, there is a growing body of research focusing on
liver-targeted systems, with particular significance attributed to
the sialic acid glycoprotein receptor (ASGPR).'*** ASGPR, also
known as the galactose receptor, exhibits specific recognition
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delivery. The findings of this study will provide a fundamental basis for research and development of
liver-targeted drugs and offer novel insights into the treatment of clinical liver diseases.

and binding capabilities towards galactose residues.* Its
primary role involves the regulation of galactose-like coagula-
tion factors, as well as the recognition, binding, internalization,
and elimination of compounds containing galactose residues
from the bloodstream.'*® Due to the exclusive presence of
ASGPR in the cell membrane receptor of liver parenchyma, the
specific binding characteristics between galactose and ASGPR
enable the development of liver-targeted drugs,"” thereby
minimizing potential adverse effects on other tissues and
organs.

In a targeted drug delivery system, the drug carrier plays
a crucial role in determining the drug loading capacity, release
rate, and biological compatibility.*®' Liposomes are composed
of single or multi-layered enclosed vesicles, featuring a phos-
pholipid bilayer structure that closely resemble the cellular
biofilm structure, thereby exhibiting strong affinity.>*® The
bilayer structure of liposomes confers inherent advantages,
enabling the encapsulation of polar drugs within the hydro-
philic core and lipid drugs within the hydrophobic shell.*
Moreover, liposomes exhibit biocompatibility, natural targeting
ability, low toxicity, and structural modifiability, among other
merits.”” Consequently, numerous drugs in liposomal formu-
lations have been successfully commercialized. Furthermore,
extensive investigations have also been conducted on endoge-
nous biological carriers, such as red blood cells (RBCs),
macrophages, stem cells, and tumor cells.?® RBCs, lacking
a nucleus, are considered innate immune cells that possess
a unique advantage due to their intrinsic biocompatible

RSC Adv, 2025, 15, 17781-17794 | 17781


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra07489k&domain=pdf&date_stamp=2025-05-28
http://orcid.org/0000-0002-7494-8289
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07489k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015022

Open Access Article. Published on 29 May 2025. Downloaded on 8/3/2025 1:12:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

membrane compared to conventional -carrier systems.**
Consequently, the utilization of RBCs as drug delivery vehicles
circumvents potential issues like blood agglutination or rejec-
tion and effectively extends the drug's half-life.>

Fenofibrate (FNB), a derivative of clofibrate, exhibits lipid-
regulating properties;* however, it demonstrates limited
aqueous solubility at only 0.3 pg mL ™", classifying it as a BCS
class II drug with high lipophilicity and low bioavailability.*” In
this study, we successfully synthesized galactose-modified red
blood cell membrane-fused FNB liposomes. Subsequently, both
in vivo and in vitro experiments were conducted to investigate
their hepatic targeting ability. The findings of this study will
provide a fundamental basis for the research and development
of liver-targeted drugs and offer novel insights into the treat-
ment of clinical liver diseases.

2. Material and methods
2.1 Material

The methanol (20210331) was obtained from Comiou Chemical
Reagent Co., Ltd (Tianjin, China). Galactosamine hydrochloride
(L1905043), triethylamine (I12018168), Cremophor EL
(11916053), DSPE PEG3400-NHS (K2103306), N,N-dime-
thylformamide (J2022250), lecithin (A1909011), cholesterol
(H1926053), fenofibrate (FNB) (A1915135), rhodamine B (RhB)
dye (B2102172), and indocyanine green dye (ICG) were all
purchased from Aladdin Biochemical Technology Co., Ltd
(Shanghai China). Fetal bovine serum (FBS) (1925624) was
acquired from Cellmax Cell Technology Co., Ltd. Dimethyl
sulfoxide (DMSO) (710N033), penicillin-streptomycin mixture
(20190525), and MTT (715F053) were obtained from Soleibao
Technology Co., Ltd. 0.25% trypsin solution (MA0232) and
DMEM high glucose medium (GP21070153107) were both
sourced from Boster Biotechnology Co., Ltd in Wuhan, China.
Total cholesterol (TC) (20211203) and triglyceride (TG) kit
(20211206) were acquired from Nanjing Jiancheng Bioengi-
neering Research Institute (Nanjing, China). Dil (C1036) and
DiD (C1039) were purchased from Shanghai Beyotime
Biotechnology Co.

2.1.1 Cells. The normal hepatocyte cell line (HL-02) was
obtained from Wuhan Boster Biological Engineering Co., Ltd
(Wuhan, PR China). The cells were cultured in DMEM supple-
mented with 10% FBS and 1% penicillin/streptomycin and
maintained under standard conditions (37 °C, 5% CO,) in a cell
culture incubator.

2.2 Orthogonal design and optimization of fenofibrate
liposome nanoparticles (FNB-Lip)

The concentrations of phospholipids (A), the phospholipid-
cholesterol ratio(B), and the phospholipid-drug ratio (C) were
considered as independent variables, with four levels assigned
for each variable (Table 1). To optimize the preparation condi-
tions of FNB-Lip, a L16(4%) orthogonal table was employed as
shown in (Table 2), considering encapsulation efficiency (EE)
and drug loading (DL) as our investigation indices. After
weighing the phospholipids, cholesterol, and FNB, 20 mL of
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Table 1 Level of factors
Factors
Levels A B o}
1 20 2:1 3:1
2 30 3:1 5:1
3 40 4:1 6:1
4 50 5:1 8:1
Table 2 Orthogonal test
Levels

Orthogonality A B c
1 30 5:1 8:1
2 30 3:1 6:1
3 50 5:1 6:1
4 40 2:1 8:1
5 40 4:1 6:1
6 20 5:1 5:1
7 20 2:1 6:1
8 20 3:1 3:1
9 40 5:1 3:1
10 20 4:1 8:1
11 50 3:1 8:1
12 50 4:1 3:1
13 30 2:1 3:1
14 40 3:1 5:1
15 50 2:1 5:1
16 30 4:1 5:1

methanol was added. Subsequently, the solution underwent
dissolution through ultrasound treatment before being evapo-
rated under reduced pressure for 2 h to generate lipid films.
Then, hydration was accomplished by adding 10 mL of PBS for
30 min, leading to liposome formation. Once hydration was
completed, the liposomes were transferred into an EP tube and
subjected to sonication at 240 W for 30 min until the bulk lipid
was disrupted, yielding the liposome suspension. Liposome
suspension was then extruded using a liposome extruder to
obtain FNB-Lip, followed by an analysis of the differences in EE
and DL. Consequently, the key factors influencing the EE and
DL of FNB-Lip were determined. Additionally, the response
surface methodology was employed to optimize the preparation
conditions of FNB-Lip through a three-factor, three-level
experiment using Design-Expert 12.

2.3 Determination of EE and DL

The liposome solution and the supernatant obtained after
centrifugation at 14 000 rpm for 30 min, were individually
diluted to a volume of 5 mL with methanol. The EE and DL were
determined by quantifying the total drug amount and the
quantity of free drug in the supernatant using the chromato-
graphic conditions as described in Section 2.4.1.

EE (%) = (total drug volume — free drug volume)/
total drug volume x 100%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DL (%) = (total drug amount — free drug amount)/
(total drug amount + phospholipid amount) x 100%

2.4 Method validation for FNB-Lip in vitro

2.4.1 Determination of maximum absorption wavelength.
The detection wavelength of FNB (10 ug mL™ ') was determined
using an Agilent 1260 Infinity HPLC system. The analytical
conditions were as follows: an Agilent TC-C18 column (4.6 x
250 mm, 5 um), methanol-water (90:10) used as the mobile
phase, a flow rate set at 1.0 mL min ', a column temperature
maintained at 30 °C, and an injection volume of 10 pL.
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2.4.2 Specificity, precision, accuracy and stability analysis.
The chromatographic peak positions of the blank solution
(methanol), liposome solution (Lip), FNB standard solution (10
pg mL ™), and FNB-Lip solution were observed according to the
chromatographic conditions described in Section 2.4.1 to
investigate the specificity of the analysis method. Additionally,
a standard curve was generated by plotting the concentrations
of FNB standard solutions (0, 2.0, 5.0, 10.0, 20.0, 40.0, 60.0, 80.0,
100.0 and 200.0 ug mL™") on the x-axis and their corresponding
peak areas on the y-axis. Simultaneously, the peak areas of FNB-
Lip solution at concentrations of 10, 20, and 40 pg mL ™" were
measured to determine intra-day, inter-day precision and
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Fig. 1 Preparation of Gal-RBC-FNB-Lip. (A) Synthesis of Gal-DSPE-PEG3400. (B) H-NMR. (C) Synthesis of Gal-RBC-FNB-Lip. (D) MALDI-TOF.
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recovery rate. Additionally, the relative standard deviation (RSD)
value of the FNB-Lip peak area within 48 h (0, 2, 4, 12, 24, and
48 h) was determined to evaluate its stability.

2.5 Preparation of galactose-modified erythrocyte
membrane fusion liposome nanoparticles (Gal-RBC-FNB-Lip)

The DSPE-PEG3400-NHS was dissolved in anhydrous N,N-
dimethylformamide (DMF), followed by the addition of trie-
thylamine (TEA). After 12 h of sonication, galactosamine
hydrochloride was introduced (DSPE-PEG3400-NHS : Gal : TEA
= 1:2:1.2). Finally, the targeted material Gal-DSPE-PEG3400
was obtained through dialysis using a dialysis bag and subse-
quent freeze-drying (Fig. 1A). The structure of Gal-DSPE-
PEG3400 was confirmed by "H-NMR analysis, as depicted in
(Fig. 1B), where distinct proton chemical shift peaks corre-
sponding to galactose (3.35 ppm) and DSPE (0.92 ppm) were
observed for Gal-DSPE-PEG3400. Notably, no NHS signal was
detected for targeting vector Gal-DSPE-PEG3400, indicating the
successful synthesis. DSPE-PEG3400-NHS was a lipid molecule
with an NHS (N-hydroxysuccinimide) active group. DSPE-
PEG3400-Gal modified the end of the PEG chain by chemi-
cally introducing galactose (Gal) at the position of the NHS
group. According to the MALDI-TOF analysis, there were certain
differences in the main peak positions and characteristics of the
two compounds, particularly in the high mass region. Specifi-
cally, the mass difference between peaks corresponding to the
same PEG chain length has increased by approximately 162 Da.
This indicates that galactose has been successfully connected at
the end of the DSPE-PEG3400 molecule (Fig. 1D).

Then Gal-DSPE-PEG3400 was dissolved in 1x PBS erythro-
cyte membrane solution. Subsequently, the mixture was incu-
bated in the dark for 2 h and then centrifuged to remove the
supernatant, resulting in the formation of galactose-modified
erythrocyte membrane (Gal-DSPE-PEG3400-RBC). After frag-
mentation, Gal-DSPE-PEG3400-RBC was added to the FNB-Lip
solution. Finally, liposome extrusion was performed using
a liposome extruder (HandExtruder™-1ml, Genizer Instru-
ments Inc., USA) for 20 cycles followed by an additional 10
cycles through a polycarbonate film extrusion process to obtain
galactose-modified erythrocyte membrane-fused fenofibrate
liposomes (Gal-RBC-FNB-Lip) (Fig. 1C).

2.6 Morphological characterization and stability assessment
of FNB-Lip and Gal-RBC-FNB-Lip

The FNB-Lip or Gal-RBC-FNB-Lip solution was diluted 10-fold
with deionized water and subsequently deposited onto a copper
net coated with a carbon film. After natural drying, the surface
morphology of the sample was examined using transmission
electron microscopy (TEM) (H-7650, Hitachi High-Technologies
Corporation, China). At the same time, the targeted liposomes
were diluted with 1x PBS and stored at 4 °C for evaluation of
their stability by measuring particle size and polydispersity
index (PDI) at 0, 7, 14, and 30 days.

The particle size and zeta potential of both FNB-Lip and Gal-
RBC-FNB-Lip were determined in triplicate using a Malvern
Zetasizer Nano ZS90 analyzer (Malvern Panalytical, UK) through
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dynamic light scattering (DLS) and electrophoretic light scat-
tering (ELS) techniques, respectively. To investigate Forster
resonance energy transfer (FRET), Dil and DiD were used for
dual-labeling of the liposomes, with Dil serving as the fluores-
cence donor and DiD as the acceptor. The labeled liposomes
(FNB-Lip) were then separated from unbound dyes and subse-
quently fused with Gal-RBC to form Gal-RBC-FNB-Lip. Fluo-
rescence spectra of both FNB-Lip and Gal-RBC-FNB-Lip were
recorded in the range of 550-750 nm.

2.7 Invitro release assay of Gal-RBC-FNB-Lip

The cumulative release percentage of Gal-RBC-FNB-Lip was
determined by dialysis, with the FNB suspension used as
a control. Specifically, 1 mL of Gal-RBC-FNB-Lip, Gal-FNB-Lip,
RBC-FNB-Lip or FNB suspension was placed in a dialysis bag
and subsequently immersed in 100 mL of release medium. At
0.5, 1, 2, 4, 8, 12, 24 and 48 h, aliquots (1 mL) of the release
medium were withdrawn and subsequently mixed with an equal
volume of fresh medium for subsequent measurement of FNB
concentration. The cumulative release percentage was calcu-
lated using the following formula:
(Ca+ ...+ C+ ()

L

Vs

Vs

><V1

x 100%

ST

2.8 Method validation for FNB acid in vivo

2.8.1 Chromatographic condition for FNB acid. The chro-
matography was conducted using a Diamonsil Diamond C18
column (250 mm x 4.6 mm, 5 um) with a mobile phase con-
sisting of methanol-water (80 : 20) at a flow rate of 1 mL min—".
The column temperature was maintained at 30 °C, the sample
volume injected was 20 pL, and the detection wavelength
employed was set at 286 nm.

2.8.2 Specificity, precision, accuracy and stability analysis
of plasma FNB acid. The FNB acid was dissolved in 10 mL of
methanol to achieve a concentration of 1 mg mL™" for the FNB
mother liquor, and subsequently diluted with methanol to
prepare the required FNB acid standard solution. The HPLC
chromatographic peaks were then determined for the blank
solvent, blank plasma sample, FNB acid standard solution, and
FNB acid plasma sample to investigate the specificity of the
analysis method. Additionally, a standard curve was generated
by plotting the concentrations of FNB standard solutions (0, 1,
2,3,4,5,6,7,8,9and 10 pg mL™ ") on the x-axis against their
corresponding peak areas on the y-axis. Furthermore, the peak
areas of FNB acid plasma samples (1, 2 and 4 ug mL™") were
measured to determine intra-day precision, inter-day precision
and recovery rate. Simultaneously, the stability was evaluated
after FNB acid (100, 4000, and 20 000 ng mL ') was stored at
room temperature for 24 hours or subjected to repeated freeze-
thaw cycles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.9 The absorption of Gal-RBC-FNB-Lip in vivo

Thirty healthy male ICR mice weighing 19 &+ 1 g were randomly
allocated into six groups, namely FNB (10, 20, 40 mg kg™ '), Gal-
FNB-Lip (10, 20, 40 mg kg~ "), RBC-FNB-Lip (10, 20, 40 mg kg™ ")
and Gal-RBC-FNB-Lip (10, 20, 40 mg kg ), with five mice per
group. After a period of 12 h, blood samples were collected from
the orbital socket to determine the concentration of FNB acid.
The animal experiments were conducted in compliance with the
legislation governing the utilization and welfare of laboratory
animals in China and were approved by the Animal Ethics
Committee of Shanxi Medical University (No. 22829).

2.10 Antilipemic effect of Gal-RBC-FNB-Lip on in vitro
models of lipid deposition cells

The HL-02 cells in the logarithmic growth phase were seeded at
a density of 1 x 10 cells per mL in culture dishes and treated
with FNB (0.5 pumol L™, 1 umol L"), Gal-FNB-Lip (0.5 pmol L™,
1 pmol L), RBC-FNB-Lip (0.5 pmol L™, 1 umol L") or Gal-
RBC-FNB-Lip (0.5 wmol L', 1 pumol L") for 24 h. Subse-
quently, the cells were subjected to a 24 h intervention with 5%
palmitic acid before TC and TG levels were detected at 510 nm.

2.11 Targeting of Gal-RBC-FNB-Lip to hepatocytes

According to the preparation method of FNB-Lip and Gal-RBC-
FNB-Lip, rhodamine B liposome nanoparticles (RhB-Lip) and
galactose-modified erythrocyte membrane fusion rhodamine B
liposome nanoparticles (Gal-RBC-RhB-Lip) were prepared and
characterized using transmission electron microscopy (TEM).
HL-02 cells in the logarithmic growth phase were seeded in 6-
well plates and subsequently incubated with three rhodamine B
fluorescent probes (RhB, RhB-Lip, Gal-RhB-Lip, Gal-RBC-RhB-
Lip) for 2 h. Finally, the cells were washed with PBS and
observed under a fluorescence microscope (Olympus IX-51,

Tokyo, Japan).

Table 3 Orthogonal experiment
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2.12 Targeting of Gal-RBC-FNB-Lip to mice liver

According to the preparation methods of FNB-Lip and Gal-RBC-
FNB-Lip, Indocyanine green liposome nanoparticle (ICG-Lip)
and galactose-modified red cell membrane fusion indocyanine
green liposome nanoparticle (Gal-RBC-ICG-Lip) were synthe-
sized. Subsequently, mice were depilated and randomly divided
into four groups with three mice per group. They were then
intravenously injected with ICG, ICG-Lip, Gal-ICG-Lip and Gal-
RBC-ICG-Lip (100 pL/10 g). At 0 min, 10 min, 1 h, 2 h, 4 h,
8 h, 12 h, and 24 h post-injection, the mice were placed in
a small animal in vivo imager to visualize the distribution and
fluorescence intensity using an excitation wavelength of 780 nm
and an emission wavelength of 845 nm. Finally, the mice were
euthanized for subsequent analysis by dissecting their heart,
liver, spleen, lung, and kidney to evaluate fluorescence
intensity.

2.13 Data statistics and analysis

The statistical analysis of all data was conducted using SPSS
23.0 software. A t-test was employed for intergroup compari-
sons, with statistical significance determined at a P value less
than 0.05.

3. Results

3.1 Preparation, optimization and characterization of FNB-
Lip

3.1.1 Preparation and optimization of FNB-Lip. The FNB-
Lip samples were prepared using an orthogonal experimental
design, and the encapsulation efficiency (EE) and drug loading
(DL) of FNB were measured in (Table 3). Additionally, a homo-
geneity of variance test was conducted with phospholipid
concentration, the ratio of phospholipid to cholesterol, and the
ratio of phospholipid to drug as independent variables and EE
and DL as dependent variables (Table 4). It was observed that

Factors
Groups Phospholipid concentration (mg mL ™) Phospholipid-cholesterol ratio Phospholipid-drug ratio EE (%) DL (%)
1 30 5:1 8:1 94.0 11.0
2 30 3:1 6:1 95.3 13.6
3 50 5:1 6:1 93.6 13.5
4 40 2:1 8:1 94.7 10.6
5 40 4:1 6:1 94.6 13.3
6 20 5:1 5:1 96.5 16.1
7 20 2:1 6:1 92.1 13.9
8 20 3:1 3:1 97.3 24.3
9 40 5:1 3:1 97.8 24.4
10 20 4:1 8:1 97.6 11.3
11 50 3:1 8:1 92.5 10.2
12 50 4:1 3:1 97.8 24.6
13 30 2:1 3:1 97.1 24.5
14 40 3:1 5:1 95.5 15.9
15 50 2:1 5:1 96.4 16.1
16 30 4:1 5:1 94.1 15.8

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Analysis of homogeneity for variance

Dependent variables Independent variables F P

EE Lipid concentration 0.181 0.906
Phospholipid-cholesterol ratio 0.197 0.895
Phospholipid-drug ratio 3.108 0.110

DL Lipid concentration 1.088 0.423
Phospholipid-cholesterol ratio 0.633 0.620
Phospholipid-drug ratio 1631.713 0.000

except for when DL was considered as the dependent variable
and the ratio of phospholipid to drug as the independent vari-
able, the variances of the other groups were equivalent (p >
0.05). These findings suggested that DL was significantly
affected by the ratio of phospholipid to drug, which was
subsequently confirmed by LSD analysis (Table 5). Particularly,

Table 5 LSD analysis for multiple comparisons®?
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the ratios of 3:1 or 6:1 exhibited a pronounced impact on EE
and DL (Table 5). Meanwhile, the response surface results also
revealed a significant impact on DL when the lipid-drug ratio
was 3: 1, which was consistent with the findings from orthog-
onal experiments (Fig. 2). In summary, the optimal preparation
conditions for FNB-Lip were determined to be a phospholipid :
cholesterol : FNB ratio of 9:1: 3.

3.1.2 Method validation for FNB-Lip in vitro

3.1.2.1 Determination of maximum absorption wavelength.
The maximum absorption peak of the FNB standard solution
(10 pg mL~ ") was observed at 288 + 2 nm, confirming 288 nm as
the optimal detection wavelength for FNB analysis (Fig. 3A).

3.1.2.2 Spectficity, precision, accuracy and stability analysis of
FNB-Lip. The peak time of the FNB-Lip solution (TR = 5.7 min)
was found to be consistent with that of the FNB standard
solution (Fig. 3B), thereby confirming excellent specificity.
Additionally, a standard curve was generated with an R* value of

P
Groups ) 1)) EE as dependent variable DL as dependent variable
Phospholipid concentration (mg mL ") 20 30 0.558 0.398
40 0.848 0.145
50 0.583 0.209
30 20 0.558 0.398
40 0.689 0.473
50 0.968 0.636
40 20 0.848 0.145
30 0.689 0.473
50 0.717 0.798
50 20 0.583 0.209
30 0.968 0.636
40 0.717 0.798
Phospholipid-cholesterol ratio 2 3 0.859 0.288
4 0.488 0.871
5 0.757 0.991
3 2 0.859 0.288
4 0.601 0.358
5 0.895 0.283
4 2 0.488 0.871
3 0.601 0.358
5 0.693 0.861
5 2 0.757 0.991
3 0.895 0.283
4 0.693 0.861
Phospholipid-drug ratio 3 5 0.186 0.000*
6 0.026 0.000*
8 0.075 0.000*
5 3 0.186 0.000*
6 0.199 0.000*
8 0.535 0.000*
6 3 0.026" 0.000*
5 0.199 0.000*
8 0.461 0.000*
8 3 0.075 0.000*
5 0.535 0.000*
6 0.461 0.000*

¢ Lipid concentration: () and () were lipid concentrations; phospholipid-cholesterol ratio: (I) and (J) were phospholipid-cholesterol ratio;
phospholipid-drug ratio: () and (J) were phospholipid-drug ratio. ” * p < 0.05.

17786 | RSC Adv, 2025, 15, 17781-17794

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07489k

Open Access Article. Published on 29 May 2025. Downloaded on 8/3/2025 1:12:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances

B
A 987 L
95Y".. ~ 20(/ // » ) |
941 PN EL %) 1871~ \\\{\x\
EE (%) 93" I3 O ek Ty NN
927 .- 141
‘ 12

917
\

\

6.0

30
Phospholipid concentration 35
Ratio of phospholipids to cholesterol 3 20

42

2 23 . .
Ratio of phospholipids to drugs 5 ¢ Phospholipid concentration

25
3 20
Fig. 2 The 3D response surface results. (A) EE. (B) DL.

Ao : B .
| 288 Blank Lip
205 | f e S .
\/ \ T T T T T 1 T T T T T |
AN 2 4 6 8 10 12 2 4 6 8 10 12
8? T Time (min) Time (min)
200 300 400 500 600
c Wavelength ﬂ FNB FNB-Lip
8000. ;
3 \ /‘
£ 6000 |
22 | Il
3 4000 |
~ | \
2000 I \
) o ) A S
0 SR S . S

I T T T T 1 r T T T T 1
2 4 6 8 10 12 2 4 6 8 10 12
Time (min) Time (min)

0 50 100 150 200
FNB concentration (ug/mL)

Fig.3 Maximum absorption wavelength, specificity, and standard curve analysis. (A) Maximum absorption wavelength. (B) Specificity analysis. (C)
Standard curve.

0.99 (Y = 29.287X + 4.1113) (Fig. 3C). At the same time, the 3.1.3 Characterization of FNB-Lip. According to the
relative standard deviation (RSD) value of the FNB-Lip peak area  optimal preparation conditions (phospholipid : cholesterol :
within 48 h was determined to be 0.2%, indicating excellent FNB = 9:1:3), the drugloaded liposomes (FNB-Lip) were
stability (Table 6). Furthermore, the RSD values for intra-day prepared. The EE, EL, particle size, and polydispersity index
and inter-day precision of FNB-Lip were found to be less than (PDI) were determined as 97.5 & 0.2%, 24.7 + 0.5%, 89.93 nm,
2.0% (Table 7), and the sample recovery rate ranged between and 0.263, respectively (Fig. 4A). Additionally, TEM analysis
98.0% and 102.0% (Table 7). In a word, the specificity, preci- confirmed the spherical morphology of FNB-Lip, meeting the
sion, accuracy and stability were satisfactory for bioanalytical general requirements for liposome characterization (Fig. 4B).
analysis. Subsequently, FNB-Lip was stored at 4 °C for 30 days to assess
its stability by monitoring changes in particle size and PDI.
Remarkably, no significant alterations were observed in either
the particle size (~90 nm) or PDI (~0.26) during this storage
period (Fig. 4C), indicating excellent stability of FNB-Lip.

Table 6 Stability test of FNB-Lip solution

Time (h) Peak area (A) Average value RSD (%)

0 248.6 247.7 + 0.60 0.2 . L .

5 248.2 3.2 Preparation and characterization of Gal-RBC-FNB-Lip

‘112 ;:7'9 The Gal-RBC-FNB-Lip was prepared according to the protocol
7.5

4 2479 described in Section 2.5, and subsequently subjected to
48 247:1 comprehensive characterization as outlined below. The TEM
analysis in (Fig. 5A) revealed that Gal-RBC-FNB-Lip was either
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Concentration Intra-day precision Inter-day precision Recovery rate RSD of recovery
(ng mL™Y) (%) (n =5) (%) (n = 15) (%) (n=13) rate (%)
10 0.13 0.16 99.7 0.53
20 0.16 0.12 98.7 0.46
40 0.14 0.21 100.1 0.49
A Size distribution by intensity B .
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5
00.1 1 10 100 1000 10000
Size (d.nm)
Size (d.nm) % Intensity Width (d.nm)
Z-Average (d.nm): 89.93 Peak 1: 118.0 99.0 64.38
PDI: 0.263 Peak 2: 4906 1.0 665.8
Intercept: 0.905  Peak 3:  0.000 0.0 0.000 2
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Result quality: Good
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Fig. 4 Morphological examination and stability assessment of FNB-Lip. (A) Particle size analysis. (B) TEM image. (C) Placement stability analysis.

coated with a light-colored RBC membrane or completely fused
with it. Moreover, it was observed that the particle size of Gal-
RBC-FNB-Lip (97.4 nm) was larger than that of FNB-Lip (89.93
nm) (Fig. 5B).

As shown in (Fig. 5C) and (Table 8), the zeta potentials of
RBC, FNB-Lip, and Gal-RBC-FNB-Lip were —18.4 £+ 3.4 mV,
—10.2 £ 1.5 mV, and —17.1 £ 2.3 mV, respectively. The negative
zeta potentials were primarily attributed to the fusion of RBCs
with the liposomes. Simultaneously, as depicted in (Fig. 5D),
FRET analysis comparing the fluorescence spectra of FNB-Lip
(pre-fusion) and Gal-RBC-FNB-Lip (post-fusion) revealed
a substantial increase in fluorescence intensity at the donor Dil
characteristic peak (565 nm), accompanied by a synchronous
decrease at the acceptor DiD peak (665 nm) in Gal-RBC-FNB-
Lip. These findings indicated a marked reduction in FRET
efficiency, which was attributed to an increased intermolecular
distance between the fluorescent donor and acceptor, con-
firming successful membrane fusion between FNB-Lip and Gal-
RBC.

The particle sizes of FNB-Lip and Gal-RBC-FNB-Lip were
summarized in (Table 8). The average particle size of FNB-Lip
was approximately 89.93 + 1.5 nm, and the PDI was 0.254 +
0.01. For Gal-RBC-FNB-Lip, the particle size was 97.4 £ 2.1 nm,

17788 | RSC Adv, 2025, 15, 17781-17794

and the PDI was 0.26 + 0.02. The size distribution results
indicated that both FNB-Lip and Gal-RBC-FNB-Lip exhibited
uniformity. Furthermore, after 30 days at 4 °C, the particle size
of Gal-RBC-FNB-Lip remained stable at approximately 95 nm
and exhibited a PDI range of 0.26-0.27 indicating excellent
stability (Fig. 5E).

3.3 Pharmacodynamics study for Gal-RBC-FNB-Lip

3.3.1 Specificity, precision, accuracy and stability analysis
of plasma FNB acid. HPLC analysis was performed for the blank
solvent, blank plasma sample, FNB acid standard solution, and
FNB acid plasma sample. The main peak time of plasma FNB
acid was approximately 8.1 min, as shown in (Fig. 6A). This was
consistent with the peak time of the FNB acid standard solu-
tion. Additionally, a standard curve was generated with an R*
value of 0.99 (Y = 61.314X — 4.1763) (Fig. 6B). The RSD values
for intra-day and inter-day precision of FNB-Lip were found to
be less than or equal to 2.0% (Table 9) and the sample recovery
rate ranged from 95.0% to 101.0% (Table 9). Additionally, the
stability study showed that the content of FNB acid remained
stable when the sample was stored at room temperature for 24 h
or subjected to repeated freeze-thaw cycles (Table 10). In

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07489k

Open Access Article. Published on 29 May 2025. Downloaded on 8/3/2025 1:12:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
A B Size distribution by intensity
1000 10000
Size (d.nm)
Size (d.nm) % Intensity Width (d.nm)
Z-Average (d.nm): 97.40 Peak 1: 133.5 99.0 64.38
PDI: 0.248 Peak 2: 0.000 0.000 0.000
Intercept: 0.940  Peak 3:  0.000 0.0000 0.000
Result quality: Good
C - D E
== FNB-Lip 800 100 . s - .
) Gal-RBC-FNB-Lip| E 90
== Gal-RBC-FNB-Lip . 700 - ——FNB-Lip £ 80
o 600 ‘g 70
=
«E 500 760
§ R=! 50 +—T——>F—-7"—"7"—T1—1
g 8 w0 0 5 10 1520 25 30 35
= 5 [ Time (d)
= 2 0 0.4
g g 200 | 0.3
~— = .
% = 100 [ a o ' ¢ 3
g 0.2
N 0 5;30 e(lyo s;o nl)o 7éo 800 0.1
95— Wavelength(nm) 0.0 +———————
0 5 10 15 20 2530 35

Time (d)
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Table 8 Sizes and zeta potentials of RBC, FNB-Lip, and Gal-RBC-
FNB-Lip

Zeta potential Mean size Polydispersity
Group (mv) (nm) index (PDI)
RBC —18.4 £ 3.4 — —
FNB-Lip —-10.2 £ 1.5 89.93 £ 1.5 0.254 £ 0.01
Gal-RBC-FNB-Lip —-17.1 £ 2.3 974 £ 2.1 0.26 £ 0.02

summary, the specificity, precision, accuracy and stability were
satisfactory for bioanalytical analysis.

3.3.2 Antilipemic effect of Gal-RBC-FNB-Lip. In vitro release
experiments (Fig. 7A) showed that the cumulative release of FNB
reached 85%, Gal-FNB-Lip reached 77%, and RBC-FNB-Lip
reached 73% within 48 h, while Gal-RBC-FNB-Lip exhibited
a delayed release profile with only 38%, highlighting its ability
to prolong drug release. The in vivo absorption experiments
revealed that the blood concentration of FNB acid in the Gal-
RBC-FNB-Lip group was significantly higher than that in the
FNB group, while there was no significant difference between

© 2025 The Author(s). Published by the Royal Society of Chemistry

Gal-FNB-Lip group and RBC-FNB-Lip group, indicating that
even at lower concentrations, Gal-RBC-FNB-Lip could achieve
therapeutic efficacy equivalent to higher concentrations of FNB
(Fig. 7B). Additionally, all four groups exhibited the ability to
decrease TC and TG levels, with no statistically significant
difference in HL-02 cells (Fig. 7C). These results demonstrated
that, in comparison to FNB, Gal-RBC-FNB-Lip exhibited a sus-
tained release effect. Furthermore, it could effectively enhance
the blood drug concentration of FNB acid while preserving the
lipid-lowering effect of FNB.

3.4 Liver-targeting efficacy of galactose-modified erythrocyte
membrane fusion liposomes

Following the previously described synthesis process, a RhB-
labeled fluorescent liposome was prepared to investigate its
targeting effect on HL-02 cells. As depicted in (Fig. 8A), similar
to Gal-RBC-FNB-Lip, Gal-RBC-RhB-Lip also exhibited two
distinct fusion conditions, confirming the occurrence of dual
fusion phenomena during the preparation of red cell
liposomes liposomal co-extrusion.

membrane-fused via

RSC Adv, 2025, 15, 17781-17794 | 17789
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Table 9 Precision and recovery test of FNB acid plasma samples
Concentration Intra-day precision Inter-day precision Recovery rate RSD
(ng mL") (%) (n = 5) (%) (n = 15) (%) (n = 3) (%)
1 1.73 1.69 95.5 1.50
1.49 1.41 97.4 1.36
4 1.65 1.75 100.1 1.72
Table 10 Stability of FNB acid in biological samples
Under circumstances Concentration (ng mL ™) Measured quantity (ng mL ") SD RSD (%)
After 24 h at room temperature (n = 5) 100 97.1 3.5 3.6
4000 4066.6 20.3 0.5
20000 20633.3 235.2 1.14
After repeated freeze-thaw (—20 °C, 3 days) (n = 5) 100 90.5 4.7 5.3
4000 4120.7 16.5 0.4
20000 20416.6 285.8 1.4

Furthermore, it was observed that Gal-RBC-RhB-Lip had
a particle size of approximately 91.35 nm and a PDI range
between 0.26 and 0.27 (Fig. 8B). After a 2 h incubation of RhB,
RhB Lip, Gal-RhB-Lip and Gal-RBC-RhB-Lip, as depicted in
(Fig. 8C), a significant increase in the average fluorescence
intensity was specifically observed in the Gal-RhB-Lip and Gal-
RBC-RhB-Lip group compared to the other two groups, indi-
cating that Gal-RhB-Lip and Gal-RBC-RhB-Lip exhibited tar-
geted potential towards hepatic cells.

Subsequently, ICG-labeled liposomes were prepared, and the
targeted organ distribution of Gal-RBC-ICG-Lip in animals was
investigated using an in vivo imaging system for small animals.
As illustrated in (Fig. 8D), ICG was initially distributed system-
ically and subsequently exhibited gradual accumulation in the
abdominal region, followed by subsequent metabolism in mice.
Interestingly, ICG exhibited a remarkably rapid metabolic rate,
while ICG-Lip and Gal-ICG-Lip displayed a slightly slower
metabolism. Notably, Gal-RBC-ICG-Lip showed promising
potential in significantly prolonging the in vivo metabolic

17790 | RSC Adv, 2025, 15, 17781-17794

process of ICG. Subsequently, the mouse isolated organs were
placed in the in vivo imaging system. As depicted in (Fig. 8E),
minimal residual fluorescence was observed in the ICG group,
indicating substantial metabolic clearance of ICG. In the ICG-
Lip group, a significant amount of fluorescence was detected
in the liver, kidney, spleen, and lung, suggesting that ICG-Lip
exhibited limited hepatic targeting specificity. However, upon
administration of Gal-RBC-ICG-Lip to mice, the fluorescence
was primarily observed in both the liver and kidney; notably
with significantly higher intensity within the liver compared to
that within the kidney. These findings indicated that Gal-RBC-
ICG-Lip possessed precise targeting capabilities for drug
delivery to liver tissue while minimizing drug absorption by
other vital organs such as the heart, spleen, lung, and kidney.

4. Discussions

Liver diseases imposed a substantial global health burden, with
an estimated 800 million cases and causing over 2 million

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deaths annually worldwide.”® The proportion of mortality
attributed to liver diseases has consistently increased from 3%
to 3.5% of the total global mortality in the past two decades.*
The primary cause of liver disease in Africa and East Asia
continued to be viral hepatitis, while Western industrialized
countries were witnessing a rise in alcohol-related and non-
alcoholic fatty liver disease.** In advanced stages of liver
diseases, where curative options are limited, liver resection and
transplantation remain the most successful treatments.*® The
major limitations of standard pharmacological therapies lied in
their inability to achieve a therapeutic agent concentration
sufficient for effective treatment of the diseased liver, as well as
their tendency to induce undesirable systemic effects.** Conse-
quently, there was a high demand for modern chemotherapies
that offer enhanced stability of therapeutic agents and enable
selective targeting specifically towards the afflicted liver cells.
Nanomedicine, which consists of a therapeutic drug
formulated in a carrier with a typical size range of 10-200 nm,
exhibited significant potential for addressing clinical chal-
lenges in the treatment of liver diseases.** These carriers
commonly comprise biomacromolecules such as proteins,
inorganic materials, polymers, and liposomes.** Among them,
liposomes played a pivotal role as one of the most crucial

© 2025 The Author(s). Published by the Royal Society of Chemistry

carriers in targeted drug delivery systems. In this research, the
synthesis of FNB-liposome was achieved by employing phos-
pholipid, cholesterol, and FNB as initial materials and the
optimal conditions for the preparation process were deter-
mined through an orthogonal experimental design. Addition-
ally, to improve its targeting effect, the polymer Gal-DSPE-
PEG3400 was inserted on its surface. It was noting that galac-
tosamine (Gal) was a well-characterized hepatocytes-targeting
moiety due to its specific binding with asialoglycoprotein
receptor (ASGPR) on the surface of hepatocytes.** For instance,
Chen et al. reported that the nanoparticle-siRNA system modi-
fied by Gal demonstrated enhanced gene silencing effects in
hepatocytes compared to free siRNA and naked nanoparticles.*
Additionally, the conjugation of antisense oligonucleotide and
siRNA to Gal significantly facilitated their entry into hepato-
cytes.® In this study, Gal as ligands were conjugated to DSPE-
PEG3400-RBC and liposoluble DSPE molecule embedded in
the liposome bilayer, while the water-soluble component of
sugar exposed on the surface of liposome. Then, Gal could
efficiently deliver drugs such as FNB to the specific tissue (liver)
after binding to the related receptor (ASGPR). Through in vivo
and in vitro experiments, this study demonstrated that the Gal-

PEG-DSPE-RBC-FNB-LiP delivery system offered several

RSC Adv, 2025, 15, 17781-17794 | 17791


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07489k

Open Access Article. Published on 29 May 2025. Downloaded on 8/3/2025 1:12:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

B Size distribution by mlumw

View Article Online

Paper

@
3

0.1 | 10 100 1000
Size (d.nm)

lUUU() - -

Z-Average (d.nm): 91.35 Peak 1:
PDI: 0.271  Peak 2:
Intercept: 0.920  Peak 3:

Result quality: Good

127.9
0.000
0.000

100.0
0.000
0.0000

D

1CG

Size (d.nm) % Intensity Width (d.nm)

Mean gray value
3
S

@
g

78.75
0.000
0.000

Liver Kidney Heart  Spleen Lung

1.2

1.0

0.8 x 102

0.6

0.4

GAL-
RBC-
ICG-
Lip

Color Scale
Min=2.31e8
Max=1.30e9

Radiant Efficiency

p/sec/cm?/S]
( nWicm? )

Color Scale
Min=2.31e8
Max=1.30e9

Fig. 8 The liver-targeting efficacy of galactose-modified erythrocyte

Radiant Efficiency

p/sec/cm?/SJ
nuW/em?

membrane fusion liposomes. (A) The TEM of Gal-RBC-RhB-Lip. (B) The

particle size of Gal-RBC-RhB-Lip. (C) The fluorescence in HL-02 cells after administration of RhB-Lip, Gal-RhB-Lip and Gal-RBC-RhB-Lip. (D)
The fluorescence of ICR mice after tail vein injection of ICG, ICG-Lip, Gal-ICG-Lip and Gal-RBC-ICG-Lip. (E) The fluorescence of isolated organs

(*p < 0.05, **p < 0.01).

advantages over free FNB. Not only did it preserve the thera-
peutic efficacy of drugs, but it also effectively stabilized drug
release rates and prolonged drug release duration, thereby
exhibiting a distinct advantage in achieving prolonged circula-
tion. At the same time, it might also be more accurately targeted
to the liver site, thereby improving the effectiveness of treat-
ment and reducing the possibility of toxic effects of drug
absorption by other tissues and organs.

5. Conclusions

In summary, liver-targeted Gal-RBC-FNB-Lip was successfully
prepared using a lipid co-extrusion technique. By utilizing lipid
tethers and the flexible structure of membrane bilayers, liver-
targeting ligands (Gal-DSPE-PEG3400-RBC) could be seam-
lessly integrated onto the FNB-Lip platform without requiring
chemical reactions. Importantly, this study demonstrated
significant potential for liver targeted therapy with Gal-RBC-
FNB-Lip, which not only exhibited specific targeting towards
liver cells but also possessed desirable characteristics such as
biocompatibility, extended circulation time, and reduced
toxicity. Therefore, the simplicity and robustness of this func-
tionalization approach might facilitate the development of Gal-
RBC-FNB-Lip for targeted therapy against hepatic disorders.
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