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Liver disease remains one of the most prevalent health concerns, attracting significant attention for its
treatment options. As an emerging technology, messenger RNA (mRNA) technology has shown remark-
able potential in the biomedical field, with RNA drugs offering distinct advantages such as rapid onset,
safety, multiple target options, and ease of clinical translation. However, the inherent instability and sus-
ceptibility to degradation of mRNA molecules pose significant challenges for efficient and targeted de-
livery. Nanotechnology offers innovative solutions to these challenges, not only overcoming physiological
barriers but also significantly enhancing the efficacy of mRNA drugs. As an ideal strategy for treating liver
diseases, lipid nanoparticle (LNP)-encapsulated mRNA can activate regenerative pathways in hepatocytes
within a short time frame, facilitating the treatment of liver injuries from various causes. This review
highlights recent advancements in LNP-based mRNA delivery systems for treating different liver diseases.
It begins with an introduction to mRNA drugs and their delivery systems, followed by a discussion on the
targeting capabilities of LNP. It also emphasizes the application of LNP-based mRNA delivery systems in
treating liver diseases. Finally, It outlines the current challenges faced by LNP-based mRNA delivery sys-
tems in liver disease treatment and anticipates future applications in addressing liver-related disorders.
It is hoped that these insights presented here will help to further improve the application of mRNA-LNP
technology in disease treatment. This review aims to provide a reference for researchers and clinicians in

related fields and promotes the further development of this technology.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

advanced nanomedicine platforms to overcome challenges in sys-
temic stability and targeted delivery [6].

Liver diseases account for 4% of global annual mortality, with 2
million deaths worldwide attributed to hepatic disorders [1]. No-
tably, viral hepatitis ranks as the second leading infectious cause
of mortality, claiming 1.3 million lives annually [2]. The escalat-
ing burden of liver disease has intensified research into innovative
therapies, with mRNA-based strategies emerging as a transforma-
tive approach. Clinical and preclinical studies demonstrate mRNA’s
therapeutic potential in hepatology due to its inherent advantages:
Cytoplasmic activity without nuclear integration (eliminating inser-
tional mutagenesis risks) [3], rapid GMP-compliant production [4],
and adaptability for diverse clinical applications including cancer
immunotherapy [5]. Nevertheless, translational success hinges on
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Lipid nanoparticles (LNP) currently represent the gold-standard
delivery system for hepatic mRNA delivery, achieving efficient
transfection with favorable safety profiles [7]. Their clinical
validation stems from optimized physicochemical properties
enabling hepatocyte-selective uptake through apolipoprotein-E-
mediated endocytosis [8]. While LNP-mRNA formulations have
revolutionized vaccine development, therapeutic applications
require further refinement to address three critical limitations:
(1) Sequence-dependent immunogenicity mediated by Toll-like
receptor (TLR) activation, (2) off-target biodistribution potentially
triggering inflammatory cascades, and (3) transient expression
kinetics unsuitable for chronic conditions [9]. Current strategies
to mitigate these challenges include nucleoside modifications (e.g.,
N1-methylpseudouridine), codon optimization with humanized
sequences, and rational design of untranslated regions (UTRs) [10].
Moreover, next-generation LNP incorporating ionizable lipids with
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pH-dependent charge transitions enhance endosomal escape while
reducing cationic lipid-associated cytotoxicity [11]. The therapeutic
urgency is underscored by unmet needs in prevalent and rare liver
diseases. Metabolic dysfunction-associated steatotic liver disease
(MASLD), affecting 25 % globally, lacks disease-modifying therapies
despite its progression risk to cirrhosis and hepatocellular carci-
noma (HCC) [12]. For monogenic disorders like argininosuccinic
aciduria, mRNA therapy offers potential for enzymatic restoration
without viral vector limitations [13]. Preclinical success in deliv-
ering hepatotropic mRNA encoding functional proteins (e.g., low
density lipoprotein (LDL) receptor in familial hypercholesterolemia)
validates this paradigm. However, clinical translation requires res-
olution of dose-limiting inflammatory responses characterized by
transient elevations in interleukin-6 (IL-6) and C-reactive protein.
Emerging solutions combine mRNA chemical modifications with
anti-inflammatory nanoparticle coatings, demonstrating reduced
cytokine release in primate models.

The present review systematically examines the transformative
role of LNP-mediated mRNA delivery in hepatology. We first de-
lineate the molecular mechanisms and classification of RNA ther-
apeutics, emphasizing mRNA’s unique advantages. Next, we dis-
sect cutting-edge LNP design strategies, including hybrid systems,
exosome-based vectors, and liquid-liquid phase separation (LLPS)
technologies. Translational applications in end-stage liver disease,
hepatitis B virus (HBV) eradication, and HCC immunotherapy are
critically evaluated, with a focus on preclinical and clinical valida-
tion. Finally, we discuss unresolved challenges in nanoparticle en-
gineering and propose Al-driven combinatorial approaches to ad-
vance precision hepatology.

2. RNA drugs

RNA drugs constitute a class of nucleic acid-based therapeu-
tics capable of modulating gene expression via diverse molecu-
lar mechanisms [14]. These drugs are widely classified and used
for the treatment of various diseases, and their development and
application are constantly improving. In recent years, RNA-based
therapy has become a focus of modern life science research, and
many RNA based drugs are undergoing clinical trials [15]. The clas-
sification of RNA drugs can be broadly divided into several ma-
jor categories, including antisense oligonucleotides (ASOs) [16,17],
small interfering RNA (siRNA) drugs [18,19], microRNA (miRNA)
[20], small activating RNA (saRNA) drugs [21], mRNA drugs [22-
24], and circular RNA (circRNA) (Table S1 in Supporting informa-
tion) [25,26].

Notably, among various RNA drugs, mRNA exhibits the highest
potential for development. mRNA therapy constitutes a novel
biologic treatment technology, which involves synthesizing func-
tional mRNA molecules in vitro and subsequently delivering these
mRNA molecules to target cells in the human body [27]. Once
delivered, the mRNA guides the synthesis of specific therapeutic
proteins, thereby interfering with pathological processes underly-
ing diseases [28,29]. As the largest protein-synthesizing organ and
metabolic hub in the human body, the liver possesses inherent
biological traits that naturally position it as an ideal target for
mRNA therapy. Historically, the evolution of mRNA therapy in
liver diseases has centered on two pivotal areas of advancement:
Enhancing mRNA stability and optimizing delivery systems [30].
Correspondingly, this developmental journey can be delineated
into three key phases: 1990 to 2010, 2010 to 2020, and 2020 to the
present. Firstly, the characteristics of the early exploration stage
(from 1990 to 2010) were the discovery of problems related to
mRNA, including poor stability, rapid degradation of the ribozyme
secreted by hepatic sinusoidal endothelial cells in the body, and
strong immunogenicity, which could easily trigger local inflam-
matory responses in the liver. Subsequently, during the second
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phase (2010-2020), significant technological breakthroughs were
achieved, among which the emergence of nucleoside modification
technology significantly reduced the activation of Kupffer cells
in the liver by mRNA, solving the problem of mRNA instability
[31]. Meanwhile, the new generation of delivery systems enabled
liver-targeted enrichment. Collectively, these major technological
innovations played a key role in promoting mRNA to enter the
clinical application field. The period from 2020 to the present can
be regarded as the clinical explosion stage [32]. Finally, the third
phase (2020-the present), can be regarded as the clinical expan-
sion stage. Significantly, the emergence of the coronavirus disease
2019 (COVID-19) pandemic was a major driving force for the
development of mRNA technology. The advent of mRNA vaccines
against the novel coronavirus (severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)) confirmed the safety, effectiveness,
and large-scale production capacity of this specific technology
platform. Since then, mRNA therapy has rapidly expanded into
areas such as liver infection prevention and control, liver genetic
disease treatment, and liver cancer immunotherapy [33]. The de-
velopment of mRNA is shown in Fig. S1 (Supporting information).

3. The mRNA delivery system

The application of mRNA therapy in the treatment of various
liver diseases is due to its unique advantages over other RNA ther-
apies, such as highly efficient targeting of liver delivery, rapid clin-
ical translation, and controllable safety [34]. Importantly, these ad-
vantages rely on the emergence of mRNA delivery systems [35].
The mRNA delivery systems, through technical design, overcome
the inherent defects of mRNA and become a crucial bridge con-
necting the enhancement of mRNA advantages with the improve-
ment of clinical efficacy [36,37]. As illustrated in Fig. 1, the mRNA
delivery system vectors can be broadly classified into two cate-
gories: Viral and non-viral. Compared with viral systems, non-viral
delivery systems exhibit distinct advantages, including the absence
of viral genome integration, dependence on synthetic materials or
natural biological carriers, and the capacity to circumvent the im-
munogenicity and genomic risks associated with viral vectors [38].
Moreover, within the category of non-viral delivery systems, the
mRNA hybrid nanoparticle system, the exosome system, and the
LNP system are three representative platforms [39]. Among these,
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Fig. 1. The core classification framework of the mRNA delivery system: Based on
the different sources and structures of the carriers, mRNA delivery carriers can
be divided into two major categories: Viral carriers and non-viral carriers. Among
them, viral carriers rely on the natural infection mechanism of the viral capsid,
while non-viral carriers (such as LNP, cationic polymers, nanoparticles and mixed
nanoparticles) achieve targeted delivery by optimizing their physical and chemical
properties.
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the liver-targeting capability of LNP, the biocompatibility of exo-
somes, and the multi-functionality of hybrid nanoparticles collec-
tively offer safe and effective delivery strategies for liver disease
therapy [40].

3.1. mRNA hybrid nanoparticle system

mRNA hybrid nanoparticle system is an advanced carrier tech-
nology for mRNA delivery. Encapsulating mRNA in nanoparticles
improves its stability and delivery efficiency, and is widely used in
vaccine development, cancer treatment, and gene editing [41]. LNP,
which are composed of ionizable lipids, phospholipids, cholesterol,
and pegylated lipids, are the most common mRNA delivery vehicles
[42]. Ionizable lipids coat negatively charged mRNA electrostati-
cally, phospholipids and cholesterol maintain structural stability,
and pegylated lipids provide stability and reduce immune recogni-
tion. Polymer nanoparticles, such as polylactic acid nanoparticles,
etc., can protect mRNA from degradation and promote its entry
into cells by binding to mRNA to form complexes [43]. Inorganic
nanoparticles, such as mesoporous silica nanoparticles (MSNS),
have the advantages of uniform pore channels and high specific
surface area, which can load large amounts of mRNA and achieve
targeted delivery through surface modification [44]. The applica-
tion of mRNA-mixed nanoparticle systems in vaccine development,
cancer therapy, and gene editing is promising, and significant
progress has been made, such as mRNA COVID-19 vaccine: mRNA
is delivered by LNP to express viral antigens in cells and activate
immune responses. For example, the mRNA COVID-19 vaccines
from Moderna and Pfizer/BioNTech use LNP delivery systems. In
addition, recent studies have explored LNP systems that form
virus-like structures by surface-decorating spike proteins, capable
of specifically enhancing mRNA expression and immune responses.
In addition to COVID-19 vaccines, mRNA vaccines are being de-
veloped for other infectious diseases [45]. For example, mRNA
vaccines against respiratory syncytial virus (RSV) are also under
investigation to improve vaccine stability and delivery efficiency
by optimizing the formulation of LNP. Recent studies have devel-
oped LNP for the delivery of nucleoside-modified mRNA-encoded
immunomodulatory proteins such as IL-21, IL-7, and 4-1BBL, cre-
ating a triple-combination therapy. This therapy can significantly
increase the frequency and function of tumor-infiltrating CD8+ T
cells, leading to tumor clearance and the formation of long-term
immune memory [46]. Several companies are developing mRNA
tumor therapeutic vaccines against various solid tumors, including
personalized tumor therapeutic vaccines (PCVS) and tumor-
associated antigen tumor therapeutic vaccines. These vaccines ac-
tivate the immune system to attack tumor cells by delivering mR-
NAs encoding tumor-specific antigens [47]. The clustered regularly
interspaced shortpalindromic repeats/CRISPR-associated systems9
(RISPR/Cas9) system uses LNP to achieve precise gene editing by
delivering mRNA and single guide RNA (sgRNA) encoding Cas9 pro-
tein [48]. For example, recent studies have shown that LNP target
gene editing of dendritic cells (DC) to enhance antitumor im-
mune responses. Despite the high efficiency and specificity of the
CRISPR/Cas9 system, its delivery in vivo still faces challenges, such
as off-target effects and immune responses [49]. By optimizing
the composition and surface modification of nanoparticles, the ef-
ficiency and safety of gene editing can be improved. mRNA-mixed
nanoparticle systems have shown great potential in vaccine devel-
opment, cancer therapy, and gene editing. Delivery systems such as
LNP can effectively improve the stability and delivery efficiency of
mRNA, activate immune responses, or achieve precise gene editing
[50]. In the future, with the continuous optimization of technology
and the expansion of clinical applications, mRNA hybrid nanopar-
ticle systems are expected to play an important role in more
fields.

Chinese Chemical Letters 37 (2026) 112138
3.2. Exosomes system

Exosomes are nanoscale vesicles secreted by cells with a single-
layer lipid bilayer structure, which can encase biomolecules such
as proteins, lipids, and nucleic acids [51,52]. As mRNA delivery
vectors, exosomes are natural extracellular vesicles with low im-
munogenicity. They can effectively avoid the clearance of the im-
mune system and penetrate biological barriers, such as the blood-
brain barrier (BBB), which has unique advantages in the treatment
of central nervous system diseases [53]. In addition, the lipid bi-
layer structure of exosomes is able to protect mRNA from nuclease
degradation and prolong its circulation time in vivo [54]. Exosomes
can efficiently deliver anti-tumor drugs and genes and reduce the
damage to normal tissues [55]. For example, exosomes loaded with
chemotherapeutic drugs show better tumor penetration and lower
systemic toxicity in mouse models. Through surface modification,
exosomes can specifically target nerve cells to deliver mRNA for
the treatment of neurodegenerative diseases [56]. For example, ex-
osomes modified with RVG peptide can effectively deliver neu-
rotrophic factor to the area of ischemic brain injury, reduce inflam-
mation, and promote neural repair [57]. Exosomes can be used to
deliver gene editing tools such as CRISPR/Cas9 to achieve precise
gene therapy. Studies have shown that exosomes can efficiently de-
liver gene editing tools to leukemia stem cells to achieve precise
genetic modification [58]. Despite the great potential of exosomes
in mRNA delivery, there are still some challenges [59,60]. The com-
ponents of exosomes are naturally heterogeneous and the yield of
exosomes extracted from cells is relatively low, which limits their
large-scale production and clinical application [61]. The targeting
efficiency is low, and it is still challenging to achieve accurate tar-
geting of exosomes. Exosomes may be recognized and eliminated
by the immune system, affecting their delivery efficiency. Engineer-
ing exosome surfaces to make them harder to recognize by the im-
mune system is being explored.

3.3. LNP system

LNP represents a class of nano-scale delivery systems formed
through the self-assembly of lipid molecules. With a typical diam-
eter ranging from 80 nm to 100 nm, LNP are designed to efficiently
encapsulate and deliver nucleic acid therapeutics. Structurally, the
architecture of LNP comprises four essential components: (1) Ion-
izable lipids, which exhibit pH-dependent charge characteristics,
protonating under acidic endosomal conditions to facilitate nucleic
acid complexation and endosomal escape; (2) helper lipids, such
as distearoylphosphatidylcholine (DSPC), which contribute to bi-
layer stability and integrity; (3) cholesterol, enhancing membrane
rigidity and promoting fusion with endosomal membranes; and
(4) polyethylene glycol (PEG)-modified lipids, which prolong circu-
lation half-life and reduce opsonization and immune recognition.
Functionally, a defining advantage of LNP lies in their non-viral na-
ture, which confers low immunogenicity, biodegradability, scalabil-
ity for manufacturing, and the capacity for tissue-specific targeting.
Collectively, these attributes have established LNP as the current
"gold standard" platform for mRNA vaccine development and gene
therapies. Of note, central to LNP functionality are ionizable lipids,
often regarded as the “soul” of the system due to their ability to
undergo protonation in the acidic endosomal compartment. This
facilitates electrostatic interaction with nucleic acids, promotes en-
dosomal disruption, and enables cytosolic release. Specifically, at
physiological pH, these lipids remain neutral, thereby minimizing
nonspecific cytotoxicity. For instance, SM-102, an ionizable lipid
employed in Moderna’s COVID-19 vaccine, exemplifies how opti-
mized alkyl chain length and amine architecture can markedly en-
hance mRNA delivery efficiency. Recently, research have focused
on incorporating functional moieties such as vitamin E or silox-
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ane derivatives into lipid designs, yielding novel LNP with tai-
lored immunomodulatory or organ-targeting capabilities. Further-
more, the successful global deployment of COVID-19 mRNA vac-
cines (e.g., those developed by BioNTech/Pfizer and Moderna) has
validated the clinical scalability, safety, and efficacy of LNP technol-
ogy. In summary, billions of doses have been administered world-
wide, demonstrating significant protection against severe disease.
Beyond SARS-CoV-2, LNP are being leveraged in vaccine devel-
opment against influenza, HIV, and oncology applications, includ-
ing Moderna’s personalized cancer vaccine, which has advanced to
Phase III clinical trials.

Among these three non-viral delivery systems, LNP has
emerged as the mainstream choice for mRNA delivery due to its
efficient packaging and protective capabilities, as well as its excel-
lent intracellular delivery efficiency [62]. Overall, LNP is particu-
larly well-suited for liver targeting and holds great potential in the
treatment of liver disease.

4. LNP and liver

The anatomical and functional characteristics of the liver, which
match the delivery requirements of LNP, have made it one of the
organs most easily and precisely enriched by LNP. Specifically, the
hepatic sinusoidal endothelial cells of the liver have pores with
diameters of 80-100nm. The particle size of LNP is usually 50-
100 nm, which can quickly reach the liver with the blood flow and
directly contact the liver cells through the pores without penetrat-
ing the complete vascular wall, reducing the delivery resistance
[63,64]. Furthermore, the surface of liver cells highly expresses
ASGPR (sialic acid-containing glycoprotein receptor), and LNP can
specifically bind to ASGPR through modification with galactose and
other ligands, triggering receptor-mediated endocytosis. Moreover,
even without modifying the targeting ligand, the ionizable lipids
of LNP are neutral under physiological pH and enter the liver,
where they become positively charged due to endosomal acidifi-
cation and can fuse with the negatively charged endosomal mem-
branes of liver cells through electrostatic interactions, achieving ef-
ficient uptake [65]. Additionally, as the metabolic center, the liver
has extremely high requirements for the safety of delivery vehicles,
and the structural optimization of LNP can avoid potential damage
to the liver [66]. Notably, the core components of LNP (ionizable
lipids, phospholipids, cholesterol) are mostly substances that can
be metabolized by the human body [67,68]. For example, choles-
terol can participate in liver lipid metabolism, and phospholipids
can be decomposed by liver cells into fatty acids for energy sup-
ply, avoiding the accumulation of carrier components in the liver
and causing metabolic burden. Furthermore, the mRNA delivered
by LNP in liver cells is "transiently expressed"” and subsequently
degraded by hepatic nucleases after translation, without integrat-
ing into the genome. This avoids potential liver genome damage
caused by gene editing or viral vectors [69]. Currently, the associa-
tion between LNP and the liver has been verified by a large num-
ber of clinical studies. For instance, the large-scale application of
the COVID-19 mRNA vaccine has indirectly verified the safety of
LNP in liver metabolism, laying the foundation for its long-term
application in the treatment of liver diseases. Besides, approxi-
mately 80% of liver-targeted mRNA therapies currently in clinical
trials worldwide employ LNP as the delivery vehicle. In addition
to mRNA, LNP can also deliver other nucleic acid drugs such as
siRNA for liver disease treatment. For example, the siRNA-LNP ther-
apy that has been on the market is used for the treatment of liver
diseases caused by hereditary transthyretin amyloidosis [70].

In summary, the physiological characteristics of the liver pro-
vide natural targeting conditions for LNP, and LNP has been opti-
mized in structure to become a key tool for addressing liver dis-
eases [71]. The synergy of the two promotes the clinical transfor-
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mation of liver-targeted nucleic acid therapy and serves as the core
technical support for mRNA therapy of liver diseases.

5. Targeting of LNP in liver disease

LNP serve as the core delivery vector for mRNA and other ther-
apeutic agents in liver disease treatment, which can be targeted by
the rich blood supply of the liver and the natural uptake tendency
of hepatocytes. Different targeting strategies can make LNP more
accurately adapt to different liver diseases.

5.1. Liver targeting strategies for LNP

The liver-targeting property of LNP can be achieved through
various design strategies (Fig. S2 in Supporting information), in-
cluding passive targeting and active targeting, which are the two
core designs [72]. These strategies respectively utilize the liver’s
physiological characteristics and molecular recognition mecha-
nisms to enhance the enrichment efficiency and specificity of LNP
in liver cells. They contribute to improved drug efficacy while re-
ducing side effects, making them a major focus of ongoing research
(Table S2 in Supporting information) [73,74].

5.1.1. Passive targeting strategies

Passive targeting does not require additional ligand modifica-
tions, only by optimizing the lipid composition and proportion of
LNP, and using the anatomical and cellular characteristics of the
liver to achieve targeted enrichment, which is the most mature de-
sign for clinical transformation at present [75].

LNP consist of ionizable lipids, cholesterol, phospholipids, and
PEG. Ionizable lipids are critical for passive targeting, as their pH
sensitivity determines the interaction of LNP with hepatocytes [76].
At physiological pH (7.4), these lipids are electrically neutral, pre-
venting clearance by negatively charged albumin or immune cells
in the blood. Upon reaching the liver, LNP are endocytosed by hep-
atocytes to form endosomes. After the pH decreases to 5.0-6.0, LNP
can ionize lipid protonation with positive charge, attract and fuse
with the negatively charged endosomal membrane, and release
mRNA to the cytoplasm [77]. This "pH-triggered fusion" mecha-
nism enables LNP to achieve hepatocyte enrichment of 50%-70%
without the need for ligand modification. Cholesterol and phos-
pholipids play essential roles in enhancing the stability of LNP, en-
suring efficient liver delivery [78]. Cholesterol and phospholipids:
Enhanced stability for efficient liver delivery. Cholesterol can be
inserted into the LNP lipid bilayer to improve membrane rigid-
ity and reduce the degradation of mRNA by RNase in the blood
[79]. Phospholipids such as DSPC can optimize the fusion efficiency
of LNP and hepatocyte endosomal membrane by regulating mem-
brane fluidity, and they work together to prolong the half-life of
LNP in the blood. This extended circulation time allows the LNP
to follow the liver’s rich blood flow, reach the hepatic sinusoids,
and interact with hepatocytes via the fenestrations in the hepatic
sinusoidal endothelial cells [80,81]. PEG modification is key to bal-
ancing "long circulation" with "hepatic uptake". PEG coupled with
lipid molecules, such as PEG2000-DMG, form a hydrated layer on
the surface of LNP, reducing the clearance of splenic macrophages
and prolonging blood circulation. Optimizing the content of PEG in
total lipids can achieve a balance between "long circulation” and
"hepatic uptake". Reducing excessive PEG modification will hinder
the effect of hepatocytes on LNP endocytosis, and further improve
the efficiency of passive targeting [82-84].

5.1.2. Active targeting strategies
Active targeting of LNP involves the modification of ligands that
can bind to liver-specific receptors on the surface of LNP, thereby
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enhancing targeting specificity through "receptor-mediated en-
docytosis". This approach is particularly suitable for the precise
treatment of liver tumors [85]. Active targeting can be divided
into three main strategies: ASGPR ligand modification, pep-
tide/antibody fragment modification, and ligand coupling. ASGPR
(asialoglycoprotein receptor) ligand modification is a classic strat-
egy to adapt highly expressed receptors on hepatocytes. ASGPR
is specifically expressed on the surface of hepatocytes and can
recognize molecules containing glycans, such as galactose and lac-
tose. Then, form galactose derivatives (such as galactosylceramide,
N-acetylgalactosamine (GalNAc), N-acetylgalactosamine) on the
surface of LNP [86]. Furthermore, ASGPR-mediated endocytosis
was used to precisely deliver LNP to hepatocytes. This strategy has
been shown to increase hepatocyte enrichment to over 80%, while
reducing non-target organs (such as spleen and lung) by >50%
[87]. At present, this strategy has entered the late preclinical stage,
with GalNAc-modified LNP for siRNA delivery having entered
phase II clinical trials for liver diseases treatment. Peptide and an-
tibody fragment modification is a targeted design for specific liver
cell types. LNP can be modified with ligands that bind to specific
receptors of liver cancer cells. For example, peptides like YIGSR can
target the glypican-3 (GPC3) receptor on the surface of liver cancer
cells, and single-chain variable fragments (scFv) can target epider-
mal growth factor receptor (EGFR). Such modifications can enable
LNP to cross the physical barrier of the tumor microenvironment
and be precisely enriched in liver cancer cells [88]. Reduce the
damage to normal liver cells. Ligand coupling mode can ensure the
compatibility of "targeting activity” with "LNP stability". Typically,
ligands are usually coupled to the surface of LNP in a "lipid-
linker-ligand" manner. The linkers (such as disulfide bonds and
ester bonds) should be biocompatible and do not destroy the lipid
bilayer structure of LNP. At the same time, the density of ligand
modification (usually 1-5 ligands per 100 lipid molecules) should
be controlled to avoid the steric hindrance between ligands af-
fecting the receptor binding activity [89]. Apolipoprotein E (ApoE)
is an example of a ligand used in active targeting strategies. Its
core mechanism involves the specific binding of ApoE to the LDL
receptor (LDLR) on liver cells (Fig. 2) [90]. The N-terminal domain
of ApoE (containing Arg/Lys 136-158 rich region) is a high-affinity
binding site for LDLR. This binding is receptor-dependent and
can be competitively inhibited by anti-LDLR antibodies or excess
ApoE, a key characteristic of ligand-receptor interactions. There
are two main ways to achieve ApoE ligand coupling: Nonspecific
adsorption and active conjugation. Nonspecific adsorption is the
passive adsorption of ApoE from blood on the surface of LNP

ApoE

iy
48 .
TS ’\receptol

Targeted delivery
to hepatocytes

Fig. 2. LNP forms a "protein cap” on its surface together with ApoE in the plasma.
The LDLR abundantly expressed on the surface of the liver cell basement membrane
can specifically recognize and bind to the ApoE component in the protein cap. Af-
ter the binding of ApoE and LDLR, LNP is encapsulated into the cell and forms an
endosome. After the endosome is acidified, the encapsulated therapeutic mRNA is
released into the cytoplasm of the liver cell, and then translated to generate the
required functional protein.
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due to the residual charge or hydrophobic region of ionizable
lipids [91]. For example, although ionizable lipids are neutral at
physiological pH, their tertiary amine groups can interact weakly
with ApoE. The active conjugation design is to covalently link
ApoE or its receptor-binding peptides, such as N-terminal amino
acids 136-158, to the surface of LNP by chemical cross-linking. The
ApoE peptide, for example, direct coupling to the LNP, targeted to
enhance specificity. ApoE confers a high degree of liver specificity
to LNP through an active targeting mechanism mediated by LDLR
[92]. Further studies are needed to explore the dynamic interaction
between ApoE and LNP and to investigate the application potential
of non-LDLR pathways in liver diseases [93].

Passive targeting has become the first choice for the scenar-
ios requiring systemic drug delivery such as liver genetic diseases
and chronic liver diseases due to its advantages of "simple process,
good mass production and controllable cost". On the other hand,
active targeting enhances specificity through ligand modification,
making it ideal for scenarios requiring a "precise attack”, such as
liver tumors and local viral infections. It is the core direction for
the development of LNP liver targeting to "individualized therapy"”
in the future. Together, they support LNP to become a multifunc-
tional platform for liver-targeted delivery and promote the applica-
tion of nucleic acid drugs such as mRNA in the treatment of liver
diseases [94].

5.2. LNP-mediated mRNA delivery system to treat liver disease

Liver diseases pose a major global health challenge, and existing
treatments have many limitations [95]. The nucleotide-modified
mRNA-LNP (nucleotide-modified mRNA-encapsulated LNP) tech-
nology has generated a lot of interest with the introduction of
the new coronavirus mRNA vaccine. This technology can target the
liver and deliver the substance precisely. mRNA delivery systems
mediated by LNP have demonstrated great potential and advan-
tages in the treatment of end-stage liver disease (ESLD), HCC, and
hepatitis B.

5.2.1. ESLD

ESLD is a clinical syndrome characterized by abnormal liver
function and systemic manifestations, including decompensated
cirrhosis, severe hepatitis, and advanced liver cancer [96]. Liver
transplantation is the only treatment for ESLD, but this treatment
is severely limited by the shortage of organ donations. The liver
has a strong capacity for regeneration, but in the case of severe
acute hepatocyte death or chronic ESLD, the proliferative capacity
of mature liver cells is exhausted due to the continuous intensifi-
cation of steatosis, inflammation, fibrosis, and cirrhosis [97].

Vascular endothelial growth factor (VEGF) is a multifunctional
factor that can specifically act on vascular endothelial cells, stim-
ulate the division and proliferation of these cells, and induce the
formation of blood vessels. In the liver, VEGF is mainly involved in
tumor angiogenesis and regulation of tumor angiogenesis by bind-
ing to its receptor VEGFR [98]. The VEGF family includes a variety
of members, such as VEGFA, VEGFB, and VEGFC, and their roles in
liver diseases are different [99]. VEGFA, for example, can promote
new blood vessels and increase blood vessel permeability forma-
tion [100]. Although VEGF's mRNA drug for ESLD has shown poten-
tial to promote liver regeneration by activating liver stem cells, en-
abling them to proliferate and generate new healthy hepatocytes,
the functional cells of the liver, there are some drawbacks [101].
For example, efficient delivery of mRNA to target cells remains a
challenge in a complex in vivo environment. In addition, due to
the poor stability of mRNA in vivo and its easy degradation, spe-
cial delivery systems are required [102]. In these cases, delivery of
nucleoside-modified mRNA by LNP rapidly activates regenerative
pathways in hepatocytes, thereby accelerating liver regeneration
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after injury [103]. In 2023, the research group of Valerie Gouon-
Evans at Boston University in the United States proposed to use
VEGFA as a treatment to accelerate the transformation of bile duct
epithelial cells (BEC) into hepatocytes [104]. Studies in zebrafish
confirm that blockade of VEGFR attenuates bile duct epithelial-
driven liver repair, whereas overexpression of VEGFA promotes
liver repair. Delivery of VEGFA by a nonintegrated, safe nucleoside-
modified mRNA encapsulated in LNP (mRNA-LNP) in acutely or
chronically injured mouse liver induced the potent transformation
of BEC into hepatocytes and the elimination of steatosis and fibro-
sis [105]. In both human and mouse diseased livers, the investiga-
tors further identified BEC expressing the VEGFA receptor KDR as-
sociated with KDR-expressing cell-derived hepatocytes [106]. This
study defined KDR-expressing cells (most likely BEC) as faculta-
tive hepatic progenitor cells [107]. The team from Boston Univer-
sity successfully induced the transdifferentiation of bile duct cells
and reversed fibrosis in the mouse model using VEGFA mRNA-LNP.
This strategy for promoting liver regeneration involves encapsulat-
ing mRNA of VEGF-A, HGF or Wnt pathway agonists, and targeting
liver cells through GalNAc-LNP, or targeting liver progenitor cells
through VEGFR2/KDR to promote the transdifferentiation of BEC
into liver cells and the proliferation of parenchymal cells [108]. The
safety of mRNA-LNP has been widely verified in COVID-19 vaccines
[109]. The research team at Peking University developed an organ-
and cell- specific mRNA-LNP technology, which allows precise de-
livery to the lung, liver, and spleen by combining targeted delivery
of LNP and controlled expression of mRNA sequences, providing a
new strategy for precision tumor therapy [110]. In the treatment of
ESLD, LNP-mediated mRNA therapeutic strategies can be designed
to target a wide range of liver diseases (Fig. S3 in Supporting in-
formation).

For instance, the regeneration and repair of liver cells can be
facilitated by the delivery of mRNAs encoding specific growth or
repair factors. Furthermore, LNP delivery systems can be employed
to achieve mRNA therapy targeting specific liver diseases, including
the delivery of mRNAs encoding enzymes used for the treatment
of inherited metabolic diseases [111]. However, the application of
LNP-mediated mRNA therapy in ESLD is confronted with several
challenges. Firstly, the natural barrier effect of the liver may prove
an obstacle to the effective delivery of LNP [112]. Secondly, the sta-
bility and biocompatibility of LNP in vivo must also be taken into
consideration [113]. Furthermore, ensuring the effective expression
and functional recovery of mRNA in liver cells represents a cru-
cial avenue of research [114]. Notwithstanding these challenges, re-
cent research has demonstrated that the delivery efficiency and
therapeutic efficacy of LNP in the liver can be enhanced by op-
timizing its composition and structure. For instance, the capacity
of LNP to target liver cells can be augmented by modifying the
lipid composition of LNP or incorporating specific targeting ligands
[78,115]. Furthermore, the biocompatibility and therapeutic win-
dow of LNP delivery systems can be enhanced by utilizing novel
liposomes with improved stability and an extended half-life [116].

In conclusion, LNP-mediated mRNA therapy represents a
promising therapeutic strategy for ESLD. Through further research
and optimization, it is anticipated that more effective therapies
will be developed to bring hope to ESLD patients.

5.2.2. HBV

Hepatitis B is a liver disease caused by the HBV [117]. The HBV
genome is a relaxed circular DNA (rcDNA) approximately 3.2 bases
long. After infection, HBV reverse transcriptase converts loose cir-
cular DNA (cDNA) into covalently closed circular DNA [118]. This
form of DNA is stable as microchromosomes in the nucleus and
difficult to remove. This process indicates the fundamental cause
of HBV recurrence and the difficulty of virus eradication. In some
cases, the disease results in chronic infection, which can lead to
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Fig. 3. The therapeutic mechanism of LNP delivering CRISPR/Cas9 components (Cas
protein and guide RNA) to HBV-infected liver cells: After entering the cells, the Cas9
protein, which, upon binding to the guide RNA, specifically cuts the HBV DNA, pro-
moting the degradation of the viral genome and ultimately achieving the inhibition
of HBV infection.

the development of cirrhosis or primary liver cancer [119]. Because
a complete cure (cccDNA and intracellular HBV clearance) is not
attainable, the objective of therapeutic intervention in chronic hep-
atitis B is the attainment of HBsAg seroclearance for a defined pe-
riod of treatment, that is to say, a 'functional cure’ [120].

The utilization of LNP for the treatment of the HBV has demon-
strated the potential of this technology in inhibiting HBV replica-
tion and clearance. In particular, the delivery of anti-HBsAg an-
tibodies and IL-21 via LNP has shown clearance of HBV in a
mouse model. First, the use of mRNA-LNP expressing anti-HBsAg
antibodies (G12-scFv, G12-scFv-Fc, and G12-IgG) produced sus-
tained effects on HBsAg seroclearance in an adeno-associated virus
(AAV)[HBV mouse model. The mRNA-LNP encoded by these an-
tibodies significantly reduced HBsAg levels in mouse serum up
to 30 days post-treatment, whereas the exogenous antibodies lost
their effect in reducing HBsAg or HBV DNA levels 9 days af-
ter administration [121]. This suggests that anti-HBsAg antibod-
ies encoded by mRNA-LNP have the potential to clear HBsAg in
the long term. Second, IL-21-encoded mRNA delivered via LNP
induced clearance of HBV antigen and DNA in a mouse model
of HBV persistence, which correlated with HBV-specific humoral
and cellular immune responses [122]. These findings suggest that
the IL-21-binding mRNA-LNP platform represents an effective and
promising strategy for the development of new therapies against
chronic HBV infection. In addition, other studies have explored the
use of LNP in HBV therapy, such as the use of LNP-encapsulated
PLK1-targeted siRNAs to show antiviral activity in HBV-infected
hepatocytes and the use of CRISPR/Cas9 to efficiently knockdown
targeted LNP mRNAs for the treatment of HBV in HBV-infected
mice via a novel pH-sensitive cationic liposome delivery system.
Clinical trial progress is actively underway (Fig. 3) [123,124]. A
team of researchers from Fudan University has developed a novel
siHBV* mRNA combination therapy designed to enhance the ther-
apeutic efficacy of chronic hepatitis B. The therapy is designed
for the treatment of HBV in mice. The therapy achieves efficient,
safe, hepatocyte-targeted delivery of siHBV in vivo by designing a
combination of highly efficient, multifunctional, and highly con-
served siHBV and combining it with a modified LNP (tLNP) plat-
form [125]. In a variety of hepatitis B-associated cellular and an-
imal models, tLNP/siHBV demonstrated sustained HBV inhibition
and HBV-specific immunomodulatory effects. In addition, the study
explored a novel strategy for the treatment of chronic hepatitis B
based on modified tLNP co-delivery of siRNA in combination with
interleukin-2 mRNA (tLNP/siHBV/IL2). This approach inhibits viral
transcriptional replication through the RNAi pathway and promotes
the proliferation and infiltration of HBV-specific CD8* and CD4* T
cells through the efficient expression of IL-2, thus achieving both
antigenic suppression and immune control of HBV [126]. In an-
other study, Ying’s group at Fudan University, in collaboration with
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Fig. 4. The principal components of the mammalian signaling Hippo pathway are MST1/2, LATS1/2, SAV1, MOB1, YAP or TAZ and TEAD. The pathway is activated by a series
of phosphorylation events. MST1/2 can be activated by TAO1/2/3, NF2, or autophosphorylation. Upon activation, MST1/2 binds to SAV1, which in turn phosphorylates and
activates LATS1/2. Subsequently, the activated LATS1/2 complex forms with MOB1, which then phosphorylates YAP/TAZ. This results in the sequestration or degradation of

YAP/TAZ by 14-3-3 proteins in the cytoplasm.

Lin’s group, used mRNA technology to encode antibodies to the
surface antigen of HBV, and the clearance of serum hepatitis B
surface antigen induced by a single dose of G12-mRNA-LNP injec-
tion in a mouse model of chronic hepatitis B lasted for at least 30
days, significantly reducing serum hepatitis B surface antigen lev-
els. Furthermore, a research team developed LNP targeting hepatic
macrophages, encapsulating mRNA encoding CAR and CD24-Siglec-
G lacking ITIMs (Siglec-GAITIMs). This significantly improved the
phagocytic function of liver macrophages in HCC mouse models,
effectively reducing tumor burden and increasing the survival time
of mice [127]. Current therapeutic strategies focus on inhibiting
HBV replication and improving liver-related outcomes, while the
goal of achieving HBsAg clearance and functional cure remains lim-
ited. Although LNP shows potential as a drug delivery platform in
HBV treatment, its limitations in hepatic clearance may affect ther-
apeutic efficacy. This new therapy is still in the early clinical trial
stage, and its safety and efficacy need to be further validated. In
conclusion, although LNP technology shows some potential in HBV
therapy, the above limitations still need to be overcome and more
effective therapeutic strategies need to be developed to achieve a
complete cure for HBV.

5.2.3. HCC

Primary carcinoma of the liver (PLC) refers to cancer that oc-
curs from liver cells or intrahepatic bile duct cells, of which >90%
are HCC [128,129]. In 2020, there were 905,677 new cases and
830,180 deaths of liver cancer worldwide, accounting for 4.7%
and 8.3% of all cancer cases and deaths, respectively [130]. So
far, studies have found that: The occurrence and development of
HCC are related to the abnormal activation or inhibition of a va-
riety of signaling pathways, such as the Janus kinase-signal trans-
ducer and activator of transcription (JAK/STAT) signaling pathway
[131,132], Wnt/B-catenin signaling pathway [133], Hedgehog sig-
naling pathway [134], Hippo signaling pathway [135,136]. The im-
portance of the Hippo signaling pathway has been gradually re-
vealed. The Hippo signaling pathway was discovered in Drosophila
melanogaster in 1994, so it is named after the Drosophila Ste20-
like kinase Hippo. As shown in Fig. 4, the Hippo signal consists
of several core components, including MOBKL1A/B (MOB1A/B),
large tumor suppressor kinase 1/2 (LATS1/2), Yes-associated pro-
tein 1 (YAP1), transcription regulator 1 (TAZ1) containing the WW
domain, and transcription enhancer associated domain family 1
(TEAD1) [137].

The Hippo signaling pathway participates in early embryonic
development, tissue regeneration, and organ size regulation. Ad-
ditionally, it regulates the occurrence and development of vari-

ous tumors, including HCC [138]. Many studies have shown that
the Hippo signaling pathway plays an important role in regulat-
ing organ size in mammals by regulating cell proliferation and de-
cay. During the development of HCC, this pathway is disabled in
tumor-initiating cells, which can overcome the inhibition of sur-
rounding normal tissues and allow for clonal expansion and tumor
development [139]. Inhibition or activation of the Hippo signaling
pathway can increase or decrease the activity of YAP/TAZ. The pro-
cess of LNP-delivered mRNA to regulate the Hippo pathway pri-
marily entails encapsulating mRNA in LNP, subsequently utilizing
LNP to deliver mRNA into cells, and finally releasing mRNA within
cells to regulate the expression of Hippo pathway-related genes.
This approach enables the precise control of mRNA expression in
cells, subsequently influencing the activity of the Hippo pathway
to regulate cell proliferation, apoptosis, and other biological pro-
cesses. Consequently, LNP -the mediated mRNA delivery system
has shown significant potential and prospects in the treatment of
liver cancer. In 2015, to investigate the role of YAP in the develop-
ment and maintenance of HCC and to determine its downstream
oncogene expression profile, a series of studies were conducted in
genetically engineered mice using genetic manipulation methods
and siRNA-LNP technology. It was found that activation of endoge-
nous YAP could disrupt the differentiation process of liver cells and
maintain this state in advanced tumors. Inhibition of YAP activity
in HCC can reestablish the process of liver cell differentiation and
lead to tumor regression [140]. These results suggest that inhibi-
tion of the cell differentiation process is a potential therapeutic
strategy for the treatment of endothelial tumors, and the signifi-
cant response induced by siYAP-LNP supports the clinical develop-
ment of this therapeutic modality.

Furthermore, clinical trials of LNP mRNA for HCC are currently
underway. Several preclinical studies have yielded positive results.
For example, one study delivered IL-12 mRNA via intravenous
LNP to slow the progression of MYC oncogene-driven HCC with
no significant animal toxicity [141]. Furthermore, in 2023, LNP
targeting liver macrophages was developed, which can encapsu-
late mRNA encoding cytokine receptors (CAR) and CD24-Siglec-G
(Siglec-GAITIMs) without the ITIM domain. This approach signif-
icantly improved the phagocytic function of liver macrophages in
HCC mouse models, effectively reducing tumor burden and extend-
ing the survival time of mice [142,143]. Concerning clinical tri-
als, although no definitive results have yet been published, mRNA-
LNP-based therapeutic strategies are demonstrating considerable
promise in the context of cancer treatment. Furthermore, studies
have proposed the innovative concept of utilizing circRNA instead
of mRNA, in conjunction with LNP, to develop a therapeutic vaccine
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for the treatment of HCC. This approach combines the advantages
and capabilities of circRNA and LNP to provide an adjuvant for the
immune response and enhanced stability [144,145].

Although LNP technology has shown great potential in the
treatment of HCC, its use still faces some toxicity challenges. For
example, LNP may cause cytotoxicity and genotoxicity, which need
to be overcome by measures taken at the pre-formulation stage
[146]. Future studies should continue to investigate novel thera-
peutic approaches to further enhance the survival and quality of
life of HCC patients.

5.2.4. MASLD

MASLD remains a rapidly growing global health burden
[147,148], encompassing a wide spectrum of liver injuries. These
range from hepatic steatosis, metabolic dysfunction-associated
steatohepatitis (MASH), fibrosis, and cirrhosis to MASLD-associated
HCC (MASLD-HCC) [149]. Currently, no effective treatment methods
are available in clinical practice [150]. However, LNP technology
has shown great potential in the treatment of MASLD. As an
efficient delivery vector for nucleic acid drugs such as mRNA
and siRNA, LNP can achieve liver-targeted delivery, regulate lipid
metabolism within the liver, and alleviate inflammation and fibro-
sis, thereby providing a promising approach to treat MASLD [151].
In 2024, LNP was developed, which could simultaneously encap-
sulate siRNA targeting hypoxia-inducible factor-1oe (HIF-1) and
silybin, and targets liver tissues through the ApoE-LDLR/VLDLR
pathway. In a MASLD mouse model, this LNP can effectively
silenced the expression of HIF-1¢ in liver cells, and working syn-
ergistically with SLB to exert anti-inflammatory and anti-fibrotic
effects. Furthermore, LNP can act as a carrier to deliver gene edit-
ing tools, such as CRISPR-Cas9, to liver cells, enabling the repair
or editing of gene mutations related to MASLD [152]. For instance,
certain genetic factors may cause abnormal regulation of lipid
metabolism in liver cells, and correcting these mutations through
gene editing could potentially offer a fundamental treatment for
MASLD [153]. In 2024, a study proposed a novel strategy for deliv-
ering therapeutic proteins to liver MASLD lesions using mRNA LNP,
namely the "fibrosis overexpression and retention (FORT)" process.
The core mechanism involves using retinoic acid derivatives (such
as ATRA) to enhance the targeting and expression of LNP in fi-
brotic liver. Additionally, a fusion protein, like CBD, is employed to
retain and carry mRNA encoding anti-fibrotic or anti-inflammatory
proteins, specifically targeting hepatic stellate cells or the fibrotic
ECM. This strategy primarily aims to overcome the challenges of
low drug delivery efficiency and short retention time in the fibrotic
environment. At the same time, this study has also proposed a
multi-targeted combined therapy, where multiple mRNAs encoding
different mechanism proteins (such as RLN and IL-10), are deliv-
ered either simultaneously or sequentially. This strategy targets
multiple liver cells and non-essential cells, aiming to synergisti-
cally regulate lipid metabolism, and exhibit anti-fibrotic and anti-
inflammatory effects, which is expected to solve the complexity of
MASLD diseases [154]. Currently, LNP has certain targeting prop-
erties for the liver. However, there remains potential for further
optimization of their composition and surface modification. By im-
proving these aspects, LNP can be more precisely targeted to liver
cells, reducing their distribution in other tissues and organs. This
optimization not only enhances treatment efficacy but also mini-
mize side effects. For example, by modifying the surface ligands of
LNP, it can specifically bind to the specific receptors on the surface
of liver cells, achieving more efficient liver-targeted delivery [155].

6. Future expectations

The use of nanoparticles, primarily lipid-based, is crucial for
achieving in vivo mRNA delivery, as they help prevent degradation
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in physiological environments and enhance the uptake and subse-
quent antigen expression of mRNA-nanoparticle complexes. As the
primary delivery carrier for mRNA, LNP are the focus of current re-
search, which emphasizes their design and screening, optimization
of internal ratios, surface modification, and selection of drug deliv-
ery routes [156]. These optimization measures aim to strengthen
the stability of mRNA and intracellular delivery efficiency. To fur-
ther expand the application prospects of mRNA-LNP technology,
researchers are conducting multidimensional design and optimiza-
tion studies based on the standard LNP formulations of marketed
mRNA vaccines [157]. They are continuously developing LNP de-
livery vehicles with various functional characteristics. For example,
an esterase-responsive biodegradable ionizable lipid LNP was de-
veloped by Tan’s group at the Hangzhou Institute of Medical Sci-
ences, in collaboration with Zhang’s group [158]; and the all-trans
retinoic acid-based ATRA LNP developed by Lv’s group at Institute
of Chemistry, Chinese Academy of Sciences, in collaboration with
Miao’s group at School of Pharmacy, Peking University [159], are
both aimed at improving the cellular uptake and endosomal es-
cape of mRNA-LNP, enhancing the mRNA All of the ATRA LNP are
designed to improve the cellular uptake and endosomal escape of
mRNA-LNP, enhance the translation efficiency of mRNAs, and have
some extra-hepatic tissue targeting properties [160]. LNP-mediated
mRNA therapy not only shows promise in conventional cancer
treatment but also explores innovative targeting strategies and fu-
ture directions. Specific surface modifications and functionaliza-
tion can enable precise localization and efficient delivery to can-
cer cells. Recently, the research led by Liu, Gu, and Ping’s groups
developed a three-component LNP system consisting of nAcx-Cm
lipid, a permanent cationic lipid, and a PEG-based lipid. This sys-
tem facilitates the simultaneous accumulation and translation of
mRNA in both the lung and liver. By regulating and simplifying the
intrinsic components, this three-component LNP significantly en-
hances the efficiency of mRNA delivery to target organs, offering
a novel strategy for precise mRNA therapy. This approach presents
new possibilities for cancer treatment and the prevention of infec-
tious diseases; however, its effectiveness still requires further vali-
dation through clinical trials [161].

Through the integration of mRNA technology with CRISPR gene
editing and artificial intelligence, it is promoting breakthroughs in
many fields of biomedicine [162]. Combined with CRISPR, it can
encode and deliver Cas9 systems (such as LNP vectors), which
show the advantages of efficient and precise editing in the treat-
ment of genetic diseases such as ATTR. Phase III trials have been
launched, and the off-target effects are reduced. In the future, it
may be expanded to cancer, neurological diseases, and other fields.
artificial intelligence (Al) technologies such as the Baidu Linear
Design algorithm can optimize mRNA sequences in 11 min, im-
prove stability and expression efficiency, and realize customized
medical treatment combined with individual genetic characteris-
tics [32,163]. The synergy of the two technologies can significantly
improve the research and development efficiency, accelerate the
vaccine/drug development cycle, reduce costs, and provide innova-
tive solutions for personalized therapeutics, rare diseases, and re-
generative medicine [164]. COVID-19 vaccines encourage regulatory
agencies to establish an efficient approval framework, and the plat-
form technology certification system can reuse the quality/safety
data of previous products, significantly shortening the approval cy-
cle of new drugs. By April 2023, 20% of the 416 mRNA clinical tri-
als worldwide were for non-COVID-19 indications, and data accu-
mulation further accelerated the approval process. Relying on the
LNP platform technology, enterprises can expand the pipeline of
infectious disease vaccines, tumor vaccines, rare disease treatment,
and other fields, disperse risks, and expand market space. However,
there are also problems such as limited licensing time, "stuck”
risk, pressure on development, product cost, continuous innova-
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tion, and other negative impacts. However, once successful, com-
panies will have greater autonomy and competitiveness in pipeline
advancement, market development, business transformation, etc.,
and avoid being controlled by others.

7. Conclusion

In the treatment of liver-specific diseases, although LNP delivery
systems have significant liver targeting and the current research
and development progress is rapid, their clinical application re-
mains relatively limited [165,166]. Several factors contribute to this
issue. First, it is difficult to precisely target specific liver subsets,
such as hepatic stellate cells, relying solely on natural metabolic
pathways. Moreover, over 50% of LNP are nonspecifically cleared
by Kupffer cells [167,168]. The structural changes of liver sinusoid
in pathological states such as cirrhosis further hinder the delivery
efficiency. Second, immunogenicity poses a key obstacle. The im-
munogenicity of LNP is not triggered by a single component but
rather from the synergistic action of its core components, includ-
ing ionizable lipids, phospholipids, cholesterol, PEG-lipids, which
are recognized by the innate immune recognition pathways. lon-
izable lipids are the main effector components of LNP in activat-
ing the innate immunity, and their structural differences directly
determine the intensity and type of the immune response. Re-
search from the United States Armed Forces Medical University
confirmed that commonly used ionizable lipids, such as SM102 and
ALC315, activate the MyD88-dependent signaling pathway by bind-
ing to TLR4 on immune cells. This binding induces the activation
of NF-«B and IRF transcription factors, promoting the release of
pro-inflammatory factors such as IL-6 and tumor necrosis factor-
alpha (TNF-«¢) [169]. Furthermore, in a 2022 study, it was found
that SM102-type LNP stimulate IL-18 release from human periph-
eral blood mononuclear cells, while MC3-type LNP does not exhibit
this effect [170]. This is closely related to the chain length and
charge distribution of the lipid tail. Auxiliary lipids also regulate
the "quality" and "quantity" of the immune response by altering
the membrane structure and biological distribution of LNP. Nega-
tive phospholipids (such as dioleoylphosphatidylserine (DOPS) and
dioleoylphosphatidylglycerol (DOPG)) can target secondary lym-
phoid organs, enhancing uptake by DCs. Specifically, DOPS-LNP can
activate CD8* T cells, while DSPC-LNP is more likely to induce
humoral immunity [171]. Although PEG modification can prolong
the circulation time of LNP, it also triggers anti-PEG immune re-
sponse, presenting a key challenge for repeated administrations.
Pre-existing or repeatedly induced anti-PEG antibodies can bind
to the PEG chain on the surface of LNP, activating the comple-
ment cascade reaction and leading to phagocytosis and clearance
by macrophages. Reducing the proportion of PEG (from 1.5% to
0.5%) can enhance the production of antigen-specific antibodies,
but excessive PEG (>2%) may inhibit the uptake of LNP by DCs
and weaken the immune activation effect. Repeated administra-
tion can accelerate the clearance of anti-PEG antibodies and ioniz-
able lipids, causing endosomal damage and activating the release
of pro-inflammatory factors such as IL-6 and TNF-«, which in-
creases the risk of toxicity and tolerance to repeated administra-
tion [172]. Finally, the complex production process, large disease
heterogeneity, and high long-term safety regulatory requirements
have delayed the transformation process from laboratory to clinical
practice [173]. Addressing these challenges involves investigating
various factors, such as lipid composition, surface modifications,
and particle size, all of which can influence the performance and
biodistribution of LNP [174]. Furthermore, as research progresses,
there is a pressing need for comprehensive in vivo studies to as-
sess the long-term effects and therapeutic outcomes of LNP-based
mRNA delivery systems in diverse patient populations [175]. Col-
laborations between academic institutions and biotechnology com-

Chinese Chemical Letters 37 (2026) 112138

panies may accelerate the translation of these findings into clinical
settings [176]. Looking ahead, the future of LNP-mediated mRNA
therapies for liver disease treatment appears promising [177]. With
continued innovation and optimization, these systems could not
only improve the management of existing liver diseases but also
pave the way for novel therapeutic interventions, including gene
editing and personalized medicine approaches. The successful ap-
plication of LNP delivery systems in clinical practice could revo-
lutionize the treatment landscape for liver diseases and beyond,
ultimately enhancing patient outcomes and quality of life. Future
studies need to further explore the design of liver disease spe-
cific LNP: By adjusting the proportion of selective organ target-
ing (SORT) molecules or developing novel targeting ligands, such
as Ly6C antibody specific for liver sinusoidal endothelial cells, to
achieve precise delivery of different cell subsets in the liver. For the
microenvironment of chronic liver disease (such as fibrosis barrier),
the design of enzyme-responsive LNP can improve the penetration
efficiency. In addition, the combination of saRNA technology with
LNP is expected to solve the challenge of frequent drug administra-
tion in the treatment of chronic diseases. In the field of combina-
tion therapy, the strategy of LNP co-delivery of CRISPR components
and immunomodulatory mRNAs, such as IL-21, may provide a new
paradigm for functional cure of HBV and HCC immunotherapy. In
terms of clinical translation, Al-driven formulation screening and
freeze-drying process development of LNP will accelerate acces-
sibility, while personalized evaluation models based on organoids
and organ-on-a-chip are expected to shorten the research and de-
velopment cycle.
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