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Abstract The remarkable clinical success of mRNA-lipid nanoparticle (mRNA-LNP) vaccines, partic-

ularly evidenced by their pandemic-era impact and subsequent 2023 Nobel Prize recognition, has inten-

sified global efforts to expand their application toward therapeutic biologics. Despite showing strong

preventive effects, there are still fundamental knowledge gaps in comprehensively defining the hierarchi-

cal biological trajectory of mRNA-LNP formulations, which spans from initial systemic exposure, tissue-

specific biodistribution, and intracellular delivery to ultimate protein expression dynamics. These

unresolved mechanistic questions pose significant constraints on the rational design of next-generation

mRNA-LNP therapeutics, which face increased demands for precision dosing, therapeutic efficacy

optimization, and enhanced safety profiles. This review discusses the in vivo fate of mRNA-LNP, focusing

specifically on blood/tissue/cellular distribution and kinetics/exposure profiles of both intact mRNA-LNP

and dissociated components post-administration. It discusses key factors influencing the distribution of

expressed protein and summarizes the corresponding research toolkits along with their advantages and

disadvantages. Additionally, it compiles strategies to enhance delivery efficacy, tissue tropism, and safety

profiles of mRNA-LNP. We anticipate a better understanding of the biological processes and dynamic

pattern of mRNA-LNP, which will accelerate the development of next-generation mRNA biologics with

predictable safety and delivery efficiency.
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1. Introduction

During the global COVID-19 pandemic, two lipid nanoparticle-

based messenger RNA (mRNA-LNP) vaccines, Comirnaty�

(BNT162b2, BioNTech/Pfizer) and Spikevax� (mRNA-1273,

Moderna), received emergency use authorization from the US Food

and Drug Administration (FDA) at an unprecedented speed and

have made substantial contributions to global epidemic prevention

and control. Their success primarily stems from two revolutionary

technologies: 1) the nucleotide-modified mRNA enabling evasion

of the body’s innate immune surveillance; 2) the ionizable lipid

nanoparticle-based cytoplasmic delivery systems. Beyond

pandemic applications, the mRNA-LNP outperforms conventional

vaccines in antigen design flexibility and scalable manufacturing,

which are critical advantages for combating emerging pathogens.

To date, over 200 mRNA-LNP vaccines have entered clinical trials

(based on the data of clinicaltrials.gov), only a few approved for

COVID-19 (Table 11-21). The clinical validation of this platform has

catalyzed its expansion into three frontiers: the preventive vaccines

against diverse pathogens, personalized cancer neoantigen thera-

pies and gene editing (Fig. 1). In May 2024, the FDA approved

mRNA-1345 (MRESVIA�), the first mRNA-LNP vaccine against

lower respiratory tract disease caused by respiratory syncytial virus

(RSV) in adults ≥60 years old (Table 1)22. Simultaneously, the

individualized neoantigen vaccine mRNA-4157 (V940) combined

with pembrolizumab showed a 49% reduction in recurrence or death

risk and a 62% reduction in distant metastasis or death risk in Phase

2b melanoma trials, demonstrating significantly improved survival

benefits23. Additionally, in a Phase 1 clinical trial, NTLA-2001―a

first-in-human in vivo gene therapy comprising mRNA-LNP that

encapsulates both guide RNA (gRNA) and optimized Cas9-

encoding mRNA―achieved a reduction in serum transthyretin of

47%—56% in the low-dose group and 80%—96% in the high-dose

group, with no serious adverse events reported24. In another Phase

1 clinical trial, VERVE-101―an LNP-based therapy delivering

both mRNA for an adenine base editor and a gRNA―silenced the

PCSK9 gene via A-to-G base editing with dose-dependent effects.

At the high dose of 0.6 mg/kg, it achieved a 55% reduction in blood

low-density lipoprotein cholesterol, with effects persisting for up to

180 days25,26.

Despite the remarkable therapeutic potential of mRNA-LNP

technology in addressing unmet clinical needs, critical knowledge

gaps persist in understanding its in vivo fate: particularly those

aspects closely linked to its efficacy and safety profile. These

limitations significantly impede the development of next-

generation mRNA-LNP-based therapeutic agents, including

protein replacement therapy, gene editing, and in vivo chimeric

antigen receptor T-cell immunotherapy, which require more

stringent standards for dosing, delivery, sustained protein expres-

sion, and safety. It is well established that mRNA-LNP vaccines

can effectively activate innate and adaptive immune systems to

elicit robust protective humoral and cellular immune responses,

even when administered locally (e.g., intramuscular or subcu-

taneous route) at low doses with a delivery efficiency of less than

1%27,28. In contrast, mRNA-LNP-based protein replacement

therapy typically requires precise tissue/cell-specific targeting and

sustained high-level protein expression, which may be more than

1000 times the expression of vaccine protein29. Increasing the

dosage of existing mRNA-LNP formulations to achieve elevated

target protein expression is clearly impractical, as current mRNA-

LNP vaccines have already demonstrated many adverse effects

(e.g., pain, swelling, fever, drowsiness, headache, and so on) with

increased incidence rates in clinical trials and real-world appli-

cations when compared to conventional vaccines30-32. Dose

escalation will likely result in heightened adverse effect profiles

with increased incidence and severity. Moreover, efficient tissue/

cell-specific targeted delivery presents significantly greater chal-

lenges, as it necessitates strategic coordination on mRNA-LNP

components and physicochemical properties to address multifac-

eted physiological barriers. These include systemic clearance

mediated by metabolic enzymes and the mononuclear phagocyte

system, dynamic cellular uptake-exocytosis equilibrium, and

endolysosomal trafficking/escape, while concurrently addressing

critical delivery issues such as optimization of off-target bio-

distribution and controlled cytoplasmic mRNA release.

Given these challenges and the high adverse event rates asso-

ciated with current mRNA-LNP vaccines33, a critical imperative

exists to elucidate the spatiotemporal biodistribution profiles and

molecular interactions of intact nanoparticles and their core

components within complex biological microenvironments. These

insights will be pivotal in guiding the rational design and system-

level optimization of mRNA-LNP platforms, facilitating precise

tissue-specific targeting, improved delivery efficiency, and optimal

desired risk/benefit balance. This review focuses on the current

landscape of the in vivo fate of mRNA-LNPs, with particular

emphasis on their blood/tissue/cellular distribution and kinetics/

exposure profiles, along with those of their key components

following administration. It further explores the key factors

influencing their distribution, critically evaluates current analytical

methodologies, and highlights advanced strategies for enhancing

delivery efficiency, targeting, and safety. By elucidating the bio-

logical processes and systemic dynamics, this review seeks to

advance the development of next-generation mRNA-LNP

biologics with refined safety profiles and superior delivery.

2. Composition, structure, and preparation techniques of

mRNA-LNPs

mRNA-LNPs are typically composed of mRNA and four lipid

components: ionizable lipid (ILs), PEG-lipid, DSPC (1,2-

distearoyl-sn-glycero-3-phosphocholine), and cholesterol. Each

fulfilling distinct functional roles essential for nanoparticle

integrity and mRNA delivery, as detailed in Fig. 2. Structurally,

mRNA-LNPs are spherical vesicles with an optimal particle size

range of 50—200 nm. The precise internal microstructure of these

mRNA-LNPs is influenced by various factors, including formu-

lation components and manufacturing processes34,35. It is gener-

ally accepted that currently two marketed mRNA-LNP vaccines

predominantly possess a nanostructured core—shell architecture

(Fig. 2)36-38.

mRNA-LNPs are typically formed by mixing ethanolic lipid

solutions with mRNA dissolved in an acidic aqueous buffer. Thin-

1944 Xin Xu et al.
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film hydration and ethanol injection are the primary traditional

bulk production methods for LNP39. However, these methods

generally fail to properly control the self-assembly process of

nanoparticles, leading to unstable quality and significant batch-to-

batch variation. Microfluidic mixing, currently the predominant

method for mRNA-LNP preparation, ensures superior reproduc-

ibility and robust process control40,41. Advanced microfluidic

systems such as staggered herringbone micromixers, bifurcating

mixers, baffle mixers, and T-junction mixers42-44 have well-

documented applications and optimization strategies44-47.

While microfluidic platforms have significantly advanced LNP

development, these systems are typically chip-based with rela-

tively low throughput. To overcome this limitation, studies have

employed parallelized microfluidics to scale up production44,48.

However, careful consideration should be given to solvent

compatibility of the devices (especially with organic reagents) and

potential clogging or fouling issues44. Confined impinging jet

reactors represent another method for preparing mRNA-LNPs,

enabling efficient and rapid mixing of mRNA and lipid compo-

nents through impinging jets. They offer higher throughput,

making them suitable for large-scale production49.

Post-encapsulation is another preparation technique under

development50. Tanaka et al.51 prepared empty LNP separately

and then completed the preparation of mRNA-LNPs by mixing

mRNA with these LNPs under optimized pH conditions.

Furthermore, the strategy is particularly suitable for small-scale

mRNA-LNPs preparation, offering a practical method for

rapidly screening multiple mRNAs or LNPs52. SMART (Sprayed

Multi Absorbed-droplet Reposing Technology) platform, inte-

grated with multi-channel guided internal-control printheads,

constitutes an innovative fabrication technique that is expected to

enable precise control over LNP size53.

Inhalable formulations, including liquids and powders, are

commonly used for mucosal administration. Powder formulations

exhibit greater stability compared to liquid formulations. Sarode

et al.54 presented the preparation of mRNA-LNP powder formu-

lations by spray drying. This process requires the addition of

excipients and involves heating for drying. To avoid the impact of

heat during preparation on mRNA functionality, another study

developed a novel spray freeze-drying technique with adding a pH

modifier. The resulting mRNA-LNPs maintained their function-

ality following 62 days of storage, which is conducive to

promoting their widespread application55.

3. Biodistribution of mRNA-LNPs

The biodistribution of mRNA-LNPs can be differentially influ-

enced by multiple factors, including LNP compositions, particle

size, surface characteristics (e.g., surface charge and chemical

modifications), dose, and administration routes, which collectively

affect their efficacy and safety profiles. Although isotopic and

fluorescent labeling techniques are widely used to track mRNA-

LNP biodistribution, the dynamic interplay between nanoparticle

disassembly and tissue-specific accumulation remains incom-

pletely characterized, leaving critical knowledge gaps in our

understanding of this field.

From an analytical perspective, ideally, each LNP component

requires individual testing. Only by integrating tissue and cellular

co-localization data for every component can one truly determine

whether a specific component can act as a representative surrogate

for the entire LNP. However, most studies focus solely on a single
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Figure 1 Representative mRNA-LNP-based biologics and their relevant indications.

Figure 2 Chemical structure of mRNA-LNPs (nanostructured core—shell architecture) and the impact of components on LNP properties and

in vivo fate.
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component within LNPs or the target protein encoded by the

loaded mRNA. Therefore, the following discussion will address

evidence-supported distributions of LNP components, rather than

presuming to describe the entire mRNA-LNP biodistribution as

frequently claimed in many studies.

3.1. Biodistribution of lipids

Comparative studies reveal tissue-specific distribution patterns.

An early head-to-head analysis of mRNA-LNPs containing

different ionizable lipids (MC3 and novel lipids) in CD-1 mice

showed that intramuscularly administered ionizable lipids were

mainly localized at the injection site, with secondary accumula-

tion in the liver and spleen56. Exogenous-lipid biodistribution data

highlight elimination differences. Following intravenous (IV)

administration of mRNA-LNP (1 mg/kg) in Wistar Han rats,

ionizable lipid ALC0315 exhibited approximately 60% hepatic

distribution of the administered dose, with peak concentrations

reaching 294 μg/g liver tissue at 3 h. ALC0315 exhibited slow

hepatic elimination, retaining ∼25% of its peak concentration at 2

weeks, indicating complete clearance from rat liver requires ∼6

weeks. Conversely, PEG-lipid ALC0159 showed ∼20% hepatic

distribution, peaking earlier at 15.2 μg/g liver tissue within 30 min

and declining rapidly to ∼0.04% residual levels after 2 weeks57.

Compared to ALC0315, ALC0159 exhibits reduced hepatic

accumulation and accelerated elimination kinetics. This diver-

gence may stem primarily from its lower molar ratio compared to

ionizable lipids in the LNP formulation, coupled with rapid

dissociation of PEG-lipids. Crucially, the biodistribution of

ionizable lipids may more closely approximate that of LNPs, as

ionizable lipids predominantly localize within the LNP core.

However, extrapolating the distribution of lipid components to

represent LNP biodistribution requires cautious interpretation, as

the detected signals may not reflect intact lipids/LNPs due to

metabolic elimination, structural disassembly, or exocytosis post-

uptake.

Deuterated cholesterol is known for its safety, high sensitivity,

and strong specificity. Using liquid chromatography-tandem mass

spectrometry (LC—MS/MS) technology, its concentration changes

in various tissues can be accurately quantified. However, the

application of deuterated cholesterol as an LNP marker depends

on the critical assumption that LNP remains structurally intact

without undergoing disassembly or cholesterol lipid exchange

in vivo. This assumption can be validated by simultaneously

labeling other LNP components (e.g., ionizable lipids or PEG-

lipids) and analyzing the discrepancies in their distribution pat-

terns. Due to insufficient evidence, this review centers exclusively

on the in vivo distribution of deuterated cholesterol after mRNA-

LNP administration.

Di et al.58 documented that following intramuscular (IM)

injection of mRNA-LNP, deuterated cholesterol signals were

detectable in the mouse blood within 30 min, peaking at 2 h and

gradually declining thereafter, yet persisting at detectable levels

even 24 h post-injection. The deuterated cholesterol detected in

the blood accounted for approximately 15% of the total injected

dose. This distribution pattern could suggest either rapid entry of

intact mRNA-LNP into systemic circulation or release of deuter-

ated cholesterol caused by LNP disassembly before entering the

bloodstream. In addition, the tissue with the highest content of

deuterated cholesterol was the muscle at the injection site,

accounting for approximately 60%—80% of the administered

dose, followed by the liver (10%—20%) and spleen (about

1%—2%). These findings are broadly consistent with the in vivo

distribution characteristics of the LNP-encapsulated fluorescent

dye DiR. The observed similarity could result from their

shared characteristic of strong hydrophobicity and/or the

co-encapsulation of these compounds within LNPs.

3.2. Biodistribution of mRNA

The distribution of mRNA can be qualitatively observed via RNA

probe in situ hybridization (ISH)58. Di et al.58 detected mRNA in

local injection-site muscle, liver, and draining lymph node tissues

by employing Cy5-labeled probes targeting mRNA sequences.

Additionally, fluorophore-labeled mRNA, synthesized via in vitro

transcription from nucleotide components, enables direct appli-

cation in in vivo distribution studies. Chen et al.59 used

Cy5-labelled mRNA to investigate the tissue distribution of

SM102-based mRNA-LNP administered via IM. Interestingly,

fluorescent signals were found to disseminate mainly to the liver

rather than the muscle (6 h after administration), indicating that

mRNA-LNP can distribute from the local injection site to sys-

temic circulation and therefore distal organs in a short period of

time upon IM administration. However, it remains unclear

whether the particles migrate directly from the injection site to

systemic circulation, or first to lymphatic tissue before entering

systemic circulation. Other distal tissues, such as the spleen,

showed mRNA-LNP distribution, which had a similar distribution

level as muscle. Given that SM102-based LNP has been suc-

cessfully utilized in COVID-19 vaccines administered intramus-

cularly, its concentrated distribution at the injection site might not

be critical for triggering an immune response. Understanding the

distribution at the cellular level, particularly within immune cells,

is essential to decipher how mRNA distribution contributes to

vaccine efficacy.

mRNA can be quantified to study its distribution when being

delivered by LNP60-62. Bahl et al.63 applied branched DNA

(bDNA) to study mRNA distribution delivered in LNP following

IM administration in mice. They found that mRNA was most

abundant in muscle tissue, followed by proximal lymph nodes.

Additionally, distal lymph nodes, the liver, and spleen also showed

significant distribution. This is an important finding as it reveals

the in vivo process of mRNA-LNP transferring from the injection

site to systemic circulation via the lymphatic system. While the

biodistribution of mRNA is more meaningful for immunization or

therapy than that of the lipid, it is noteworthy that mRNA distri-

bution within specific tissues or cells does not guarantee func-

tional protein translation. Indeed, it has been observed that mRNA

can be internalized by certain cell types without subsequent pro-

tein expression60.

4. Key factors influencing the distribution of expressed

protein

The abundance of mRNA-encoded proteins can be quantified via

ELISA, while their spatial distribution can be mapped directly by

luciferase-based bioluminescence imaging. Notably, protein

expression patterns do not mirror mRNA-LNP biodistribution due

to dynamic processes like LNP disassembly, cellular uptake,

intracellular degradation, exocytosis, and tissue-specific trans-

lational efficiency.

For IV delivery, MC3-based mRNA-LNP exhibited higher

protein (EGFP) expression in the liver than the spleen in mice61.
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Li et al.64 demonstrated higher luciferase expression in the liver

than the spleen following IV delivery of luciferase mRNA via

MC3-based mRNA-LNP. The distribution ratio of liver/spleen was

about 5—20, depending on the nitrogen-to-phosphate ratio64. It is

worth noting that the liver/spleen ratio of distribution (evaluated

by translated protein) via IV injection is much higher than the ratio

(about 1, quantified by lipid amount) via IM injection56. The

difference arises from the combined effect of administration route,

dose injected or disseminated into circulation, and quantification

methodology.

Intramuscular injection of MC3-based mRNA-LNP revealed

distinct biodistribution patterns, as assessed by luciferase

expression. At the 4.5-h time point, muscle was identified as the

primary site of distribution, with expression levels higher than

those observed in the liver65. This distribution pattern in tissues is

consistent with that evaluated in lipid amount by mass spec-

trometry (from 1 to 24 h)56. Notably, significant accumulation was

also observed in the liver, which aligns with the well-established

hepatic tropism of MC3-based LNPs following IV infusion. Un-

derstanding the tissue distribution profile―across muscle, liver,

and spleen―is crucial for guiding the rational design of novel

lipids for diverse clinical applications. To expand mRNA-LNP

therapeutics beyond infectious diseases, developing formulations

that enhance extrahepatic delivery remains paramount.

Furthermore, Bahl et al.63 found that the distribution of

bioluminescence from mRNA-expressed protein followed the

order of muscle, liver, spleen at various doses (2, 0.4, and 0.08 μg)

when imaged at 6 h post IM administration. With a closer ex-

amination, the skin and lymph node were rich in bioluminescence,

which might be associated with adjacent location to the injection

site of muscle. It is worth noting that the above spread, as seen

from the mRNA-expressed protein, differed from that as quanti-

fied from mRNA itself, which followed the order of muscle,

proximal lymph node, spleen, and liver63. The difference could

come from various factors such as the size of tissues, different

biological processes, variety of cells, translational capabilities of

cells, various determination methodologies, resolution of methods,

etc. Notably, Carrasco et al.66 reported liver-dominant protein

expression (vs. muscle) for IM-injected Fluc-mRNA MC3-LNP at

4- and 24-h time points. This discrepancy may stem from LNP

composition, physicochemical properties, injection parameters

(volume/depth), or distribution kinetics.

These findings highlight the complex in vivo fate of mRNA-

LNPs, encompassing lymphatic transport, systemic circulation,

and extensive tissue distribution. Moreover, they emphasize

multifactorial influences on protein distribution patterns, including

administration routes, LNP formulation, tissue tropism, and

methodological discrepancies (Fig. 3). The key contributing fac-

tors are discussed below.

4.1. Impact of LNP composition on the distribution of expressed

proteins

4.1.1. Cholesterol and phospholipids

Cholesterol content in mRNA-LNP critically modulates protein

expression. For example, under conditions where the molar per-

centages of PEG-lipid and ionizable lipid remain constant,

increasing the cholesterol molar percentage from 10% to 40%

while reducing the proportion of helper lipid DOPC resulted in

significantly elevated luciferase expression levels in the mouse

liver following IM injection of SS-OP or MC3-based mRNA-

LNP65. Notably, this formulation adjustment did not substantially

alter luciferase expression in muscle at the local injection site.

Intriguingly, when administered subcutaneously, a cholesterol

molar percentage-dependent enhancement of protein expression

was also observed in the local tissue at the injection site65. Similar

phenomena were also observed in in vitro HepG2 cells. Although

researchers ruled out the effects of particle size and zeta potential

Figure 3 The processes of mRNA-LNP in vivo and factors influencing their biodistribution. After administration, mRNA-LNP can be

transported to lymph nodes, activating immune cells; it can also enter the blood circulation, generating a biomolecular corona on its surface, while

PEG-lipids could be shed, thus leading to morphological changes. mRNA-LNP in circulation will be widely distributed in various tissues and

organs. There are many factors affecting the mentioned processes (especially biodistribution), mainly including: LNP composition (ionizable

lipids, helper lipids, component ratio, additional selective organ targeting (SORT) lipids, etc.), LNP properties (size, surface properties,

morphology, etc.) administration routes (inflammatory microenvironment, injection depth), dose, and imaging methods, and animal species etc.
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of mRNA-LNP, the observed phenomena are likely attributable to

alterations in surface lipid distribution characteristics and internal

structural reorganization of LNP induced by modified cholesterol/

DOPC molar ratios. Critically, surface lipid redistribution may

alter the protein corona composition, consequently affecting cir-

culation stability, tissue/cellular tropism, and their interactions.

4.1.2. Ionizable lipids

Ionizable lipids dictate tissue tropism. Long et al.67 discovered

that following IM injection, the bioluminescent signals mediated

by MC3-based LNPs were primarily localized in the liver;

whereas YK009-based LNPs showed predominant distribution at

the injection site and in the spleen. It is reported that SM102-based

LNP shows broad tissue dissemination (muscle > liver > spleen,

evaluated as Fluc-mRNA expression at 6 h post-IM59. Given the

wide distribution in various tissues, which causes side effects in

off-target tissues, a novel ionizable lipid iso-A11B5C1 was

designed to dissipate mainly in the injection site. Truly, the ma-

jority of Fluc-mRNA expression was detected in the muscle with

little expression in liver, spleen, lymph node, antigen presenting

cells post IM administration in mice59. In view of this interesting

muscle tropism, immune elicitation was further studied. Interest-

ingly, although limited mRNA expression in lymph node and

immune cells, iso-A11B5C1-based mRNA-LNP elicited a potent

cellular response and prominent therapeutic efficacy as a cancer

vaccine in a melanoma model59. This study reveals that a specific

distribution in muscle could be sufficient to elicit an immune

response, which provides insight into designing effective vaccines

with minimal off-target and side effects.

Lam et al.61 investigated the distribution of mRNA-expressed

protein delivered by various ionizable lipid-based LNPs that are

used in clinical trials or have been marketed, such as MC3, Lipid

10, SM102, and ALC0315 (Fig. 4). At 6 h post-IM injection,

luciferase protein expression was detected at the injection site.

The total bioluminescent signal in the muscle was comparable

among Lipid 10-, SM102-, and ALC0315-based LNPs but

approximately two-fold higher than that of MC3-based LNPs.

Furthermore, the study found that after IV injection, SM102-based

LNPs loaded with EGFP mRNA showed no significant hepatic

expression, whereas ALC0315-based LNPs exhibited significantly

higher expression in the spleen compared to SM102-based LNPs.

Given the critical role of ionizable lipids in mRNA-LNP de-

livery, numerous studies have synthesized a range of ionizable

lipids with varying lengths, headgroups numbers, and tail chains

numbers to investigate their effects on tissue distribution. For

example, Hashiba et al.68 examined how the branched chain

length of ionizable lipids influences the biodistribution of

expressed protein after IV injection in mice. Results demonstrated

that as the lipid tail length shortened, the luciferase expression

pattern gradually transitioned from the liver to the spleen.

4.1.3. Ratios of lipids

The molar ratios of individual lipids represent a decisive parameter

in LNP formulations, directly influencing nucleic acid delivery ef-

ficiency, biodistribution and protein expression patterns. One study

demonstrated that whether administered via intramuscular or sub-

cutaneous injection, luciferase expression levels in the liver

decreased in conjunction with reduced cholesterol levels65. Another

study investigated the biodistribution profiles of expressed protein

with increased DSPC molar percentages. The results demonstrated

that after IV administration, compared to the reference formulation

(10% DSPC), luciferase expressed by LNPs with elevated DSPC

levels (30%) exhibited a pronounced biodistribution preference in

the inflamed colon, concurrently with diminished accumulation in

the liver and spleen69. Furthermore, the optimal lipid ratios of LNPs

vary across different administration routes. Reducing the molar

concentration of DMG-PEG from 1.5% to 0.5% markedly enhances

luciferase protein expression in the lungs at 6 h post intratracheal

administration in mice70.

4.2. Impact of LNP properties on the distribution of expressed

protein

4.2.1. Size

Particle size is a critical parameter influencing mRNA delivery

efficiency and biodistribution. Cui et al.71 compared MC3-based

LNP with identical composition but differing hydrodynamic di-

ameters achieved through process parameter adjustments. Larger

LNPs exhibited stronger hepatic mRNA expression (biolumines-

cence, 24 h post-IV) and broader white adipose tissue distribution

compared to smaller counterparts. Mechanistic studies established

that larger lipid nanoparticles enhance mRNA delivery by ac-

commodating greater payload capacities.

4.2.2. Surface charge

Traditional mRNA-LNPs are engineered to be electrically neutral at

physiological pH, a key design feature that enhances their systemic

stability and safety profile. However, their surface charge can be

modulated by introducing a fifth charged lipid. The modified sur-

face charge can substantially modulate the biodistribution of

expressed protein. Cheng et al.72 incorporated a fifth lipid, either

1,2-dioleoyl-3-trimethylammonium-propane DOTAP (positive) or

1,2-dioleoyl-sn-glycero-3-phosphate (18 PA) (negative), to LNP

formulations to manipulate the overall charge property of LNPs. By

supplement DOTAP in MC3 standard formulations, the expression

of payload luciferase mRNA declined in the liver but increased in

the lung (for IV). Notably, positively charged lipids demand

cautious application to mitigate potential adverse effects associated

with overuse. Similarly, when negatively charged 18 PA is incor-

porated into the LNP formulation, it enables the luminescence

Figure 4 The ionizable lipids are employed in Comirnaty�

(ALC0315) and Spikevax� (SM102), as well as in Onpattro (MC3).
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signal to be primarily distributed in the spleen. In another study, the

inclusion of the cationic lipid IM21.7c into a DODMA-based LNP

formulation resulted in nanoparticles that, upon intravenous

administration, exhibited preferential distribution to the lungs, as

assessed by luciferase expression73.

4.2.3. Morphology and internal microstructure of mRNA-LNP

The morphology and internal microstructure of LNPs, a key

determinant of encapsulated mRNA integrity and delivery effi-

ciency, can be characterized by cryogenic transmission electron

microscopy, scattering techniques, or fluorescence microscopy74-

77. The variations in lipid composition―particularly in the con-

tent and molecular structure of cholesterol―significantly influ-

ence LNP structure. Eygeris et al.37 determined the pivotal role of

cholesterol derivative variants in regulating LNP architecture.

LNPs composed of conventional cholesterol primarily form uni-

lamellar structures, while ß-sitosterol induces polymorphic shape

and increases the proportion of multilamellar membranes.

Notably, ß-sitosterol-based LNPs exhibit higher transfection effi-

ciency in HeLa cells than cholesterol-based LNPs.

The ratio of bilayer-forming lipids within LNPs directly impacts

internal structure and biodistribution. Cullis and colleagues inves-

tigated the properties of mRNA-LNP systems with high proportions

of bilayer lipids (egg sphingomyelin and cholesterol). As the molar

ratio of bilayer lipids to ionizable lipids reached 4, the system dis-

played a liposomal morphology, characterized by a solid core sus-

pended inside an aqueous interior enclosed by a lipid bilayer. Upon

intravenous injection, these liposomal LNPs (111In-labelled)

showed a prolonged circulatory half-life78. In vivo Imaging System

(IVIS) revealed the preferential distribution of the formulation to

lymph nodes and pancreas, as indicated by the nanoLuc lumines-

cence signal, demonstrating enhanced extrahepatic transfection

potency. Further studies with increased sample sizes or alternative

animal models are necessary to confirm these findings.

LNPs are typically characterized by surface properties such as

average particle size, polydispersity index, and surface zeta po-

tential. In contrast, few studies systematically investigate the

relationship between internal structure and protein expression/

biodistribution―partially due to the challenges in interpreting

spectroscopic results. Wu et al.79 prepared three types of LNPs

with distinct internal structures: emulsion-like LNPs, membrane-

rich LNPs, and classic “bleb” structure LNPs, and compared

their biodistribution and immune effects. Results showed that

compared with other LNPs, the encoded luciferase signal of

emulsion-like LNPs primarily remained at the injection site post

IM injection, provoking faster onset and longer-lasting immune

responses. Notably, these three LNP structures were obtained by

adjusting lipid ratios, and they also exhibited differences in par-

ticle size and zeta potential. Therefore, further exploration is

needed to establish a direct correlation between LNP internal

structure and biodistribution/functional effects.

4.3. Administration routes

Vaccination against infectious diseases is generally administered

locally. Among the widely applied routes of administration, IM

and subcutaneous (SC) injections are valued for their convenience,

while intradermal (ID) injection has dose-sparing potential. The

microenvironment of different injection sites, such as the spatial

size, the types and abundance of resident cells, and the local

protein expression capacity, affects protein expression and im-

mune potency.

The injection site of ID is in the dermis of skin, where many

antigen-presenting cells (APCs) are present to internalize and

process mRNA and mRNA-encoded antigens. APCs in the dermis,

such as Langerhans cells (LC), can take up and present antigens

followed by migrating to draining lymph nodes and activating

lymphatic T cells. In these processes, mRNA-LNPs and mRNA-

encoded antigens can be transported by LC to the draining lymph

nodes. Besides, it is conceivable that mRNA-LNP and mRNA-

encoded antigen are passively carried to lymph nodes through

blood vessels or lymphatic vessels, where they could facilitate

their exposure to immune cells, ultimately resulting in the acti-

vation of T and B cells80. Compared to dermis, subcutaneous

tissue contains fewer immune cells and more adipose tissue,

which leads to less pain during administration, but a generally

compromised immune response activation. Muscle is a tissue

below the subcutaneous layer and contains a relatively large

vascular network capable of rapidly recruiting APCs to injection

sites. It is found that mRNA and mRNA-translated protein were

present in the infiltrating immune cells at the intramuscular in-

jection site60. Besides, APCs and mRNA-LNPs migrated to the

draining lymph nodes to activate an immune response, with

macrophages showing high protein expression60.

Following IM, SC, and ID administrations, the expressed

proteins are primarily distributed in local injection sites63,65,81.

Qiu et al.82 applied bioluminescence imaging (BLI) to assess the

impact of delivery routes on the distribution of expressed protein

in mice. Results showed that IV led to broad distribution in organs

including the liver, spleen, lung, and lymph nodes; in contrast, SC

resulted in luciferase expression restricted to lymph nodes. Be-

sides, the depth of injection impacts expressed protein distribu-

tion. Superficial IM injection mainly leads to muscle expression,

whereas deep IM injection produces most protein in the liver81.

4.4. Dose

Dose affects local or distal distribution. Bahl et al.63 utilized BLI

to investigate the dose-dependent biodistribution of luciferase-

mRNA-LNPs. Findings demonstrated that low doses of mRNA-

LNPs exhibited distribution in local tissues such as muscle and

skin when administered via IM and ID routes. In contrast, high

doses of mRNA-LNPs lead to distal distribution in spleen and

liver, etc. This interesting dissemination is most likely related to

the limited capacity at the injection site and a high diffusion rate

of mRNA-LNPs to the surrounding tissues and distal tissues at

high concentration. Meanwhile, cellular uptake at the injection

site can be saturated at high particle concentration, facilitating

distal spreading.

5. Cellular uptake, endosomal escape, and distribution of

mRNA-LNPs

Although mRNA-LNPs administered via various routes distribute

systemically to various tissues, the specific cell types that take up

these particles―a key factor that dictates both protein expression

and therapeutic efficacy (e.g., immune activation)―remain un-

identified to date. Hassett et al.60 investigated the distribution of

mRNA from SM102-based mRNA-LNPs and the protein it ex-

presses, within muscle and lymph nodes at both tissue and cellular

levels. At the intramuscular injection site in non-human primates

(NHPs), analysis revealed that the mRNA and its encoded EGFP

protein were distributed in macrophages, fibroblasts, and
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intermuscular adipocytes. Interestingly, neither mRNA nor protein

expression was found in muscle fibers. In lymph nodes of mice,

most mRNA was eliminated from the lymph nodes, with residual

mRNA localized in B cell follicles and interfollicular regions60.

However, the encoded EGFP protein was primarily localized in

macrophages residing in subcapsular and medullary sinuses. Be-

sides, EGFP expression was minimal in the left popliteal lymph

node (5%), with negligible levels in the contralateral popliteal and

bilateral inguinal nodes; this variability may be related to the

inconsistent tissue collection and the distance from the injection

site60. Notably, protein expression varied throughout the tissue,

even within the iliac lymph nodes. The above results suggest that

the inhomogeneous distribution of LNP within target tissue may

cause uneven cellular uptake. This, in turn, results in inconsistent

protein translation, which can cause variable biological effects.

Therefore, studying the cellular distribution and intracellular fate

of mRNA-LNPs is essential.

5.1. Cellular uptake mechanisms

After intracellular delivery, mRNA ends up in the cytoplasm,

where it is translated into the target protein. Clathrin-mediated

endocytosis (CME) is reported to be the primary pathway medi-

ating the entry of LNPs into cells. Clathrin forms a triskelion

scaffold via three heavy and three light chains83,84. Gilleron

et al.27 discovered that heavy chain downregulation reduces LNP

uptake by ∼50%, confirming CME as a primary entry route. The

protein corona―particularly ApoE adsorption―critically governs

CME by engaging low-density lipoprotein receptors (LDLr) for

clathrin- and caveola-mediated internalization85-88. Moderna

found that the expression of mRNA-LNPs was almost wholly lost

in ApoE knockout mice and LDLr knockout mice62, confirming

the importance of protein corona for mRNA-LNP cell uptake.

Macropinocytosis is a form of non-specific cellular uptake of the

extracellular fluid and solutes through plasma membrane ruffling.

LNPs can also enter cells in this way27,71. Reducing pathway-

associated regulators or adding inhibitors can reduce LNP cellular

uptake by more than 60%27. The study inferred that macro-

pinocytosis is induced following CME and seems to be the primary

delivery mechanism of LNP in terms of quantity. Interestingly,

LNPs themselves appear to induce cellular macropinocytosis27.

5.2. Endosomal escape efficiency and kinetics

Once internalized via endocytic pathways, mRNA-LNPs are

encapsulated within a membrane-lined vesicle, fusing with the

early endosomes. As the endosome matures, the mRNA-LNPs

may face three primary fates: escape into the cytosol, degrada-

tion in lysosomes following trafficking through late endosomes, or

exocytosis back to the extracellular space via the recycling en-

dosome pathway (Fig. 5)89,90. Critically, functional translation

necessitates mRNA localization to the cytoplasm for ribosomal

engagement. Therefore, endosomal escape efficiency is the critical

determinant of mRNA-LNP delivery efficacy. One study indicated

that less than 2% of siRNA underwent endosomal escape27. Sa-

bines et al.62 utilized fluorescence in situ hybridization to quantify

cytosolic mRNA delivery, measuring an escape efficiency of 2.5%

for MC3-based LNPs. Furthermore, the team investigated a novel

lipid (Lipid 5, systematically named heptadecan-9-yl 8-((2-hydrox

yethyl) (8-(nonyloxy)-8-oxooctyl)amino)octanoate), which sign-

ificantly enhanced escape efficiency to 15%62. This improvement

was correlated with markedly increased protein expression in vivo.

A key mechanistic insight is that increased fusogenicity drives the

enhanced efficacy.

The primary site of LNP endosomal escape remains debated,

with evidence supporting distinct compartments such as early

endosomes, recycling tubules, or early-late hybrid endocytic

compartment27,91,92. Patel et al.93 observed that late endosome/

lysosome formation is crucial for the efficient delivery of exoge-

nous mRNA. As for the kinetics, Wittrup et al.94 found that

endosomal release of siRNA occurred within ∼5—15 min of

endocytosis. Besides, internalized mRNA-LNPs can also produce

specialized extracellular vesicles (EVs). Maugeri et al.95 discov-

ered that a fraction of hEPO mRNA and ionizable lipids from

hEPO-mRNA-LNPs―specifically, components that neither

dissociate/escape into the cytosol nor undergo degradation within

endosomes―can be packaged into endosomally derived extra-

cellular vesicles (endo-EVs) and secreted extracellularly. In

contrast to administered mRNA-LNPs, the molar ratio of mRNA

to ionizable lipid in endo-EVs is 1:1. Interestingly, intravenous

administration of endo-EVs led to detectable plasma hEPO,

demonstrating their capacity to deliver functional mRNA and

mediate protein expression in vivo.

6. Plasma pharmacokinetics, metabolism, and excretion of

mRNA-LNPs

Preventive mRNA vaccines are typically administered via IM in-

jection96,97, functioning by encoding antigenic proteins that

leverage the immune system’s inherent amplification pathways to

mount robust immune responses. However, the resulting efficacy

and its duration are not directly proportional to the level or persis-

tence of the antigen expression. Other mRNA applications―such as

cancer vaccines, gene editing therapies, and autoimmune disease

treatments―can access a wider array of administration routes

(Table 1)98, such as intratumoral, intravenous and inhaled delivery.

Compared with preventive mRNA vaccines, the plasma pharma-

cokinetic (PK) profile of IV-administered mRNA therapeutics is

critical for predicting effective dosing and regimens99. Addition-

ally, unlike established helper lipids (e.g., cholesterol and DSPC),

the biodegradability of novel LNP excipients―such as ionizable

lipids and PEG-lipids―correlated with tissue clearance, injection-

site inflammation, and safety profiles100,101. A comprehensive

pharmacokinetic characterization of these excipients is essential for

assessing biocompatibility and the risk of adverse reactions. Since

biodistribution has been separately discussed in Section 3 (“Bio-

distribution of mRNA-LNPs”), this section will focus on plasma

pharmacokinetics, metabolism, and excretion.

6.1. Plasma pharmacokinetics

mRNA-1944 comprises two mRNAs encoding the heavy and light

chains of CHKV-24 IgG, delivered via LNP-encapsulated intra-

venous infusion, to enable in vivo expression of functional

neutralizing antibodies. Its mRNA component exhibits a distinc-

tive PK profile: an initial sharp decline, succeeded by an extended

terminal phase102. Similar plasma PK profiles were also observed

for the mRNA components of mRNA-3927, mRNA-3705, and

mRNA-321018. This trend may vary across different species and

dosing levels21. Notably, the half-life of mRNA in mRNA-1944

(∼80 h) is significantly longer than that of its ionizable lipid

component (∼7 h)102, This phenomenon may be attributed to the

rapid metabolism of the ionizable lipid and/or the possibility that
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the detected mRNA is primarily encapsulated within other car-

riers, such as exosomes.

In preclinical pharmacokinetic studies of the Pfizer/BioNTech

COVID-19 vaccine, Wistar Han rats were intravenously adminis-

tered luciferase-encoding mRNA-LNPs (1 mg/kg), corresponding

to 15.3 and 1.96 mg/kg for ALC0315 and ALC0159, respectively.

They both exhibited distinct biphasic elimination kinetics. The

initial rapid clearance phase showed half-lives of 1.62 h (ALC0315)

and 1.72 h (ALC0159), followed by a prolonged terminal elimi-

nation phase with half-lives of 139 and 72.7 h, respectively57. This

aligns with the plasma PK profile of DLin-MC3-DMA (ionizable

lipid) in Patisiran. Furthermore, DLin-MC3-DMA also exhibits a

longer terminal half-life than PEG2000-C-DMG (PEG-lipid)103.

The study hypothesizes that the initial rapid clearance may stem

from prompt shedding of PEG-lipids post-dose, which facilitates

hepatocyte uptake of LNPs via the ApoE-dependent LDLr pathway.

The prolonged terminal half-life of the ionizable lipid, however,

may originate from the subsequent exocytosis of the nucleic acid-

lipid complex back into the systemic circulation.

6.2. Metabolism

Ionizable/PEGylated lipids exhibit biodegradability via metabolic

elimination. Pfizer/BioNTech assessed metabolism across species

(mouse, rat, monkey, human) using in vitro (liver microsomes,

hepatocytes, S9 fraction) and in vivo (PK study samples of rat)

models. ALC0315 undergoes sequential ester hydrolysis: mono-

ester → doubly deesterified metabolite → glucuronide conjugate

(exclusively in rat urine). Hydrolysis also yields 2-hexyldecanoic

acid (Fig. 6)104. Besides, ionizable lipids may undergo ß-oxida-

tion. A study revealed the in vivo metabolism of [14C]-labeled

lipid 5 in rats following a single intravenous administration of

mRNA-LNP105. At 1 h post-dosing, plasma contained intact lipid

5 and diacid ester hydrolytic metabolites. As time progressed,

lipid 5 was cleared from plasma, with the only detected [14C]-

labeled lipid 5 metabolites being the diacid with a four-carbon

chain-length reduction in both chain linkers. Intact [14C] lipid 5

was barely detectable in urine and feces, which were dominated

by diacid metabolites. ALC0159 metabolism involves amide bond

hydrolysis, producing N, N-ditetradecylamine and PEG104.

6.3. Excretion of ionizable/PEGylated lipids

Following IV administration of luciferase-encoding mRNA-LNPs

(1 mg/kg) to rats, neither ALC0315 nor ALC0159 was detected in

urine, while their fecal elimination profiles demonstrated distinct

characteristics: approximately 1% of ALC0315 and 50% of

ALC0159 were eliminated through feces in their original molec-

ular forms104. Given the minimal detection of unmodified

ALC0315 in both urinary and fecal outputs, metabolic

Figure 5 Following cellular uptake of mRNA-LNPs, acidification of endosomes triggers four distinct trajectories (blue arrows):③recycling to

the cell membrane via endosomal trafficking for extracellular release; ④packaging into exosomes through multivesicular body processing;

⑤degradation by lysosomal enzymes; or②endosomal escape (the critical step for protein expression). Ribosomes translate escaped mRNA into

antigenic proteins, which activate two immune pathways: 1) endogenous presentation (pink arrow): proteasomal processing generates peptides

that are loaded onto major histocompatibility complex class I (MHC class I) molecules, activating CD8+ cytotoxic T cells; 2) exogenous pre-

sentation (orange arrow): secreted proteins are internalized by APCs, processed into peptides, and loaded onto MHC class II molecules for CD4+

T cell activation. These cells mediate downstream immunity by inducing B cell maturation into plasma cells.

1954 Xin Xu et al.



transformation appears to constitute the predominant elimination

pathway for this compound. However, the excretion patterns of its

metabolites remain unquantified.

7. Research toolkits

Studying the biodistribution and pharmacokinetics of LNPs is

critical to assessing their targeting efficiency, therapeutic efficacy,

and safety profiles. Various analytical methods can be employed

based on the analytes or experimental objectives, including radi-

olabeling, fluorescence/bioluminescence imaging, mass

spectrometry-based assays, and hybridization techniques. For

example, hybridization probes are optimal for mRNA quantifica-

tion due to their exceptional sensitivity, whereas fluorescent or

radiolabeling techniques are superior for dynamic in vivo tracking.

In this section, we discuss the strengths and weaknesses of these

methods for investigating the in vivo fate of mRNA-LNPs.

7.1. Radiolabel-based technologies

Radiolabel-based technologies enable high-sensitivity detection of

radionuclides in biological tissues, providing spatially resolved

distribution maps. Key technologies for biodistribution studies

include quantitative whole-body autoradiography (QWBA), posi-

tron emission tomography (PET), and single-photon emission

computed tomography106,107. Among these, QWBA is routinely

applied in preclinical biodistribution assessments of nucleic acid

therapeutics108-110. Preclinical QWBA studies typically utilize

albino and pigmented rats. Data from albino rats correlate with

toxicity profiles, whereas data from pigmented rats predict human

radiation exposure due to melanin-binding-induced radiolabel

accumulation111. QWBA preserves native tissue architecture with

minimal disruption, enabling accurate in situ biodistribution

profiling while mitigating cross-contamination risks. However, it

also exhibits certain limitations. Firstly, this technique typically

requires processing into tissue sections for monitoring, which is

not conducive to dynamic assessment. In contrast, PET-CT excels

in dynamic real-time monitoring, capturing tracer kinetics criti-

cally for characterizing particle translocation dynamics112. For

instance, Lindsay et al.113 used a radionuclide-near-infrared dual-

probe to label mRNA. They monitored the dynamic drainage

signals of the mRNA vaccine from muscle to lymph nodes via

positron emission tomography-computed tomography and near-

infrared imaging technologies. Secondly, QWBA cannot distin-

guish between the drug (carrier or material) and its metabolites.

Several studies have found that the broad biodistribution observed

using QWBA is often attributable to degradation products or

metabolites, especially when applying less stable isotopic labeling

in used (e.g., 3H, 125I)111. One study demonstrated that 3H-labeled

siRNA lost 9% of the label after 2 h and 26% after 48 h post-IV

injection114. This underscores the importance of evaluating

Figure 6 Metabolic pathways of [14C] lipid 5, ALC0315, and ALC0159. The identified metabolites may originate from in vitro incubation (red)

and/or in vivo studies (green). The species abbreviations used in the figure are as follows: H, human; R, rat; Mo, mouse; and Mk, monkey.

Reprinted with permission from Burdette et al.105 Copyright ª 2023, under a Creative Commons CC-BY license. The other data was sourced

from (125742_S1_M2_24_nonclinical-overview.pdf (phmpt.org)).
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radiolabel stability and accounting for the effects of analyte

metabolism during the research. Furthermore, QWBA tissue

sections typically require dehydration, which may lead to the loss

of volatile metabolites. Mass spectrometry imaging technology

offers a promising alternative for addressing these issues of

metabolite loss and distribution distortion. For cell-targeting

LNPs, achieving cellular-level resolution is considered essential.

However, QWBA lacks cellular resolution due to freezing-induced

morphological disruption. Consequently, microautoradiography

serves as the preferred method for analyzing drug distribution at

the cellular level110.

7.2. Mass spectrometry

Mass spectrometry (MS) achieves analyte identification by

measuring mass-to-charge ratios and enables precise compound

characterization when integrated with separation techniques. To

date, MS-based methodologies have been well-established for

pharmacokinetic profiling of lipid components and metabolite

identification108,109,115, exemplified by Pfizer/BioNTech’s studies

on lipid pharmacokinetics57 and Moderna’s screening for opti-

mized LNP formulations56. For tissue distribution studies, con-

ventional homogenization methods provide quantitative data but

fail to reveal the spatial localization of analytes within tissues. In

contrast, MSI enables spatially resolved lipid distribution

analysis in intact tissues116-118. For example, Christensen et al.109

successfully mapped the biodistribution of the lipid DLin-KC2-

DMA using matrix-assisted laser desorption ionization mass

spectrometry imaging.

Despite these advances in lipid analysis, direct MS character-

ization of mRNA faces critical challenges. Macromolecular

mRNA (105—106 Da) sometimes exceeds the detection range of

conventional MS119. Lowenthal et al.120 recently established an

acid hydrolysis-isotope dilution MS technique for the quantifica-

tion of LNP-encapsulated mRNA in formulated products. Acid

hydrolysis simultaneously releases mRNA cargo from LNPs and

hydrolyzes it into constituent nucleobases for quantification.

Although this method ensures accuracy, its sensitivity remains

lower than that of conventional polymerase chain reaction (PCR).

More importantly, it does not resolve key challenges such as

in vivo mRNA quantification or the distinction between complex

mRNA forms (intact vs. degraded, free vs. encapsulated). Beyond

nucleic acids, MS platforms also support characterization of

vaccine-associated proteins, including antigen proteins and corona

proteins, among others121,122.

7.3. Fluorescence imaging

Fluorescence imaging (FLI) and BLI enable non-invasive tracking

of mRNA-LNP biodistribution. Their core distinction lies in the

emission mechanism; FLI requires excitation by light of specific

wavelengths to stimulate fluorescent dyes or proteins, enabling

detection of their emitted light. In contrast, BLI typically involves

the administration of luciferase-encoding mRNA-LNPs, followed

by the injection of the corresponding substrate (e.g., luciferin) to

initiate an enzymatic reaction that emits light. Both techniques are

extensively applied to track the spatial and temporal distribution

of mRNA-LNP formulations in preclinical models.

LNPs can be labeled with lipophilic dyes (e.g., DiD, DiR, DiO)

for in vivo imaging58,123,124. However, these dyes can potentially

modify the physicochemical properties of the entities being

labeled. Moreover, one study demonstrated that the dye ICG leaks

from LNPs after intravenous administration, impairing the char-

acterization of biodistribution. This leakage likely relates to its

amphiphilic properties and localization within LNPs, underscoring

the need for prudent selection of suitable fluorescent dyes125. For

mRNA tracking, dyes such as Cy5 and Cy7 enable tracing but

introduce steric hindrance and hydrophobicity, impairing tran-

scription and translation126. Alternative techniques―including

nanocarrier-conjugated probes (e.g., gold nanoparticles) and

aptamer fusion strategies―also compromise translation efficiency

or disrupt RNA-protein interactions127,128. In contrast, chemical

modification approaches (e.g., azide-functionalized 5′-cap analogs

or 3′-polyA tails) exhibit minimal interference and enable post-

transcriptional labeling in cells, though limited labeling sites

result in low signal intensity129,130. Baladi et al.126 developed a

fluorescent tricyclic cytosine analogue that not only generates

sufficient fluorescence for visualization but critically maintains

translational competence, showing promise for mRNA-LNP de-

livery studies. Furthermore, LNP formulations encapsulating

mRNA, which encodes fluorescent proteins, are commonly

employed to investigate the biodistribution of mRNA-LNPs61,115.

BLI leverages luciferase-substrate reactions to generate

bioluminescent signals, enabling non-invasive tracking of lucif-

erase proteins131,132. BLI eliminates the problem of auto-

fluorescence, thereby providing superior specificity compared to

FLI. Combining numerous imaging modalities often provides

richer dynamic information. For instance, Ma et al.133 utilized

DiR-labeled LNPs encapsulating Cy5-labeled luciferase mRNA to

track real-time biodistribution via FLI and BLI. By leveraging the

fluorescence resonance energy transfer (FRET) between Cy5 and

DiR, they monitored mRNA dissociation from LNPs through the

recovery of Cy5 fluorescence signals. Additionally, transgenic

models such as Ai14 mice enable indirect assessment of functional

mRNA delivery and expression. In this system, the delivery of

Cre-encoding mRNA-LNPs leads to the translation of Cre protein,

which catalyzes the excision of a genomically integrated loxP-

Stop-loxP cassette, thereby activating tdTomato fluorescence

expression as a readout72,88.

In mRNA vaccine research, luciferase-encoding mRNA is

frequently employed as a surrogate to indirectly infer the bio-

distribution of mRNA-LNPs, as LNPs are widely regarded as the

dominant factor governing biodistribution. However, the signal

reflects protein expression rather than LNP distribution. Further-

more, the intrinsic kinetics of luciferase should be carefully

considered, as significant discrepancies in biodistribution patterns

may arise between luciferase and the functional protein. For

instance, luciferase is a short-lived protein with a half-life of

approximately 2 h in living HEK293 cells134, whereas SARS-

CoV-2 spike protein exhibits substantially longer persistence

(>8 h in BEAS-2B cells)135. Notably, for mRNA therapeutic

drugs, the expression level and duration of the encoded protein in

target tissues influence the onset and duration of drug efficacy.

This suggests that surrogate methods used to study mRNA vac-

cines’ biodistribution may not apply to mRNA therapeutics.

7.4. Hybridization techniques

ISH is a fundamental molecular technique for visualizing specific

nucleic acid sequences (DNA or RNA) through complementary

probe hybridization, allowing for precise spatial localization

within biological samples136-138. Fluorescence in situ hybridiza-

tion (FISH) is the gold standard for RNA detection in fixed

specimens, offering unparalleled specificity and resolution139,140.
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Moderna utilized single-molecule FISH to quantify the intracel-

lular delivery of mRNA therapeutics62. bDNA technology em-

ploys sequential sandwich hybridization and branched DNA-

mediated signal amplification (rather than target amplification)

to generate a chemiluminescent signal directly proportional to the

original nucleic acid amount, providing a highly sensitive method

for quantifying low-abundance targets such as in vivo

mRNA60,62,141. For instance, Moderna utilized bDNA to quantify

six encapsulated mRNA species in various tissues during pre-

clinical evaluations, underscoring its capacity for multiplexed

analysis142. Other techniques, such as quantitative reverse tran-

scription PCR, RNAscope, and nucleic acid sequence-based

amplification, droplet digital PCR, provide complementary stra-

tegies for mRNA detection and quantification143-146.

Besides, hybridization-based methods enable evaluation of

endosomal escape efficiency when used in conjunction with FRET

technology. Zhang et al.147 developed a Cy5/BHQ3-labeled

partially complementary double-stranded DNA probe targeting

GAPDH mRNA. In its double-stranded state, Cy5 fluorescence is

quenched by BHQ3 via FRET. Upon delivery into the cytoplasm,

the BHQ3-labeled single-strand DNA in the probe is competitively

displaced by GAPDH mRNA, leading to Cy5 fluorescence recovery

detectable by a confocal laser scanning microscope. This probe

serves as an indirect indicator of cargo accessibility and delivery

system efficiency―rather than direct mRNA release dynam-

ics―while overcoming limitations of conventional mRNA

labeling.

ISH technology is primarily employed for the spatial distri-

bution mapping and quantification of nucleic acids within tissues

or cells. However, it is unsuitable for in vivo dynamic tracking due

to its requirement for tissue fixation, along with limitations in

probe stability and spatial resolution126. Additionally, due to the

length limitations of RNA probes, this method may be unable to

distinguish whether detected signals originate from intact mRNA

or degradation fragments, which could compromise the estab-

lishment of a correlation with protein expression. By employing a

combination of probes targeting multiple regions, it is possible to

assess the integrity of the target mRNA.

7.5. ELISA

The enzyme-linked immunosorbent assay (ELISA) represents a

fundamental technique for the quantitative analysis of a broad

spectrum of analytes, including proteins, hormones, antibodies, and

immune markers, through four primary formats: direct, indirect,

sandwich, and competitive ELISA148,149. It serves as a compre-

hensive tool in mRNA-LNP vaccine development, enabling precise

antigen quantification (e.g., receptor-binding domain)150, antibody

profiling151-153, monitoring of cytokine dynamics154, and safety

assessment by detecting PEG-specific antibodies155, thereby

providing critical insights into vaccine-induced humoral immunity,

immune polarization, and potential hypersensitivity reactions.

ELISA provides exceptional sensitivity (enabling picogram-level

detection), high-throughput capacity, and enhanced safety. None-

theless, it remains prone to cross-reactivity artifacts caused by

nonspecific antibody binding, which can undermine assay speci-

ficity and generate false-positive or false-negative signals.

7.6. Barcoding technologies

DNA barcoding represents a novel high-throughput screening

technique for in vivo LNP analysis. Each LNP is formulated with

nucleic acids containing a unique barcode sequence, enabling the

tracking of nanoparticle delivery by sequencing these barcodes in

target cells or tissues. For example, Huayamares et al.156 evaluated

94 LNP formulations using DNA barcoding combined with PCR

technology, identifying delivery systems capable of targeting head

and neck squamous cell carcinoma. While DNA barcoding en-

ables high-throughput screening, it does not directly report mRNA

translation levels. Co-delivering mRNA with DNA barcodes re-

solves this limitation by providing concurrent protein expression

data, thereby enabling the identification of LNPs with optimal

delivery and functional efficacy. Sanchez et al.157 exemplified this

approach by screening 128 LNP formulations co-delivering Cre

mRNA and DNA barcodes, which enabled the simultaneous

evaluation of biodistribution and functionality. Liu et al.146 sys-

tematically assessed the biodistribution and delivery efficacy of

mRNA-LNPs in mice by integrating dsDNA barcoding with qPCR

and BLI.

Beyond DNA-based barcoding strategies, several novel bar-

code approaches have demonstrated promising screening efficacy.

For instance, Rhym et al.158 developed a LC—MS/MS method to

detect peptide barcodes translated from mRNA, enabling the

evaluation of 384 structurally distinct ionizable lipids in vivo.

Separately, Wang et al.159 created Quantitative Analysis of

Reverse Transcribed Barcodes, which employs a bacterial retron

reverse transcription system to couple the cytoplasmic delivery of

functional mRNA with the readout of cDNA barcodes.

In summary, monitoring only a single component within

mRNA-LNP cannot effectively confirm their successful delivery

and functional activity in target cells. Multimodal analytical ap-

proaches are therefore essential for comprehensive characteriza-

tion of mRNA-LNP pharmacokinetics and biological fate. The

integrated use of traditional molecular probes (fluorescence/

bioluminescence), radiolabeling, and novel barcoding strategies

provides a transformative platform for rapid screening of tissue-

specific LNP with high delivery efficacy.

8. Enhancing the efficacy, targeting, and safety of mRNA-

LNPs

LNPs have shown remarkable efficacy in delivering RNA thera-

peutics, yet they still require further optimization in terms of de-

livery efficiency, targeting specificity, safety, and immunogenicity.

This section will address these key challenges to facilitate the

design optimization of next-generation LNPs and broaden the

scope of mRNA-LNP applications.

8.1. Enhancing the efficacy of mRNA-LNPs

8.1.1. Enhancing the delivery efficiency of LNP by optimizing

lipid design and composition

Enhancing endosomal escape efficiency is critical for improving

protein expression. Refining LNP design and formulation serves

as the central focus for boosting endosomal escape, with ionizable

lipid optimization currently representing the most extensively

researched approach. Ionizable lipids have three structural com-

ponents: the headgroup, linker, and tail. Variations in lipid

architecture―such as the number of headgroups, the unsaturation

degree and hydrophobicity of tails, the position and conformation

of unsaturated bonds, and the quantity and length

of tails―significantly influence the delivery efficiency of

LNPs160-162. For instance, incorporating a trialkyl lipid into LNPs
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promotes adoption of the reversed hexagonal phase, which en-

hances disruption of the endosomal membrane61. Lam et al.61

developed and screened a range of trialkyl ionizable lipids,

identifying the optimal candidate (Lipid 10). Lipid 10-based LNPs

demonstrated stronger gene silencing capability and improved

tolerability than those of MC3-based LNPs. Further comparative

studies on ionizable lipids with 2, 3, and 4 tails―all featuring an

imidazole headgroup―revealed that the 4-tailed variants achieved

the most efficacious outcomes163. Mrksich et al.164 engineered a

combinatorial library of ionizable lipids with variable tail lengths.

Compared to the benchmark C12-200, LNPs formulated with

C10-200 (shorter-tail IL) enhanced liver transfection of luciferase

mRNA (1929 bp) by over 10-fold. For Cas9 mRNA (4521 bp),

C9-200-based LNPs elicited over threefold the number of inser-

tion/deletion relative to C12-200 controls. This suggests that the

optimal lipid tail lengths differ for mRNA of different sizes,

indicating that the structure and proportions of ionizable lipids

may still require further optimization for mRNA drugs intended

for distinct therapeutic purposes.

The linker, typically composed of ether, ester, or amide bonds

that connect the headgroup and tail, also influences delivery effi-

ciency. For instance, when the cross-section area of the hydrophobic

tail exceeds that of the hydrophilic head, LNPs tend to adopt a cone-

shaped morphology, facilitating endosomal escape and improving

delivery efficiency165. Leveraging this feature, Liu et al. designed

ionizable lipids with branched ß-isobutylglutarate linkers,

enhancing LNP transfection efficacy. Separately, Chen et al.

developed GSH-responsive degradable lipids featuring disulfide-

bridged ester linkers, whose conical structure promoted excep-

tional endosomal escape and swift mRNA release kinetics166.

An intriguing study revealed that the stereochemistry of ioniz-

able lipids significantly impacts delivery efficiency and tolerability.

Specifically, C12-200-S-based LNPs achieved higher mRNA de-

livery levels than their racemic and C12-200-R counterparts,

respectively157. Notably, stereopure LNPs demonstrated superior

in vivo tolerability compared to racemic formulations. However,

another study suggests that the influence of ionizable lipid stereo-

chemistry on delivery outcomes may vary across different molec-

ular systems167, underscoring the critical need to elucidate how

chemical structure governs LNP activity and tolerability profiles.

Modifications to lipid components represent an effective

strategy for enhancing mRNA delivery efficiency. One study

incorporated a novel fluorinated ionizable lipid (F-L319) into

L319-based LNPs, the resulting LNPs significantly outperformed

L319-LNPs or F-L319-LNPs alone in in vivo mRNA delivery

efficiency168. Separately, asymmetric sterol-conjugated ionizable

lipids were engineered to enable prolonged and safe mRNA de-

livery169. In addition, modifying helper lipids such as cholesterol

can also modulate endosomal escape. Studies demonstrated that

substitution of conventional cholesterol with the ionizable

cholesterol analog 3ß[L-histidinamide-carbamoyl] cholesterol

markedly enhanced GFP expression170. This improvement is

likely due to protonation of the histidine imidazole group in the

novel cholesterol analog within endosomes, which promotes

endosomal escape. Similarly, Patel et al.171 identified ß-sitosterol-

based LNPs that exhibit superior transfection efficiency, likely due

to their polyhedral morphology. Notably, while these novel

ionizable lipids demonstrate superior protein expression effi-

ciency, current studies lack comprehensive characterization of

their in vivo immunogenicity, biodegradability, and targeting

specificity. Hence, these advanced materials warrant further

investigation. Moreover, pronounced species differences compel

therapeutic validation in large-animal models, notably NHPs, to

confirm clinical efficacy.

Incorporating a fifth component into conventional LNPs serves

as an additional strategy to enhance mRNA delivery efficiency.

For instance, Bogaert et al. strategically enhanced cytosolic de-

livery of siRNA and mRNA in LNPs by partially replacing

cholesterol with cationic amphiphilic drugs, a class of compounds

proven to facilitate intracellular transport of small nucleic

acids172. The integration of tetraether lipid caldarchaeol (an

archaeal ether lipid) into LNPs significantly enhanced delivery

efficacy, demonstrating up to a 10-fold increase in vitro mRNA

expression, potentially attributed to this lipid’s fusogenic and

lyotropic properties173. Besides, incorporation of membrane-

intercalating conjugated oligoelectrolytes COE-S6 into mRNA-

LNPs increased systemic luciferase expression by 1.75-fold post

intravenous injection174. Furthermore, introducing negatively

charged polymers into LNPs is another feasible method to

enhance mRNA delivery efficiency by facilitating the diffusion

and dissociation of the mRNA from its carrier. Zhang et al.147

enhanced cytoplasmic mRNA release by incorporating poly(γ-

glutamic acid) into mRNA-LNPs. Subsequent in vivo studies

confirmed that optimized mRNA-LNP formulations achieved 5-

and 3-fold increases in luciferase expression following IV or IM

administration, respectively.

Low endosomal escape efficiency can also be addressed by

altering cellular uptake mechanisms or intracellular trafficking

pathways. For instance, a study demonstrated that pretreating cells

with a complementary lipopeptide and using coiled-coil peptide-

modified LNPs enabled substantial genetic cargo delivery by

bypassing endocytic pathways. This approach yielded up to a 63-

fold increase in GFP expression versus that of unmodified LNPs175.

However, it should be noted that this efficient delivery can only be

achieved through cell pretreatment and thus may hold potential

applications in adoptive cell therapy. Wang et al.176 developed a

noncationic thiourea-based LNP system that evades intracellular

recycling pathways, a common mechanism that expels internalized

nanoparticles to the extracellular space. By inhibiting this efflux, the

system substantially boosted gene transfection efficiency.

8.1.2. Improving the immunogenicity of preventive vaccines

The primary function of preventive vaccines is to establish long-

term protective immunity by eliciting immune responses. Engi-

neering adjuvant functionality into LNPs enables synergistic

enhancement of innate immune activation and antigen-specific

adaptive responses. Han et al.177 engineered an adjuvant lipidoid

that enhanced mRNA delivery and conferred TLR7/8-agonism via

partial substitution in LNPs, boosting SARS-CoV-2 vaccine innate

immunity in mice. Misra et al.178 developed LNPs co-encapsulating

the TLR7-selective adjuvant CL347, doubling IFN-γ+ CD4+/

CD8+ T cells in lymphoid organs versus non-adjuvanted controls.

While mRNA vaccines effectively induce adaptive immune, their

protection is often short-lived. Enhancing longevity of immune

memory remains a critical challenge179. Microbiota-derived me-

tabolites represent promising adjuvant candidates to enhance CD8+

T cell memory180,181. By incorporating microbiome metabolites

(e.g. butyrate) into LNPs, one study achieved enhanced generation

of stem cell-like memory T cells and amplified memory T cell re-

sponses, indicating a promising strategy for durable immunity179.

8.1.3. Enhancing the efficacy of therapeutic applications

To enhance therapeutic efficacy, innovative LNP strategies are

being developed to overcome biological barriers by co-delivering
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synergistic therapeutic agents. Li et al.182 demonstrated that

dexamethasone pretreatment enhanced the luciferase expression in

mice and monkeys. Mechanistic studies revealed that dexameth-

asone inhibited the phagocytosis by macrophages, thereby

increasing the accumulation of LNPs in hepatocytes. This strategy

consequently enhanced the efficacy of protein replacement and

genome editing therapies. In another study, Park et al.183 engi-

neered an LNP co-delivery system for IL-12 mRNA and

indoximod prodrug. Indoximod inhibits the indoleamine 2,3-

dioxygenase pathway, thereby suppressing IL-12-induced activa-

tion of immunosuppressive CD4+Foxp3+ T regulatory cells. This

strategy enhanced the effector function of CD8+ T cells and

delayed tumor growth, demonstrating a promising approach to

cancer immunotherapy. Additionally, emerging research reveals

that tumor-derived small extracellular vesicles hijack therapeutic

nanoparticles to liver Kupffer cells for degradation, compromising

antitumor efficacy. Gong et al.184 created an LNP co-delivery

platform incorporating both mRNA and Rab27a siRNA; by sup-

pressing the secretion of tumor-derived small extracellular vesi-

cles, this strategy significantly enhanced therapeutic efficacy,

highlighting its potential for oncology applications.

8.2. Enhancing the targeting of mRNA-LNPs

8.2.1. Enhancing the tissue targeting of mRNA-LNPs

To broaden the applications of LNPs in diverse RNA therapeutics,

developing strategies for effectively targeting specific organs and

tissues in vivo is imperative. Such advancements would enhance

therapeutic efficacy while minimizing adverse effects. Rational

design of ionizable lipids serves as a pivotal strategy in current

research to engineer LNP targeting specificity, particularly to-

wards spleen and lungs. For spleen targeting, dendron-like

ionizable lipids185, ketal-ester ionizable lipids167, and carbonate-

bearing ionizable lipids186 effectively mediate delivery.

Conversely, ionizable lipids including those with amide bonds in

tails122, piperazine-based ionizable lipids (e.g., 244cis)187 enable

lung tropism of LNPs. Notably, the structural class of the linker

can also influence the targeting specificity of LNPs188. Further-

more, adding a fifth component to LNPs represents a critical

strategy for modulating targeting specificity. A prime example is

the development of SORT LNPs, where by incorporating SORT

lipids into the formulation, their targeting profile was altered,

thereby enabling efficient delivery to multiple organs and cell

types, including the lungs, spleen, epithelial cells, and immune

cells72,189. Liu et al.190 synthesized several ionizable cholesterol

analogs as a fifth LNP component. Their study demonstrated that

after IV injection, the 0315-Ergo-40% formulation resulted in

splenic fluorescence accounting for 95% of the total signal across

major distribution organs (liver, lungs, and spleen). Conversely,

under the 102-Sito-40% formulation, pulmonary fluorescence

constituted 78% of the signal in these organs. This confirms the

feasibility of modulating organ selectivity by incorporation of

ionizable cholesterol analogs.

Beyond LNPs, other types of carriers can mediate extrahepatic

targeting191,192. For instance, Lin et al.193 developed phospholi-

pidated and alkylated polymers (PAPs), where single-component

PAPs facilitate spleen-specific mRNA delivery. Furthermore,

PAPs synergize with various helper lipids to form LNPs, which

enable specific mRNA delivery to the lungs and liver, respectively.

A study on polymer-lipid hybrid nanoparticles demonstrated that

the organotropism of LNPs is dictated by the side chain length of

ionizable amino-polyesters, with shorter side chains (C4—C5)

diverting particles to the spleen and lungs, and longer chains

(C7—C9) show liver delivery194. Alternatively, modifying

administration routes can redirect LNP targeting. For example,

intratracheal administration or nebulization can mediate pulmo-

nary delivery195-198.

Targeted delivery research for other organs remains relatively

limited compared to spleen and lungs. Isaac et al.199 engineered an

endogenous targeting platform by incorporating cholecalciferol as

a fifth component into LNPs. This novel system enables intrave-

nous LNP delivery to the pancreas, offering promising potential

for the treatment of pancreatic diseases. For bone targeting,

bisphosphonate ligand modification represents an effective clas-

sical approach200, studies demonstrate that ionizable lipids

chemically modified with bisphosphonate moieties can efficiently

deliver LNPs to the bone microenvironment124,201. Notably, an

interesting study developed an innovative LNP system designed

for bone marrow targeting by incorporating covalent-binding lipid

moieties (e.g., stearic acid N-hydroxysuccinimide ester) as a fifth

component. The underlying targeting mechanism is driven by an

endogenous process where the covalent lipids enrich ApoE on the

LNP surface. These LNPs transfect at least 14 cell types

(including hematopoietic stem cells and immune cells), enabling

efficient genome editing in bone marrow and demonstrating po-

tential for treating hematologic diseases202.

8.2.2. Enhancing the cell targeting of mRNA-LNPs

Immune and cancer cells are key preventive or therapeutic targets,

with numerous studies exploring LNP targeting strategies by

optimizing ionizable lipid. Zhao et al.203 demonstrated that

imidazole-containing lipidoid-based LNPs enable efficient mRNA

delivery to T lymphocytes. Fenton et al.204 designed a novel OF-

Deg-Lin-based LNP that delivers mRNA to splenic B lymphocytes

and induces protein expression. Furthermore, Suzuki et al.205

revealed that LNPs with 15% DSPC exhibit rigidity, hydropho-

bicity, and a charge-neutral surface, thereby suppressing

ApoE-mediated hepatic uptake while promoting complement

receptor-mediated B cell targeting.

Ligand conjugation to the surface of LNPs―including small

molecules, aptamers, and peptides―enables targeted mRNA de-

livery to specific cells206. Tang et al.207 developed a phenylboronic

acid-derived LNP that enables targeted delivery of mRNA to sialic

acid-overexpressing tumor cells. Zeng et al.208 engineered man-

nosylated LNPs, enabling targeted delivery to APCs. Antibody

modification on LNPs represents a pivotal strategy for modulating

cell targeting specificity. For instance, CD5 antibody-conjugated

LNPs enable efficient mRNA delivery to T lymphocytes, driving

robust in vivo generation of functional CAR T cells209. Another

study demonstrated that EGFR-targeted LNPs achieved tumor-

specific uptake by disseminated ovarian cancer cells210. Shi

et al.211 engineered an LNP functionalized with CD117 antibodies

that achieves targeted RNA delivery to rodent hematopoietic stem

cell following IV injection. Recently, Papp et al.212 developed a

CD47/tLNP platform by modifying antibody-targeted LNPs with

CD47. Their results demonstrated that CD47/tLNP reduced

phagocytic clearance and enhanced efficiency of cell-specific

delivery.

8.3. Enhancing the safety of mRNA-LNPs

8.3.1. Overcoming the effects of anti-PEG antibodies

Repeated administration of PEGylated LNPs may induce hyper-

sensitivity, necessitating mitigation strategies to enhance the
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safety of mRNA-LNPs and broaden their therapeutic applications.

The route of administration and dosage may significantly impact

anti-lipid nanoparticle antibodies (ALAs) levels, and these pa-

rameters are typically selected based on the specific therapeutic

goals. A single-particle antibody measurement assay study

examined the production of ALAs in female C57BL/6JRj mice

after IV, SC, or IM injections of mRNA-LNPs213. The results

demonstrated that IM injection consistently produced the lowest

ALA levels, regardless of dose―whether administered at a high

dose (300 μg/kg) or low dose (0.3 μg/kg). In contrast, SC injection

generated the highest ALA concentrations in a dose-dependent

manner, while IV administration yielded ALA levels that exhibi-

ted inverse dose dependency, aligning with prior observations214.

These findings indicate that the selection of administration routes

requires careful consideration.

Formulation design of mRNA-LNP therapeutics enables en-

gineering of immune responses, including anti-PEG IgE/IgM

implicated in hypersensitivity reactions215,216. Adjusting the acyl

chain length of PEG lipids can regulate anti-PEG antibody pro-

duction. One study compared anti-PEG IgM levels induced by

LNPs conjugated to PEG lipids with C14 versus C18 acyl chains.

The results indicated that LNPs with shorter acyl chain PEG lipids

induced lower anti-PEG IgM than those with longer chains. This

difference is likely attributable to the enhanced shedding pro-

pensity of short-chain PEG lipids from LNPs, whereas free PEG

exhibits slight capacity to induce anti-PEG IgM production217,218.

Additionally, studies have shown that cleavable-branched and

branched PEG-lipid derivatives reduce anti-PEG antibody pro-

duction, mitigating the accelerated blood clearance (ABC) phe-

nomenon219. Modifying the surface properties of PEGylated

nanoparticles can also fine-tune immune responses. Zhang et al.220

engineered an anti-PEG single-chain variable fragment, which

alleviates the ABC phenomenon by competing with anti-PEG

antibodies for binding.

Furthermore, researchers are exploring PEG alternatives―such

as poly(N-vinylpyrrolidone), polyacrylamides, poly(2-oxazoline)s,

and polysarcosine (pSar), as discussed in prior reviews221-224.

Studies reveal that pSar-formulated LNPs achieve mRNA delivery

efficiency comparable to PEG-formulated LNPs with similar

in vivo safety profiles225,226. Critically, pSar-liposomes induce

significantly lower IgM/IgG levels than PEG-liposomes, effec-

tively mitigating the ABC phenomenon227. Poly(carboxybetaine)

lipids (PCB) represent another promising alternative to PEG-

lipids. Studies demonstrate that PCB-incorporated LNPs are able

to mitigate the ABC effect and exhibit higher endosomal escape

efficiency compared with PEG-based LNPs228. Recently, Xiao

et al.229 engineered brush-shaped polymer lipids to replace PEG

lipids, with novel LNPs demonstrating lower levels of anti-PEG

antibody binding and superior therapeutic performance in the

field of protein replacement and genome editing, in comparison to

DMG-PEG2000-based LNPs.

Appropriate use of immunosuppressants serves as a strategy to

mitigate adverse effects. Chen et al.230 incorporated LD003 (a

hydrophobic dexamethasone prodrug) into LNPs encapsulating

diverse nucleic acids, effectively reducing immune stimulation.

However, the efficacy and broad applicability of immunosup-

pressants still require further investigation231. Besides, clinical

screening for pre-existing anti-PEG antibodies is critical to iden-

tify individuals at high risk for severe hypersensitivity to PEGy-

lated vaccines216. For these patients, alternative modalities―such

as viral vector or protein-based vaccines―can be considered after

confirming no cross-reactivity to excipients.

8.3.2. Reducing the immunogenicity of ionizable lipids

LNPs may trigger inflammatory responses, leading to vaccine-

related adverse reactions such as fever, fatigue, and injection site

pain232. Research indicates that the potent inflammatory reactions

induced by LNPs primarily originate from ionizable lipids233,234.

A study demonstrated that within ionizable lipids, amine-

containing headgroups induce LNP immunogenicity through two

key pathways―one is binding to Toll-like receptor 4 and CD1d,

and the other is promoting the formation of lipid rafts235.

Consequently, studies propose replacing ionizable lipids with

highly biocompatible alternatives to reduce immunogenicity. For

example, researchers developed highly biocompatible, pH-

responsive dipeptide-conjugated lipids (DPLs), with a dipeptide

(instead of a tertiary amine group) in their lipid headgroups.

Optimized DPL-based LNPs achieved anti-OVA antibody pro-

duction levels on par with SM-102-based LNPs, yet induced

significantly lower levels of inflammatory-mediator production236.

Another study employed trehalose glycolipids to partially replace

ionizable lipids, resulting in LNPs that significantly reduced organ

toxicity while maintaining gene expression and immunogenicity,

confirming the safety enhancement from partial substitution of

ionizable lipids237. Reducing the proportion of ionizable lipids in

LNPs is another strategy to mitigate inflammatory responses. Liu

et al.238 engineered LNPs with 1% mildronate-derived cationic

lipid content, achieving mRNA delivery efficiency comparable to

SM-102-based LNPs while significantly mitigating inflammation.

8.4. Next-generation mRNA-LNPs

8.4.1. Next-generation LNPs

The broadening scope of RNA therapeutics―encompassing can-

cer therapy, monogenic diseases and autoimmune diseases―has

intensified demand for enhanced delivery platforms. Beyond

LNPs, several alternative delivery platforms are being explored,

such as EVs239-245, polymeric nanoparticles246, and viral vec-

tors247-249. Furthermore, hybrid delivery systems exhibit signifi-

cant versatility, combining the strengths of diverse platforms to

address constraints inherent to single-system approaches. For

example, one study incorporated fusion-associated small trans-

membrane (FAST) proteins into LNPs to develop proteolipid ve-

hicles (PLVs). FAST-PLVs, a hybrid system combining viral and

non-viral vector features, exhibit extensive tissue distribution

and high-efficiency delivery in mouse and NHP models250.Criti-

cally, FAST-PLVs exhibited lower immunogenicity and retained

functional activity after repeated dosing. Another study engi-

neered polymer-lipid hybrid nanoparticles boosting 15 kbp pDNA

transfection efficiency, advancing large-sized DNA delivery251.

Hybrid delivery systems have undergone rapid advancement,

with extensive documentation of these hybrid systems to date,

such as hybrid LNPs252, EV-based hybrid systems253-255, lipid-

polymer hybrid systems256-258, nanoparticle-hydrogel hybrid sys-

tems259,260, and hybrid PLGA nanoparticles261. Compared with

single delivery systems, hybrid systems demonstrate enhanced

stability and delivery efficiency, establishing them as promising

therapeutic platforms. However, their complex compositions

necessitate greater production resources and expertise, while

increased structural complexity may heighten regulatory approval

barriers.

8.4.2. Next-generation mRNA

mRNAs serve as the functional components of mRNA-based

vaccines and therapeutics. Currently, three distinct types of mRNA
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are utilized in pharmaceutical development: non-replicating

mRNA, self-amplifying mRNA (saRNA), and circular mRNA

(circRNA). saRNA vaccines are engineered from the genomes of

RNA viruses, mainly alphaviruses262. The key advantage lies in

self-replication capability, significantly reducing the RNA dose

required for vaccination. Merely 10 ng of saRNA induces robust

immunogenicity in mice, while only 5 μg suffices for clinical

testing263. However, saRNA’s propensity to trigger excessive

innate immune responses remains a challenge264, which could be

partially mitigated through rational engineering of ionizable

lipids265.

Owing to their covalently closed structure, circRNA exhibit

significantly extended half-lives compared to linear RNA coun-

terparts. This inherent stability prolongs their shelf life, alleviates

stringent storage and transportation requirements, and enhances

pharmacokinetic accumulation across diverse cell types and tis-

sues266-268. Despite demonstrating superior immunogenicity over

linear mRNA vaccines269, circRNA vaccines face manufacturing

complexity. Developing efficient, low-toxicity mRNA therapeutics

hinges critically on optimizing production and purification

methodologies.

8.5. Enabling clinical adoption of mRNA-LNP therapeutics

Ideal mRNA-LNP candidates require high protein expression,

minimal immunogenicity, and long-term safety upon repeated

dosing. However, current mRNA-LNPs face challenges that

hinder their translation to clinical applications. First, the precise

mechanisms governing mRNA-LNP intracellular trafficking,

endosomal interactions, and endosomal escape remain incom-

pletely understood. Although strategies such as ionizable lipids

designed to disrupt endosomal membranes or inhibition of recy-

cling endosomes have been proposed to enhance escape, eluci-

dating the specific factors controlling this process is critical for

advancing delivery efficacy.

Second, in mRNA vaccines, LNPs serve dual roles as carriers

and immunostimulatory adjuvants. However, the contribution of

LNP-triggered immunity to vaccine adverse reactions remains

poorly defined. This adjuvant activity may compromise efficacy in

non-vaccine applications, particularly protein replacement thera-

pies, during repeated administration. Consequently, mitigating

LNP immunogenicity is a critical research priority. Furthermore,

the in vivo pharmacokinetics of classic LNP components (ioniz-

able lipids, PEG-lipids, cholesterol, phospholipids) is often over-

looked. Given the immunogenic risks of ionizable/PEG-lipids,

elucidating their metabolism and elimination pathways is essential

for safety optimization.

Third, the optimization of mRNA-LNP delivery systems de-

mands further refinement. Critical aspects include the design,

synthesis, and purification of mRNA to enhance translation effi-

ciency and mitigate innate immune activation. However, the ef-

ficacy of nucleoside modifications in systemically administered

mRNA-LNPs may vary with LNP composition and target organ/

cell types270, necessitating deeper exploration of the relationship

among modification strategies, translational output, and tissue/cell

specificity.

Fourth, species differences have hindered progress in clinical

translation. Although invitro assays provide rapid and cost-effective

insights, their predictive reliability for in vivo performance remains

limited271. Bridging the gap between controlled in vitro systems and

complex in vivo physiology remains a significant translational

challenge272. Historically, LNP compositions have been optimized

in rodents due to ethical and economic considerations. However,

translating potency data from rodents to NHPs―especially for

intravenously administered products―has proven difficult. Key

LNP parameters, including particle size and lipid ratios, vary

significantly across species273. Consequently, preclinical validation

of nucleic acid sequences and LNP designs in NHP models is

essential. Terminal-use NHP studies may offer a strategy to reduce

animal use while generating clinically relevant data274.

Fifth, significant differences in immune function exist across

age groups275. Therefore, preclinical studies should establish

appropriate models to investigate the impact of age on vaccine

efficacy276. Adjuvants may be an effective strategy to enhance

vaccination in the elderly population277. Furthermore, metabolic

disorders affect immune responses, as evidenced by attenuated

responses in diabetic and obese mice278―a finding that un-

derscores the necessity to personalize mRNA-LNP formulations

for specific target populations.

Sixth, mRNA molecules exhibit poor stability at ambient

temperatures; therefore, mRNA-LNP vaccines necessitate storage

and transport under low (− 20 ◦C) or ultra-low (− 70 ◦C) tem-

peratures. Lyophilized formulations demonstrate extended shelf-

life at 4 ◦C and room temperature without compromising immu-

nogenicity279,280, positioning this technology as a promising next-

generation platform for mRNA vaccine development.

9. Conclusions and perspectives

The proven efficacy of mRNA-LNP in prophylactic vaccines, and

its emerging potential in oncology/gene editing, underscore its

pivotal role in nucleic acid therapeutics; however, its transition to

broader biologics faces multifaceted barriers―including safety

risks, off-target accumulation, suboptimal endosomal escape, and

transient expression―necessitating elucidation of in vivo fate

(e.g., component pharmacokinetics, metabolite profiles, and pro-

tein biodistribution) to guide next-generation designs. The devel-

opment of marketed mRNA-LNP vaccines disproportionately

underestimates the absorption, distribution, metabolism, and

excretion processes of intact mRNA-LNP complexes and their

components. While this oversight partly stems from technical

limitations in analytical methodologies, it primarily relies on the

premise that mRNA-LNP formulations have demonstrated

acceptable safety profiles in extensive animal studies and current

clinical applications, thereby ostensibly obviating the need for

detailed pharmacokinetic characterization. This rationale may

hold partial validity for conventional mRNA-LNP vaccine appli-

cations. However, as mentioned above, mRNA-LNP vaccines

differ fundamentally from other mRNA-LNP-based biologics

under clinical development in several critical aspects.

While extensive research has characterized the in vivo fate of

mRNA-LNPs, current understanding predominantly derives from

vaccine studies using IM administration. This contrasts with

alternative delivery routes―such as subcutaneous, intradermal,

intravenous, and intratumoral injections―employed for other bi-

ologics. The composition of the protein corona on nanoparticles

dynamically shifts as they transit between different biological

fluids281. Consequently, administration routes and dynamic

transport processes can significantly alter corona formation, ulti-

mately influencing biodistribution. Defining the interplay among

injection site microenvironment, LNP interfacial properties,

corona composition, and tissue tropism is essential for rational

engineering of next-generation mRNA-LNPs. However,
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elucidating these relationships requires efficient separation and

purification methods to effectively distinguish between original

LNP, PEG-lipid-shed LNP, protein corona-coated LNP, and

mRNA/lipid complexes, followed by detailed characterization of

their compositional and structural features. Regrettably, most

current studies continue to directly investigate the relationship

between the physicochemical properties of LNPs themselves and

tissue distribution or protein expression through trial-and-error

approaches. This knowledge gap impedes mechanistic under-

standing, as current empirical approaches directly correlate initial

LNP properties with tissue distribution while overlooking inter-

mediate transformation states.

A fundamental distinction between mRNA-LNP vaccines and

other mRNA-LNP biologics lies in the relationship between protein

expression and therapeutic efficacy. For vaccines, potency rarely

exhibits a direct dose-response correlation with antigen protein

expression levels. Instead, vaccine efficacy primarily depends on

the tissue microenvironment where the protein antigen resides and

the efficiency of immune cell uptake and presentation―as evi-

denced by limited correlation between protein expression and

immunogenicity (r � 0.54)56. Conversely, gene editing and protein

replacement therapies rely on the quantity and biological func-

tionality of the expressed proteins. Endosomal escape remains a

critical bottleneck for efficient protein expression from mRNA-

LNPs. Macropinocytosis demonstrates considerable potential for

enhancing cytoplasmic mRNA-LNP delivery through high uptake

capacity and efficient endosomal escape. However, escape effi-

ciency is driven by lipid fusogenicity, endosomal maturation93, and

cell-type-specific pH variations91,282,283, necessitating further

investigation into tissue-specific LNP performance.

Besides, analytical limitations and the dynamic complexity of

mRNA-LNP interactions with biological systems often restrict

researchers to tracking only a single component―such as a spe-

cific lipid or encoded protein―when assessing in vivo distribution

kinetics. However, accumulating evidence reveals divergent

in vivo fates among individual constituents―lipids, mRNA, and

expressed proteins―indicating substantial compositional reorga-

nization during physiological exposure. Therefore, attempts to

represent the biodistribution of intact mRNA-LNPs based solely

on partial component tracking―without rigorous differentiation

of these structurally remodeled assemblies―are fundamentally

biased and methodologically flawed.

In summary, expanding clinical applications for mRNA-LNP

therapeutics necessitates a comprehensive dissection of their

in vivo fate processes. Elucidating structure-activity relationships

of ionizable lipids, correlating LNP physicochemical properties

with tissue tropism, and evaluating efficacy versus safety profiles

are pivotal research priorities. Breakthroughs will hinge on

innovative analytical platforms (including separation, purification,

and structural composition analysis), coupled with the continuous

accumulation and correlative analysis of extensive data.
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