
Investigating the stability of RNA-lipid nanoparticles in biological fluids: 
Unveiling its crucial role for understanding LNP performance

Heyang Zhang a,*, Matthias Barz a,b,*

a Division of BioTherapeutics, Leiden Academic Centre for Drug Research (LACDR), Leiden University, 2333CC Leiden, Netherlands
b Department of Dermatology, University Medical Center of the Johannes Gutenberg-University, 55128 Mainz, Germany

A R T I C L E  I N F O

Keywords:
RNA-LNP
Physiological stability
Therapeutic efficacy
Analytical tool
PEG-free

A B S T R A C T

Lipid nanoparticles (LNPs) are the most established and clinically advanced platform for RNA delivery. While 
significant efforts have been made to improve RNA delivery efficiency for improved protein production, the 
interplay between physiological stability, target specificity, and therapeutic efficacy of RNA-LNPs remains 
largely unexplored. This review highlights the crucial, yet often overlooked, impact of in vivo stability or 
instability of RNA-LNPs in contact with biological fluids on delivery performance. We discuss the various factors, 
including lipid composition, particle surface properties and interactions with proteins in physiological condi
tions, and provide an overview of the current methods for assessing RNA-LNP stability in biological fluids, such 
as dynamic laser light scattering, liquid chromatography, and fluorescent and radiolabeled techniques. In the 
final part, we propose strategies for enhancing stability, with a focus on shielding lipids. Therefore, this work 
highlights the importance of investigating and understanding the balance between stability and instability of 
LNPs in the biological context to achieve a more meaningful correlation between formulation properties and in 
vivo performance.

1. Introduction

Lipid nanoparticle (LNP) are the most established platform tech
nology for in vivo RNA delivery, with four authorized RNA-LNP prod
ucts targeting inherited and infection diseases. The rapid mixing of 
lipids and RNA allows for efficient access to LNP libraries differing in 
nanoparticle properties (e.g., size, surface charge, RNA payload content, 
packing density and internal structure), while ensuring encapsulation of 
RNA within the nanoparticle. The currently approved RNA-LNP drugs 
contain ionizable (cationic) lipid, helper lipid, cholesterol and PEG- 
lipid. Although the exact internal structure of RNA-LNPs is complex 
and non-uniform due to the lipid compositions and the complexity of the 
self-assembled particles, within these lipid structures RNA can be pro
tected from hydrolysis/degradation. Moreover, depending on the 
composition, LNPs enable preferential RNA expression in specific organs 
(e.g., liver, spleen, lungs), enhance intracellular delivery and reduce 
RNA-associated immunogenicity.

Upon administration, LNPs interact with complex biological fluids, 
which differs in relation to the route. They either enter the bloodstream, 
get in touch with serum proteins and experience blood flow related 
shear forces or are taken up directly by cells at the injection site. For 

systemic application, however, the journey from the administration to 
the target site is fraught with challenges. Biological barriers, opsoniza
tion and degradation, along with the inherent susceptibility of RNA- 
LNPs to pre-release, aggregation and disassembly, can greatly impair 
therapeutic effects. Emerging evidence underlines that especially 
physiological stability of RNA-LNPs impacts their therapeutic efficacy, 
pharmacokinetics (PK), organ/tissue selectivity and toxicity. An 
extended circulation half-life seems crucial for RNA-LNPs to access 
extrahepatic tissues and/or accumulate in specific organs/tissues either 
by their inherent physicochemical properties (passive targeting), bind
ing to plasma proteins (endogenous targeting) or specific ligands to 
interact with receptors on target cells (active targeting) [1]. For 
instance, around 90 % of the injected dose of mRNA-LNPs with Onpattro 
lipid compositions is cleared by the liver within half-an-hour following 
intravenous (i.v.) injection, limiting their therapeutic potential in non- 
hepatic diseases [2]. Although the therapeutic activity is achieved in 
this case, the stability of RNA-LNPs is of major importance for their 
biodistribution, required dose for positive therapeutic outcomes, and 
overall safety profile. Additionally, the limited stability of LNPs may be 
key to explain the commonly observed variations in biodistribution and 
therapeutic efficacy (protein expression or inhibition) across different 
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species, necessitating the optimization of lead candidates for each 
model. While composition of serum proteins remains comparable, the 
distribution volume and time to reach certain tissues differ largely be
tween zebrafish, rodent, non-human primate and humans [3–6]. While 
this may affect to a lesser extent liver- or lung-targeted delivery (well 
accessible tissues), it constitutes a major issue for non-hepatic delivery 
(cancer cell uptake in solid tumors) and cell-specific uptake.

When exposed to biological fluids, biomacromolecules (e.g., serum 
proteins) spontaneously interact at the lipid-based nanoparticle surface 
through electrostatic, or hydrophobic interactions. This interaction 
leads to the formation of biomolecular corona on the LNP surface. The 
binding of specific serum proteins to the particle surface can also drive 
selective accumulation in different organs following i.v. injection [7]. In 
the case of LNPs, protein corona formation can also result in a dynamic 
exchange of lipid components with proteins (e.g., lipoproteins, lipid- 
bound albumin) in close proximity. These interactions impact the 
structural integrity, functional properties, PK, biodistribution and 
cellular uptake of LNPs, as demonstrated by Onpattro [8–10]. For 
example, plasma exposure can accelerate the desorption of lipid com
ponents more significantly than protein adsorption, highlighting the 
critical role of clotting factors in the degradation kinetics of mRNA-LNPs 
in plasma [11]. Overall, stability in a highly relevant and representative 
physiological context is a crucial factor to be taken into account when 
developing new formulations. Interestingly, researchers predominantly 
correlate LNP properties, such as size and ζ-potential measured in buffer, 
with in vivo protein expression/knock-down, or therapeutic response, 
while overlooking the interactions between particles and anatomical or 
physiological elements [12,13].

In this perspective, we provide an overview of RNA-LNPs, with a 
particular focus on their behavior in physiologically relevant environ
ments, including factors governing stability, evaluation methods and 
strategies for improvement. In this review, physiological stability refers 
to the behavior of RNA-LNPs within biological conditions (e.g., serum, 
plasma), concerning their appearance (e.g., size, size distribution, 
morphology), structural integrity (e.g., disassembly, aggregation, cir
culation) and potency (e.g., bioactivity). Physical stability primarily 
concerns issues such as aggregation, fusion, and RNA leakage caused by 
various conditions (e.g., temperature, time, light exposure, buffer 
composition), and is typically assessed through direct (e.g., size, size 
distribution, morphology, RNA encapsulation) and indirect parameters 
(e.g., RNA integrity, bioactivity). For instance, aggregation (floccula
tion) and fusion (coalescence) are the most frequently reported modes of 
instability in RNA-LNPs [14,15]. Chemical instability arises from the 
susceptibility of lipids and RNA to various factors, such as oxidation, 
hydrolysis, enzymes, radiation and pH changes. For example, significant 
degradation was observed across all lipid components within 6 months, 
including SM-102 (9-Heptadecanyl 8-{(2-hydroxyethyl)[6-oxo-6- 
(undecyloxy)hexyl]amino}octanoate), DSPC (1,2-distearoyl-sn-glycero- 
3-phosphocholine), cholesterol and DMG-mPEG2k (1,2-dimyristoyl-rac- 
glycero-3-methoxypolyethylene glycol-2000), when mRNA-LNPs in 
liquid suspension was stored at 4 ◦C [16]. While no statistical alterna
tions in size, polydispersity index (PDI), ζ-potential, RNA integrity or 
content were detected, a reduction in protein production was attributed 
to lipid oxidation induced by light exposure [17]. Also mRNA degra
dation in aqueous environments has been widely reported [18–20]. The 
physicochemical instability of RNA-LNPs not only undermines their 
stability and bioactivity but also raises safety concerns, and therefore 
ensuring long-term stability remains a significant challenge in the pro
duction and storage of RNA-LNP products, although various strategies 
(e.g., lyophilization, addition of stabilizer) have been explored [21–23]. 
Most importantly, we would like to highlight that the stability of RNA- 
LNPs can be analyzed in biological fluids by adopting established 
analytical methods, such as dynamic light scattering and fluorescence 
(cross)-correlation spectroscopy.

2. Factors influencing the physiological stability of RNA-LNPs

To date, certain factors have been identified that affect the physio
logical stability of RNA-LNPs. Given that RNA-LNPs are formed through 
a self-assembly process, during which the medium polarity increases 
rapidly, they are prone to yield structures in non-equilibrium states with 
inherent instability (Fig. 1). Therefore, maintaining the morphological 
and functional integrity of these assemblies within the dynamic and 
complex physiological environment is challenging and will require so
phisticated optimization of LNPs. In addition, the inherent instability 
fosters cellular uptake, endosomal escape and cytosolic release of RNA. 
In this section, we aim to elucidate how each component/excipient 
impacts the stability of RNA-LNP formulations in physiological context. 
We will discuss the effects of modification (nature and quantity) to the 
lipids present in the shell (e.g., shielding lipid, helper and ionizable 
lipid) and core (e.g., ionizable lipid, sterol). Since the precise structural 
organization of RNA-LNPs and the detailed relationship between LNP 
structure and stability, however, is complex to analyze and thus remains 
poorly understood, we will focus less on structural details and more on 
the factors impacting stability. Nevertheless, understanding internal 
organization of lipid and non-lipid components within an LNP is another 
important area of research, but we would like to emphasize that corre
lating internal structures with in vivo stability and delivery efficacy 
together may be most meaningful for the directed development of LNPs.

2.1. Lipid composition

Shielding lipid. Shielding lipids, often with zwitterionic or neutral 
characteristics, primarily remain on and thus shape the surface of LNPs, 
providing electrostatic neutrality, steric repulsion and reduce unspecific 
interactions triggering recognition by cells of the immune system. 
Despite their minimal presence, these lipids play a critical role in LNP 
synthesis, maintaining storage stability, prolonging in vivo stability 
(circulation time) and maximize the therapeutic efficacy of RNA-LNPs 
under physiological conditions [24]. As Fig. 2A shows, polyethylene 
glycol (PEG)-conjugated lipids, such as DMG-PEG2k and 
methoxypolyethyleneglycoloxy(2000)-N,N-ditetradecylacetamide 
(ALC-0159), are commonly used to offer steric hindrance in aqueous 
solution and can reduce the protein corona formation, thereby 
improving the overall safety and efficacy of RNA-LNPs [25,26]. How
ever, the hydrophilic shielding layer often fails to avoid protein ab
sorption but reduces the interaction and fusion with plasma membrane. 
It is most likely that partial or full loss of the PEG-lipid coating might be 
beneficial to achieve more effective cellular uptake and endosomal 
translocation [27,28]. Taken together, the PEG shedding rate is crucial - 
if shedding too rapidly, LNPs may be primarily localized in the lungs, 
liver or immune cells in circulation or in the spleen, while shedding too 
slowly may hinder efficient cellular internalization and endosomal 
escape. There is considerable interest in fine-tuning the chemistry and 
density of PEG-lipids on LNPs surface, to achieve a reasonable balance 
between enhanced stability, extended circulation time and efficient 
intracellular delivery [29].

It is reported that PEGylation reduced protein binding in a PEG 
length-dependent manner, with the sufficient inhibition of protein 
adsorption observed with PEG2k [28]. Unless otherwise stated, the PEG- 
lipid discussed here refers to linear PEG2k. Not only PEG chain length, 
the lipid anchor length also significantly impacts the PK and therapeutic 
activity of LNPs, since PEG-lipids are integrated into the LNP membrane 
through their hydrophobic tails. The impact conferred by PEG-lipids on 
LNPs’ circulation time is determined by the dissociation rate of the PEG- 
lipid from the LNPs, which relates predominantly to the acyl chain 
length of the PEG-lipid. The longer dialkyl chains of PEG-lipid, the more 
energy is required for PEG-lipid to dissociate from the LNP and the 
higher the enthalpic barrier to dissolve in water as single molecule. The 
desorption rate was measured at 45 %/h (C14-PEG), 1.3 %/h (C16-PEG) 
and 0.2 %/h (C18-PEG) in siRNA-LNPs (MC3/DSPC/cholesterol/PEG- 
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lipid, molar ratio 50/10/38.5/1.5) by radiolabeling. Correspondingly, 
siRNA-LNPs exhibited slower clearance from the blood, with half-life of 
0.9, 2.6 and 4.6 h respectively. This study, for the first time, compre
hensively evaluated PEG-lipids in RNA-LNPs, considering both dialkyl 
chain length and PEG-lipid content, and identified 1.5 mol% of C14-PEG 
as the optimal amount of PEG-lipids that provides sufficient steric sta
bilization without considerably impacting hepatic gene silencing in vivo 
[30]. Likely, DSG-PEG-LNPs showed a longer circulation half-life in 
mice after i.v. injection compared to DMG-PEG-LNPs [31,32]. For 
siRNA-LNP (Onpattro), the shedding of DMG-PEG from LNPs during 
circulation allows the particles to interact with Apolipoprotein E (ApoE), 
and thereby promoting liver accumulation and the subsequent low- 
density lipoprotein receptor-mediated endocytosis into liver hepato
cytes [9,30]. In addition, the shielding lipids on the particle surface 
reduces cellular internalization and endosomal escape because of steric 
hindrance, and a certain degree of structural fluidity or instability in 
LNPs can support intracellular RNA delivery. A very recent study 
showed that anti-PEG IgM was produced by LNP-associated PEG rather 
than free PEG. Compared to DMG-PEG, C16-PEG ceramide, which 
contains longer lipid tails, was less likely to shed from LNPs and 
consequently augmented anti-IgM production after repeated injection 
[33]. Besides, the use of polymer-lipid conjugates degrading into poly
mer and lipid tail upon extracellular triggers or during endocytosis is 
chemically possible but may require adaptation before use in LNPs due 
to the conditions of particle formation [34–36].

PEG conformation on the LNP surface is influenced by the surface 
PEG density, either a mushroom (sparsely packed) or more extended 
conformation (densely packed), depending on the proportion and ar
chitecture of PEG. It should be noted that the overall PEG density and 
the stretching of individual PEG chains is much lower than the one on 
polymer micelles or cylindrical bottlebrush polymers [37]. Increasing 
the proportion of PEG-lipid within LNPs extends their half-life, while a 
loss of surface PEG-lipid accelerates the dissociation of other lipids, 
likely due to the less lipid packing or structural defects. For instance, the 
dissociation of DSPC (t1/2 200 h vs 43 h) and MC3 (t1/2 19 h vs 12 h) 
from DSG-PEG-LNPs was significantly slower compared to DMG-PEG- 
LNPs in mouse plasma [31]. Increasing the total DSG-PEG in siRNA- 
LNPs from 2.5 mol% to 5 mol% resulted in a marked increase in circu
lation half-life from 30 min to over 8 h, and consequently enabled 
accumulation in distal tumors [38]. In comparison, the DMG-PEG con
tent in mRNA-LNPs didn’t affect hEPO production following the first and 
second i.v. administration [33]. In addition to the surface density, 
increasing the PEG-lipid content led to smaller RNA-LNPs ranging from 
120 nm (0.25 mol%) to 25 nm (5 mol%), with siRNA-LNP stability being 
size-dependent, as determined by dynamic light scattering using the 
Malvern Zetasizer NanoZS [31,39]. The architecture and terminal group 
of PEG are another noteworthy determinants of the performance and 
shielding efficacy of PEG-LNPs [40]. Taken together, the shielding effect 
is related to the proportion of PEG-lipid as well as the structure and 

length of the PEG chain and lipid tail. This is also true for other shielding 
lipopolymers (e.g., polysarcosine-lipids) [41].

The pivotal role of PEG-lipids in RNA-LNPs quality has been well 
demonstrated in clinical applications. Alongside with the benefits, un
expected immune reactions such as accelerated blood clearance and 
hypersensitivity reactions, have been raised as major concerns for PEG- 
LNPs [40]. Efforts to eliminate or reduce the undesirable immune re
sponses and improve the safety and efficacy of PEGylated RNA-LNPs will 
be discussed in Section 4.

Ionizable lipid. Ionizable amino lipid plays active roles in assembly 
process and the final properties of RNA-LNPs. Ionizable lipid generally 
consists of a hydrophilic headgroup (e.g., chemistry, number of ioniz
able head), a linker and hydrocarbon tail (e.g., number, length, satura
tion, branching of the tails) (Fig. 2B). As a gold standard for RNA-LNP 
formulations, MC3 features two C18 fatty acid (aliphatic) tails and is 
not fully degradable in vivo, resulting in a long tissue half-life [42,43]. 
To enhance biocompatibility, PK, potency and safety, ionizable amino 
lipids have been explored, which contain degradable chemical moieties 
(e.g., ester, amide, mercaptan) linking ionizable group and aliphatic tail 
[44]. The introduction of degradable groups has already demonstrated a 
substantial enhancement of biocompatibility of cationic lipids, while 
their activity is largely maintained [45,46]. Due to its simple structure, 
good chemical stability and ability to undergo hydrolytic degradation, 
an ester linkage was introduced into the hydrophobic alkyl chains of 
MC3. By replacing the 9,10-cis double bond with an ester functionality 
centrally within the hydrocarbon chain (LC319), siRNA-LNPs exhibited 
a rapid plasma elimination (t1/2 < 30 min) and tissue clearance. In 
contrast, L343, which contains a metabolically more stable, sterically 
hindered tert-butyl ester, exhibited slower plasma elimination and 
higher, more persistent levels in the liver [47]. The potency of ester- 
containing amino lipid has also been explored in mRNA-LNPs. By 
replacing the lipid tail of MC3 with a primary ester lipid tail, Lipid 5 
showed a faster plasma clearance (t1/2 1.2 h vs 8.4 h), improved endo
somal escape efficiency (15 % vs 2.5 %) that likely caused by faster 
desorption rates after degradation and more fusogenic lipid tail, and 
increased protein production in non-human primates [43]. In another 
study, substituting the amide linker in βN2 with an ester linker between 
an amine core and hydrocarbon tails resulted in a significantly shorter 
half-life in mouse plasma (t1/2 15 h vs 295 h) following i.v. injection of 
mRNA-LNPs [48]. Additionally, the distance between the anime head
group and the linker in DLin-K-DMA was found to affect the dissociation 
constant from siRNA-LNPs [49].

Several innovative modifications to the headgroup, lipid tail and 
content have shown improved RNA delivery efficiency in vivo through 
various mechanisms (e.g., enhancing endosomal escape, improving 
mRNA affinity). However, the relationship between these modifications 
and key properties, such as physiological stability and therapeutic effi
cacy, of RNA-LNPs remains insufficiently explored [50–54].

Helper lipid. Helper lipids are typically zwitterionic lipids with 

Fig. 1. Schematic representation of RNA-LNP synthesis.
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Fig. 2. Chemical structure of important LNP components.
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varying alkyl chain saturations, chain lengths, and polar head group 
substitutions, such as DSPC, DOPC and DOPE, assist in the formation, 
and substantially contribute to the overall stability of RNA-LNPs 
(Fig. 2C). Among these, DOPE and DSPC are the two of most exten
sively used helper phospholipids for LNP formulation in both preclinical 
and clinical studies. DSPC, characterized by its cylindrical molecular 
geometry, strongly favors bilayer formation; while DOPE, with its cone- 
shaped molecular geometry, tends to form non-lamellar structures, such 
as hexagonal phase (HII) [55]. This is reflected by the morphology of 
mRNA-LNPs, where liposome-like protrusions or irregular surface 
structures were more likely found in DSPC-LNPs. Note that replacing 
DSPC with DOPE resulted in the loss of bleb-like structures, which was 
not always true, as we also found blebbed structures in DOPE-containing 
mRNA-LNPs, which is likely due to the slower ethanol dilution within 
manual mixing, and thus more heterogeneous particle formation 
[14,56]. In turn, such blebbed structures are not always present in RNA- 
LNPs; for example, siRNA-LNPs exhibit an electron-dense core structure 
regardless of the helper lipid (DSPC or DOPE) [57]. Functionally, DOPE 
destabilizes the endosomal membrane by transitioning from lamellar to 
HII phase under acidic conditions, facilitates endosomal escape and 
provokes more efficient RNA release and thus more robust cytosolic 
RNA delivery [58,59]. It is noteworthy that the direct interactions of the 
ionizable cationic lipid alone may not fully capture the extent of RNA 
packing and protection; rather, these interactions occur synergistically 
with the helper lipid. For instance, as shown by molecular dynamics 
stimulations, the difference in RNA binding affinity between DLinDAP 
and DLinDMA was minimal, but was greatly enhanced in the presence of 
helper phospholipid (DSPC or DOPE). DLinDAP tends to form stronger 
direct interactions with RNA and envelop RNA to a larger extent than 
DLinDMA-based formulations. This is likely due to a higher degree of 
swelling and therefore a larger total surface area of RNA in contact with 
DLinDAP. In addition, larger RNA binding affinities for both phospho
lipids and cholesterol was reported in the presence of DOPE compared to 
DSPC. On the other hand, the impact of the same helper phospholipid on 
LNP performance depends on the formulations in which it appears, more 
specifically on the ionizable lipid. Replacing DSPC with DOPE induced a 
reduction in the median distance of RNA to the bilayer in DLinDMA 
formulations, which was not observed in DLinDAP formulations [60]. 
For example, a decrease in DSPC content in LQ-3-LNPs has shown an 
elevated mRNA delivery efficacy, achieving maximal efficacy in the 
absence of DSPC, whereas reduced DSPC content resulted in increased 
PDI and decreased mRNA transfection efficiency in SM-102 formula
tions [61]. This is likely ascribed to the stronger interaction affinity for 
LQ-3 lipid with mRNA compared to SM-102. Thus, the choice and 
content of helper lipids must be carefully optimized for each specific 
LNP formulation to ensure the desired RNA therapeutic performance, as 
well as to meet production requirements. In the context of RNA-LNPs, 
DOPE exhibits stronger interactions with other lipids or physiological 
context. Molecular dynamics simulations have shown that DOPE 
strongly interacts with the lipid tails and carbonyl oxygens of MC3, 
which was not observed with DSPC [62]. DOPE-LNPs also exhibit 
stronger interactions with ApoE than DSPC-LNPs, and preferentially 
accumulate in the liver whereas DSPC-LNPs tend to accumulate in the 
spleen [63]. Despite extensive research, a reliable head-to-head com
parison of the physiological stability between DSPC-LNPs and DOPE- 
LNPs has not yet been reported. Recently, Chander et al. found that 
with 10 mol% DSPC, MC3-containing mRNA-LNPs degraded at a rate of 
20 %/h in 50 % FBS, with a circulation half-life of 0.26 h. Replacing 10 
mol% DSPC with 40 mol% egg sphingomyelin considerably declined the 
degradation rate to 5 %/h, and extended the circulation half-life to 3.66 
h. This improvement is likely due to the higher helper lipid content 
fostering the presence of exterior lipid bilayer [2].

Substituting DOPE with charged alternatives (e.g., DOPS, DOTAP) in 
LNPs was found to improve mRNA delivery to the spleen and lungs. For 
DOPS-containing LNPs, a shift to spleen was mediated via the PS-specific 
receptor Tim4 that presents on the marginal zone macrophages of the 

spleen. In addition to the role of protein corona on the surface of cationic 
LNPs, other potential mechanisms could be responsible for the lung 
specificity, such as the electrostatic interaction with heparan sulfate 
proteoglycans in the glycocalyx around the alveolar endothelial cells 
and proteoglycans, as well as the more susceptibility of lung cells to the 
membrane destabilization caused by cationic lipids [12]. Such shift in 
the organ specificity has been reported in selective organ targeting 
(SORT) LNPs, in which a charged helper lipid and DOPE were added to 
regulate the organ specificity [13].

Cholesterol. Cholesterol, a natural component of cell membrane, is 
crucial for structural stability of LNPs, since they govern lipid packing, 
membrane fluidity and permeability as well as physiological stability 
(circulation in bloodstream) of RNA-LNPs, although its precise locali
zation within RNA-LNPs remains ambiguous (Fig. 2D). Decreasing 
cholesterol content in mRNA-LNPs (SS-OP (or MC3)/DOPC/cholesterol/ 
DMG-PEG2k) caused more degradation in systemic circulating blood 
and reduced expression level in the liver [64]. Conversely, increasing 
the proportion of cholesterol in the PEGylated siRNA-LNPs from 30 to 
50 mol% improved LNPs stability in blood circulation in terms of siRNA 
leakage and silencing activity in mice [65]. The chemical structure of 
cholesterol not only affects RNA-LNPs structure but also distribution and 
delivery efficacy. For example, modifications to the cholesterol back
bone, such as the addition of methyl and ethyl groups to the C24 alkyl 
tail, have been shown to induce multilamellarity (>50 % increase 
compared to cholesterol). In contrast, introducing a double bond led to 
lipid partitioning, with over 90 % increase compared to cholesterol [66]. 
β-sitosterol-LNPs caused an evolution (a rearrangement/fusion of LNP) 
towards larger particles in bovine serum, compared to the cholesterol- 
LNPs [67]. As Paunovska et al. reported, LNPs formulated with choles
teryl oleate led to more efficient and selective RNA (siRNA or sgRNA) 
delivery to hepatic endothelial cells in mice, than the LNPs analogues 
containing unmodified cholesterol. Notably, this study also found a 
higher delivery efficiency to hepatocytes than to liver endothelial cells, 
suggesting oleate cholesterol-LNPs more potential in hepatocyte- 
targeted delivery [68]. Since structural modifications of cholesterol in 
vivo can result from oxidation or interactions with lipoproteins during 
trafficking, they further studied the oxidized cholesterol in mRNA de
livery. LNPs containing oxidized cholesterol preferentially delivered 
mRNA to cells within the liver microenvironment (Kuffer cells, liver 
endothelial cells) than to hepatocytes. And oxidation on the hydrocar
bon tail attached to sterol ring D exhibited greater tolerance than the 
LNPs containing cholesterol modified on sterol ring B. This may be 
attributed to differences in overall stability or differences in interactions 
with serum proteins, which in turn affects cellular targeting and delivery 
efficiency [69–71]. Due to the multifaceted role in LNPs and dynamic 
behavior in vivo, the relationship between cholesterol structure and 
LNPs’ stability in biological contexts remains largely underexplored.

Taken together, RNA-LNPs are self-assembled structures comprising 
various lipid components, cholesterol, and RNA molecules. In addition 
to the individual lipid chemistry, the overall amount (relative to RNA) 
and the ratio of lipid components within the LNP formulation contrib
utes to the overall properties. That said, increasing the content of one 
component often necessitates the changes at expense of another lipid 
component, leading to a complex interplay that affects the overall sta
bility, functionality, and ex vivo or in vivo behavior of RNA-LNPs. It is 
indeed a detailed understanding of the internal order of lipids within the 
LNP is not only scientifically interesting but also of major importance to 
understand molecular reason for stability and nucleic acid protection 
and release. Determining the internal structure on molecular level, 
however, will be a complex endeavor and will require single particle 
analysis of large number of particles per individual formulation due to 
the inhomogeneity of LNPs. The currently applied ensemble methods 
such as small angle X-scattering will provide only limited molecular 
information [14,72]. Therefore, we believe such studies may be worth 
all efforts, if it is clear that the LNPs to be analyzed do not change or
ganization immediately when in contact with serum proteins or other 
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components of biological fluids. Moreover, previous studies reveal that 
it is major challenge to predict mRNA-LNP efficacy based on RNAi ef
ficiency and vice versa due to the differences in structure, size, net 
charge, stability, and mode of action between different nucleic acid 
types [44,56]. Therefore, the final properties and performance of RNA- 
LNPs depend on this intricate balance of lipid composition and nucleic 
acid payload.

2.2. Surface properties

Extracellular interactions, influenced by surface composition and the 
presence of extracellular proteins at the administration site, determine 
the fate of RNA-LNPs. The surface properties, including surface charge 
and the presence of functional groups (e.g., PEG, ligand), play a pivotal 
role in how LNPs interact with their biological environments.

Surface charge is an important indicator and influencing factor of 
LNPs stability, and stable, well-dispersed particles maintain longer cir
culation [73]. RNA-LNPs with neutral or slightly negative surface are 
favorable to reduce nonspecific binding to plasma proteins and mini
mize interactions with immune cells, leading to prolonged circulation, 
while they may tend to aggregate over time owing to the limited 
interparticle repulsion [44]. While charges can be used to stabilize 
colloidal systems in buffer by repulsive electrostatic interactions, the 
highly cationic or anionic LNPs tend to attract oppositely charged blood 
components by electrostatic and entropy driven interactions (salt pair 
release), increasing their recognition and clearance by the mononuclear 
phagocytic system [8,74]. Most mRNA-LNPs (-5 mV) display extended 
circulating in zebrafish embryo, while anionic mRNA-LNPs (-22 mV), 
generated by substituting DSPC with DSPG, were predominantly redir
ected within sinusoidal endothelial cells via scavenger receptors [75]. 
This underlines the fact that the formation of a protein corona is pre
dominantly driven by entropic factors (salt-pair release) and to a much 
lesser extend by enthalpic factors (ionic interactions) [8]. The surface 
charge can be tuned by PEG density. For example, the surface charge of 
siRNA-LNPs at pH 5.5 dropped from +32 mV to +18 mV when PEG-lipid 
content increased from 1.5 mol% to 10 mol%, indicating that increasing 
PEG density shields surface charge of LNPs [25]. A denser PEG layer on 
the surface of mRNA-LNPs seems more favorable for stealthy effect of 
nanocarriers but lowers interactions with cells [76]. As well, substitut
ing neutral helper lipid DOPE with anionic or cationic lipid, or altering 
their content resulted in the changes in surface charge, and consequently 
led to a pronounced and consistent specificity shift of mRNA-LNP in vivo 
to the spleen (anionic) or lungs (cationic) as comment above, which may 
-especially in the case of lungs- relate to pronounced aggregation events 
[12]. By coupling the negatively charged (Glu-urea-Lys) targeting ligand 
to DSG-PEG, siRNA-LNPs exhibited comparable circulation properties 
(t1/2 10-12 h) to the plain LNPs, but reduced cellular uptake [38].

Up to now, there has not been a publication reporting the absence of 
protein corona formation on LNPs when exposed to biofluids, while on 
core-crosslinked micelles and cylindrical bottlebrush polymers, protein 
adsorption can be blocked entirely [77]. Additionally, quantitative re
ports on LNP stability in biological fluids are lacking, while methods for 
the determination of protein in close proximity to the surface of lipid- 
based nanoparticles have emerged [78]. From our point the most 
interesting question is do we really see the formation of a protein corona 
on LNPs or does the formation of more complex LNP/protein aggregates 
occurs. In any case, the interaction with proteins has a crucial influence 
on stability, circulation time, and biodistribution of LNPs. PEGylation as 
discussed above, can enhance the stability and circulation time of LNPs 
by providing a steric barrier against protein adsorption and immune 
recognition, but the introduction of a dense PEG layer on the surface of 
LNPs requires high PEG densities leading to a transition of polymers in 
mushroom conformation (PEG in a more random coil state) to an 
extended state (stretched main chain conformation). Since the stretch
ing of polymers requires energy and is accompanied by a loss of 
conformational entropy, stretching on PEG chains of PEGylated lipids on 

LNPs will be limited even at higher content of such lipids. Beyond sur
face charge alternations and steric shielding, modifying the surface of 
LNPs with chemical moieties (e.g., dye, ligand, antibody) influences 
properties further and may compromise stability in physiological fluids. 
For instance, mannose-DSPE-PEG coating on siRNA-LNPs didn’t induce 
any significant difference in surface charge, morphology and size, yet it 
successfully achieved efficient spleen accumulation, indicating specific 
interactions with mannose receptors on immune cells in the spleen [79].

Other physicochemical properties influenced by surface modifica
tion, for instance, size, shape and internal order are important param
eters influencing the stability, tissue penetration, PK, biodistribution 
and therapeutic efficacy of RNA-LNPs. Small LNPs (<30 nm) are 
generally preferrable for enhanced tissue or tumor penetration, but they 
often exhibit limited nucleic acid content, shielding and stability in 
serum or plasma [65]. For example, siRNA-LNPs (45 nm) exhibited a 
significantly faster lipid dissociation rate in mouse plasma compared to 
larger LNPs (80 nm), with the half-lives of MC3 (t1/2 4.9 vs 12 h), DMG- 
PEG2k (1.1 vs 1.7 h), and DSPC (6.2 vs 43 h), respectively [31]. In 
addition, the smaller LNPs (around 100 nm) seemed to be less immu
nogenic in mice compared to the larger counterparts with respect to IgG 
antibody titers [80]. In contrast, Chen et al. reported that larger LNPs 
might be unable to penetrate the 100-140 nm fenestrations in liver 
vasculature, therefore limiting LNP biodistribution in the liver [31]. 
Thus, careful consideration of surface charge, coating materials, and 
functionalization is essential to optimize LNP design for effective and 
sustained RNA delivery.

2.3. Internal structure

Internal structure of RNA-LNPs are also critical to governing LNP 
stability in buffer and under physiological conditions. Since RNA-LNP 
synthesis involves rapid mixing of multiple components at room tem
perature as well as different solvents, the resulting LNPs may not 
necessarily reach a thermodynamic equilibrated state as discussed 
above. Small changes in composition (e.g., lipid, RNA, buffer composi
tion), synthesis methods, storage conditions or pre-analysis handling can 
lead to great structural changes [81]. For instance, Cheng et al. reported 
a difference in the bleb fraction (59 % in sodium citrate buffer vs 5 % in 
sodium acetate buffer, both at 300 mM) using the same lipid composi
tion [82]. More importantly, RNA cargo plays a key role in LNPs as
sembly. For small RNA, such as siRNA, their small size, double stranded 
character and higher diffusivity, facilitate better mixing with the 
ionizable lipids, leading to more uniform structural arrangement (e.g., 
multilamellar structures where siRNA molecules are sandwiched be
tween bilayer lipid assemblies) and fewer empty LNPs, although bleb- 
shaped structures on the surface of siRNA-LNPs were also reported 
[57,83]. In contrast, large RNA molecules, such as mRNA, adopt com
plex secondary and tertiary structures driven primarily by base stacking, 
hydrogen bonding and electrostatic stabilization, thus resulting less 
uniform LNPs [84]. For example, bleb structures were observed in 20 % 
DSPC-LNPs encapsulating mRNA and DOPE-LNPs, while the precise 
internal structure of mRNA-LNPs has not yet been clearly identified 
through direct experimental methods [14,56]. Other external factors 
may contribute to the formation of blebs, such as freezing [85,86]. Thus, 
the common representations as a sphere with RNA lipid-bound in the 
core, may not fully capture the complexity of mRNA-LNP structures. 
Instead, mRNA-LNPs might be more accurately represented as a con
tinuum of structural states corresponding to varying mRNA-lipid asso
ciation degrees. Nevertheless, it is challenging to conclude on the precise 
role of a certain internal structure in the stability of RNA-LNPs, since we 
lack knowledge and understanding on the molecular internal structure 
of LNPS related to a certain lipid and nucleic acid composition. Several 
other key questions remain unknown, such as the kinetics of blebs for
mation, the types of blebs and the extend of blebbing (e.g., multiple 
blebs per LNP and proportion of bleb-containing LNPs), whether these 
structures are maintained in biological environments, and their 
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potential correlation with physiological stability, cell specificity and 
transfection efficacy [81].

2.4. Administration route

The biodistribution, PK and therapeutic outcomes of RNA-LNP for
mulations are greatly influenced by the administration route (e.g., i.v., 
intramuscular (i.m.), subcutaneous (s.c.), intradermal (i.d.). intraperi
toneal (i.p.)). The two approved mRNA-LNP vaccines for Covid-19 are 
administered intramuscularly to elicit robust immune response, by 
either local transfection of antigen-presenting cells (APCs) in the muscle, 
which then migrate to the lymphatics, or by passive drainage through 
the lymphatic system, delivering mRNA directly to APCs and T cells 
residing in nearby lymph nodes [87]. As determined by LC/MS, almost 
15 % of the injected dose of deuterium-labeled cholesterol contained in 
mRNA-LNPs was detected in the blood 2 h after i.m. injection, but sta
bility of the LNP itself remains unclear. For (DiR-labeled) luciferase- 
encoding mRNA LNPs (< 200 nm) administered intramuscularly, 
lymphatic drainage is the primary route for rapid entering into the 
systemic circulation, rather than being constrained in the muscle tissue. 
Larger mRNA-LNPs mostly remain at the injection site while smaller 
LNPs are more likely to migrate to the liver, as visualized using IVIS 
imaging. Since the DiR molecules incorporated in LNPs likely leaked 
over time, in situ hybridization using Cy5-labeled mRNA sequence 
probes was employed to visualize the only released mRNA in the liver, 
muscle and lymph node, demonstrating the most robust transient gene 
delivery in the lymph nodes. Intravenously injected LNPs accumulated 
mainly in the liver and produced proteins as early as 1 h after injection, 
while there was a delay in protein expression at the injection site after 
intramuscular injection. Subcutaneously injected LNPs tend to remain 
localized at the injection site, resulting in localized and much weaker 
protein expression [88]. LNPs administered intraperitoneally are less 
likely to enter the bloodstream directly from the peritoneal cavity, 
instead draining into the lymphatic system via diaphragmatic lym
phatics [89]. Hajj et al. compared the distribution and protein expres
sion of mRNA-LNPs following i.v., s.c., i.m., and i.p. injection. Both 
distribution and protein production primarily were observed in the liver 
through i.v. and i.p. injection, while i.m. and s.c., yielded protein 
expression at the injection site [90].

Each administration route presents unique biological barriers, 
necessitating tailored LNP formulations optimized for the specific 
research or therapeutic goals [91,92]. Inhalation, for example, is 
emerging more and more as a promising approach for the delivery of 
mRNA to the lungs. The lungs offer a large surface area for absorption; 
while the respiratory tract is highly heterogeneous and consists of the 
upper conducting zone, which contains mucus-secreting epithelial cells, 
and the lower respiratory zone with a thinner epithelium cell layer [93]. 
The therapeutic efficacy of RNA-LNPs in this context is highly dependent 
on their stability, since during nebulization or spraying, significant 
mechanical stress from shear forces and air-water interface can 
compromise their structural integrity and morphology. Moreover, LNPs 
trapped in the luminal mucus layer as individual nanoparticle or ag
gregates are transported upwards and eventually eliminated through 
coughing or swallowing over time. PEGylation is a widely used approach 
to provide steric hindrance that prevents aggregation and to facilitate 
penetration through this mucus layer [94,95]. For example, Kim et al. 
observed mRNA leakage during nebulization because of the structural 
rearrangement of LNPs, and a higher content of DMG-PEG2k helped 
retain the encapsulated mRNA. However, a PEG-related trade-off be
tween particle stability and protein production in the lungs of mice was 
reported [96]. Ongun et al. found that increasing the PEG-lipid content 
enhanced colloidal stability during aerosolization, maintaining particle 
size and morphology. Yet, this increase in PEG-lipid content was asso
ciated with reduced transfection efficiency [97]. Overall, LNP formu
lations with low PEG-lipid content (1-5 mol%) tend to offer a favorable 
balance between colloidal stability and transfection efficiency, though 

further optimization is needed to maximize protein expression in vivo 
[93,98].

Different tissues differ in the type of proteins at the injection site. For 
example, exposure to serum albumin or full serum induced changes in 
both size and morphology of LNPs, which cannot be observed in the 
presence of fibrinogen [99]. Once binding to ApoE, a redistribution of 
lipids can occur both at shell and core of mRNA-LNP, leading to a 
rearrangement of internal structure of particles and mRNA release 
[100,101]. Moreover, individual physiological states, such as obesity, 
can impact the LNP function through corona formation. LNP coronas 
derived from obese plasma contained 1.8-fold more protein than those 
derived from lean plasma, while the ApoE abundance was moderately 
reduced. In obese plasma, there was notable increase in the binding of 
lipid-associated, amphipathic and apolipoproteins to the LNPs [10].

3. Methods/techniques available to test biological stability

To understand the pivotal role of proteins on LNPs, monitoring these 
interactions in diverse biological settings is in high demand but remains 
challenging due to the lack of reliable and robust analytical techniques 
under representative physiological conditions. Discriminating between 
formation of a protein corona (preservation of LNPs structure) or for
mation of aggregates (massive rearrangement of LNP structure) seems 
pivotal in understanding the correlation of a certain LNP composition 
and biodistribution or mRNA expression (Fig. 3). For instance, con
ventional single angle dynamic laser light scattering is commonly used 
to measure the size of LNPs, but it is -besides it’s general inaccuracy- not 
directly applicable to measurements in biological fluids even when the 
serum is diluted to 10 % or less. Since serum proteins were found in a 
trimodal size distribution with typical mean radii (approximately 3–5 
nm, 17–30 nm, 70–150 nm), particle sizes between 10 and 100 nm or 
changes of these values cannot be characterized properly even in diluted 
serum [102–104]. In addition, diluted serum does not replicate the 
physiological environment of the bloodstream, where factors such as 
protein concentration and flow dynamics differ significantly. As dis
cussed, the PEG-lipid shedding rate decreases with serum dilution, 
suggesting that in vivo conditions, where dilution is more severe upon 
intravenous injection, may result in a much faster shedding rate. 
Currently, there is no quantitative correlation between PEG-shedding 
rates observed in non-diluted serum or plasma and the plasma clear
ance of LNPs in vivo [105]. This highlights the need for more sophisti
cated analytical tools to better understand and predict the behavior of 
LNPs in the body. Several techniques are indeed established and appli
cable to the analysis of LNPs in biological fluids without the need for 
dilution (Fig. 4).

3.1. Light scattering

Physicochemical properties, such as size, PDI and ζ-potential, are the 
widely used indicators of colloidal stability of LNPs. Size and PDI are 
among the most frequently monitored parameters, and are typically 
characterized using ensemble methods, such as dynamic light scattering 
and nanoparticle tracking analysis. Dynamic light scattering (DLS) is a 
most commonly used tool to determine the size (hydrodynamic diam
eter, Dh) and distribution of particles, by measuring the fluctuations in 
light scattering caused by particles undergoing Brownian motion in the 
observation volume which provides access to the average diffusion co
efficient of nanoparticles [106]. Commercial DLS instruments, operating 
at a fixed detection angle (e.g., 173◦), have several limitations. The 
correlation function at a single scattering angle, does not allow for 
structural or morphology-related information [102]. Moreover, the ob
tained data describes size and dispersity only in the case of mono
disperse, spherical, small nanoparticles (well below 100 nm). For larger 
nanoparticles, a strong angle dependency of the diffusion coefficient 
(derived from the corresponding autocorrelation function) can occur 
requiring measurements at multiple angles and extrapolation of the q 
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vector to 0. Under these conditions single angle measurements are not 
able to determine the proper average size and PDI [107]. As mentioned 
above, human serum/plasma constitutes of proteins of three different 
size regiments. Therefore, the contribution of such particles needs to be 
considered. Manfred Schmidt and coworkers developed a methodology 
to analyze nanoparticles in full serum by DLS already in 2010 [104]. 
Usually, a biexponential fit is applied to the correlation function of LNPs 
to consider their polydispersity. The fit of the serum correlation function 

is more complex and requires a sum of three exponentials (for each of 
the three size regiments). Now LNPs are added to the serum/plasma and 
analyzed by DLS. While for LNPs above 200 nm the size increases can be 
studied directly, for smaller particles only the effect of the LNP on the 
aggregation state of serum proteins can be investigated. If no aggrega
tion occurs, the correlation function of the particles in serum solution, 
can be perfectly fitted by the sum of the individual correlation functions. 
In case of serum induced LNP aggregation, one cannot satisfactorily fit 

Fig. 3. Instability of RNA-LNPs in physiological environment and the influencing factors. Interactions with proteins or endogenous lipids can lead to the formation of 
a protein corona, clustering or aggregation, lipid component desorption, and, in some cases, the complete disassembly of the LNPs.

Fig. 4. Representative scheme of methods that are currently available to assess the stability of RNA-LNPs in physiological context, including (A) Fluorescence 
Correlation Spectroscopy (FCS), (B) Size-exclusion chromatography (SEC), (C) Förster Resonance Energy Transfer (FRET), (D) radioactive labeling and (E) Nuclear 
Magnetic Resonance (NMR). Reproduced with permission from Ref [11, 105, 119, 134, 137].
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the correlation function as sum individual correlation functions of the 
particle/serum mixture anymore, but an additional exponential fit 
function is required for the aggregates being formed. Since DLS is highly 
sensitive to larger particles, the described methodology allows -at least- 
to ensure the absence of LNP induced formation of larger aggregates. 
Since the scattering contribution of large aggregates is much larger at 
smaller angels than larger angles (e.g., 90◦ or 173◦), DLS with detection 
at multi-angles (MADLS) is required to perform the described analysis 
properly [108,109]. In our previous work, MADLS analysis revealed a 
slight angle dependency for mRNA-LNPs, which may be attributed to 
their moderate dispersity and size [14].

3.2. Fluorescence correlation spectroscopy (FCS)

Besides using fluctuations in the intensity from scattered light, 
nanoparticles can also be characterized by measuring the diffusion co
efficient by correlating fluctuation in fluorescence intensity. In Fluo
rescence Correlation Spectroscopy (FCS) the diffusion of fluorescent 
molecules or particles in and out of a small-excitation focal volume 
(fluorescence intensity fluctuations) is subjected to an auto-correlation 
analysis, which provides information on the concentration, diffusion 
coefficient, and brightness of fluorescent molecules or particles (Fig. 4A) 
[92,110,111]. The stability of fluorescent RNA-LNPs, containing either 
fluorescently labeled RNA cargo, lipophilic dyes or fluorescent lipid 
components, therefore, can be monitored through brightness, where an 
increase in brightness indicates potential aggregation, or by the diffu
sion coefficient, where a decrease indicates the presence of larger par
ticles [112,113]. Furthermore, dual-labeled particles can be examined 
using Fluorescence Cross-Correlation Spectroscopy (FCCS). When fluo
rescent particles diffuse through the diffraction-limited observation 
volume, fluorescence fluctuations from multiple channels are recorded. 
Individual peaks are analyzed with respect to the brightness, width, and 
co-occurrence with another color. Like FCS, peak brightness can indicate 
particle clustering, and combined with peak width analysis, it can detect 
large particles or aggregates. Cross-correlation of peaks in multiple 
channels enables localization and quantification of RNA cargo, espe
cially in RNA-LNPs containing both fluorescent RNA and LNP. By 
combining multiphoton excitation with FCS, Fu et al. demonstrated that 
in vivo FCS can dynamically track fluorescent nanoparticles (e.g., 
dextran, Quantum dots and polymer dots) in the brain of a live mouse 
with excellent spatial and temporal resolution, enabling measurement of 
nanoparticle half-life. Importantly, they also observed the dissociation 
of fluorophores from particles, allowing for the monitoring of nano
particle degradation [114]. FCCS can also be combined with techniques, 
like FRET, to explore assembly stability, particularly those containing 
small nucleic acids (e.g., siRNA, antisense oligonucleotides), such as 
lipoplexes and polyplexes [115–118]. Recently, Sych et al. reported an 
assay, single-particle profiling (SPP), for studying the content and bio
physical profiling of mRNA-LNPs smaller than 200 nm. Unlike FCCS, 
which reduces all fluctuations into a single curve, SPP identifies indi
vidual peaks in intensity fluctuations in multiple channels, enabling 
detection of clustering, large particles or aggregates, and quantification 
of RNA payload. It is worth noting that F(C)CS and SPP, are able to 
directly visualize and quantify encapsulation by measuring the co- 
occurrence of mRNA and lipid dye signals for each particle, revealing 
loading capacity and encapsulation heterogeneity. This distinguishes 
from the bulk methods such as the RiboGreen assay, which only gives an 
overall percentage of loading efficiency without any insight into the 
cargo distribution [119].

3.3. Nanoparticle tracking analysis (NTA)

Nanoparticle Tracking Analysis (NTA) tracks the movement of 
(fluorescent) particles under Brownian motion in an observation volume 
to determine the individual diffusion coefficients, which can be used to 
determine Rh [120]. Unlike DLS, NTA tracks individual particle 

movements to calculate the diffusion coefficient for each individual 
particle, thus allowing for an analysis of differences between two par
ticles or populations, without bias towards larger particles or aggregates 
[121]. In addition to particle concentration measurements, NTA is a 
single particle analysis method but able to determine size distribution 
profiles when the data of individual particles is compiled. In addition, 
the analysis can be performed in complex media (e.g., blood plasma, 
serum, cell culture media). For example, for C14-PEG-LNPs, there was 
an increased size and decreased particle concentration over time in FBS, 
indicating the protein absorption around particles [122]. Liu et al. 
visualized and quantified the particle concentration and size distribu
tion of mRNA-LNPs, coronated LNPs, and endogenous nano-sized par
ticles in blood plasmas using NTA [10].

3.4. Liquid chromatography

Size-exclusion chromatograph (SEC) is a widely recognized tech
nique for size-based separation. In SEC, particles are separated based on 
their size, as they pass through a column packed with a stationary phase 
containing porous materials. Larger particles are excluded from the 
pores of the stationary phase and thus travel faster through the column 
with the mobile phase, whereas smaller particles penetrate the pores and 
thus experience a delayed elution from the column and a longer reten
tion time (Fig. 4B) [123]. A recent finding exhibited the capacity of SEC 
to differentiate different species, including naked mRNA, mRNA-LNP 
and LNP aggregates in buffer, and to determine the desorption rate of 
PEG-lipids from siRNA-LNPs in vivo [30,124]. Nevertheless, it should be 
noted that the stationary phase is prone to interactions with complex 
biomolecules (e.g., proteins or lipids) or the LNP components, which 
renders the interpretation of data a complicated task. Besides, the sheer 
forces during SEC may contribute to alterations of LNP or corona 
properties.

By coupling SEC to multi-angle light scattering detector (SEC-MALS), 
characterization of LNPs, can be achieved. It was revealed that the 
presence of Fab ligands on mRNA-LNPs increased surface hydropho
bicity, causing enhanced interparticle association, as indicated by Rg 
increase [125]. SEC-MALS, with dual columns (with different pore sizes 
in tandem) and dual-angle light scattering, allowed for chromatographic 
separation of mRNA-LNPs from blood components, and monitored their 
degradation kinetics. The LNP disassembly process followed first-order 
kinetics, with a half-life of 80 min in plasma and 85 min in serum. 
Within 2 h’ incubation, mRNA-LNPs remained relatively stable in serum 
albumin solution, while mRNA-LNPs exhibited a transition from 
spherical to elongated morphology during the degradation process in 
plasma. Moreover, lipid desorption patterns were quantified using liquid 
chromatography-mass spectrometry (LC-MS)/MS, with a differential 
desorption order in plasma (ALC-0159 > ALC-0315 > DSPC) compared 
to serum (ALC-0159 > DSPC > ALC-0315). Notably, even 1 % impurities 
from 6-((2-hexyldecanoyl)oxy)-N-(6-((2-hexyldecanoyl)oxy)hexyl)-N- 
(4-hydroxybutyl)hexan-1-aminium (ALC-0315) considerably compro
mised the stability of mRNA-LNPs in serum, despite minimal effects on 
size and surface charge [11].

Since isolation approaches for LNPs utilizing size or density frac
tionation were insufficient for retrieving LNPs from plasma because of 
the unfavorable overlap with other plasma components. This is unique 
to clinical LNPs and differentiates them from other nanoparticles that 
are easier to separate analytically from biofluids. Asymmetric field-flow 
fractionation (AF4) presents an alternative to SEC for the characteriza
tion of LNPs, offering separation by hydrodynamic radius. Unlike SEC 
that relies on a stationary phase and operates under pressure and sheer, 
AF4 uses a liquid moving through a thin channel equipped with a 
membrane and adjustable crossflow, allowing particles to separate 
based on their diffusion coefficients without the need for crossing 
through a stationary phase. In combined with MALS, AF4 is considered a 
viable technique of choice to analyze nanoparticle stability in presence 
of plasma proteins (e.g., size changes, drug release, protein binding) 
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[126,127]. However, the unique core structure of RNA-LNP and their 
relatively labile lipid-monolayer coating are prone to destabilization 
during the focusing in AF4-MALS, resulting in particle aggregation and 
sample loss. To improve the performance of AF4-MALS applied to RNA- 
LNPs, modifications such as replacing the standard AF4 channel with a 
frit-inlet channel have been implemented, wherein the particles are 
relaxed hydrodynamically as they are injected. The absence of a 
focusing step minimizes contact between the particle and the mem
brane, thus reducing the mentioned artifacts. Through AF4-MALS, the 
stability of siRNA-LNPs in 10 % human serum and FBS was examined, 
without significant particle aggregation or destabilization in light scat
tering fractograms. The increases in Rg mode of 4-6 nm and shifts in 
retention time indicated the formation of protein corona [128]. Further, 
Liu et al. developed a ultrafast affinity-based magnetic isolation work
flow and exhibited high specificity, recovery rate, and throughput, 
without compromise of integrity and functionality of the LNPs after
wards [10]. Additionally, combining AF4 with other analytical assay, 
like small angle X-ray scattering, has been explored to provide further 
insights into the structural properties of RNA-LNPs, enhancing the 
comprehensive analysis of their behavior in biological environments 
[129].

Instead of directly examining the integrity of LNPs, assessing their 
stability can be achieved by determining the concentration of individual 
lipid components of the LNP in plasma or serum. Higher concentrations 
of these components in plasma indicate a higher instability of the cor
responding LNP. For instance, the PK profile of ionizable lipid GVS-18- 
B6 was studied by quantifying its levels in plasma using LC-MS, with a 
half-life around 30 min after i.v. injection of mRNA-LNPs [130]. Likely, 
the parent ionizable lipid LC319 and its metabolic products in plasma 
were analyzed using LC-MS/MS, showing rapid elimination of siRNA- 
LNPs from mice plasma (t1/2 < 30 min) after i.v. injection [47]. In 
another study, LC-MS/MS was used to quantify lipids in plasma and 
liver, demonstrating that C18-PEG-LNPs resulted in higher plasma 
exposure and a slower but sustained liver uptake of siRNA compared to 
identical LNPs containing C14-PEG [131].

3.5. Other fluorescence methods

Fluorescent labeling is a powerful, non-invasive technique that 
provides high sensitivity and selectivity for real-time monitoring and 
visualization of LNPs behavior and distribution in biological systems. It 
enables precise tracking the spatial location and kinetics of RNA-LNPs. 
Fluorescent RNA-LNPs can be synthesized either by modifying the 
lipids with fluorescent molecules, encapsulation of fluorescent dyes in 
the lipid composition or the use of fluorescently labeled nucleic acids. 
The choice of dye and labeling density can influence the properties of 
LNPs and thus requires careful optimization of the labeling process 
[132]. Lipophilic dyes with hydrophobic chains, such as DiI, DiO, DiD 
and DiR, can be integrated into the hydrophobic lipid segments of LNPs 
[133]. Chander et al. incorporated DiD-C18 into mRNA-LNPs and 
measured the DiD fluorescence intensity from blood samples at excita
tion (Ex)/emission (Em) wavelengths of 644/663 nm. This approach 
allowed for the assessment of mRNA-LNPs circulation time by normal
izing the fluorescence intensity at various time points against the initial 
mean fluorescence intensity after i.v. administration. Using this assay, 
DiD-labeled mRNA-LNPs exhibited a circulation half-life of 0.26 h [2]. 
Similarly, DiO and DiR have been used to localize the distribution of 
mRNA-LNPs in mice [132]. Note that the fluorescent dye molecules can 
leak from the LNPs over time and transfer to proteins or cell membranes, 
especially in complex biological environments [88]. As an alternative 
approach, lipid component and/or RNA cargo can be fluorescently 
labeled [49,75]. For instance, siRNA-LNPs were formulated with Cy7- 
labeled DSPE-PEG and Dy677-labeled siRNA to monitor the circula
tion of both PEG-lipid and siRNA cargo in mice. Compared to the half- 
life measured by siRNA fluorescence, the blood half-life of LNPs 
measured by PEG-lipid fluorescence was extended. This difference was 

attributed to PEG-lipid association with lipid-rich domains on extra
cellular vesicles and plasma proteins, leading to prolonged blood cir
culation [32]. This is in line with the findings from Mui et al., where a 
longer t1/2 was observed by measuring radiolabeled PEG-lipid compared 
to MC3 [30]. This study well demonstrated that the structural stability 
(e.g., circulation half-life) of RNA-LNPs is likely to vary when individual 
lipid components are tracked.

Dual-labeling is widely used to examine the stability, particularly the 
integrity, of RNA-LNPs, often in combination with Förster Resonance 
Energy Transfer (FRET). FRET measures the transfer of energy from a 
donor fluorophore to an acceptor fluorophore through dipole-dipole 
interaction. The energy transfer efficiency highly depends on the dis
tance between the donor and acceptor molecules (1-10 nm). When the 
distance increases, the energy transfer efficiency decreases, resulting in 
increased fluorescence from the donor fluorophore. For example, the 
dissociation rate of DOPE from siRNA-LNPs in mouse plasma was 
determined using (donor) NBD-DOPE and (acceptor) LRB-DOPE. When 
these lipids are in closely associated within the LNP, the fluorescence of 
NBD is quenched by LRB; while the NBD fluorescence intensity increases 
when the lipids dissociate. By quantifying the NBD fluorescence at 530 
nm, the dissociation t1/2 was determined around 4.9 h [31]. The stability 
of RNA-LNPs can also be assessed by examining the RNA cargo for pre- 
release, leakage, loss of structural integrity, morphology changes and 
degradation [106]. In another approach, a FRET pair of Cy5 (donor) and 
DiR (acceptor) was used to monitor the biodistribution and integrity of 
mRNA-LNPs (Fig. 4C). When Cy5-labeled luciferase mRNA and DiR- 
labeled ionizable lipid are in close proximity, the Cy5 fluorescence de
creases as the energy transfer to DiR. An increase in Cy5 fluorescence 
indicates mRNA release from LNPs, with a robust Cy5 signal reflecting 
substantial release of Cy5-mRNA following systemic injection in mice 
[134]. Likewise, by encapsulating Cy5-labeled mRNA into rhodamine- 
labeled LNPs, their stability in culture medium was evaluated using 
the fluorescence ratio between Cy5 (acceptor) and rhodamine (donor) 
[10]. Alternatively, Alabi et al. utilized siRNA labeled with AF594 
(donor) or AF647 siRNA (acceptor) before encapsulation into LNPs at 
equimolar ratios. The FRET signal, measured as the ratio of the flpu
trescence intensities at 690/620 nm, provides insights into the integrity 
of siRNA LNPs. A FRET signal near 1 indicates an complete disassembly 
of siRNA-LNPs. This assay is advantageous for high throughput 
screening of lipids as it does not require the vehicles labeling. Using this 
assay, they examined the extracellular and intracellular integrity of LNP 
[135,136].

Fluorescent labeling is a sensitive, specific and non-destructive 
technique for real-time monitoring of LNPs. But it has limitations in 
long-term and deep tissue imaging, and also carries the risk, for 
example, the labeling method requires a sophisticated modification of 
nanoparticle surface, and the functional groups may affect the in
teractions between nanoparticles and biological systems or the LNP 
itself.

3.6. Radioactive labeling

Radioisotope tracing technology, despite concerns regarding the 
handling of radioactivity, remains a highly sensitive and quantitative 
method to study the pharmacokinetics and biodistribution of LNPs in 
vivo. It leverages the tracking of radioactive tracers, such as 14C and 3H, 
to provides detailed insights into the distribution and fate of nano
particles after administration (Fig. 4D). Van der Meel et al. utilized 14C- 
DSPC to track siRNA-LNPs after systemic injection, and determined the 
elimination half-life of 4.63 h using ultra-performance liquid chroma
tography (UPLC) equipped with a photodiode array detector [137]. 3H- 
labeled cholesteryl hexadecyl ether (CHE) is non-exchangeable and non- 
metabolizable, and has been used as a marker for siRNA-LNPs. In mouse 
plasma, 3H-CHE remained in the LNP fractions for over 8 h, while an 
elimination half-life of siRNA-LNPs was found around 4.55 h [137]. 
Since 3H-CHE is a stable radioactive label, other radiolabeling lipids, like 
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3H-PEG-DSG, 3H-PEG-DMG, 14C-DSPC and 14C-DLin-MC3-DMA, were 
incorporated into siRNA LNPs to measure their dissociation rates 
respectively, allowing to evaluate the stability of LNPs in mouse plasma 
[39]. 3H-PEG-DMG dissociated from siRNA-LNP (45 nm) at a signifi
cantly faster rate than for larger LNP (80 nm), with a half-time around 
1.1 h and 1.7 h, respectively. This is in line with the dissociation rate in 
case of 14C-DSPC and 14C-DLin-MC3-DMA from siRNA-LNPs [31]. Dual 
labeling of 14C-MC3 and 3H-PEG-C18 were incorporated into siRNA- 
LNPs to study their pharmacokinetic in mice, with the clearance t1/2 
of 4.0 h (14C-MC3) and 4.60 h (3H-PEG-C18) following i.v. injection. 
This approach allows for investigation into the desorption rate of PEG- 
lipids as well as their influence on the PK and PD of siRNA-LNPs by 
analyzing the 3H/14C ratio in blood or plasma [30]. Alternatively, 
released 2H-cholesterols has been used to quantify mRNA-LNPs in 
plasma and tissue, as deuterium-labeled cholesterols are relatively sta
ble within the LNP bilayer, providing another method for LNPs tracking 
and evaluation [88].

Instead of directly coupling radionuclide with lipids, metallic ra
dionuclides, such as 64Cu and 89Zr, can be attached to the LNPs using 
chelators. An early study demonstrated positron emission tomography- 
computed tomography (PET-CT) imaging as a non-invasive method to 
monitor the trafficking of a model mRNA vaccine to draining lymph 
nodes in cynomolgus macaques. In this study, DyLight 680-labeled oli
gos complementary to the 3′-UTR of the mRNA were used for near-IR 
imaging, while the divalent metal chelator 1,4,7,10-tetraazacyclodode
cane-1,4,7,10-tetraacetic acid (DOTA) was conjugated to the Neu
trAvidin protein core for whole-body PET-CT [138]. With this approach, 
Buckley et al. incorporated DSPC-DOTA into mRNA-LNPs and quanti
tatively tracked 64Cu-loaded DOTA-LNPs in both mice and rhesus ma
caques using PET imaging [139]. Nevertheless, the incorporation of 
chelators will influence LNP properties to a much stronger extend than 
14C and 3H labelling, but are often easier to apply.

Compared to fluorescent labeling, radiotracing offers unique ad
vantages for quantitative in vivo imaging of nanoparticles. Radiotracing 
minimizes issues related to tissue background or permeability that can 
affect fluorescent signals and provides dynamic imaging capabilities, 
making it ideal for tracking particles in deep tissues of large animals. 
Nevertheless, the applied doses are significantly lower than therapeutic 
ones or require the mixing of labeled and non-labeled LNPs to achieve 
comparable doses. Other limitations are a lower spatial resolution 
compared the fluorescence in vivo and the complex requirements for 
radioactive labelling, handling, and imaging.

3.7. Other techniques

Cryogenic electron microscopy (cryo-EM) is most commonly used to 
visualize LNPs, including shape, size, and internal structure (differences 
in lipid density) at a high resolution [140]. Following the structure of 
siRNA-LNPs demonstrated by Cullis and colleagues, the scattering den
sity distribution of mRNA-LNPs was also revealed by cryo-EM [83,141]. 
Note that the observed scattering contrast at different areas of the LNP 
does only reflect on the local density of lipids but cannot provide in
formation on molecular organization of individual components. In 
general, the wide adoption of cryo-EM for RNA-LNPs characterization 
faces several obstacles, such as high costs, limited accessibility, intricate 
sample preparation and data analysis [142]. Moreover, the inherent EM 
micrograph contrast limitations - arising from minor electron density 
differences between amphiphiles and water – further complicate 
resolving RNA within lipid component. And background noise, non- 
uniform illumination and sample preparation artifacts hinder consis
tent automatic particle identification and analysis [143]. This challenge 
is magnified in protein containing environments, where molecular 
crowding and protein interactions obscure LNP features. While several 
studies showed that RNA-LNPs can be isolated from biofluids before 
imaging, such as the magnetic isolation or size exclusion assay, this 
approach carriers risks, such as altering protein corona that may have 

formed on the LNPs surface and introducing invisible structural changes 
[10,144]. A full representation of the sample solution, therefore, re
quires proper sample preparation and a sufficient number of particles 
measured [145]. Image analysis, often manually or semiautomatically, 
is time-consuming and limits its potential for high-throughput screening 
of large LNP libraries, and precise metrics and statistical analysis. 
Nevertheless, the combination of cryo-EM with complementary bulk 
techniques, such as DLS, provides valuable information and insights into 
stability and structural changes of LNPs. In contrast, small-angle X-ray 
scattering (SAXS) measures the particles in liquid suspension without 
sample pre-treatment, even at high-throughput, and provides the spatial 
distribution and internal structure of the lipid, surfactant, and the bound 
water in particles [146]. More specifically, it provides direct information 
about whether ordered lipid or lipid-mRNA structures are present in 
LNPs, and whether changes in the arrangement of the LNP components 
occur as a function of physicochemical alterations of the LNP formula
tion, in addition to size. SAXS, or complemented by other methods (e.g., 
AF4, cryo-EM, density from solution scattering), can visualize the 
unique bleb formations characterized by regions of low electron density 
(blank sections) and high electron density (sections with 2-3 mRNA 
copies), as well as other subtle structural changes [10,72]. For instance, 
an increased electrostatic interactions between mRNA and MC3 at pH 
4.5 compared to pH 5.7, and a more rough surface of MC3-LNPs and 
polysarcosine-decorated mRNA-LNPs were detected using SAXS [147]. 
Since the scattering is proportional to the square of the NP volume, even 
a relatively small number of aggregates might partially -or fully- cover 
the scattering features of single LNPs. Therefore, it might be not an 
optimal tool for highly heterogeneous LNPs, or requires detailed mo
lecular and LNP structural constraints derived from complementary 
analysis. Alternatively, small-angle neutron scattering (SANS) is of 
potential to explore the interactions of LNPs with biological molecules 
(e.g., peptide, protein), providing information on their partitioning into 
the lipid matrix and structural rearrangements occurring at the molec
ular length scale. But due to the limited spatial resolution of SANS in the 
range of micrometers limits the analysis of individual nanoparticles. 
Also the structural information is limited and reflects differences in 
neutron scattering of individual components, the structural information 
obtained, can be helpful. For example, Gallud et al. investigated the 
effect of serum proteins on the structure of LNPs using SANS. The pa
rameters obtained from fitted reduced SANS scattering patterns revealed 
that the LNPs undergo structural changes upon exposure to FBS. Due to 
insufficient scattering contrast relative to the protein-rich background, 
the protein corona was not detectable, while the reduction in polar radii 
and increase in equatorial radii of the mRNA-LNPs was likely attributed 
to lipid dissociation [148]. A more detailed discussion on these two 
techniques can be found elsewhere [149].

Serum turbidity can be used to monitor the stability of mRNA-LNPs 
qualitatively. A stable formulation is indicated by the absence of serum- 
induced aggregation and minimal changes in serum turbidity [150]. 
Exposure to 10 % FBS showed negligible effect on the absorbance at 660 
nm (as an indication of turbidity) of mRNA-LNPs, suggesting that 
mRNA-LNPs remained stable without obvious aggregation [151]. Like
wise, Taylor dispersion analysis was used to assess the structural sta
bility of mRNA-LNPs exposed to RNase A, by determining the 
hydrodynamic diameter [152]. As the concentration of RNA encapsu
lated within LNPs can be used to estimate the overall concentration of 
LNPs, Xu et al. determined the plasma clearance of siRNA-LNPs by 
measuring the siRNA using RT-PCR, with a half-life of 0.052 h (DMG- 
PEG-LNPs) and 0.83 h (DSA-PEG-LNPs) [131].

Nuclear Magnetic Resonance (NMR) is a robust quantitative analysis 
technique for analyzing the diffusion coefficient and surface properties 
of nanoparticles. By applying a pulsed field gradient, Diffusion-Ordered 
Spectroscopy (DOSY) NMR measures the self-diffusion of molecules in 
solution (diffusion coefficient), which can be converted to the hydro
dynamic radius allowing the differentiation of compounds according to 
their size and interaction with the solvent. It is particularly useful for 
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studying molecular aggregation, supramolecular complexes, and poly
mer characterization. Besides, conventional NMR (1H, 13C or 15N) can be 
used to analyze the chemical environment of these atoms. For instance, 
1H NMR was used to profile surface PEG and ionizable lipids content and 
detect changes of surface composition of LNPs in aqueous solution. The 
internal core (solid-like) is tightly packed with aliphatic groups and has 
much lower mobility, and thus is not detectable in the conventional 
NMR analysis [76]. Pulsed gradient spin echo (PGSE) NMR can over
come these limitations offering a quantitative, label-free and real-time 
method to study PEG shedding kinetics in rat serum. By measuring the 
self-diffusion coefficient of PEG-lipid in rat serum with a high-resolution 
NMR probe, it was found that PEG-lipids with longer tail (linoleyl-C18, 
oleyl-C18) shed slower than those with shorter tail (linoleyl-C14, oleyl- 
C14). Notably, PEG was not cleaved from its lipid anchor in rat serum, 
and no lipoprotein association was found in the formulations containing 
either linoleyl-C18 or oleyl-C18 (Fig. 4E) [105]. This method, indeed, is 
more appropriate to predict trends than establishing absolute in vivo 
PEG-lipid shedding rates.

Zhang et al. used quartz crystal microbalance with dissipation 
monitoring (QCM-D) to understand the interactions between LNPs and 
proteins (e.g., ApoE). QCM-D is highly sensitive to changes in the 
interfacial viscoelastic properties and mass-uptake in situ at a high 
temporal resolution (~1 s). It detects shifts in the frequency and dissi
pation of an oscillating quartz crystal to provide insights into these in
teractions. The larger frequency shift for LNP corresponds to increased 
ApoE adsorption to DOPE-LNPs than DSPC-LNPs. Furthermore, the 
smaller dissipation shift for a given frequency shift indicated a more 
rigid coupling between ApoE and LNPs. However, its effectiveness in 
assessing the stability of RNA-LNPs remains to be further investigated 
[63].

4. PEG alternatives for an improvement of LNP stability

Since the interaction of LNPs with serum components as well as the 
steric stabilization requires the use of polymer lipid conjugates, such as 
PEGylated lipids. PEGylation has been intensively explored as a gold 
standard to shield nanoparticles from the immune system, reduce pro
tein adsorption, prolong circulation time and improve therapeutic effi
cacy of RNA-LNPs. As reviewed elsewhere, increasing evidence 
underscore concerns regarding the common use of PEGylated lipids, 
particularly when repeated administration or a precise control of im
mune responses is required [33,40,153–161]. Tremendous efforts have 
been made to develop PEG replacements [162,163].

Polysarcosine. Polysarcosine (pSar) is emerging as a most promising 
alternative to PEG in nanomedicine, particularly in the field of RNA 
delivery [164,165]. As a polypeptoid derived from the endogenous 
amino acid sarcosine (methyl glycine), pSar offers high biocompati
bility, biodegradability and comparable solution properties to PEG (e.g., 
excellent water solubility, comparable main chain flexibility and low 
protein affinity) [166–168]. More importantly, pSar has shown stealth- 
like properties with reduced unspecific interactions with proteins and 
enables the particles with negligible protein corona, allowing for pro
longed circulation in the bloodstream and low liver accumulation 
[77,169,170]. In our previous studies, pSar-lipids have been utilized to 
synthesize PEG-free RNA-LNPs. Preclinical research at BioNTech has 
demonstrated that pSar-based formulations have shown lower immu
nogenicity and a reduced risk of immune responses compared to their 
PEG counterparts, while RNA expression remains the same compared to 
PEGylated lipids at earlier time points and is even improved above 24 h 
[41]. The structure-activity relationship observed with PEG-lipids also 
applies to pSar-lipids. For instance, increasing the pSar chain length or 
anchor lipid length, or increasing the pSar-lipid content within lipid 
formulations, can prolong the circulation time of particles. This, how
ever, results in reduced cytosolic RNA delivery efficiency [14,41,147]. 
SAXS studies indicate that an enhanced surface roughness of pSar-LNPs 
facilitates the delivery to hard-to-transfect cells (e.g., primary immune 

cells) compared to the identical mRNA-LNPs containing PEG [14,147]. 
The potential of pSar-lipids in RNA-LNP formulations has been recog
nized by other researchers, particularly for their comparable shielding 
effect and superior safety profile compared to PEG-lipids [171]. 
Following i.v. injection, mRNA delivery efficiency to the liver and spleen 
was enhanced by using pSar-lipids with shorter hydrophobic tails, and 
increasing the pSar chain length (higher desorption rate) resulted in a 
significant preference for mRNA delivery to the liver [172]. Further 
research is needed to fully understand the potential benefits of pSar as 
stealth polymer.

Poly(2-oxazoline)s. Poly(2-oxazoline)s (POx) has also seen consid
erable attention for the design of LNPs, with specific attention on poly(2- 
methyl-2-oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline) (PEtOx) as 
stealth polymers [173–175]. These polymers exhibit comparable phys
icochemical properties (e.g., non-ionic character, broad solubility in 
hydrophilic and lipophilic solvents, high flexibility of the main chain) 
compared to PEG [176,177]. Recent studies have demonstrated that li
posomes containing DSPE-PEG, DSPE-PMOx-DSPE or DSPE-PEtOx 
exhibited prolonged circulation time, indicating the potential of POx 
as an alternative to PEG for enhancing the longevity of particles in the 
bloodstream [178]. The use of POx-lipid has also been explored in 
mRNA-LNPs regarding the in vivo protein production [179]. These 
studies suggest that POx-lipid can be effectively used in RNA delivery 
systems, though the relationship between the structure of POx-lipid and 
its shielding effect remains unclear. Despite these promising findings, 
the toxicity of POx in vivo and at the gene level is still not well under
stood. While POx has shown good biocompatibility at the cellular level, 
more research is needed to fully assess its safety and efficacy in vivo, 
particularly in the context of genetic material delivery [180,181].

Poly(vinyl pyrrolidone). Poly(N-vinyl pyrrolidone) (PNVP), one of 
the oldest stealth-polymers, has shown promising results for liposome 
decoration. Comparable stealth properties was found in siRNA lip
oplexes grafted with DSPE-PNVP30, with comparable gene silencing ef
ficiency and lower immune response ABC effect after both the first and 
second injection in mice, compared to DSPE-PEG lipoplexes [182]. This 
suggests that PNVP can be a viable alternative to PEG for enhancing the 
stability and efficacy of RNA delivery systems. Additionally, they 
explored the use of amphiphilic poly(N-methyl-N-vinylacetamide) 
(PNMVA) derivatives in lipid-based siRNA delivery. Incorporation of 15 
% DSPE-PNMVA24 into lipoplexes strongly limited the formation of a 
protein corona, indicating good stealth properties comparable to those 
provided by 15 % DSPE-PEG. Unlike DSPE-PEG, surface coating with 
DSPE-PNMVA24 did not impair the cytosolic delivery of siRNA. In vivo 
study in mice revealed that DSPE-PNMVA24 lipoplexes had an extended 
circulation time and limited liver accumulation, suggesting a reduced 
ABC effect following repeated injections, highlighting their biocom
patibility and potential for safe, repeated use. Importantly, these lip
oplexes did not trigger a systemic pro-inflammatory immune response. 
Moreover, siRNA-LNPs containing 2.5 mol% DSPE-PNMVA showed an 
increase in particle concentration and a decrease in total mean particle 
size after being exposed to FBS for 2 h, indicating a limited protein 
corona formation and excellent stealth properties [183]. However, 
further studies are needed to fully understand how PNMVA-lipids alter 
the performance of grafted RNA-LNPs in vivo, thereof demonstrating the 
full potential of PNMVA as a PEG-free alternative in the development of 
RNA delivery systems.

Zwitterionic polymers. Zwitterionic polymers have gained signifi
cant recognition for their biocompatibility and antifouling properties, 
raising promise for a use as PEG substitute in various biomedical ap
plications. Among them, poly(2-methyacryloyloxyethyl phosphor
ylcholine) (PMPC) stands out due to its structural design, which mimics 
that of the cell membranes. The phosphorylcholine group in the MPS 
side forms an excellent hydration layer, and exhibits excellent resistance 
to non-specific protein adsorption, cell adhesion and blood coagulation 
[184–186]. Therefore, PMPC-lipid coating can significantly reduce 
protein adsorption in human plasma and blood. In addition, PMPC-LNPs 
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did not activate inflammatory responses or induce cell mortality, sup
porting their use in PEG-free LNPs [187]. Although PMPC has shown a 
high protein resistance, it cannot be considered a stealth polymer. Bat
taglia and coworkers have nicely shown in various studies that PMPC- 
decorated polymersomes bind to the scavenger receptor class B mem
ber 1 (SRB1) and scavenger receptor class B member 3 (CD36) with high 
affinity. The high-affinity interactions of PMPC with such receptors are 
attributed to the phosphorylcholine (PC) groups present in the PMPC 
chains, which trigger their immediate internalization into cells through 
endocytosis [188,189].

As another zwitterion, poly(carboxybetaine) (PCB) is hydrophilic 
polymer known for its robust stealth properties and no polymer-specific 
antibodies production [190]. PCB modification on siRNA lipoplexes has 
been shown to prevent protein adsorption, enhance stability and avoid 
ABC phenomenon associated with PEGylation. PCB coatings not only 
extend blood circulation time but also enhance tumor accumulation of 
lipoplexes in vivo [191]. Further, a charge-switchable ethylenediamine- 
based polycarboxybetaine zwitterion (PGlu(DET-Car)) has been devel
oped for decorating siRNA-LNPs. These grafted LNPs exhibited pro
longed circulation time in the blood and increased tumor accumulation 
by selectively switching to a cationic charge in response to the acidic pH 
of cancerous tissues, enabling more effective interaction with anionic 
components of the tumor microenvironment [192,193].

5. Conclusion and perspectives

LNPs containing RNA are revolutionizing the way a plethora of dis
eases is treated. To fully understand and realize their full therapeutic 
potential for cell-specific RNA delivery in patients, RNA-LNPs must 
possess the required stability to reach their target site, while enabling 
RNA translocation into the cytosol upon endocytosis to elicit the desired 
therapeutic response. Within the complex and dynamic physiological 
environment of the body, finding the appropriate balance between sta
bility in circulation and efficient RNA release inside cells represents a 
major task for the development of lipid-based nanoparticles. Although 
several methods to improve the stability of LNPs are discussed in liter
ature, our fundamental understanding of factors governing internal 
structure and stability in biological fluids is highly limited and remains 
descriptive correlating differences in LNP composition with a biological 
readout. Adjustments of individual components, such as polymer-lipid 
conjugates, ionizable lipids, helper lipids or cholesterol, alter circula
tion times, biodistribution and efficacy of RNA delivery. For example, 
PEGylation has proven effective in enhancing circulation time and 
improving integrity of RNA-LNPs. But the use of PEGylated lipids is also 
associated with several drawbacks (e.g., ABC phenomenon, storage 
disease). As a solution, PEG-free RNA-LNP formulations are being 
explored to maximize therapeutic efficacy and minimize safety con
cerns. However, the interactions of LNPs with biological systems in a 
realistic physiological context is still poorly understood. There is a clear 
need for more robust and reliable methods to monitor the behavior of 
LNPs in physiological settings. While several analytical methods enable 
the LNP characterization in biological fluids (e.g., full serum/plasma or 
full blood), the use of multiangle DLS, F(C)CS and NTA is surprisingly 
highly limited in the field. We would like to advocate for a more regular 
implementation of such techniques in the development process of 
nanomedicines and in particular for lipid-based nanoparticles to 
improve our understanding of the behavior and performance of LNPs in 
vivo. We are convinced that this knowledge will become an important 
cornerstone in unlocking the full potential of RNA-based drugs.
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S. Grabbe, J.M. Schattenberg, K. Raemdonck, K. Koynov, M. Diken, L. Kaps, 
M. Barz, Multicompartment Polyion complex micelles based on triblock Polypept 
(o)ides mediate efficient siRNA delivery to Cancer-associated fibroblasts for 
Antistromal therapy of hepatocellular carcinoma, Adv. Mater. (2024), https:// 
doi.org/10.1002/adma.202404784.

[119] T. Sych, J. Schlegel, H.M.G. Barriga, M. Ojansivu, L. Hanke, F. Weber, R. Beklem 
Bostancioglu, K. Ezzat, H. Stangl, B. Plochberger, J. Laurencikiene, S. El 
Andaloussi, D. Fürth, M.M. Stevens, E. Sezgin, High-throughput measurement of 
the content and properties of nano-sized bioparticles with single-particle profiler, 
Nat. Biotechnol. 42 (2024) 587–590, https://doi.org/10.1038/s41587-023- 
01825-5.

[120] W. Anderson, D. Kozak, V.A. Coleman, Å.K. Jämting, M. Trau, A comparative 
study of submicron particle sizing platforms: accuracy, precision and resolution 
analysis of polydisperse particle size distributions, J. Colloid Interface Sci. 405 
(2013) 322–330, https://doi.org/10.1016/j.jcis.2013.02.030.

[121] S. Gioria, F. Caputo, P. Urbán, C.M. Maguire, S. Bremer-Hoffmann, A. Prina- 
Mello, L. Calzolai, D. Mehn, Are existing standard methods suitable for the 
evaluation of nanomedicines: Some case studies, Nanomedicine 13 (2018) 
539–554, https://doi.org/10.2217/nnm-2017-0338.

[122] M. Berger, M. Degey, J. Leblond Chain, E. Maquoi, B. Evrard, A. Lechanteur, 
G. Piel, Effect of PEG anchor and serum on lipid nanoparticles: development of a 
nanoparticles tracking method, Pharmaceutics 15 (2023), https://doi.org/ 
10.3390/pharmaceutics15020597.

[123] V. D’Atri, M. Imiołek, C. Quinn, A. Finny, M. Lauber, S. Fekete, D. Guillarme, Size 
exclusion chromatography of biopharmaceutical products: from current practices 
for proteins to emerging trends for viral vectors, nucleic acids and lipid 
nanoparticles, J. Chromatogr. A 1722 (2024), https://doi.org/10.1016/j. 
chroma.2024.464862.

[124] X. Jia, Y. Liu, A.M. Wagner, M. Chen, Y. Zhao, K.J. Smith, D. Some, A.M. Abend, 
J. Pennington, Enabling online determination of the size-dependent RNA content 
of lipid nanoparticle-based RNA formulations, J. Chromatogr. B Anal. Technol. 
Biomed. Life Sci. 1186 (2021), https://doi.org/10.1016/j.jchromb.2021.123015.

[125] A. Goyon, S. Tang, S. Fekete, D. Nguyen, K. Hofmann, S. Wang, W. Shatz-Binder, 
K.I. Fernandez, E.S. Hecht, M. Lauber, K. Zhang, Separation of plasmid DNA 
topological forms, messenger RNA, and lipid nanoparticle aggregates using an 
Ultrawide pore size exclusion chromatography column, Anal. Chem. 95 (2023) 
15017–15024, https://doi.org/10.1021/acs.analchem.3c02944.

[126] F. Caputo, D. Mehn, J.D. Clogston, M. Rösslein, A. Prina-Mello, S.E. Borgos, 
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[156] M. Estapé Senti, C.A. de Jongh, K. Dijkxhoorn, J.J.F. Verhoef, J. Szebeni, 
G. Storm, C.E. Hack, R.M. Schiffelers, M.H. Fens, P. Boross, Anti-PEG antibodies 
compromise the integrity of PEGylated lipid-based nanoparticles via complement, 
J. Control. Release 341 (2022) 475–486, https://doi.org/10.1016/j. 
jconrel.2021.11.042.

[157] G.T. Kozma, T. Shimizu, T. Ishida, J. Szebeni, Anti-PEG antibodies: properties, 
formation, testing and role in adverse immune reactions to PEGylated nano- 
biopharmaceuticals, Adv. Drug Deliv. Rev. 154–155 (2020) 163–175, https://doi. 
org/10.1016/j.addr.2020.07.024.

[158] Q. Yang, S.K. Lai, Anti-PEG immunity: emergence, characteristics, and 
unaddressed questions, Nanomedicine and Nanobiotechnology 7 (2015) 
655–677, https://doi.org/10.1002/WNAN.1339.

[159] Y. Ju, J.M. Carreño, V. Simon, K. Dawson, F. Krammer, S.J. Kent, Impact of anti- 
PEG antibodies induced by SARS-CoV-2 mRNA vaccines, Nat. Rev. Immunol. 23 
(2023) 135–136, https://doi.org/10.1038/s41577-022-00825-x.

[160] Y. Ju, W.S. Lee, E.H. Pilkington, H.G. Kelly, S. Li, K.J. Selva, K.M. Wragg, 
K. Subbarao, T.H.O. Nguyen, L.C. Rowntree, L.F. Allen, K. Bond, D.A. Williamson, 
N.P. Truong, M. Plebanski, K. Kedzierska, S. Mahanty, A.W. Chung, F. Caruso, A. 
K. Wheatley, J.A. Juno, S.J. Kent, Anti-PEG antibodies boosted in humans by 
SARS-CoV-2 lipid nanoparticle mRNA vaccine, ACS Nano 16 (2022) 
11769–11780, https://doi.org/10.1021/acsnano.2c04543.

[161] A.R. Irizarry Rovira, B.M. Bennet, B. Bolon, A. Braendli-Baiocco, S. Chandra, 
R. Fleurance, R. Garman, D. Hutto, J. Lane, A. Romeike, A. Sargeant, 

B. Zimmerman, Scientific and regulatory policy committee points to consider: 
histopathologic evaluation in safety assessment studies for PEGylated 
pharmaceutical products, Toxicol. Pathol. 46 (2018) 616–635, https://doi.org/ 
10.1177/0192623318791801.

[162] M. Barz, R. Luxenhofer, R. Zentel, M.J. Vicent, Overcoming the PEG-addiction: 
well-defined alternatives to PEG, from structure-property relationships to better 
defined therapeutics, Polym. Chem. 2 (2011) 1900–1918, https://doi.org/ 
10.1039/c0py00406e.

[163] K. Knop, R. Hoogenboom, D. Fischer, U.S. Schubert, Poly(ethylene glycol) in drug 
delivery: pros and cons as well as potential alternatives, Angew. Chem. Int. Ed. 49 
(2010) 6288–6308, https://doi.org/10.1002/anie.200902672.

[164] H. Bayraktutan, R.J. Kopiasz, A. Elsherbeny, M. Martinez Espuga, N. Gumus, U. 
C. Oz, K. Polra, P.F. McKay, R.J. Shattock, P. Ordóñez-Morán, A. Mata, 
C. Alexander, P. Gurnani, Polysarcosine functionalised cationic polyesters 
efficiently deliver self-amplifying mRNA, Polym. Chem. 15 (2024) 1862–1876, 
https://doi.org/10.1039/d4py00064a.

[165] M.F. Kabil, H.M.E.S. Azzazy, M. Nasr, Recent progress on polySarcosine as an 
alternative to PEGylation: synthesis and biomedical applications, Int. J. Pharm. 
653 (2024), https://doi.org/10.1016/j.ijpharm.2024.123871.

[166] A. Birke, J. Ling, M. Barz, Polysarcosine-containing copolymers: synthesis, 
characterization, self-assembly, and applications, Prog. Polym. Sci. 81 (2018) 
163–208.
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