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ABSTRACT: Lipid nanoparticles (LNPs) are a clinically
proven platform for protecting and delivering nucleic acid-
based therapeutics. These multicomponent particles self-
assemble into a core−shell structure with the nucleic acid
cargo encapsulated in its core. Despite considerable research
efforts to establish structure−efficacy relationships, their
morphological and structural characteristics�particularly
their internal composition and distribution�remain elusive.
This uncertainty arises from several factors, including challenges in characterization, the dynamic nature of LNPs, sample
heterogeneity, and poorly understood formulation−structure relationships. This review highlights the current state of research
on the structure and morphology of LNPs, characterization techniques, and ongoing efforts to elucidate how formulation
parameters affect the structural and morphological LNP properties.
KEYWORDS: lipid nanoparticles (LNPs), drug delivery, nucleic acid therapeutics, structure and morphology, gene delivery,
nanoparticle characterization, nonviral vector, blebs, formulation

1. INTRODUCTION
Nucleic acid-based therapeutics (NAT) offer a broader
therapeutic potential to treat a range of conditions by
modulating gene expression in ways not possible using
conventional treatments.1 This potential is achieved by
delivering exogenous nucleic acids, including various types of
deoxyribonucleic acids (DNAs), ribonucleic acids (RNAs), and
related molecules,2 such as plasmid DNA (pDNA), messenger
ribonucleic acid (mRNA), small interfering RNA (siRNA), and
antisense oligonucleatides (ASOs). A major challenge for NATs
is achieving safe and effective delivery to their target sites of
action.2−4 Nucleic acid moieties are fragile, prone to degradation
by serum nucleases in the bloodstream or self-hydrolysis, and
can trigger innate immune responses, while their unfavorable
physiochemical properties�such as negative charges and large
size�make it difficult to cross barriers for cellular uptake and
may hinder intracellular transport toward the cytosol or the
nucleus.1−7 Both viral (e.g., retroviruses, adeno-associated
viruses, and lentiviruses) and nonviral (e.g., inorganic materials,
lipid-based, and polymer-based) delivery vectors have been
explored to overcome this challenge.2−4,8,9 Viral vectors have
several limitations, including low loading capacity (particularly
for large nucleic acids), safety concerns (such as carcinogenesis

and immunogenicity), the challenge of repeated administration,
and complex manufacturing processes.4,9,10 Nonviral vectors
have fewer limitations; they are able to deliver large payloads, are
safer, and are easier to manufacture.4 Among the nonviral
delivery vehicle, lipid nanoparticles (LNPs; Figure 1) have
emerged as the most clinically advanced and versatile platform
for delivering NATs although not without challenges that
remain to be addressed (see Section 9).

LNPs are synthetic multicomponent delivery vehicles/
particles (typically ∼50−120 nm in size) defined by their
composition, which typically includes an ionizable cationic lipid
along with auxiliary lipids such as phospholipids, cholesterol,
and polyethylene glycolated (PEGylated) lipids, all working
together to encapsulate a NAT cargo.12−14 LNPs are often
described as a platform technology,15 as different nucleic acid
modalities can be substituted without redesigning the entire
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delivery system. While this holds some truth, optimized LNPs
for one specific nucleic acid cannot be seamlessly applied to
another due to variations in the cargo’s size, charge density, and
intracellular target sites.8 However, their versatility also enables
precise fine-tuning of their distinct physicochemical properties,
making them suitable not only for a wide range of therapeutic
modalities but also for highly specific targeted delivery.

With the growing interest in NATs,1,6,16,17 considerable
research attention has been devoted to LNPs, to address NAT
transfection challenges.18 Research in the past decade primarily
focused on siRNA delivery, with recent efforts increasingly
directed toward mRNA, saRNA, and pDNA delivery. This
research has led to clinical success, with the Food and Drug
Administration (FDA) and European Medicines Agency
(EMA) approving an siRNA-based drug delivered via LNPs
(Onpattro, developed by Alnylam),19 followed by the approval
of mRNA-loaded LNPs in the coronavirus disease 2019
(COVID-19) vaccines, BNT162b2 (Comirnaty, developed by
Pfizer) and mRNA-1273 (Spikevax, developed by Mod-
erna).18,19 Recently, the EMA approved a new saRNA-based
vaccine for COVID-19 called Zapomeran (Kostaive, developed
by Arcturus Therapeutics) and the FDA approved a respiratory
syncytial virus (RSV) vaccine called mRNA-1345 (mRESVIA,
developed my Moderna).20,21 While current clinically approved

LNP formulations have shown considerable success, they are not
a one-size-fits-all solution, prompting ongoing efforts to expand
their functional capabilities for a broader range of applications.
As a result, high-impact LNP research prioritizes screening
numerous lipid formulations, particularly ionizable lipids (ILs;
see Section 2.1), often leveraging high-throughput screening,
combinatorial chemistry, and machine learning22,23 to identify
effective formulations based on functional outcomes such as
delivery efficiency, efficacy, and stability�first through in vitro
screening, followed by in vivo evaluation. While this approach
enables efficient exploration of the formulation space, it
overlooks structural characterization, which requires advanced,
nonscalable techniques. Consequently, the internal LNP
structure has remained comparatively underexplored.

Understanding LNP structure is essential to establish widely
applicable structure−activity relationships, as studies consis-
tently demonstrate a strong correlation between structural and
morphological features and LNP transfection efficiency.24−33 A
deeper comprehension of these features is also crucial for
identifying critical quality attributes (CQAs) and unraveling the
formulation−function relationship, both essential for rational
LNP design. LNPs have a more intricate structure than
liposomes, which are vesicles with a lipid bilayer and aqueous
core with less drug-delivery capabilities34,35 (Figure 1). Unlike

Figure 1. Schematic overview of LNPs as delivery vehicles for nucleic acid-based therapeutics to overcome intra- and extracellular barriers. (A)
Key milestones in the development and clinical application of LNPs. (B) Important advantages of using LNPs for NAT delivery over other
vectors. (C) Different components that make up a typical LNP. (D) Typical representation of an LNP as a particle with a protective shell to
encapsulate a therapeutic cargo within a structured core. (E) (top) Extracellular physiological barriers to the effective delivery of naked NAT:
degradation by nucleases and poor cell membrane permeability. (bottom) Endosomal release: the most critical intracellular barrier. Two
primary escape mechanisms are illustrated: the proton sponge effect (top) and direct interaction with and disruption of the endosomal
membrane (bottom), enabling NAT release into the cytosol. Adapted from ref 11 under the Creative Commons Attribution 4.0 International
License. Other intracellular barriers include difficulty in transport to the nucleus and degradation by intracellular enzymes. (F) Overview of the
different structural length scales relevant to LNPs. Created with BioRender.com.
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liposomes, LNPs incorporate ILs that regulate pH-dependent
behavior, a key factor in facilitating efficient cargo delivery36 (see
Section 7.3). LNPs exhibit a “continuum of structures”,37−40

with multiple structures coexisting and evolving during the
formulation process and during their subsequent applica-
tion.13,26,39,40 Beyond their temporal evolution, the wide
variability in constituent components and assembly condi-
tions�i.e., their design flexibility�further influences their
structure, making it challenging to define thermodynamically
stable organizations and the kinetic pathways leading to them.

While several reviews have discussed various aspects of LNP
research,7,10,12,13,15,18,34,41−56 a comprehensive overview specif-
ically focusing on their structure and morphology is still lacking.

Given the complexity and the rapid advancements in the field, a
dedicated discussion is warranted. In this review, we present an
overview of recent research related to the structural and
morphological features of LNPs.

2. COMPONENTS OF THE LNP DELIVERY SYSTEM
In addition to the payload, FDA- and EMA-approved LNPs
consist of four key components�cationic IL, cholesterol,
PEGylated lipid, and zwitterionic phospholipid�each playing
a specific role in determining both structure and efficacy.13,18

Iterative formulation improvements have established a widely
used recipe for nucleic acid delivery, with approximately
50:10:38.5:1.5 mol % for IL, phospholipid, cholesterol, and

Figure 2. Chemical structures of typical lipid constituents used in benchmark LNP formulations: (A) Ionizable cationic lipids {e.g., ALC-0315
([(4-hydroxybutyl)azanediyl]di(hexane-6,1-diyl) bis(2-hexyldecanoate)), SM-102 (9-heptadecanyl 8-(2-hydroxyethyl)[6-oxo-6-
(undecyloxy)hexyl]aminooctanoate), DLin-MC3-DMA (4-(dimethylamino)butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadecadien-1-yl-
10,13-nonadecadien-1-yl ester), and DLin-KC2-DMA (N,N-dimethyl-2,2-di(9Z,12Z)-9,12-octadecadien-1-yl-1,3-dioxolane-4-ethanamine)}.
DLin-MC3-DMA is the IL used in the approved siRNA-loaded LNP, and SM-102 and ALC-0315 are the ILs used in the two approved mRNA
vaccines.18,80 It is shown whether the lipids exhibit cylindrical or cone-shaped molecular geometry.57 (B) Phospholipids [e.g., DSPC
(distearoylphosphatidylcholine), DOPC (dipalmitoylphosphatidylcholine)]. (C) PEGylated lipids [e.g., DMG-PEG2000 (1,2-dimyristoyl-sn-
glycero-3-methoxypolyethylene glycol)] (D) Cholesterol. The lipid components in the three clinically approved formulations and their
functions are shown in the table. Created with BioRender.com.
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PEGylated lipid, respectively.13 Figure 2 shows a selection of
lipid components used in benchmark LNP formulations.
However, predicting LNP structure from composition alone
remains challenging, as small variations in lipid components and
cargo (whose selection is driven by its therapeutic properties)
can significantly alter morphology and internal structure.44 A
wide variety of lipids have been employed in LNP formulations,
each characterized by distinct chemical and structural proper-
ties. While this section highlights key features shared within the
four major lipid classes used in LNPs, a more thorough
discussions of lipid structures and their functional implications
can be found in other reviews.7,13,46,48,55,57−60

2.1. Cationic ILs. ILs, the most abundant component of
LNPs, are a fundamental building block developed through 25
years of research to optimize LNP formulations.1,10,13,27 ILs are
pH-sensitive lipids that consist of an amine headgroup, a linker,
and a tail,7,51 with each part serving different roles within the
LNP.59 Several thousand IL candidates [with different degrees
of branching and saturation (i.e., double bonds)61] have been
studied to identify IL formulations that are optimized for their

ability to encapsulate the cargo and improve endosomal uptake
and escape for a specific application.23,62,63 ILs are preferred
over permanently charged cationic lipids due to the latter’s
higher toxicity, potential immune response issues, and reduced
endosomal escape efficiency.64

The ionization state of ILs, expressed as the apparent pKa, is
typically below 7.0�ideally between 6.2 and 6.7�ensuring they
are positively charged at acidic pH and mostly neutral at
physiological pH.65−67 These pKa values are the typical values
reported in the literature and are based on experimental data
from TNS binding assays, while alternative methods, such as
theoretical calculations, may yield different pKa estimates.58 The
dynamic charge switching is key to their role in both
encapsulation (see Section 3.1) and release (see Section 7.3).
During formulation at acidic pH, the cationic amine groups of
ILs are protonated, allowing for electrostatic interactions with
negatively charged nucleic acid cargo.18 After buffer exchange
(see Section 3), unbound ILs lose their charge. In the neutral pH
of the bloodstream, ILs remain deprotonated, which helps to
prevent the adsorption of negatively charged biomolecules.68

Figure 3. Schematic illustration of a typical LNP formulation as a two-step process consisting of particle formation, cargo encapsulation, and
buffer exchange. (A) Formation shown as a flash precipitation process in a microfluidic mixer, where the particle self-assembly and structural
evolution is shown at five different (estimated) time scales. (B) LNPs undergoing buffer exchange step for pH neutralization (physiological pH
7.4) and ethanol removal (ethanol ≤ 0.5%) employing TFF or batch membrane dialysis. The buffer exchange step is schematically illustrated
here in a TFF setup. (C) Schematic representation of three commonly used mixing geometries�herringbone mixer, ring micromixers, and
impinging-jet mixers�and the operating volumetric flow rates. (D) Influence of mixing time on the z-average diameter and morphology of
LNPs formulated with T-junction and ring micromixers. Higher shear and turbulence in the T-junction (30 mL/min) resulted in a larger
fraction of mRNA-loaded LNPs with blebs (a morphological feature) compared to LNPs formulated with the ring micromixer (12mL/min) for
the same micromixing time. Adapted with permission from ref 108. Copyright 2025 Elsevier. Created with BioRender.com.
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Upon cellular uptake, the acidic endosomal environment
reprotonates the ILs, facilitating endosomal escape and cargo
release into the cytoplasm.64 Apart from the headgroup
chemistry also the lipid shape and packing, as discussed in
Section 5.1, influences the final LNP structure and function.

2.2. Phospholipids. Phospholipids are a class of lipids
consisting of a hydrophilic head that contains a phosphate
group, and two hydrophobic tails, typically composed of alkyl
chains.61 Phospholipids are integral to the LNP, although their
synthetic space has been far less explored than that of ILs. They
stabilize LNP structures by influencing lipid-phase poly-
morphism (see Section 5.1) through stabilization or promotion
of phase transitions.69 For example, the neutral zwitterionic
distearoylphosphatidylcholine (DSPC)�the most commonly
used phospholipid and the main one utilized in clinical
applications�supports bilayer formation and enhances LNP
stability.66,67,70 Phospholipids can also play other complex roles,
which further impact the internal structure. Within the LNP
core, phospholipids align between the IL chains interacting with
both hydrophobic tails and hydrophilic heads, thereby reducing
IL mobility.71 In some cases, such as with DSPC, phospholipids
can form ion pairs with ILs.37 On the LNP surface,
phospholipids enhance PEG chain flexibility, contributing to
overall structural stability and functionality.32,71

2.3. Cholesterol. Cholesterol is a structural lipid that is often
present in membranes and is typically used in LNP formulations.
It is a neutral steroid with a bulky ring structure, that is added to
LNP formulations to reduce membrane fluidity and increase
bilayer thickness.13 In some cases, cholesterol can also disrupt
bilayer organization, promoting the formation of inverted
micelles.72 It integrates into the hydrophobic regions of both
ILs and phospholipids, stabilizing the overall structure. For
instance, in siRNA-loaded LNPs, cholesterol has been shown to
enhance the stacked bilayer arrangement and reduce IL
mobility.71 While most formulations, and all clinical applica-
tions, rely on unmodified cholesterol, other sterols have been
explored to improve LNP performance for both siRNA73 and
mRNA26,27,74,75 delivery.

2.4. PEGylated Lipids. PEGylated lipids are hydrophobic
lipids with alkyl chains attached to PEG chains. They play a
crucial role in controlling the size and stability of LNPs. By
creating a steric barrier, in the form of a hydrophilic shell (see
Section 6.3) on the LNP surface, they prevent particle
aggregation during formulation and maintain dispersion
stability.32,66,67,76 A high PEGylated lipid concentration76,77

and long PEG-chain length76 lead to smaller LNPs.
Though PEGylated lipids are primarily found on the outer

surface, they can still influence internal structure. For example,
PEG variants such as C16-PEG2000 were shown to create a
more ordered core structure compared to DSPE-C18-PEG2000
in mRNA-loaded LNPs.30 After intravenous injection,
PEGylated lipids gradually leave the surface (see Section 7.2),
allowing the LNPs to fuse with endosomal membranes and
deliver their cargo.66 During systemic circulation, PEG lipids
with shorter lipid tails are more likely to leave the surface of
LNPs than those with longer tails.78,79

2.5. Impurities. LNPs protect and transport NAT, in part to
prevent physical and chemical degradation (see81,82). Lipid
impurities from raw materials, degradation during synthesis/
formulation, or storage (for example, cholesterol oxidation75)
can also affect LNP structure. Lipid degradation is typically due
to oxidation after exposure to light, oxygen, high temperatures,
etc.35

Despite their potential impact, little research has addressed
the effect of impurities on LNPs. Notably, Packer et al.83

identified oxidative impurities, such as N-oxides, in ILs, which
may alter the LNP structure and reduce efficacy even in small
amounts. These impurities further hydrolyze into aldehydes
undergo covalent addition with mRNA83 and likely other NATs.
Such mRNA−lipid adducts can be difficult to detect due to small
changes in molecular mass they cause.84 The lack of stand-
ardization in lipid raw material specifications and testing85

results in inconsistent acceptance criteria, creating ambiguity
about acceptable impurity levels and what thresholds are critical
for ensuring product quality and safety. For example, impurity
profiles of ALC-0315 (a common IL) vary significantly across
suppliers, and some of the impurities were shown to carry over
into the LNP formulations.85

3. LNP PRODUCTION
LNP production consists of particle formation and nucleic acid
entrapment in the same step, as shown in Figure 3. Early
methods such as thin-film hydration and ethanol injection were
labor-intensive, had variability in output quality and lacked
scalability and reproducibility.12,34,67 We point the reader to
existing reviews86,87 for good summaries on the classic batch
methods of LNP preparation. Today, loaded LNPs are produced
continuously by rapid mixing of an organic lipid solution with an
aqueous buffer containing nucleic acids under acidic pH
conditions.12,27,67,88,89 Microfluidic chips are used for screening
purposes to reduce material cost, as they can provide rapid
mixing even at low flow rates (see Section 3.4),15,67,90−93 but are
usually limited in throughput.70 Successful scale-up to high
volumetric throughput has been demonstrated;94 however,
achieving sustained clog-free operation over extended periods,
such as 1 h, remains challenging. As a result, for larger scale
production, impinging jet mixers, such as confined or multi-inlet
vortex mixers, are used.95−97 Formulations that can be
successfully produced in microfluidic systems are not necessarily
scalable to high-throughput manufacturing equipment. The
cause of these challenges with scalability are discussed in Section
3.4.

After LNP particle formation, ethanol must be removed to
preserve nanoparticle integrity98 (ethanol disrupts hydrophobic
regions of lipid bilayers and alters interlipid forces69,98) and to
meet the final drug product requirements (ethanol ≤ 0.5%). To
address this, a buffer exchange or solvent removal step is
performed, shown in Figure 3, typically using dialysis or multiple
centrifugation steps for small-scale applications or tangential
flow filtration (TFF, using hollow fiber membranes) for larger
scale applications.99−101 During this buffer exchange the LNPs
are brought to physiological pH (around 7.4), and excess lipids/
nonencapsulated cargo is removed. While the buffer exchange’s
impact on LNP structure, size, and ζ potential is underex-
plored,102 it is clear that pH shifts, buffer changes, and
concentration alterations during dialysis significantly influence
LNP properties (including size distribution, ζ potential,
morphology, and structure).38,102,103 Several studies30,40,101,103

have shown that the LNP structure only fully matures after
ethanol removal, emphasizing the need to integrate buffer
exchange into early process design. Hammel et al.30 demon-
strated that structural differences between LNP formulations
diminished following buffer exchange. In commercial processes,
a filtration step is sometimes implemented to reduce bioburden.
The last step in LNP production is sterile filtration.84
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One of the key advantages of using LNPs as a delivery vector is
their manufacturing efficiency in terms of yield, production
times, and material wastage. However, LNP manufacturing
remains challenging due to difficulties with scale-up, reprodu-
cibility, and quality control. These challenges were highlighted
during the COVID-19 pandemic, where LNP manufacturing
was considered a bottleneck due to scale-up difficulties.104

Substantial research and development efforts, both in academia
and industry, aim to overcome the challenges and further
optimize LNP manufacturing processes.

3.1. Self-Assembly Mechanism. The self-assembly of
LNPs involves a series of steps that drive the organization of
lipids and nucleic acids into stable, functional LNPs. Several
hypotheses for LNP self-assembly center on rapid precipitation
mechanisms�such as antisolvent or flash nanoprecipitation�
and related phenomena like the Ouzo effect.105−107 Rapid
mixing (in the millisecond range; see Section 3.4) is important
quickly achieve high supersaturation and ensure homogeneous
formation, to produce a homogeneous and uniform distribution
of LNPs.84

Lipids in ethanol�where no counterions are present and the
IL remains unprotonated�are rapidly mixed with an aqueous
buffer containing the cargo that acts as the antisolvent.89 The
addition of acidic buffer protonates the IL and causes a sharp
drop in lipid solubility as ethanol can no longer effectively
solvate the lipids.89 This creates a supersaturated solution,
triggering the self-assembly of lipids into structures like micelles,
liposomes, or multilamellar vesicles (see Section 5.1). At the
same time, positively charged ILs interact electrostatically with
the anionic nucleic acid through interactions between the amine
and phosphate groups. Lipids continue to assemble around the
complex to further minimize energy and stabilize the structure,
leading to the formation of a structure that continues to evolve
into an LNP.

The fusion hypothesis25,76,109 suggests that the formation of
LNPs is a multistep process which involves a fusion stage where
smaller lipid entities merge to form larger particles during the
assembly (for instance during pH neutralization). This fusion
process is regulated by the PEG-lipid content and is halted once
PEGylated lipids on the surface reach a critical concentration,
capping LNP growth and limiting their size.76,77 The fusion
hypothesis is based on experimental evidence showing the
presence of small bilayer structures at pH 4, which evolve into
larger structures with oily cores after buffer exchange to pH
7.4.76,109 Fluorescence energy resonance transfer (FRET)
experiments (see Section 4.5.2) with lipid tracers confirmed
that lipid bilayer fusion occurs as the pH increases.76 Apart from
buffer exchange, fusion can also be induced by high buffer
concentrations at acidic pH.25 Under specific conditions of too
acidic pH and high ionic strength, the fusion of siRNA-loaded
LNPs slowed significantly, likely due to electrostatic shielding,
osmotic stress, and PEGylated lipid condensation.109 The fusion
process occurs for LNPs loaded with various anionic cargoes
[e.g., gold nanoparticles (GNPs) and siRNA].76 Also other
observations such as the increase in particle size when a hold
time is introduced between mixing and buffer exchange110 align
with the fusion hypothesis. The fusion process impacts LNP
structure and may be related to the formation of blebs (see
Section 6.4)25

An overlooked area of research is the thermodynamic stability
of LNPs (e.g., phase diagrams,111,112 ideally with cargo).
Typically metastable, LNPs can evolve based on composition
and processing conditions even after formulation. Gindy et al.113

observed that siRNA-loaded LNPs continued to anneal for up to
20 h under quiescent conditions before achieving lamellar
ordering, indicating kinetic barriers that delay the system from
reaching a more stable structure.

3.2. Critical Quality Attributes (CQAs). CQAs for LNPs
are defined based on their ability to reach the target location and
elicit the desired therapeutic effect.102 The FDA identified
composition, mean size and size distribution, shape, morphol-
ogy, and stability as primary CQAs for nanomaterial drug
products.114 For liposomal systems, the FDA115 included
lamellarity, surface characteristics, net charge, integrity changes,
among other attributes. LNP complexity raises questions about
classifying lipid components as excipients or active ingredients,
with some advocating for their recognition as active components
in formulations.116 An industrial perspective on the regulatory
framework of lipids in LNPs provides an overview of different
guidance documents and recommendations.61

The CQA typically assessed first is particle size. While the
optimal size remains subject of debate117 and varies depending
on the application, the target size is usually below 200 nm with
the polydispersity index (PDI) below 0.3. However, determining
the optimal particle size is not always straightforward. The route
of administration plays a significant role in determining efficacy,
and in vitro LNP delivery does not always correlate with in vivo
performance,118−120 Additionally, the optimal particle size can
vary significantly between species. For instance, Lam et al.121

reported that smaller LNPs (∼60 nm) improved mRNA delivery
in nonhuman primates, whereas larger particles were more
effective in rodents. Hassett et al.110 found that while 100 nm
particles were optimal in mice, a broader range of 60−150 nm
generated strong immune responses in nonhuman primates.

Apart from particle size, encapsulation efficiencies higher than
80%, and reasonable LNP stability (see Section 9) are
desired.94,122 For LNPs, the FDA also encourages further
identification and characterization of quality attributes, such as
structural features (e.g., lamellarity, surface properties), to
enhance the understanding of safety, efficacy, and overall
quality.114,115 Additionally, drug release, surface charge (ζ
potential), permeability, and targeting efficacy are relevant
quality attributes.102 The type of nucleic acid modality and the
presence of drug-free LNPs also influence the attributes (see
Section 6.5).

While structural attributes like morphology and lipid
organization offer valuable insights into LNP behavior and
function, most of the structural and morphological LNP features
are not (yet) classified as CQAs (from a regulatory perspective),
primarily due to measurement challenges, their distributed
nature (e.g., blebs; see Section 6.4), and the fact that, while there
is emerging research, generalizable rules linking these
parameters to efficacy are still lacking and remain an area of
active investigation.

3.3. Mapping CPPs to Quality Attributes. The most
important critical process parameters (CPPs) influencing the
physicochemical, structural, and morphological characteristics
of LNPs include the flow rates and compositions of the aqueous
and ethanol streams (such as lipid types and concentrations,
cargo type and concentration, pH, buffer species and
concentration, etc.).102 While the underlying mechanisms of
LNP formulation are grounded in established scientific
principles, much of the process parameter optimization remains
empirical, relying heavily on trial and error. The CPPs define a
broad design space,123 yet their selection is often inadequately
justified in terms of their specific impact on LNP structure.
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Establishing a direct map between process parameters and
quality attributes is difficult due to the vast design space and the
nonlinear relationships between process parameters and
product characteristics. To illustrate this point with one
example, Okuda et al.124 demonstrated that total flow rate
(TFR), flow rate ratio (FRR), NaCl concentration, PEG
content, total lipid concentration, and pH all significantly
influence the LNP size. Section 6.8 discusses some generalizable
conclusions regarding the influence of CPPs on the internal
structure.

Some process parameters exhibit well-documented, predict-
able effects. Increasing TFR, up to a threshold, generally reduces
particle size, lowers PDI, and enhances the encapsulation
efficiency (EE).125−127 Even small oscillations (5%) in the TFR
can significantly affect the formation process, leading to larger
sizes and reduced EE.128 The effect related to TFR can be
attributed to the influence of mixing, as discussed in Section 3.4.
Likewise, a higher FRR typically decreases particle size and PDI
while improving EE and stability (up to a certain extent, usually
at around FRR = 3:1).108,119,125−127 Even for these relatively
well-characterized CPPs, their influence on LNP internal
structure remains less clear.

Other process parameters, like the ionic environment, have
more intricate effects. The pH must remain below the pKa of the
IL to ensure efficient complexation. The salt concentration and
buffer species follow Hofmeister effects.124 Higher ionic
strength generally leads to larger (although sometimes negligibly
so), less stable LNPs, and in some cases increasing salt
concentration lowers both the ζ potential and EE.109,124,129

Another study found that increasing citrate buffer molarity from
50 to 300 mM did not alter particle size but significantly
impacted in vitro transfection efficiency.129 Buffer molarity also
affects the morphology (see Section 6.4).25,129

Some process parameters introduce trade-offs. Higher total
lipid concentration likely enhances EE but also increases particle
size.127 Another parameter is the charge ratio (N/P ratio, which
represents the ratio of protonatable nitrogen atoms in the IL
headgroup to the anionic charges from the phosphate group on
the nucleic acid backbone15), which affects the internal
structure, EE, and electrostatic stability of LNPs.15,44,122 The
optimal N/P ratio typically ranges from 3 to 12 (i.e., an excess of
IL) and is cargo-dependent (e.g., 6 for mRNA and 3 for
siRNA).18,53,93 Lowering the N/P ratio from 8 to 2 increased the
particle size and reduced the EE, thereby decreasing the mRNA
loading per LNP.58 Haque et al.53 noted that the N/P ratio
effects also depend on the formulation process, adding another
layer of complexity. The effect of the cargo itself is discussed in
Section 6.6.

Lipid composition and molar ratios pose an even greater
challenge in CPP-QA mapping due to their vast parameter space
and their complex dependence on other process parameters.
Additionally, the interplay between different lipid species130

further complicates their effects on LNP properties. Changes in
the lipid composition can affect the size, shape, morphology,
structure, and other parameters of the LNPs.7,57,77,130−132 A case
in point is the behavior of the IL: DODMA and DODAP form
heterogeneous structures, whereas DLin-KC2-DMA, DLin-
MC3-DMA, and DLinDMA generate more uniform LNPs58

(abbreviations defined at end of manuscript). Given these
complexities, optimizing both lipid structure and molar ratios is
crucial for achieving targeted quality attributes.53

Both formation and characterization are typically performed
at room temperature (20−25 °C).133 Gilbert et al.103 reported

subtle temperature-dependent changes in the internal LNP
structure, likely due to temperature-driven fusion or aggregation
processes.134

3.4. Mixing. Given the kinetic aspect of LNP self-assembly,
as well as the relatively short times involved in this self-assembly,
conditions within the mixers have a major impact on final
product characteristics. Several studies have explored the impact
of mixing on LNP formulation, but systematic investigations
remain limited. This is further complicated by the large variety of
continuous mixers used in LNP synthesis. Different mixers use
qualitatively different fluid mechanical mechanisms to enact
rapid mixing, which in turn means that the environment within
which LNPs self-assemble is qualitatively different from one to
the next, with different types of mixer warranting different
analysis.

Mixers can roughly be categorized in three categories:
microfluidic, millifluidic, and turbulent mixers. Older micro-
fluidic mixers were based on hydrodynamic focusing systems,135

which allows for extremely rapid mixing even in creeping flow
regime. Such systems have been used for synthesizing
liposomes136 as well as polymeric nanoparticles,137 but have
fallen out of use as the high FRRs required for proper mixing lead
to considerable waste of material. In more modern microfluidic
methods, the alcohol and buffer streams are mixed in a simple T-
or Y-junction, and then sent to a chaotic mixer such as
herringbone mixers,77,138−140 baffled mixer,92 ring micro-
mixer.125 The main advantage of microfluidic methods is precise
control over diffusion, owing to the laminar flow within them.
Microfluidic platforms reproducibly yield tunable, small particle
sizes (of the order of 20−100 nm), narrow particle size
distributions (PSDs), and near 100% encapsulation.90 Milli-
fluidic mixers for LNP formulation have been introduced by
Prud’homme and collaborators.95,141,142 These works include
confined impinging jet mixers,95,141 as well as multi-inlet vortex
mixers.142,143 These systems exhibit higher throughput than
microfluidic systems, but their adoption by research laboratories
has been somewhat slow owing to their fabrication requiring
precision micromachining, and the fact that they consume
significantly more reagent than microfluidic methods. Protocols
for synthesizing LNPs with these mixers have recently been
presented,96 achieving particle sizes in the 60−100 nm range. In
2014, Lim et al.144 introduced a high-throughput system based
on turbulent coaxial jets for the synthesis of various types of
nanoparticles. Turbulent mixing allows this system to reach
mixing times comparable to microfluidic systems, with much
higher throughput. Such a system has been used to synthesize
LNPs, with comparison to results from standard microfluidic
methods.84

In all of the mixers mentioned above, higher flow rates
generally correlate to faster mixing. Mixing time has generally
been identified as the more important parameter determining
the impact of fluid dynamics on LNP formulation. In general,
faster mixing has been correlated with smaller resulting particle
sizes, narrower PSDs, and better cargo encapsulation.127 Mixing
time can be determined experimentally using well-established
ruler reactions,145 or physical tracer tests based on colored dyes
in the case of transparent mixers.95 Mixing in microfluidic
hydrodynamic focusing systems is determined by FRR, and can
be determined using either simple 1D arguments146 or more
complete models for 2D transport in microfluidic systems.147

Mixing time in chaotic “stretch-and-fold” mixers can be
determined theoretically using the appropriate theory of
mixing,148 and mixing time scales in more turbulent mixers
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can be estimated using well-established turbulent mixing time
scales.149

However, it is becoming increasingly clear that descriptions in
terms of a single mixing rate, which are currently standard, are
insufficient to fully predict output characteristics. Abstracting
away the mixing process into a single mixing time is only truly
valid if the speed of mixing is much faster than the kinetics of the
self-assembly, which usually turns out not to be realized in
practice. Indeed, experiments with microfluidic systems have
shown that differences of the order of microsecond in the mixing
steps to have an impact on output characteristics,150 thus
indicating the presence of a step of comparable time scale in the
self-assembly process.

Besides mixing time, other aspects of the fluid mechanics
within a mixer are likely to impact resulting LNP morphologies.
The exact structure of concentration gradients and fluid shear
within a mixer is likely to have an impact on the resulting particle
distributions, as particles with a similar residence time may find
themselves in different microenvironments within the same
mixer. That will cause variation in product quality even in mixers
that have the same average mixing time. Differences in shear
stresses across mixers are also likely to impact self-assembly.
Shear stresses have been shown to affect the morphology of lipid
assembly in certain controlled conditions.151 Additionally,
turbulent mixers, either through shear or through inertial effects,
may give rise to collision events which do not happen in laminar
mixer, leading to qualitatively different growth processes and
end products.152 Finally, the more irregular conditions in
turbulent mixers may also lead to the growth of lipid membranes
with topological defects, which have been shown to affect the
vesicle properties such as its curvature.153

A complete systematic study of the impact of fluid dynamics
on LNP self-assembly is still missing, but we mention here a
number of studies highlighting this effect. Even when different
micromixers achieve comparable physicochemical properties, in
vitro expression can still vary.93 Work by Laramy et al.84

compared LNPs produced in a microfluidic chip to LNPs
produced using a turbulent coaxial jet mixer. They obtained

smaller LNPs and narrower size distributions using the turbulent
method, but noted poorer encapsulation, higher variation in
internal structure, and higher incidence of irregularities such as
blebs. This variation could be in part due to higher shear stresses
at play in turbulent mixing.84 Another study compared LNP
formulation in a commercial T-junction with the bifurcating ring
microreactor.108 At comparable mixing times, the LNPs had a
comparable particle size, but different percentage of LNPs with
blebs108 (see Section 6.4). More vortex formation resulted in
more bleb-like structures.108 An increase in the FRR of the
aqueous to the organic phase resulted in larger particles,108,140

with FRR of 1 leading to significantly larger particles even at
comparable micromixing times.108 The increase in the LNP size
with an increase in FRR is attributed to higher lipid
supersaturation108 or slower ethanol dilution.140 Another
study123 found that different LNP formulations require a unique
mixing optimization.

Theoretical investigation of the impact of other critical
parameters of the mixer on LNP formulation is currently being
hampered by incomplete understanding of the self-assembly
processes of LNPs (see Section 3.1). In the absence of well-
established mechanisms, any tentative modeling ought to be
backed by solid experimental results. Transferring the results
from one group in a specific setup to a different setup is often
difficult, given the combinatorially large number of different
lipid formulations available and used by different groups. Very
often, only the broadest trends transfer from one setup to the
next, with the quantitative details depending on the specific
parameters of the mixer and lipid formulation.

Given the factors discussed above, scaling up of production is
also an important challenge. A large volume of research on LNPs
is done in microfluidic systems, while large-scale production is
often more conveniently achieved in larger-scale mixers, due to
their higher throughput. However, since the fluid mechanics is
significantly different, recipes rarely translate directly from the
microfluidic screening to more turbulent large-scale production.
This is a relatively unstudied problem, and should be an
important area of research moving forward. One approach to the

Figure 4. Schematic of the most commonly used structural and morphological characterization techniques for LNPs, highlighting the
information each can provide, along with an assessment of their ease of use and operational complexity. The abbreviation SAXS stands for small-
angle X-ray scattering, SANS for small-angle neutron scattering, DLS for dynamic light scattering, NTA for nanoparticle tracking analysis, NMR
for nuclearmagnetic resonance, PALS for phase analysis light scattering, andNanoFCM for nano-flow cytometry. Created with BioRender.com.
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problem of scaling up is to attempt to match as many parameters
(mixing time, maximum shear rate, variability of the
concentration gradient, temperature gradients, vorticity) of the
flow as possible, although this may not always be possible.
Identification of the key parameters to match again requires a
more complete understanding of LNP self-assembly kinetics,
which is currently missing.

4. STRUCTURAL AND MORPHOLOGICAL
CHARACTERIZATION

Characterizing LNPs is essential for ensuring therapeutic safety
and efficacy, while also establishing structure−activity relation-
ships to optimize formulations and to better understand CPPs.
However, the field faces reproducibility challenges, to some
extent caused by a lack of harmonization, and an analytical gap
relative to the complex nature of LNPs. The FDA114

recommends using orthogonal techniques for assessment of
the CQAs (see Section 3.2) and has put some emphasis on
structural and morphological characterization.114,115 Most LNP
characterization focuses on properties such as PSD, ζ potential,
and EE.30,44,103 While these properties are linked to structural
features, a more detailed analysis is often limited by the
accessibility and resource demands of advanced techniques,30

along with the need for high spatial and temporal resolution.154

Traditional LNP characterization relies on bulk measurements,
which only provide static end point data without kinetic insight.
Some common characterization techniques are illustrated in
Figure 4. Recent developments in single-particle measurement
platforms,155−157 coupled with complementary techniques, such
as cryogenic transmission electron microscopy (cryoTEM) and
scattering methods (light, neutrons, X-rays), offer more precise
characterization. Single-particle measurements can be used, for
example, for assessing interparticle heterogeneity.157,158 As no
single technique can fully resolve LNP structure,44 combining
multiple multiscale methods through a robust analytical
characterization train has proven most effective for under-
standing LNPs’ complex structure and dynamics.13,44,159−162

4.1. Particle Size Distribution (PSD). While not all
structural changes affect the PSD,163 the mean size and PDI
are routinely measured because they are straightforward and
reliable quality indicators.68 Caution is required when
comparing sizing techniques,164 particularly for multimodal or
polydisperse samples, as different techniques rely on distinct
principles and can yield different diameter measurements.
4.1.1. Dynamic Light Scattering (DLS). DLS is commonly

used to measure the hydrodynamic diameter of NAT-loaded
LNPs.26,76,103,133 It is commonly used as the initial technique to
validate the quality of an LNP formulation during early stage and
high-throughput screening, helping to determine optimal
process conditions. In a typical DLS setup, a dilute sample
(around 1 mg/mL or lower111) is illuminated by a laser (600−
660 nm range), and fluctuations in scattered light caused by
Brownian motion are recorded at a high scattering angle (90° or
173°). The intensity fluctuations can be resolved to obtain the
ensemble z-average diffusion coefficient (Dz), which is related to
the z-average particle hydrodynamic diameter (Dh) by the
Stokes−Einstein equation. The Stokes−Einstein equation
assumes particles are monodisperse rigid spheres when
determining Dh,165 which may not apply to LNPs, especially
those with irregular shapes such as blebs (see Section 6.4). More
complex data analysis techniques, such as CONTIN and
cumulant analysis, are used to determine the PSD and PDI.
DLS results in intensity-weighted distributions, giving dis-

proportionate emphasis to larger particles and aggregates. The
hydrodynamic diameter is sensitive to factors such as pH, ionic
strength, viscosity, and temperature, so LNPs should be diluted
in the same buffer used for formulation111. Moreover, DLS has
limited resolution, struggling to differentiate particle subpopu-
lations with less than a 3-fold size difference.166 Spatially
resolved dynamic light scattering (SR-DLS) can be used as an
alternative to conventional DLS for measuring LNP size in
turbid and concentrated suspensions,167,168 and can be exploited
for real-time monitoring and control.168

4.1.2. Nanoparticle Tracking Analysis (NTA). NTA offers an
alternative approach to DLS for measuring LNP hydrodynamic
diameter-based size distributions.38,169,170 NTA tracks nano-
particles’ Brownian motion via laser-illuminated microsco-
py,160,171 providing better resolution of distinct populations
and determining absolute particle concentration.166,169 Com-
pared to DLS, NTA has lower detection limits, longer
measurement times, and greater sensitivity to instrument
settings.160,166 In addition, NTA requires careful dilution of
the sample172 and background calibration for reliable measure-
ment.173

4.1.3. Additional Techniques. CryoTEM (see Section 4.2.1)
can measure number-based PSD and number-averaged mean
size of LNPs using geometric diameters.164 PEGylated lipids in
brush conformations (∼5 nm) are invisible in cryoTEM.24,169

Unlike other size-measurement methods, cryoTEM also reveals
structural details, including aspect ratio and shape features such
as blebs.26

Atomic force microscopy (AFM; see Section 4.2.2) is
sometimes used to determine the PSDs of LNPs,174 alongside
techniques such as multiangle light scattering (MALS),175,176

Taylor dispersion analysis (TDA),177 and small-angle neutron
scattering (SANS).103 DLS typically reports larger radii
compared to methods like SANS or AFM, as it measures the
hydrodynamic radius, including the counterion cloud, which
most other methods do not capture.174,178

4.2. Structural and Morphological Features. 4.2.1. Cryo-
genic Transmission Electron Microscopy. CryoTEM is widely
used for imaging of LNPs, providing insights into the size, shape,
and morphology.26,30,38 In this method, concentrated LNP
samples (∼3 μL at a cargo concentration of ∼100−500 ng/
μL38,104) are vitrified within carbon film holes and then imaged.
Proper vitrification and achieving optimal ice thickness is
challenging.179 It is important to image the entire carbon hole
due to the ice thickness gradient, which can skew PSDs (i.e., the
lens effect).164,179 Through the use of automated vitrification180

these disadvantages can be overcome, which results in better and
more consistent sample preparation for LNPs. CryoTEM may
not fully represent LNPs’ behavior in solution181 and offers
limited quantitative insights, but can provide some descriptive
information. There are some analysis challenges in distinguish-
ing between LNP components such as lipids and nucleic acids
due to their similar electron densities, making morphological
features difficult to fully resolve.44 CryoTEM can also be subject
to interpretational bias. Some studies have addressed this by
using negatively charged colloidal GNPs as tracers76 or by
selectively staining RNA with thionine to enhance contrast.38

While cryoTEM offers low throughput,164 this is compensated
for by its small sample requirements.179 Cryogenic electron
tomography (cryoET) is another technique for visualizing LNP
morphology and structure, similar to cryoTEM but with the
added benefit of 3D reconstructions for better spatial context.133
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4.2.2. Atomic Force Microscopy (AFM). AFM has also been
used to image NAT-loaded LNPs for structural and morpho-
logical characterization.174,182−185 AFM measures interactions
between a flexible cantilever tip and the sample surface.183,184

AFM offers several advantages for structural characterization,
including high-resolution surface imaging and the ability to
generate surface interaction maps, but is limited by its small
scanning area and challenging sample preparation (which
involves immobilization on a substrate).184 Drawbacks of
AFM are the deformation of LNPs due to contact between
the LNPs and the AFM tip184 or destruction of LNPs on the
substrate,185 both of which can lead to inaccurate size and shape
determination. The deformation can be minimized by
intermittent contact184 or by surface immobilization of the
substrate.185 LNP interaction with the AFM tip and deformation
can also be exploited to probe LNPs’ intermolecular
interactions174 and mechanical properties183,186

4.2.3. Small-Angle X-ray Scattering (SAXS). SAXS187 is a
technique used to analyze repeating structures in solution,
resolving features from a few to several hundred nanome-
ters.103,188 SAXS has been applied to LNPs loaded with self-
amplifying mRNA (SAM),169 siRNA,71,133 or mRNA,24,189 to
identify ordered internal structures within LNPs13 and to
determine the particle size [radius of gyration (Rg)].169

Comparing SAXS with DLS (via the 2Rg/Dh ratio) yields a
value around 0.78 for uniform spheres140 and close to 0.5 for the
presence of blebs.29

In SAXS, a dilute LNP suspension is placed in a glass capillary
and exposed to a collimated X-ray beam (wavelength 0.01−0.2
nm), producing an isotropic scattering pattern (from
interactions with electrons) captured by a detector.190 To
obtain the LNP scattering pattern, the radially averaged
scattering intensity (I), with the solvent background subtracted,
is plotted against the scattering vector (q). High polydisperse
samples can affect data quality by masking key structural
features. To address this, Graewert et al.191 used asymmetrical-
flow field-flow fractionation (AF4) coupled with SAXS for size-
dependent fractionation and characterization of mRNA-loaded
LNPs. High-throughput, time-resolved SAXS enables rapid
screening of LNP structural characteristics.30,103,192,193 Addi-
tionally, ultrasmall-angle X-ray scattering (USAXS) provides
insights into LNP structures ranging from 100−1000 nm.
Moreover, the integration of high-throughput SAXS workflows,
as demonstrated by Hammel et al.,30 offers an efficient approach
for rapidly screening LNP formulations and elucidating
structure−function relationships.

The low-q region of the SAXS profile corresponds the particle
size, while the high-q region reveals the internal lipid
organization.190 Ordered lipid structures, such as inverse
hexagonal, lamellar, or cubosome phases (see Section 5.1),
have characteristic Braggs peaks which can be identified.30,39,189

A sharp peak signifies a highly ordered structure, while a broad
peak indicates disordered organization.113 The length scale (d)
of the unit cell can be determined by the relationship q = 2π/d.

Solution scattering data, such as SAXS, can be processed using
the Density from Solution Scattering (DENSS) algorithm to
reconstruct 3D electron density maps and complex particle
shapes without predefined structural models.194 When applied
to mRNA-loaded LNPs, SAXS combined with DENSS has
shown good agreement with cryoTEM and DLS data,195

although further investigation is needed to address its
limitations.

4.2.4. Small-Angle Neutron Scattering (SANS). SANS has
been utilized for obtaining structural insights.24,40,103,169,178,196

SANS operates similarly to SAXS, using a neutron beam (0.1−2
nm),190 which interacts with atomic nuclei and differentiates
between isotopes of different elements.154 By adjustment of the
H2O/D2O ratio, the isotopic contrast190 and LNP scattering are
manipulated. Enhanced contrast is achieved through deuterated
lipids (e.g., cholesterol, phospholipids), which is exploited for
precisely localizing different lipid components within
LNPs.71,196 LNP SANS data have been interpreted using
different models.24,40,133,169,178,188 For instance, a single shell−
core model, (e.g.,103,178), a double shell−core model (e.g.,24),
and a triple shell−core model (e.g.,40) have been fitted to SANS
data to capture the LNP structural features. SANS assumes
implicitly that every LNP contains cargo.197 To overcome this
limitation, Chen et al.197 proposed two structural models: one
for NAT-loaded LNPs and one for drug-free LNPs. Others103

have used similar approaches to analyze SAXS data from
mixtures of drug-free and loaded LNPs. By fitting the scattering
length density (SLD) profiles, further detail on the water and
lipid fractions within the core and shell can be obtained.40,103,196

Some drawbacks of SANS are long acquisition times (several
hours) and limited accessibility, hindering broader use.190 The
SAXS and SANS techniques complement each other effec-
tively,154 and can elucidate the internal lipid organization and
the core−shell composition of the LNPs, respectively.
4.2.5. Techniques to Probe LNPs’ Phase Behavior. LNPs can

undergo phase transitions (see Sections 3.1 and 7.3). Apart from
SAXS, cryoTEM, and nuclear magnetic resonance (NMR; see
Section 4.5.1) several complementary techniques have been
employed to probe the phase behavior of LNPs and their
components. Differential scanning calorimetry (DSC) has been
widely applied to characterize thermotropic phase transitions of
both lipids and mRNA.112,132,198 DSC measures the heat flow
associated with thermal events in a sample relative to a reference,
providing insights into material stability and phase behavior.199

In mRNA-loaded LNPs, DSC thermograms have been used to
evaluate the interactions between the nucleic acid cargo and
lipid components. Shifts in thermal transitions can provide
indirect insights into EE, lipid organization, and the overall
structural stability of the formulation. Additionally, DSC has
been employed to investigate mRNA unfolding in its free
form.132

Circular dichroism (CD) spectroscopy is another valuable,
nondestructive technique that measures the differential
absorption of left- and right-handed circularly polarized light.
It has been used to evaluate the tertiary structure of nucleic acids,
like mRNA.112,132 CD spectra originate from specific structural
motifs�such as stem-loop regions in mRNA (see Section
5.2)�and can be monitored for spectral shifts that reflect
conformational changes. For instance, CD has been used to
detect pH-induced changes in mRNA structure when
encapsulated within LNPs.112

Fourier transform infrared (FTIR) spectroscopy, which
measures molecular vibrations to identify chemical bonds, has
also been used to assess lipid and nucleic acid interactions within
LNPs.112,200 Lipid phase transitions result in changes in the
molecular order and the conformational freedom, which can be
detected using FTIR.200

4.3. EE and Payload Distribution. EE quantifies the
percentage of NAT encapsulated by LNPs. The RiboGreen
assay, the most common EE measurement method, employs a
proprietary fluorescent dye (RiboGreen) to assess RNA
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fluorescence intensity before and after LNP disruption with
surfactants (e.g., Triton X-100, Tween 20), releasing the
encapsulated cargo.201,202 The assay assumes minimal dye
penetration into the LNP core, enabling calculation of accessible
vs encapsulated RNA. Dye binding to mRNA occurs via both
charge and hydrophobic interactions,203 making pH and buffer
molarity critical for consistent binding efficiency, necessitating
identical buffer conditions between standards and samples.
Crucially, the RiboGreen assay quantifies accessible RNA, which
is often misinterpreted as free residual RNA; however, surface-
bound RNA from incomplete encapsulation can also contribute
to the fluorescent signal. While widely used, the RiboGreen
assay cannot determine NATs per LNP or distinguish between
drug-free and loaded LNPs. It also lacks the ability to assess
RNA integrity, which necessitates the use of complementary
techniques such as electrophoresis.204 The surfactant concen-
tration can influence the solubilization of LNPs and/or nucleic
acid-dye interaction and, thus, underestimate the nucleic acid
concentration and EE.202 Despite these shortcomings, the
RiboGreen assay remains the preferred technique for estimating
EEs.

Analytical ultracentrifugation (AUC) is used to separate
LNPs based on their density differences, particle size, and
shape.205−208 This can be exploited to estimate the drug loading
and the fraction of drug-free LNPs.204−206 AUC can yield more
precise size distributions than DLS,207,208 but demands
expertise.207 To address challenges like low-resolution fractio-
nation caused by LNP diffusion and minimal density contrast,204

the application of sucrose density gradients offers an effective
solution.209 Le Ru et al.210 recently demonstrated scatter-free
absorption spectroscopy (SFAS) as a faster and more precise
alternative to RiboGreen assay to quantify the RNA
concentration in RNA-loaded LNPs.

Bulk techniques are not suited for estimating payload
heterogeneity in LNPs (see Section 6.5). Recent advances in
microscopy techniques coupled with fluorescently labeled
formulation components have enabled the characterization of
EE and nucleotide loading at the single-particle level. Li et
al.156,211 developed multilaser cylindrical illumination confocal
spectroscopy (CICS), which can distinguish between drug-free
LNPs, free nucleotide, and loaded LNPs. By tagging nucleotides
and lipids with fluorescent markers, this technique could
quantify mRNA payload capacity at single-particle resolu-
tion.156,211 Sych et al.201 used single-particle profiling (SPP)
with confocal microscopy to determine the loading of
fluorescently labeled mRNA-loaded LNPs, resolving individual
intensity peaks of diffusing particles. Kamanzi et al.109,155

applied convex lens-induced confinement (CLiC) microscopy
to study size and loading of siRNA-LNPs, focusing on
formulation, pH, and drug loading. Münter et al.212 employed
confocal microscopy with Cy3-labeled mRNA and fluorescent
lipids to quantify the fraction of drug-free LNPs. De Peña et
al.213 developed and employed an electrophoretic microfluidic
characterization platform to quantify payload in NAT-loaded
LNPs. Ueda et al.71 and Chen et al.197 employed nano-flow
cytometry (NanoFCM) with fluorescently tagged cargo to
quantify the fraction of drug-free LNPs and payload copy per
LNP.

While single-particle and molecular interaction techniques
can provide valuable insights, they often require the use of
fluorescently labeled components. Aside from being costly and
impractical for larger-scale studies, labeled cargoes or lipids can
alter the interactions between the cargo and the lipids or even

modify the lipid structure itself. This means that these systems
may not accurately reflect the characteristics of the unlabeled
formulation, leading to a potential mismatch between model and
real-world formulations.

4.4. Surface Characterization. The ζ potential is the
electrical potential at the boundary of an electric double layer,214

which separates freely moving fluid around a charged particle
from fluid attached to its surface. This attached layer consists of
bound counterions (the Stern layer) and a surrounding region of
loosely bound ions.214 It is often measured to give an indication
of LNPs’ surface characteristics using light scattering techni-
ques.160,214,215 When an electric field is applied, charged
particles migrate with a velocity proportional to the ζ
potential.214,215 The change in velocity is measured through
shifts in the frequency (in electrophoretic light scattering, ELS)
or phase (in phase analysis light scattering, PALS) of a reference
laser beam.214,215 ζ potentials above 30 mV [positive or negative
(preferred)] are typically desired for long-term LNP stability to
prevent aggregation.160 However, lower ζ potentials do not
necessarily imply aggregation, as steric stabilization by
PEGylated lipids also plays a role.214 ζ potential is highly
dependent on pH, ionic strength, and temperature,214 so LNPs
should be measured in the same solvent used in their final
formulation for accurate results.

Tunable resistive pulse sensing (TRPS) is a single-particle
technique that employs the Coulter counter principle to
measure surface charge and size simultaneously.216−218 TRPS
features a conical tunable elastomeric pore mounted horizon-
tally between two electrolyte reservoirs, with the sample in one
of the reservoirs.216 As particles pass through the pore,
electrolyte displacement causes a current drop, which correlates
with nanoparticle size and surface charge. TRPS provides more
precise ζ potential measurements compared to PALS and allows
for ζ potential distribution across the nanoparticle popula-
tion.217

Cryogenic X-ray photoelectron spectroscopy (cryo-XPS) has
also been employed to probe surface-specific information,
typically within the top few nanometers, particularly regarding
the PEGylated lipid layer in mRNA-loaded LNPs.219 One
promising label-free analytical technique is single-particle
automated Raman trapping analysis (SPARTA), which is
effective for studying the functionalization of LNPs.220 Addi-
tionally, SPARTA enables the investigation of chemical
composition differences between individual LNPs, revealing
sample heterogeneity220

4.5. Molecular Interactions. 4.5.1. Nuclear Magnetic
Resonance (NMR). NMR spectroscopy is a powerful analytical
technique commonly used to investigate organic molecules. By
applying a strong magnetic field and radiofrequency radiation,
NMR probes the local environment of specific atomic nuclei,
such as hydrogen (1H), nitrogen (15N), carbon (13C), and
phosphorus (31P), providing detailed structural information on
individual molecules. NMR spectroscopy is particularly valuable
for characterizing LNPs, enabling the assessment of LNP size
distributions, lipid and mRNA distribution within the nano-
particles, and the uniformity of different formulation pro-
cesses.130,221−223

1H NMR is an essential tool for accurately profiling the surface
characteristics of LNPs. It can be used to determine the lipid
composition, surface density, and the conformation of PEG side
chains of PEGylated lipids.224 Additionally, NMR is capable of
studying the pKa of ionizable water-soluble lipid analogues, with
results that closely match theoretical predictions.58 1H NMR
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relaxometry has been applied to study the effects of lipids such as
DSPC and cholesterol on the structural and physicochemical
properties of siRNA-loaded LNPs.71 Dynamic nuclear polar-
ization-enhanced (DNP) NMR has provided insights into the
layered architecture of LNPs.225 31P NMR has been used to
analyze phospholipids within LNPs, providing information on
structural homogeneity, the assembly of the lipid layer, and
potentially a method to assess batch-to-batch reproducibility.226

4.5.2. Fluorescence-Based Techniques. FRET is mostly
employed to investigate the coalescence of the LNPs after

dialysis or buffer exchange25,37,76,109,133 and study the intra-
cellular and in vivo biofate of LNPs.227,228 For FRET, LNPs are
formulated with a donor probe (e.g., DiO Ex 484 nm, Em 501
nm76) and an acceptor probe (e.g., Dil Ex 549 nm, Em 565
nm76). When the donor probe is excited and is in close proximity
of the acceptor probe, the fluorescence from the acceptor probe
confirms the fusion of the LNPs/membranes. Zhao et al.229

formulated LNPs with a pH-sensitive dye-based DNA probe and
used FRET to determine the internal pH of LNPs.

Figure 5. Schematic of NATs and lipids’ structures. Interactions of the nucleotides can lead to secondary/tertiary structures in (A) pDNA and
(B) RNA. (C−I) Representative lipid phases that appear in LNPs and can form from ILs, either alone or in combination with phospholipid:
Cylindrical-shaped lipids tend to form (C) unilamellar or (E) multilamellar phases (Lα). Cone-shaped lipids tend to form nonbilayer inverted
phases, such as (D) hexagonal HII phases or (F) cubosome phases (Q2). (G) SAXS profile of LNPs with a characteristic lamellar phase. Adapted
with permission from ref 133 under the Creative Commons Attribution 4.0 International License. (H and I) SAXS profiles of particles with a
characteristic hexagonal and cubosome phase. Adapted with permission from ref 235. Copyright 2016 American Chemical Society. Created
with BioRender.com.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.4c18274
ACS Nano 2025, 19, 21206−21242

21217

https://pubs.acs.org/doi/10.1021/acsnano.4c18274?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18274?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18274?fig=fig5&ref=pdf
http://BioRender.com
https://pubs.acs.org/doi/10.1021/acsnano.4c18274?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c18274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The TNS (used to determine LNP pKa
230) and RiboGreen

assays (used to determine EE; see Section 4.3) are two
commonly employed fluorescent-based assays for characterizing
LNP formulations. Various studies have utilized fluorescent
binders for mRNA (e.g., thionine38), fluorescent tags for mRNA
(e.g., Cy5-tagged mRNA156) or fluorescent lipids (e.g., Cy5-
PEGylated lipid211) for mRNA localization in LNPs38 or
payload characterization of LNP formulations.156,201,211−213

Some limitations of fluorescence-based techniques are difficult
interpretability, poor scalability due to cost, and potential
interference of binders/tags with laser-based characterization
techniques (e.g., in DLS the fluorescence signal may interfere
with scattering). In addition, the fluorescent labels might affect
the LNP structure/dynamics.

5. STRUCTURAL FEATURES OF INDIVIDUAL
COMPONENTS

5.1. Lipid Organization. Lipids, the primary components of
LNPs, self-assemble into lyotropic mesostructures in aqueous
solutions due to their amphiphilic nature�polar heads and
hydrophobic tails�forming closed structures to shield their tails
from water.231 These mesostructures are also commonly found
in LNPs, with the most prevalent being: lamellar (Lα), hexagonal
(HII), and cubic (Q2);232 see Figure 5. The lamellar phase
consists of lipids arranged into planar bilayers, which consist of
two layers of lipids with their hydrophobic tails facing inward
and hydrophilic heads facing outward toward the aqueous
environment.231 Multiple bilayers separated by an aqueous
region is called multilamellar organization. In the hexagonal
phase, lipids form inverted cylindrical micelles,231 where
hydrophobic tails face outward, that result in inverted water-
filled tubules. The cubic phase is even more complex, consisting
of highly ordered 3D networks where lipids form curve bilayers
that create intricate, periodic structures, as shown in Figure 5.
Phospholipids are known to organize more into lamellar phases,
whereas ILs generally prefer to assemble into the hexagonal
phase.70,230

Lipid organization in aqueous systems, whether pure or
mixed, is conceptually predicted using the packing parame-
ter51,231

=P V al/ (1)

with V the tail (or hydrocarbon) volume, a the effective area per
molecule at the interface, and l the surfactant tail length. P is thus
considered a measure for the preferred curvature. This way, the
lipids’ “shape property” (e.g., cylindrical vs cone-shaped)
dictates their preferred phases.231,232 For P > 1 nanostructures
with negative curvature are formed, like the inverted hexagonal
phase (HII). For P ≈ 1 lamellar (Lα) structures (no curvature)
are adopted. For P ≪ 1 lipids assembly into micelles. Lipids with
saturated hydrocarbon tails, such as DSPC, are classified as
cylindrical lipids.13,44,48 Due to their lower intrinsic membrane
curvature, they tend to form LNPs with stable lamellar
structures.13,48 In contrast, lipids with unsaturated tails (e.g.,
DOPE) or branched tails (e.g., ALC-0315, SM-102) exhibit
higher membrane curvature and a cone-shaped geometry,
favoring the formation of LNPs with more “fusogenic” inverted
hexagonal (HII) phase.13,44,48

Apart from the IL structure, also the helper phospholipids play
a role in facilitating specific lipid organizations.55,111,233 Lipid
phase behavior also depends on temperature, pH, ionic strength,
hydration, composition, and intermolecular factors such as
association interactions, steric hindrance, and packing con-

straints.39,231 The packing parameter offers a simplified
framework but lacks explicit treatment of these variables.
Comprehensive characterization requires high-resolution struc-
tural tools such as SAXS and cryoTEM.

Lipid packing directly influences membrane curvature, local
chemical environment, and apparent pKa, thereby modulating
LNP internal structure.36,163 Crucially, certain mesophases�
such as inverse hexagonal and cubic symmetries�enhance
nucleic acid delivery efficiency11,30,31,39,44,189,234 (see Section
7.3).

5.2. Nucleic Acid Cargo Structure. Nucleic acids,
including different types of RNA and DNA, are polyanionic
macromolecules made up of negatively charged nucleotides
(NTs) linked by a sugar−phosphate backbone. Their structure
is defined at four levels: primary (linear nucleotide sequence),
secondary (base pairing), tertiary (long-range interactions
between base-paired regions), and quaternary (higher order
folding), resulting in structures such as duplexes, hairpins, and
junctions.236,237 The cargo in LNPs can be different types of
nucleic acid chains, such as siRNA, mRNA, ASO, SAM, and
pDNA. The cargo vary significantly in size and structure (Figure
5), influencing LNP formation. siRNA typically has 20−24 base
pairs, is double-stranded, and has a well-defined structure.
mRNA is single-stranded, much larger at about 1000 nucleotides
long, with variability in size and structure depending on the
mRNA type. Antisense oligonucleotides (ASOs), which are
designed to bind to specific mRNA sequences, are typically even
shorter than siRNA, ranging from 10 to 30 nucleotides in length.
SAM, capable of generating new mRNA copies, ranges from
9000 to 15000 nucleotides. pDNA typically exists as a circular
strand ranging from hundreds to thousands of nucleotides,
though linear forms of pDNA can also be used.

Unlike the fully connected, hydrogen-bonded double helix
structure of DNA, which arises from the perfect alignment of
complementary sequences (A-T, C-G), RNA is a single strand,
with siRNA intentionally synthesized as a double-stranded
molecule as an exception. This single-stranded form gives RNA
greater flexibility, allowing it to fold into complex secondary and
tertiary structures provided the chain is long enough. Both
siRNA and ASO are, for example, vulnerable to degradation due
to their minimal or lack of secondary structure, with ASOs being
particularly susceptible.68 In the case of mRNA, the secondary
and tertiary structure influences the behavior and properties of
the LNPs.236 The primary base pairings in RNA are A-U and G-
C base pairs (also known as Watson−Crick base pairs), along
with the less stable G-U interaction, known as the wobble base
pair.238,239 Additionally, noncanonical base pairs, base triples,
and pseudoknots are three other types of special base pairs that
also occur in RNA secondary structures.240 RNA’s secondary
structure is composed of short helical regions that form when
complementary sections of the RNA sequence pair. These
helical regions typically consist of 2 to 10 base pairs, as single
isolated pairs are generally unstable, and helices with more than
10 continuous base pairs are uncommon.239 Given that an RNA
sequence does not have perfect pairing throughout, the
secondary structure also features various single-stranded regions
that interrupt the helices, forming distinctive motifs such as
hairpin loops, bulges, internal loops, and multibranched loops
(Figure 5). To determine RNA secondary structure from its
sequence, comparative sequence analysis241 combined with
score-based methods such as RNAalifold,242,243 have been
extensively used over the past decades. In recent years, machine
learning-based methods have also gained popularity.238 The 3D
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shape of RNA (tertiary structure) has been studied less
extensively than that of proteins, primarily due to the challenges
involved in RNA crystallization. The prevailing view of RNA
folding is hierarchical, where stable secondary structures form
first, followed by the bending of the RNA around flexible single-
stranded regions to form the tertiary structure.132,236,239

pDNA is a stable, circular, double-stranded helical structure.
While the topological state of circular pDNA may begin as an
isolated, unknotted closed curve, its length often leads to the
emergence of various topologies (Figure 5). A pDNA molecule
can form knots with itself or undergo positive or negative
supercoiling, inducing stress and spatial deformations in the
helix. Additionally, pDNA molecules can undergo catenation or
hemicatenation, resulting in interlinked structures between two
separate pDNA molecules.244 These various topological forms
of plasmids can affect their interaction with the LNPs.

The extent to which these RNA and pDNA structures can
maintain their native folding within an LNP remains an open
question. Inside LNPs, large nucleic acid chains must adapt to
the nanoparticle’s shape, with coarse-grained simulations
suggesting that mRNA may adopt an inverted morphology.245

AFM data show that mRNA is coiled, with surrounding lipids
screening surface charges.174 Due to mRNA’s large size, it may
not fit into smaller LNPs (60−150 nm) without folding into
dense loops or coils.182

Although traditionally seen as simple carriers of genetic
information, mRNA secondary and tertiary structures are crucial
for their function.246 For instance, the mRNA start codon must
remain single-stranded to align properly within the ribosomal
preinitiation complex for translation initiation, with misfolding
potentially disrupting this process.247 The therapeutic efficacy of
nucleic acid cargos in LNP formulations is thus influenced by
their higher-order structures and microenvironment within the
LNP.132

6. STRUCTURAL AND MORPHOLOGICAL LNP
FEATURES

LNPs are multicomponent supramolecular assemblies whose
structure combines features from the pure lipid phase (including
the lipid mesostructures) with emergent features such as
structural heterogeneity, phase separation, and dynamic
transitions arising from component interplay.

6.1. Structural LNP Models. Several structural models have
been proposed for LNPs,13,18,130,224,225 accompanied by a wide
range of illustrative representations�rarely to scale,182 often
oversimplified, and primarily descriptive rather than quantita-
tive. These visualizations reflect the ongoing uncertainties and
misconceptions surrounding LNP internal architecture�often
ignoring structural heterogeneity while overemphasizing uni-
formity and sphericity.

The multilamellar vesicle (MLV) model proposes that LNPs
consist of concentric lipid bilayers, forming an “onion-like”
structure with uniformly distributed components.26,182,225

However, this model fails to align with experimental
findings,18,225 particularly cryoTEM images, which reveal an
electron-dense hydrophobic core rather than a neatly layered
architecture.225 A more accurate representation thus describes
LNPs as core−shell structures,37,40,103,178 where the therapeutic
cargo is housed within a protective compartment.1 This
structural organization occurs regardless of cargo type�
whether siRNA,37,122,164 mRNA,24 pDNA,40 or even in the
absence of cargo.37 The inner compartment consists of an
electron-dense, lipid-rich core surrounded by one or more

concentric lipid shells.24,37,122,164 This contrasts with liposomes,
which lack such an electron-dense core.248 Within core−shell
models, a distinction can be made between nanostructured
cores,178,225 which feature complex internal organization
(possibly with different lipid phases), and homogeneous
(isotropic) cores,18,225 in which components are homoge-
neously distributed. Both experimental and computational
studies indicate an asymmetric distribution between the core
and shell,24,37,178,225,249 suggesting that the nanostructured core
models are physically more accurate.

6.2. Core Composition and Cargo Localization. Three
key questions persist in the debate surrounding LNP cores: First,
how does the lipid composition vary between the core and shell,
as well as between the inner and outer leaflets of the membrane,
given its nonuniform distribution. These composition differ-
ences are challenging to identify due to the similar elemental
composition of the lipid components.161 Second, what is the
internal structure of the core, and where exactly is the cargo
located within it? Third, how many copies of the cargo are
present in a single LNP?

In terms of composition, ILs are nearly twice as concentrated
in the core compared to the shell.178 Protonated ILs complex
with the cargo, with the cargo acting almost as glue between the
lipid layers.230 For example, siRNA cargo within an inverted
micelle (see further) exhibits reduced mobility compared to its
free tumbling in an aqueous environment.37 Excess neutral ILs
(after buffer exchange) that are not complexed with the cargo
contribute to the electron-dense core, by separating from the
phospholipids, forming an oily phase (which is different from the
ordered phases in the core).37,40,122,223 These oil droplets can be
stabilized by a lipid monolayer,122 typically including some of
the phospholipids. The core likely also contains some small
amounts of cholesterol (see Section 6.3). An example of the core
and shell composition, determined using SANS, after dialysis for
a benchmark LNP formulation is shown in Figure 10. While
cargo size has minimal impact on core/shell composition, excess
IL at high N/P ratios may increasingly localize to the shell,
lowering the relative IL molar fraction in the core40,103 and a
decrease in the solvent volume fraction in the core.103 In
addition, drug-free LNPs and LNPs dialyzed to neutal pH have
more ILs in the shell, likely due to the absence of IL−mRNA
complexation.196,197

Table 1 illustrates that lipids in the core organize, at least
partially, into either inverted hexagonal or lamellar phases, or a
combination of both (an example is shown in Figure 8 and a
schematic is shown in Figure 6). Alongside these ordered
regions, there can also be completely disordered lipid phases,
especially at low N/P ratios, that are structural precursors to the
inverse HII phase.30 The internal lipid organization has an
important impact on the endosomal escape efficiency, as
discussed in Section 7.3.

The nucleic acid cargo resides in the aqueous core (for
example in small 3−9 nm pockets),37 despite the water content
in the core being potentially as low as 5 wt %.250 An additional
point of interest is whether the cargo preferentially resides
within the inverted micelles (for siRNA37 or is intercalated,
sandwiched between the lamellar lipid bilayers (for
siRNA,27,71,122 or mRNA251). Yanez Arteta et al.24 found that,
in the absence of mRNA, LNPs form a regular inverse HII phase.
However, in the presence of mRNA, this order is disrupted,
leading to a disordered HII phase or wormlike inverse micelles
(current scattering theories are not able to discriminate between
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the two). The presence of cubosomes for siRNA- and mRNA-
loaded LNPs is mentioned far less.189

Another aspect of interest is the number of copies of the cargo
in a single LNP. Short-chain nucleic acid cargoes, such as siRNA,

have a large number of copies in a single LNP.155 For larger
cargoes, such as mRNA, the average number of copies in a single
LNP ranges from 1 to 5.156,196,197,201 An increase in the pH and
number of nucleotides in the cargo and a decrease in the N/P
ratio and PEG lipid molar fraction usually results in a higher
average number of copies of payload in an LNP.58,156,196 All
these findings highlight the complexity of the LNP core, with
variations in reported composition likely arising from differences
in formulation, preparation, and storage conditions. Ultimately,
LNPs cannot be categorized into a single structural type.

6.3. Shell Composition. LNP shells consist of lamellar
structures primarily made of hydrophobic lipid aggregates.37

These shells can form as a monolayer, bilayer, or multilamellar
layer (Figure 5),37 with most LNPs believed to have bilayer
shells.44,178 In other studies, SANS data corresponded well to a
monolayer, roughly 2.4 nm in size.24 Several studies24,169,178,225

have confirmed that phospholipids are enriched on the LNP
surface. This enrichment could be attributed to the formation of
an unfavorable IL−cargo structure in the core, causing the
phospholipid to segregate away from it. Recent research130 has
shown that also ILs can coexist in the lipid envelope and interact
with the PEGylated lipids.

The distribution of cholesterol within LNPs remains debated.
Molecular simulations suggest cholesterol is evenly distributed
between the core and shell37 and experimental studies confirm
its presence in both regions.169,178 However, due to cholesterol’s
low solubility in ILs, other research suggests that cholesterol
cannot be uniformly distributed,44 as excess cholesterol leads to
crystallization or demixing, creating local cholesterol-rich

Table 1. Representative Internal Structures and Cargo
Locations for Nucleic Acid Therapeutics-Loaded LNPs
Reported in the Literature

method cargo
internal

structure cargo location

SAXS drug-free HII N/A 24
SAXS polyA HII aqueous core 39
cryoTEM ASO HII, Lα, disorder aqueous

region
30

cryoTEM and
SAXS

siRNA HII, Lα, Q2 aqueous
region

189

cryoTEM and
SAXS

siRNA HII, Lα aqueous
region

133

cryoTEM and
SAXS

siRNA HII, Lα aqueous core 122

SAXS mRNA disordered HII aqueous
region

24

cryoTEM and
SAXS

mRNA HII, Lα, Q2 aqueous
region

189

cryoTEM mRNA oily core aqueous bleb 38, 227
SAXS mRNA Lα aqueous core 39
cryoTEM and

SAXS
mRNA HII, Lα aqueous core 252

cryoTEM and
SAXS

mRNA Lα, disordered aqueous core 26

cryoTEM saRNA oily core aqueous bleb 169

Figure 6. Nanostructured core−shell LNP model: (A) LNP with an inverse hexagonal phase (HII) in the core with nucleic acid cargo located in
the water pockets and (B) LNP with a multilamellar phase (Lα) with nucleic acid cargo sandwiched in the aqueous layers between two lipid
layers. Adapted with permission from ref 225. Copyright 2019 American Chemical Society. The nanostructured core model is widely regarded
as the most realistic depiction of LNP internal organization based on current evidence. These schematic representations are not to scale, and
significant differences in cargo size exist across various LNPs. Created with Biorender.com.
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zones.71,253 These studies state that the LNP shell is cholesterol-
rich, with concentrations 2−4 times higher than in the
core.24,178,254

The outermost layer of LNPs is coated with a relatively
homogeneous layer of PEGylated lipids,37 which can adopt
either a mushroom-like (sparsely packed) or brush-like (densely
packed) conformation based on the packing density.224 The
latter affects the hydration number of the PEG molecules.255

Yanez Arteta et al.24 describe a mushroom-like arrangement of
PEGylated lipids, approximately 4 nm in size (based on SANS),
as an outer shell.

6.4. Blebs and Phase Separation. LNPs are often assumed
to be spherical. However, many studies have imaged LNPs with
highly nonspherical morphologies26,37,38,169 showing protruding
structures, aka “blebs”, which (often but not necessarily) consist
of an aqueous core surrounded by a lipid bilayer.42,70,132 An
example of such a bleb-like particle is shown in Figure 8. Bleb
formation is caused by phase separation (or segregation) of the
IL and other lipids present in the LNPs (primarily the
phospholipids).37,42,132 In more extreme cases, the aqueous
structures can completely engulf the electron-dense part of the
LNP.119,131 For a detailed discussion specifically on blebs, we
refer to ref 42.

Blebs often appear grainy38,182 and are debated as structural
defects.42 Compelling evidence, however, links bleb-like features
to enhanced transfection efficiencies,25,131,256 possibly due to
the enhanced integrity of the cargo. However, excessive cargo
loading�often accompanied by bleb formation (see further)�
compromises in vivo efficacy.204 In LNPs, blebs may be
aqueous�resembling liposomal substructures�or cargo-con-
taining, especially when mottled.38,132 They are more prevalent
in mRNA- than siRNA-loaded LNPs (see Section 6.6),132 with
extreme bleb-dominated, cylindrical morphologies observed in
SAM-loaded systems.169

Several factors can induce phase separation in LNPs (Figure
7). Spontaneous phase separation may arise from lipid
incompatibility,131,257,258 such as mismatches in molecular

geometry, unfavorable packing, lipid immiscibility, or local
asymmetries induced by the presence of cargo, or even
overloading of cargo. Both the structure and the local
concentration of the different lipids matter. Increasing the
phospholipid content to 40 mol % yielded LNPs with a
diminished core and an internal aqueous compartment enclosed
by a lipid bilayer.131 LNP fractions with lower mRNA loading
levels (payload) exhibited smaller and fewer blebs (as shown in
Figure 9).204 Environmental conditions also play a key
role:25,113,129,257 shifts in the pH can alter IL protonation,
while changes in the buffer molarity may lead to charge
screening�both of which disrupt lipid organization and
promote instability. Similarly, conducting formulation at lower
FRRs (i.e., higher ethanol content) can result in the formation of
additional liposomal lipid layers around the LNP core.119 Higher
ionic strength promotes morphological heterogeneity: mRNA-
loaded LNPs formulated in 300 mM citrate exhibited 76% bleb
formation vs 2% at 25 mM.25 This is attributed to enhanced IL-
mediated fusion, which increases the number of aqueous
compartments available for mRNA loading during buffer
exchange (see Sections 3.1 and 4). Finally, stress-induced
rearrangements, particularly mechanical stresses during for-
mulation108 or lyophilization,259,260 can also contribute to phase
separation.

6.5. Drug-Free Particles. There are some concerns about
the homogeneity of LNPs, particularly in terms of cargo
(payload).212 A key question is whether all LNPs in a
formulation encapsulate cargo or if many particles remain
drug-free, and how this affects the efficacy. These particles are
often referred to as “empty” to denote the absence of cargo
rather than the actual emptiness of their structure. The presence
of drug-free LNPs is not without consequence, as they have been
shown to induce increased inflammation compared to loaded
LNPs.261

For smaller NAT such as siRNA, one LNP can encapsulate
hundreds of siRNA molecules.155,161 Henrickson et al.205

reported no measurable drug-free LNPs for siRNA (20

Figure 7. Formulation and postformulation factors contributing to bleb and phase separation in LNPs. Created with BioRender.com.
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nucleotides). Other reports suggest a low fraction (<20%) of
drug-free LNPs for siRNA encapsulation.211,212 However, for
LNPs encapsulating larger cargoes, such as mRNA (900−5000
nucleotides), payload variability increases, often resulting in a
higher fraction of drug-free LNPs.197,201,206,212 This is in line
with other research, as Kulkarni et al.76 demonstrated via

cryoTEM that LNPs loaded with GNPs contained drug-free
particles, with the fraction varying based on GNP size�
approximately 75% for 5 nm GNPs and 25% for 12 nm GNPs. It
has been suggested103 that LNPs have a maximum mass limit,
which could potentially limit the amount of encapsulated cargo,
though this remains invalidated.

Figure 8. Overview of key morphological features relevant to LNPs: CryoTEM images showcasing different LNP morphologies. (A) ASO-
loaded LNPs (N/P = 2) displaying both the HII (orange) and Lα (blue) lipid phases, with a disordered phase marked by the purple circle. These
lipid phases were identified using SAXS. Adapted with permission from ref 30 under the Creative Commons Attribution 4.0 International
License. (B) LNPs incorporating phytosterols in place of cholesterol, resulting in nonspherical morphology. The blue box highlights a clear
multilamellar structure. Adapted with permission from ref 26 under the ACS public use license. (C) Morphological effects of composition
changes in siRNA-loaded LNPs, with varying IL, phospholipid, and cholesterol ratios (left and right panels). Concentric bilayer LNPs are
observed. Adapted with permission from ref 254. Copyright 2019 Royal Society of Chemistry. (D) Bleb-like morphology in mRNA-loaded
LNPs. Adapted with permission from ref 38 under the Creative Commons Attribution 4.0 International License. (E) Effect of buffer exchange
on the LNPs’ particle size with different cargoes. Adapted with permission from ref 76. Copyright 2019 Royal Society of Chemistry. (F)
Influence of the cargo length on the LNPs’ particle size. Adapted with permission from ref 68 under the Creative Commons Attribution 4.0
International License. Created with BioRender.com.
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Table 2 gives an overview of different reported fraction in the
literature. Higher N/P ratio results in a lower fraction of drug-
free LNPs.156,201 Discrepancies in reported values can stem not
only from variations in formulation components, conditions,
and cargo, but also from differences in measurement sensitivity,
sample preparation artifacts, and the ability to accurately
distinguish truly empty LNPs from those with low payload
content. Additionally, the accuracy of novel measurement
techniques can be difficult to evaluate, making direct
comparisons challenging. These challenges make it difficult to
establish generally applicable heuristics, highlighting the
importance of interpreting reported values with caution.

How the absence of cargo affects the internal structure of
LNPs is challenging to assess, as most structural measurements
typically provide an average of both loaded and drug-free
particles. One study found that in terms of lipid distribution and
shell thickness, both mRNA-loaded and drug-free LNPs where
found to be similar, although the solvent content is lower in the
drug-free LNPs.197 Variations in the payload per LNP do lead to
a heterogeneous distribution of LNPs with differing charge
ratios,204 which may affect the efficacy.58 Typically loaded LNPs
are larger than drug-free LNPs with a smaller PDI,24,26,68 with
some exceptions.68 Liao et al.204 found no variation in lipid
composition across different LNP subpopulations, but did

observe that fractions with higher mRNA loading were the least
potent both in vitro and in vivo.

Figure 10 shows the internal structural organization of
mRNA-loaded LNPs for a benchmark formulation. The
presence of drug-free LNPs results in broad or distinct peaks
(representing loaded and drug-free subpopulations) in SAXS
signals.29,103,234 Specifically, Iscaro et al.234 observed an increase
in the Q2 peak, corresponding to drug-free LNPs, with higher N/
P ratios, suggesting an increasing fraction of drug-free LNPs.
Analyzing peak intensity may prove to be a useful approach for
estimating drug-free LNP fractions.

6.6. Impact of Cargo. Despite being described as a
“platform technology”, this does not imply that LNPs are
entirely cargo-independent. Indeed, concerns persist that
formulations tailored for one cargo may not readily translate
to another.68 Such adaptation challenges are particularly evident
for the two most commonly encapsulated cargoes: siRNA and
mRNA.178

Some direct comparisons between LNPs with different cargo
sizes have been reported,68,70,103,262 with a specific example
shown in Figure 10. A general trend is that larger and more
structurally complex cargo molecules�such as mRNA
compared to siRNA�tend to induce more pronounced
structural features that deviate from the typical spherical LNP

Figure 9. (A) Different types of particles that can be found in an LNP formulation: drug-free LNP, drug-loaded LNP, LNP with liposomal-like
bleb, and LNPwith bleb containingmRNA. (B)Quantification of bleb-like LNPs based on density fractions determined by AUC.Data extracted
from Liao et al.204 (C) Fraction of drug-free LNPs before and after dialysis. Data extracted from Li et al.156 (D) Effect of the cargo type on the
fraction of drug-free LNPs. Adapted with permission from ref 212 under the Creative Commons Attribution 4.0 International License. Created
with BioRender.com.
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model. However, whether this is due to their size, double-
stranded nature, higher diffusivity (which enhances mixing
during assembly), or a combination of these factors remains
unclear. The most important observations related to the effect of
cargo are summarized in Table 3.

6.7. Impact of Lipid Composition. The overarching factor
that governs LNP structure is the chemistry of the individual
components, along with their molar ratios. An example of how a
change in the lipid composition can affect the LNP morphology
is shown in Figure 8. Research efforts have been focused on
designing ”fusogenic” LNPs with desired internal structures and
morphologies in part by tuning the molar fraction of the four
principal lipid components.

The lipid structure has an impact on the final morphology (see
Section 5.1). By substituting the cylindrical lipids with cone-
shaped lipids or by increasing the cone-shaped lipids molar
fraction, the blebs fraction can be reduced70 and the HII internal
structure is promoted.133 In addition, increasing the molar
fraction of cylindrical phospholipid results in an increase in the
bleb fraction, with 30% resulting or more in bilayer
LNPs.37,122,131

Beyond lipid structure, the relative molar ratios significantly
influence LNP properties. Given the four-component system, a
large number of permutations are possible. Rather than
exhaustively detailing how each relative change affects the
system, we provide a few representative examples in Table 4.
From these, some generalizable trends become apparent:
Changing the phospholipid-to-cholesterol ratio or the
PEGylated lipid concentration30,254 influences on the morphol-
ogy. Cholesterol plays a crucial role in shaping LNP
structures.26,27,71,164 Excessive cholesterol can lead to deformed
structures and high contrast in cryoTEM images.71 Crawford et
al.164 observed that LNPs with low PEGylated lipid and high
cholesterol content tend to be more spherical, while high
PEGylated lipid and low cholesterol formulations produce less
spherical particles. Altering cholesterol derivatives during

formulation was shown to lead to various structural changes,
such as bilamellar, multilamellar, and polymorphic shapes26 and
to tune the LNP elasticity.186 For instance, replacing cholesterol
with C-24 alkyl phytosterols�a class of cholesterol analogues�
results in LNPs with more faceted, polyhedral structures,
potentially due to phase separation (e.g., due to crystallization)
or differences in membrane rigidity.26,27 Other analogues had
varying effects; for example,27 those with a modified tail
incorporating a fifth ring showed low encapsulation efficiencies.
This distinct external morphology may enhance transfection
efficiency, though the internal structure remains unchanged.27

An example of LNPs with cholesterol analogues is shown in
Figure 8. In addition, increasing either the molar fraction of the
PEGylated lipid or the PEG chain length has resulted in lower
bleb fraction254 and highly disordered structure.30

6.8. Mapping CPPs to Structural Features. Section 3.3
explores the relationship between CPPs and various LNP quality
attributes. While deriving generalizable conclusions about the
effects of specific CPPs on LNP structure is challenging, certain
observations can be made regarding CPPs that govern the
physicochemical environment during LNP self-assembly. In
particular, those parameters that influence electrostatic and
protonation-dependent interactions between the nucleic acid
cargo and ILs play a significant role in governing the internal
structure. These include the N/P ratio, buffer species, buffer
molarity, and pH.

Lowering the formulation buffer pH can induce the LNP
internal structure transition from the Lα to HII or Q2
structure.39,111,193,234 The transition is driven by an increase in
the packing density.193,234 Cullis’ group25,109 has demonstrated
that higher buffer molarity promotes fusion of LNPs, leading to a
higher fraction of bleb-like particles.25 Higher buffer molarity
favors highly ordered internal structure with a higher membrane
curvature. For instance, higher buffer molarity for sodium
acetate enhances the HII signal in the SAXS profile.263

Compared to sodium acetate, LNPs formulated with sodium
citrate buffer, a trivalent buffer, have a higher-order internal
structure (as evidenced by a sharp SAXS signal), higher-packing
density structure (HII), a larger fraction of bleb-like
particles,25,263 and larger blebs.257 Overall, the protonation
state of the IL headgroup, modulated by the ionic species and
ionic strength, governs the structural and morphological
characteristics of the LNPs.

Apart from the buffer, increasing the charge (N/P) ratio
results in an higher-order internal structure for siRNA-loaded
LNPs70,133,264 and ASO-loaded LNPs.30 A higher N/P ratio for
mRNA promotes formation of bleb-like particles and an increase
in the bleb count per-particle and the bleb size.204

In contrast, other CPPs, like the TFR, have been reported to
not influence the internal structure, irrespective of the particle
size.125 Ethanol (the amount is controlled by the FRR) has been
shown to disrupt or hinder the structured lipid organization in
the LNP core. Structural reorganization typically happens over
time, either due to ethanol removal103 or due to annealing.113

Apart from modulating the ethanol content other effects of FRR
on the internal structure remain unclear.

7. POSTFORMULATION STRUCTURAL EVOLUTION
7.1. During Handling and Storage. LNPs often exhibit

limited physical (e.g., particle size and surface charge) and
chemical (e.g., mRNA and lipid integrity, due to hydrolysis and
oxidation) stability, sometimes lasting only hours at room
temperature (e.g., COVID-19 vaccines).35 Significant morpho-

Table 2. Reported Fractions of Drug-Free Particles in the
Literature, Measured Using Various Techniques and
Different Encapsulated Cargoesa

method cargo
drug-free
fraction

single LNP heterogeneity
assay

siRNA (21
nucleotides)

5.8 ± 3.8% 212

single LNP heterogeneity
assay

mRNA (996
nucleotides)

12.1 ± 2.0% 212

single LNP heterogeneity
assay

mRNA (2700
basepairs)

26.4 ± 14.3% 212

NanoFCM mRNA (2856
nucleotides)

27.6 ± 2.9% 197

NanoFCM mRNA 4.5−21.0% 101
NanoFCM mRNA 13−32.7% 101
single-particle profiling mRNA (1800

nucleotides)
59.3 ± 4% 201

CICS siRNA 26.3 ± 6.4% 211
CICS mRNA (996

nucleotides)
66.5 ± 5.8% 156

CICS mRNA (1929
nucleotides)

77.0 ± 8.0% 156

aThe percentages represent the fraction of empty particles after
dialysis to neutral pH. Prior to dialysis, a drug-free fraction of 41 ±
10% was reported in ref 156. For ref 101, the first value corresponds
to the drug-free fraction measured after one-step TFF, while the
second reflects the fraction after a two-step purification process.
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logical changes have been observed after storage: mRNA-loaded
LNPs stored at 4 °C for 1 day displayed increased size, shape
heterogeneity, and rougher surfaces compared to the smooth,
spherical appearance of freshly prepared LNPs.182 Subjecting
LNPs to various forms of stress (like shaking or freeze−thaw
cycles) may result in aggregation, the formation of liposomes, or
the release of mRNA.38 As a result, storage measures, typically
involving ultracold temperatures, are employed to preserve their
structure. Various strategies are being explored to enhance the
long-term stability and shelf life of LNPs,35 including water
removal techniques such as freeze-drying265 (or more advanced
techniques like spin-freeze-drying,260 thin-film freezing and
drying266,267) and spray-drying.268 While a comprehensive
discussion of storage and postformulation handling is beyond
the scope of this review, some key considerations are
highlighted.

Figure 10. Structural and morphological variability of LNPs: composition, presence of drug-free LNPs, cargo, and formulation effects for
different benchmark LNP formulations. (A) Lipid composition of the core and shell in pDNA-loaded LNPs, determined via SANS, after dialysis
to neutral pH. Adapted with permission from ref 103 under the Creative Commons Attribution 4.0 International License. (B) SAXS
characterization of drug-free and mRNA-loaded LNPs, highlighting the presence of a distinct internal structure for LNPs with encapsulated
mRNA.Data extracted with permission fromYanez Arteta et al.24 (C) EE, defined as the ratio of encapsulated RNA to input RNA concentration,
for various cargo types using a modified RiboGreen assay. Adapted with permission from ref 68 under the Creative Commons Attribution 4.0
International License. (D) Influence of helper phospholipids on the bleb-like particle morphology of mRNA-loaded LNPs. Adapted with
permission from ref 70. Copyright 2015 American Chemical Society. (E) Transformation from Lα to HII on the increasing the molar fraction of
DOPE in the lipid composition for siRNA-loaded LNPs. The black arrows indicate the Lα structure and the white arrows indicate the HII
structure in the LNP core. Adapted with permission from ref 133 under the Creative Commons Attribution 4.0 International License. Created
with Biorender.com.

Table 3. Comparison of Different Structural and
Morphological Aspects When Changing from siRNA-Loaded
to mRNA-Loaded LNPs, Highlighting the Impact of Cargo
Size and Complexitya

aspect siRNA mRNA

particle size similar similar 68
EE lower higher 68
optimal N/P lower higher 18
phase separation low degree high degree 70, 132
internal structure disorder lower higher 24
drug-free fraction lower higher 212
packing density higher lower 68
stability better worse 103
core composition similar similar 103

aThe stability effect and core composition mentioned is extrapolated
from results reported in ref 103.
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The freezing process can induce structural changes resulting
in LNPs that differ considerably from the ones after formulation.
For example, during the freezing stage, fusion between LNPs can
occur,195 which may lead to the formation of blebs, depending
on the presence of buffers260 (Figure 11). Another study showed
that thawed mRNA vaccine LNPs developed electron-dense
semicircular caps�likely phospholipid bilayers�that were
absent in freshly prepared formulations.182 The buffer
composition plays a crucial role in the structure and stability
of LNPs during postformulation handling.35,259,260,269 The use
of a phosphate-buffered saline (PBS) appears to be problematic
for LNP stability, leading to aggregation, structural hetero-
geneity, and phase transitions (from amorphous toward
multilamellar), especially under freeze−thaw or long-term
storage conditions.35,259,260,269 PBS-stored LNPs displayed a
heterogeneous internal organization and liposomal-like struc-
tures, whereas HEPES-stored LNPs formed hourglass-shaped
particles.259 Buffers like Tris and HEPES act as cryoprotectants
and provide better structural preservation and stability.259,260

Beyond buffer selection, other factors such as formulation (N/P
ratio,260 lipid composition266), the addition of cryoprotectants
and excipients35,270 can be optimized to further enhance LNP
stability.

Also mechanical stress can induce instability problems. The
stability of Comirnaty COVID-19 vaccines was assessed by
subjecting them to various shear forces, including shaking,
vortexing, dropping from different heights, and needle drawing/
injection.271 While no significant differences in the LNP size or
PDI were observed between gently handled and vaccines
subjected to height drops, physical stability was compromised
when shaken or repeatedly drawn through a needle,271 as shown
in Figure 11. Other studies have also reported that the size
distribution of NAT-loaded LNPs is altered upon
shear,167,207,272,273 sometimes accompanied by a decrease in
EE.167,272

7.2. Behavior in Physiological Conditions. Beyond
storage stability, LNPs must also be able to respond to the

interactions with the complex biological milieu in which they are
administered. Studies have shown that LNPs’ performance in
vivo is strongly influenced by interactions with components of
the biological environment,274 such as plasma proteins,
including opsonins, which mark the particles for clearance by
the immune system. The complex interactions between
nanoparticles and the biological environment may explain
unexpectedly poor in vivo performance.275

The LNP stability in physiological conditions is typically
correlated with the size and ζ potential274 but is also strongly
influenced by their structural characteristics. The most
significant structural alteration upon exposure to biological
fluids, such as blood, is the formation of a protein corona�an
interfacial layer formed by the adsorption of proteins and
biomolecules onto the LNP surface.54,276 This complex
biological coating can impact the LNP’s physicochemical
properties, biodistribution, and overall therapeutic and
pathophysiological behavior.54,276 The impact of a specific
protein, Apolipoprotein E, present in the blood and its binding
to the surface of LNPs has been extensively studied.178 It has
been demonstrated that upon interaction, not only does the
LNP surface undergo changes, but the lipid components within
the nanoparticle also undergo significant internal reorganiza-
tion.178

The inclusion of PEGylated lipids in LNP formulations helps
form a hydrophilic steric barrier that limits protein corona
formation, reduces opsonization, and prolongs circulation
time.54,277 However, mobile PEG on the LNP surface can also
negatively impact therapeutic efficacy by limiting cellular uptake
or altering the release of the encapsulated drug.78,277 A portion
of the PEG leaves the LNP surface following intravenous
administration, partially counteracting this issue and allowing
for improved performance.78,277

Other structural changes in LNPs upon interaction with
biological environments include pH-induced changes (dis-
cussed in Section 7.3) as well as LNP fusion or agglomeration
and degradation, which in extreme cases can even lead to

Table 4. Summary of the Influence of the Lipid Composition on the LNP Structure and Morphologya

formulation molar fraction (%) cargo structure morphology

MC3:Chol:ESM:DMG-PEG 50:38.5:10:1.5 mRNA oily core spherical 131
MC3:Chol:ESM:DMG-PEG 38.5:30:30:1.5 mRNA oily core blebs and bilayer structure 131
MC3:Chol:ESM:DMG-PEG 27.25:21.25:50:1.5 mRNA oily core bilayer structure 131
MC3:Chol:DSPC:DMG-PEG 50:38.5:10:1.5 mRNA unilamellar (Lα) and oily core spherical 7
MC3:Sito:DSPC:DMG-PEG 50:38.5:10:1.5 mRNA multilamellar (Lα) and oily core polymorphic and flaceted 7
MC3:Fuco:DSPC:DMG-PEG 50:38.5:10:1.5 mRNA multilamellar (Lα) and disordered blebs 7
KC2:Chol:DSPC:DMG-PEG2000 50:38.5:10:1.5 siRNA (N/P = 1) multilamellar (Lα, concentric rings) spherical 122
KC2:Chol:DSPC:DMG-PEG2000 50:38.5:10:1.5 siRNA (N/P = 6) unilamellar (Lα) spherical 122
DODAP:Chol:DOPE:DMG-PEG2000 50:39:10:1 siRNA multilamellar (Lα) spherical 133
DODAP:Chol:DOPE:DMG-PEG2000 50:0:49:1 siRNA HII spherical 133
KC2:Chol:DSPC:DMA-PEG 50:37.5:11.5:1 mRNA oily core blebs 70
KC2:Chol:DOPE:DMA-PEG 50:37.5:11.5:1 mRNA oily core spherical 70
MC3:Chol:DSPC:DMG-PEG 50:38.5:10:1.5 mRNA oily core blebs (76%) 25
SM-102:Chol:DSPC:DMG-PEG 50:38.5:10:1.5 mRNA oily core blebs (21%) 25
MC3:Chol:DSPC:DMG-PEG2000 40:39:10:1 ASO HII, Lα, and disordered (small fraction) spherical 30
MC3:Chol:DSPC:DMG-PEG2000 40:35:10:5 ASO highly disordered and HII, Lα spherical 30
SM-102:Chol:MO 50:0:50 PolyA multilamellar (Lα) and Q2 N/A 234
SM-102:Chol:MO 50:40:10 PolyA multilamellar (Lα) N/A 234
aThe “formulation” column depicts the IL, cholesterol (or cholesterol derivatives), phospholipid, and PEGylated lipid employed in the formulation.
The “molar fraction” column shows the % molar fraction of IL:cholesterol:phospholipid:PEGylated lipid used. MC3 refers to IL DLin-MC3-DMA,
KC2 to IL DLin-KC2-DMA, Chol to cholesterol, Stig to stigmastanol, Fuco to fucosterol, ESM to egg sphingomyelin, MO to monoolein, and
DMG-PEG to PEGylated lipid.
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complete LNP disassembly.274 For instance, a study on the
interaction between LNPs and phospholipase D�an endoge-
nous enzyme that cleaves choline headgroups from phospho-
lipids�revealed that the enzyme can fully penetrate the LNP
structure and convert the encapsulated phospholipids into
negatively charged lipids.158

7.3. Endosomal Acidification. When an LNP enters a cell
through endocytosis, it is enclosed in an early endosome that
matures over time into late endosomes and then lysosomes.11,278

Efficient delivery requires the release of the cargo into the
cytosol before maturation into lysosomes.11 During intracellular
trafficking, the pH surrounding the LNP drops progressively due
to protonation�from neutral (7.4) in the extracellular fluid to
6.8−6.1 in early endosomes, 6.0−4.8 in late endosomes, and
eventually 4.5 in lysosomes.278 Due to the pH sensitivity of the
IL, this process can trigger structural changes in the LNP.
Although the mechanism through which cargo escapes from the
endosome is subject of debate11�two possible mechanisms are
shown in Figure 1�it is clear that the internal structure of the
LNP has an impact. The propensity to form inverse hexagonal
(HII) or cubosome (Q2) phases has been strongly correlated
with enhanced endosomal escape.11,30,31,39,44,189,234

Lowering the pH can trigger mesophase transitions in LNP
lipids, typically evolving from inverse micellar to inverse
h e x a g o n a l ( H I I ) a n d t h e n t o o t h e r s t r u c t u r e d
phases31,36,39,40,111,193,263,279 on the millisecond193 or hour112

time scale. A key focus in LNP research is developing
formulations that respond to physiological pH and temperature
(37 °C) cues by adopting internal structures�such as the HII
phase�that promote membrane fusion and enhance endosomal
escape.

Even within the same lipid family, ILs can display markedly
different packing behaviors along the pH trajectory�for
instance, nearest-neighbor packing can differ by up to 30%
between DLin-MC3-DMA and DLin-DMA.39 The presence of
cargo, like RNA, has a strong impact on the lipid ionization36

and the lipid organization. In the presence of polyA, a complexed
HII nucleic acid phase has been observed which coexists with
other mesophases.39 Apart from such internal structural
evolutions, Li et al.40 showed that acidification induces a
46.6% volume expansion (from 467 to 530 Å) in pDNA-loaded
LNPs, attributed to osmotic water influx due to incomplete
complexation by newly protonated ILs. Lipid redistribution
from shell to core was also observed.40 LNPs formulated in

Figure 11. Postformulation structural evolution of LNPs. (A) PSDs determined using DLS for Comirnaty vaccines after different types of
mixing during postformulation handling. Adapted with permission from ref 271 under the Creative Commons Attribution 4.0 International
License. (B) Morphology of mRNA-loaded LNPs pre- and postlyophilization in Tris buffer and PBS. Adapted with permission from ref 260.
Copyright 2023 Elsevier. (C) pH-induced structural transition of mRNA-loaded LNP, mRNA-loaded core (DLin-MC3-DMA/cholesterol/
mRNA), and drug-free core (DLin-MC3-DMA/cholesterol). At neutral pH (pH 7), the LNP and the core have a LII structure, which transitions
to a HII structure upon acidification to pH 5. Adapted from ref 39 under the Creative Commons Attribution 4.0 International License. Created
with Biorender.com.
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citrate buffers show enhanced in vitro expression compared to
phosphate or acetate, likely because citrate promotes the HII
phase, while phosphate and acetate stabilize the inverse lamellar
phase and require lower pH to induce the inverse hexagonal
transition.263

8. OPEN QUESTIONS IN CURRENT-GENERATION LNPS
Despite all the research outlined in this review, many aspects of
the LNP structure and behavior remain unresolved. Key open
questions include the following:

• Thermodynamics and kinetics of self-assembly, including
unresolved aspects of phase behavior and phase
separation

• Lipid localization and interactions, particularly how
different lipids distribute and influence each other within
the LNP

• Lipid dynamics, both at the molecular level and in terms
of larger-scale processes such as fusion

• Interplay between lipid composition, process parameters,
and structural organization, which remains highly
complex and nontrivial to predict

• Precise role of certain internal structures on the stability of
LNPs

• How to reliably predict in vivo LNP behavior based on
structural attributes and physiochemical characteristics

9. TOWARD THE DESIGN OF NEXT-GENERATION
PLATFORMS

9.1. Goals for Next-Generation Platforms. A significant
amount of research and development by academia and industry
is actively underway, employing a variety of sophisticated and
creative approaches, to develop the next generation of
nanoparticulate delivery systems for nucleic acid therapeutics.
An overview of this path forward is provided in Figure 12.

Thematically, these efforts can be categorized into (a)
developing a deeper understanding of NAT delivery systems
(its production, structure, and/or function) and (b) developing
delivery systems that improve key functionalities. The main
goals that are being pursued in the next generation of NAT
delivery technologies are (in no particular order) as follows:

• Product Safety NAT-loaded LNPs and their constitu-
ents/metabolites can have undesirable immunogenic
effects and can pose toxicity concerns that need to be
better understood and mitigated.280 A key target for next-
generation LNPs is to minimize toxicity and adverse
immunogenicity while maximizing therapeutic efficacy, to
enable high-dose therapies and/or repeated aministra-
tion.

• Product Stability Ensuring the integrity of the nucleic
acid cargo and that other CQAs are in spec is important
for ensuring the efficacy of the drug product. Long-term
shelf-stability of NAT-loaded LNPs, preferably at room
temperature and under different storage conditions, will
improve access to NATs at lower costs.281,282

• Transfection and Expression Efficiency Current nucleic
acid delivery platforms have low endosomal escape
efficiency (≤ 10%).283,284 With new therapeutic applica-
tions potentially requiring significantly higher dosages,
improving the transfection efficacy and the therapeutic
effect per unit of cargo administered (e.g., protein
expression) is an important target for next-generation
LNPs.

• Targeted andControlledDeliveryDelivery systems with
enhanced targeting capabilities toward specific cells and/
or tissues can enable the treatment of conditions where
conventional NAT-loaded LNPs biodistribution limits its
efficacy. In addition, targeted delivery can help improve
transfection efficiency while minimizing off-target effects
and dose-related toxicity concerns.

Figure 12. Overview of recent advancements in the development of next-generationNAT-loaded LNPs, emphasizing innovations in LNP design
and enabling technologies. Potential high-level targets for the development of next-generation LNP platforms, aimed at enhancing therapeutic
efficacy, broadening application potential, and improving safety, are listed. Created with BioRender.com.
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• Cargo Versatility The ability for the delivery system to
function as a platform technology i.e., the system can be
adapted with minimal effort to effectively deliver a variety
of nucleic acid constructs would accelerate drug discovery
and development. Co-delivery of multiple nucleic acid
constructs is also of interest for the development of
multivalent vaccines and gene therapies.283,285

Approaching nucleic acid delivery as a systems challenge,
there are two layers to consider in the formulation−structure−
activity relationship. The first layer consists of the mapping
between manufacturing process conditions and the physico-
chemical attributes of the relevant species to the delivery vector
structure and quality attributes, while the second layer relates
the delivery vector structure and quality attributes to its efficacy.
As next-generation platforms are likely to become increasingly
sophisticated with more complex constituents, it is also likely
that particle structures and properties are going to become more
complex, underscoring the need for a deeper understanding of
both layers of the formulation−structure−activity relationship
to enable optimization.

9.2. Recent Advances in LNP Design. In the pursuit of
producing LNPs that can better achieve the various objectives
listed above, a variety of approaches have been considered:

• Formulation Optimization Tuning the LNP formula-
tion, involving both the selection of the constituents and
their relative ratio, is one of the most commonly carried
out LNP optimization procedures and is performed in
view of some or all of the objectives listed above. In the
context of targeted delivery, we refer the reader to the
recent review by Vasileva et al.46 which outlines
developments in LNP formulation and lipid design to
facilitate targeted delivery.

• Novel Lipid Design Often carried out in parallel with
formulation optimization, the identification of novel lipids
to achieve the various objectives is of high interest. Both
high-throughput screening and rational design ap-
proaches have yielded novel lipids that are reported to
improve various properties such as transfection effi-
cacy,286 desirable adjuvant effects,287 and targeted
delivery.46,288 While considerable attention has been
directed toward the IL (and modifications/substitutions
thereof), the engineering of other lipid components such
as cholesterol27 and the PEGylated lipid289,290 are also
being explored. A novel approach was recently developed
based on ionizable phospholipids (iPhos), which
incorporate a pH-responsive zwitterionic headgroup and
three hydrophobic tails to enhance endosomal escape and
enable organ-selective delivery.291 When formulated with
helper lipids, iPhos-based LNPs preferentially targeted
the spleen, liver, or lungs, depending on the composition.
A complementary strategy to expand tissue-specific
delivery is the Selective ORgan Targeting (SORT)
system, which introduces a fifth component (i.e., a
SORT molecule) into conventional four-component
LNP formulations.54,292 SORT molecules are lipids with
defined charge properties (e.g., permanently cationic,
anionic, or ionizable) that are incorporated in controlled
molar ratios to modulate LNP surface characteristics and
protein corona. The SORT system enabled predictable
redirection of LNP biodistribution to organs beyond the
liver, including the lungs, spleen, and kidneys, offering a
promising avenue for organ- and cell-type-specific

delivery.293−296 The primary rationale behind the novel
lipid design is to modulate the pKa and tail branching to
promote the formation of HII phase, thereby enhancing
endosomal escape.

• Surface Decoration One of the primary routes for
enabling targeted delivery currently being explored is the
functionalization of the LNP surface with moieties that
bind to receptors expressed on the desired cell
populations.296,297 Typically, small-molecule ligands,
peptides, or monoclonal antibodies are conjugated to
the surface of LNPs for this purpose.45,54 Functionaliza-
tion of LNPs with mannose ligands led to selective
delivery to liver sinusoidal endothelial cells and minimal
uptake by hepatocytes, which are instead predominantly
targeted by naive LNP formulations.298 LNPs conjugated
with antibodies that bind to the platelet-endothelial cell
adhesion molecule (PECAM-1) delivered mRNA to the
lungs with a 200-fold increase compared to nontargeted
LNPs.299 Hematopoietic stem cell-targeted LNPs,
conjugated with antibodies against CD117, demonstrated
the ability to deliver mRNA to hematopoietic stem cells in
vivo.300 Notably, in vivo generation of chimeric antigen
receptor (CAR) T cells entirely inside the body was
recently achieved by delivering mRNA cargo to T
lymphocytes through LNPs decorated with CD5-targeted
antibodies.301 Although advantageous for targeted
delivery, surface functionalization can influence the
internal lipid organization by modulating lipid curvature
and packing near the interface � an aspect often
neglected in formulation studies.

• Manufacturing Process Optimization and Innovation
As outlined in Section 3.3, the manufacturing process can
have a profound impact on various CQAs and therapeutic
efficacy of the drug product. This can be seen as a double-
edged sword: On the one hand, it is clear that robust
controls and process optimization are crucial for
producing efficacious NAT-loaded LNPs. On the other
hand, the manufacturing process can be seen as a degree
of freedom that is available for LNP optimization. For
example, the same production process can be adapted to
generate LNPs of various size distributions for different
applications. In addition, as NAT-loaded LNPs drug
products become more complex, it is likely that
innovations in the manufacturing process may become
necessary to support the development and scale-up of
these products such as novel rapid mixing protocols.302

9.3. Enabling Technologies for the Design of Next-
Generation Platforms. It should be recognized that LNP
optimization is a challenging multiobjective optimization
problem with an incredibly large design space. In that context,
the synergistic and holistic optimization of LNPs (i.e.,
systematically exploring all possible avenues for optimization
ranging from construct optimization all the way to process
development) is necessary for achieving efficacious nucleic acid
delivery. In light of the complexity of this task, a range of
enabling technologies, of varying technological maturity, have
emerged to support this endeavor:

• Improved Analytical and Characterization Capabilities
As outlined in Section 4, there are a diverse and growing
range of analytical capabilities for characterizing LNP
systems. As these techniques and know-how for using and
interpreting the results mature, the availability of rich data
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sets will increase, facilitating a deeper understanding of
LNP systems and support product and process devel-
opment.

• Fundamental Biochemistry and Pharmacokinetics/
Dynamics With increasing amounts of fundamental
research and clinical studies, we are progressively
developing a deeper understanding of the biology and
biochemistry of the LNPs, their constituents, and their
uptake by cells for a variety of indications. This insight can
be used to guide novel design choices and improve LNP
efficacy significantly. For example, advances in targeted
LNPs have leveraged tissue or cell-specific environmental
conditions, such as pH or hypoxia, to design stimuli-
responsive formulations for improved RNA deliv-
ery.303,304 For instance, LNPs incorporating acid-
degradable lipids have led to formulations that rapidly
hydrolyze within endosomes, delivering mRNA to
multiple organs with higher efficiency compared to
conventional LNPs.286 Another example is the develop-
ment of biphosphonate-functionalized lipid-like materials
for LNPs which enabled the delivery of mRNA cargo to
the bone microenvironment,288 leveraging the insight that
biphosphonates can chelate strongly with the calcium in
bones.

• High-Throughput Screening and Machine Learning
Data-driven approaches using machine learning in
conjunction with high-throughput screening have
emerged as a viable method for optimizing LNP
formulations, identifying novel lipids, and characterizing
important process and material attributes. The input
features to the model (which depend on the purpose of
the model) typically include molecular descriptors of the
various species present and/or the formulation/process
operating conditions. Such approaches have been
successfully applied to model various parts of the
relationship such as that between IL types and efficacy
(e.g., transfection efficacy/immune response),22,23,305,306

LNP formulation/process conditions and LNP product
quality attributes,307−309 and a combination there-
of.310,311 The use of sparse machine learning methods
and/or techniques that facilitate the interpretation of
machine learning models [e.g., SHapley Additive
exPlanations (SHAP)] have enabled the identification
of significant features that provides insights on material
and process property−structure−function relationships,
and consequently a means by which LNPs can be
optimized. The interested reader is referred to the recent
review by312 which provides a comprehensive overview of
commonly used methods and strategies for incorporating
machine learning to augment the development and
characterization of LNPs.

In terms of novel lipid design and structure−function
relationships, machine learning has demonstrated its utility in
identifying efficacious novel lipids such as IL 119−23, which
contains an adamantyl group in the linker, and demonstrates
comparable if not superior mRNA expression in in vivo mice
models with the ability to target multiple key organs such as the
lungs with a 5 component SORT formulation.23 Other studies
have also yielded insight regarding groups and structural features
in the IL that guide design such as the advantage of having
phenol groups in the lipid functional head or that there the
length of the linker and tail needs to be optimized with there

being trade-off between lipid membrane stability and efficacy.310

Machine learning has also found utility in developing process
models relating various formulation and manufacturing inputs
such as the N/P ratio and FRR/TFR to LNP quality attributes
such as size and ζ potential with the machine learning model
capturing trends observed experimentally such as an increase in
the FRR leading to a smaller particle size.307 The ability of these
machine learning models to capture the complex trends in LNP
production engenders the possibility of employing advanced
optimization methods such as Bayesian optimization for
formulation optimization and process development.312

The selection of the optimal formulations in a high-
throughput screening workflow is typically based on in vitro
testing on model cell lines,313,314 although a poor correlation
between in vivo and in vitro delivery performance has been
documented for several targets.118,119 High-throughput screen-
ing incorporating in vivo testing data can potentially overcome
this limitation315 though it can be costly if done naively. A novel
strategy employing peptide-encoded mRNA barcodes enabled
the rapid evaluation of over 400 LNP formulations in just nine
mice, optimizing a biodegradable LNP for liver-targeted mRNA
delivery.315

• Mechanistic Modeling for LNP Optimization Mecha-
nistic/first-principles modeling of LNPs (in the context of
nucleic acid therapeutics) is still in its nascent phase, but
in view of its success in other complex pharmaceutical and
chemical applications,316,317 we anticipate that it will be a
powerful enabling technology for NAT-loaded LNP
development going forward. A detailed discussion of
mechanistic modeling approaches for LNPs for nucleic
acid delivery is beyond the scope of this review, but
additional information can be found in a recent
perspective article.318

The majority of physics-based modeling work thus far has
been centered on applying molecular simulation methods such
as molecular dynamics (both coarse-grained and atomistic) to
probe the LNP structure,33,36,37,98,223,245,249,253,319−321 as
recently reviewed by Paloncyóva ́ et al.322 While molecular
dynamics-based approaches provide detailed molecular insights
into LNPs, they remain severely restricted in studying larger
scale systems (e.g., multiple particles/longer time scales/larger
nucleic acid constructs) due to their high computational cost. At
larger length and time scales such as at the reactor scale,
mechanistic modeling approaches such as computational fluid
dynamics and population balance models have been used to
optimize the mixer design (e.g., see refs 323 and 324) and model
related (albeit simpler) nanoparticulate systems (e.g., see ref
325).

• Beyond Lipid-Based Nanoparticles Lipid-based nano-
particles have demonstrated the most significant clinical
success in nonviral delivery of NATs.326 However,
researchers have extensively explored alternative nano-
particle delivery platforms, including inorganic327,328 and
polymeric329−332 systems. Among polymeric approaches,
cell-penetrating peptide-based nanoparticles have
emerged as particularly promising vectors, characterized
by low immunogenicity and design flexibility that enable
high targeting capabilities.330,333−335 The unprecedented
success of LNPs provides a valuable blueprint for
advancing the other nanoparticle systems, especially for
increasing their transfection efficiency. Key optimization
strategies include modulating surface charge and hydro-
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phobicity to enhance cellular uptake and endosomal
escape, as well as developing robust payload protection
mechanisms. Further, the development of novel structural
configurations of polymer−lipid hybrid nanoparticles
represents a critical research avenue for creating systems
with enhanced targeting capabilities, reduced immuno-
genicity, increased payload capacity, and controlled
release properties.328,336,337

10. CONCLUSIONS
Nucleic acid therapeutics offer immense potential for ground-
breaking treatments. LNPs are at the forefront of enabling such
breakthrough therapies as the most advanced delivery system
currently available. This review highlights the current under-
standing of LNP structural and morphological features,
emphasizing their complexity and the challenges that remain.
Despite significant advancements and widespread recognition of
the importance of LNP structure, its dynamic and multifaceted
features remain elusive. This is largely due to the vast array of
parameters�including lipid composition, cargo size, formula-
tion conditions, and environmental factors�that govern the
LNP structure. Compounding these challenges is the difficulty
of structural characterization, which is time- and resource-
intensive. As a result, few studies provide a comprehensive view
of LNP structure, often focusing instead on isolated features.

This has left the relationships between formulation, structure,
and activity poorly understood, with few generalizable principles
established. Addressing these gaps will require refined and more
accessible tools and methodologies for characterizing LNP
morphology and behavior across their life-cycle (from
formulation until use). Such tools could help answer key
questions, such as the origins of bleb-like structures or the
implications of cargo-free particles on therapeutic efficacy.
Greater standardization in formulation and characterization
practices could also mitigate some of the variability that hinders
progress. At the same time, maintaining flexibility to screen for
and develop more effective formulations remains essential.

Despite these challenges, the field is advancing rapidly and
continues to improve. Embracing the inherent complexity of
LNP systems will enable the design of more precise and reliable
delivery vectors, leveraging a vast parameter space to optimize
outcomes. Such an approach will be pivotal in driving the
development of next-generation nucleic acid−based therapies.
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VOCABULARY

lipid nanoparticle (LNP) A nanosized particle com-
posed of a combination of
four main lipids: ionizable
cationic lipid, phospholipid,
cholesterol, and PEGylated
lipid. It features a core−shell
structure designed to encap-
sulate therapeutic molecules,
such as nucleic acids (e.g.,
mRNA), for delivery into
target cells. LNPs are com-
monly used in gene therapy
and vaccine development
due to their stability, bio-
compatibility, and efficiency
in cellular uptake.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.4c18274
ACS Nano 2025, 19, 21206−21242

21231

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Allan+S.+Myerson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7468-8093
https://orcid.org/0000-0002-7468-8093
mailto:myerson@mit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aniket+Udepurkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9958-412X
https://orcid.org/0000-0001-9958-412X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cedric+Devos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8154-4872
https://orcid.org/0000-0002-8154-4872
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Sagmeister"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4326-1775
https://orcid.org/0000-0002-4326-1775
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Destro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0977-0672
https://orcid.org/0000-0002-0977-0672
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pavan+Inguva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6216-296X
https://orcid.org/0000-0001-6216-296X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soroush+Ahmadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Etienne+Boulais"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yufeng+Quan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+D.+Braatz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c18274?ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c18274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nucleic acid therapeutic (NAT) A class of therapeutics that
uses nucleic acids, such as
DNA or RNA, to treat
diseases by modulating
gene expression or protein
production. This category
includes modalities like
mRNA, siRNA, ASOs, and
pDNA. These molecules can
be used to either replace
defective genes, silence
harmful genes, or promote
the production of therapeu-
tic proteins, offering poten-
tial treatments for genetic
disorders, cancers, and infec-
tious diseases.

structure The internal architecture of
an LNP, including how and
which individual compo-
nents are organized at a
molecular level. This encom-
passes the arrangement of
lipid molecules, the encap-
sulation of nucleic acids, and
the presence of distinct lipid
phases, such as lamellar,
micellar, or disordered
core−shell formations.

morphology The external shape and sur-
face features of an LNP. This
includes their overall size,
geometry (e.g., spherical or
bleb-like), surface smooth-
ness or roughness, and other
observable traits identified
through imaging techniques.

formulation The process and composi-
tion used to create LNPs. It
mostly refers to the selection
of lipid components, nucleic
acids, solvents, and buffers,
as well as the specific con-
ditions under which they are
combined. It directly influ-
ences the structure, mor-
phology, and functional
properties of the resulting
LNPs.

ionizable lipid (IL) A specialized and typically
the most abundant lipid
component within LNP. It
contains a functional group
capable of undergoing pro-
tonation or deprotonation
depending on the pH of the
surrounding environment.
This allows ILs to transition
between neutral and charged
states, which can be ex-
ploited to complexate with
the anionic cargo.

LIST OF ABBREVIATIONS
AF4 asymmetric-flow field-flow fractionation
AFM atomic force microscopy
ASOs antisense oligonucleotides
AUC analytical ultracentrifugation
CAR chimeric antigen receptor
CLiC microscopy convex lens-induced confinement micros-

copy
COVID-19 coronavirus disease 2019
CPPs critical process parameters
CQAs critical quality attributes
cryoET cryogenic electron tomography
cryoTEM cryogenic transmission electron microscopy
cryo-XPS cryogenic X-ray photoelectron spectroscopy
(Q2) cubic
DENSS density from solution scattering
DLS dynamic light scattering
DNAs deoxyribonucleic acids
EE encapsulation efficiency
EMA European Medicines Agency
FDA Food and Drug Administration
FRET fluorescence energy resonance transfer
GNPs gold nanoparticles
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]-

ethanesulfonic acid
(HII) hexagonal
IL ionizable cationic lipid
(Lα) lamellar
LNPs lipid nanoparticles
MALS multiangle light scattering
MLV model multilamellar vesicle model
mRNA messenger ribonucleic acid
NAT nucleic acid therapeutics
NMR nuclear magnetic resonance
NTA Nanoparticle tracking analysis
PBS phosphate-buffered saline
PDI polydispersity index
pDNA plasmid DNA
PECAM-1 latelet-endothelial cell adhesion molecule
PEGylated lipids polyethylene glycolated lipids
PSD particle size distribution
RNAs ribonucleic acids
SAM self-amplifying mRNA
SANS small-angle neutron scattering
SAXS small-angle X-ray scattering
SFAS scatter-free absorption spectroscopy
siRNA small interfering RNA
SLD scattering length density
SPARTA single-particle automated Raman trapping

analysis
SPP single-particle profiling
TDA Taylor dispersion analysis
TFF tangential flow filtration
Tris tris(hydroxymethyl)aminomethane
TRPS tunable resistive pulse sensing
USAXS ultrasmall-angle X-ray scattering

Lipids
ALC-0315 [(4-hydroxybutyl)azanediyl]di(hexane-6,1-

diyl) bis(2-hexyldecanoate)
DLin-DMA N,N-dimethyl-2,3-bis[(9Z,12Z)-9,12-octa-

decadien-1-yloxy]-1-propanamine
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DLin-KC2-DMA N,N-dimethyl-2,2-di(9Z,12Z)-9,12-octade-
cadien-1-yl-1,3-dioxolane-4-ethanamine

DLin-MC3-DMA (6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-
tetraen-19-yl 4-(dimethylamino)butanoate

DMG-PEG2000 1,2-dimyristoyl-sn-glycero-3-methoxypoly-
ethylene glycol.

DODAP 1,2-dioleoyl-3-dimethylammonium propane
DODMA 1,2-dioleyloxy-3-(dimethylamino)propane
DOPC dipalmitoylphosphatidylcholine
DSPC distearoylphosphatidylcholine
SM-102 9-heptadecanyl 8-(2-hydroxyethyl)[6-oxo-

6-(undecyloxy)hexyl]aminooctanoate
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