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ABSTRACT: Endosomal escape remains a critical bottleneck for
the intracellular delivery of nucleic acids by lipid nanoparticles
(LNPs), largely due to its low efficiency and poorly understood
mechanism. While various models, including proton sponge effect/
osmotic lysis and membrane destabilization/fusion, have been
proposed, none are fully validated or sufficient for guiding rational
LNP design. Herein, I reevaluate existing data, presenting strong
evidence that LNPs escape the endosomal compartment through
the recently discovered vesicle budding-and-collapse (VBC)
mechanism. A critical subsequent finding is that endosomal escape
triggers the formation of an insoluble lipid/nucleic acid aggregate
within the cytoplasm. The slow dissolution of this aggregate emerges as an additional, potentially rate-limiting, bottleneck to
functional nucleic acid delivery. By reconciling previously puzzling experimental observations, the VBC mechanism provides a
powerful theoretical framework for the rational design of LNPs with enhanced endosomal escape and overall functional
delivery efficiencies.
KEYWORDS: drug delivery, endosomal escape, lipid nanoparticle, membrane transport, vesicle budding and collapse

INTRODUCTION
Lipid nanoparticles (LNPs) have revolutionized nucleic acid
delivery, establishing themselves as a powerful platform for
encapsulating and transporting fragile genetic payloads.1,2 This
capability has profoundly transformed our approach to treating a
vast array of diseases, including those previously considered
″undruggable″ by small molecules or conventional biologics.
Landmark examples include the development of Onpattro
(patisiran), the first FDA-approved small interfering RNA
(siRNA) therapeutic for hereditary transthyretin-mediated
amyloidosis,3 and the rapid deployment of mRNA vaccines
during the COVID-19 pandemic.4 Despite these successes, the
full therapeutic potential of LNPs remains largely unrealized.
Their journey from the bloodstream to the cytosol of target cells
is fraught with challenges, notably inadequate biodistribution
into extrahepatic tissues5 and, critically, extremely low cytosolic
delivery efficiency.6,7

LNPs are internalized by eukaryotic cells through a
combination of various endocytic pathways, including recep-
tor-mediated endocytosis, macropinocytosis, and phagocytosis.8

When introduced into the bloodstream, LNPs are quickly
coated with proteins, notably apolipoprotein E (ApoE), which
facilitates cellular uptake by recognizing and binding to the LDL
receptor on the cell surface. Regardless of the uptake
mechanism, the internalized LNPs are initially entrapped within

the early endosomes.9,10 From this point, they are either
recycled back to the cell surface10 or advance through a
progressively acidic environment and face a barrage of
degradative enzymes as early endosomes mature into late
endosomes and ultimately fuse with lysosomes. To exert their
therapeutic effect, the encapsulated nucleic acid cargo�
whether mRNA, siRNA, or other genetic material�must
successfully escape this degradative ″endosomal labyrinth″
and reach the cytoplasm, the essential site for protein synthesis
and gene regulation. This process of endosomal escape is widely
acknowledged as the primary bottleneck in LNP-mediated drug
delivery,6,7 with a dismal 1−3% of internalized siRNA or mRNA
typically reaching the cytosol.9,11,12 Compounding this
challenge, the precise molecular mechanism of LNP endosomal
escape remains poorly understood, despite decades of intensive
research.6 Existing mechanistic models, such as the proton
sponge effect/osmotic lysis13 and membrane destabilization/
fusion mechanisms,14 lack comprehensive experimental vali-
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dation and have proven insufficient to guide the rational design
of more efficient LNPs. Consequently, researchers have largely
relied on empirical methods, such as library screening, to
discover LNPs with incrementally improved performance.
The past decade or so has witnessed two pivotal advance-

ments that offer new perspectives on biomolecule membrane
translocation. First, we discovered a novel membrane trans-
location mechanism, vesicle budding and collapse (VBC).15−18

We demonstrated that cell-penetrating peptides (CPPs)15,16

and bacterial protein toxins17 employ the VBC mechanism to
escape endosomes and later found that CPPs can also directly
translocate across the plasma membrane of mammalian cells via
VBC.18 Further, a survey of the literature suggests that VBCmay
represent a fundamental, unifying mechanism for the membrane
transport of diverse biomolecules (e.g., peptides and proteins)
and molecular assemblies (e.g., polyplexes and nonenveloped
viruses).19,20 Second, significant advancements in live-cell
imaging techniques have enabled real-time, high-resolution
monitoring of LNP endocytic uptake and intracellular
trafficking.21,22 As will be detailed below, these studies have
confirmed the ability of LNPs to breach the endosomal
membrane and deliver nucleic acid payloads into the cytosol,
generating a wealth of experimental data. However, a cohesive
mechanistic interpretation that integrates these observations has
been conspicuously absent.
This Perspective aims to address this critical gap by delving into

the intricate interactions between LNPs and the endosomal
membrane. I will begin by critically reviewing previous
mechanistic models of LNP endosomal escape, highlighting
their strengths and inherent limitations. Subsequently, I will
introduce the VBC mechanism, present compelling evidence
suggesting that LNPs escape the endosome primarily through
the newly elucidated VBC mechanism, and demonstrate its
capacity to reconcile key, previously enigmatic experimental
data reported in the literature. Finally, I will discuss key
mechanistic studies that need to be completed in the future and
the profound implications of the VBC mechanism for guiding
future LNP design, ultimately enhancing their therapeutic
efficacy.

PREVIOUS MODELS OF LNP ENDOSOMAL ESCAPE
LNPs are precisely engineered formulations comprising a blend
of cationic ionizable lipids (CILs), phospholipids, cholesterol,
and PEGylated lipids.1,2 CILs are pivotal to LNP function;
largely neutral at physiological pH, they become positively
charged within the acidic endosomal environment. This pH-
dependent charging is crucial not only for binding, condensing,
and encapsulating negatively charged nucleic acid payloads
during LNP assembly, but also for facilitating their subsequent
release into the cytoplasm. Traditionally, two prominent
models, proton sponge effect/osmotic lysis13 and membrane
destabilization/fusion,14 have been invoked to explain LNP
endosomal escape, both hinging on the physicochemical
consequences of CIL protonation.
The proton sponge/osmotic lysis model was originally

proposed in the 1990s to explain the high efficiency of
polycations like polyethylenimine (PEI) in delivering nucleic
acids.13 It posits that the amine groups of PEI become highly
protonated in the acidic endosomal environment, acting as a
″proton sponge″ that absorbs protons pumped into the
endosome by the V-ATPase, buffering endosomal pH and
impeding acidification. This buffering drives a continuous influx
of protons into the endosome as the cell attempts to restore its

pH. To neutralize the accumulating positive charge, chloride
ions are cotransported, increasing osmotic pressure within the
endosome. This osmotic imbalance leads to water influx, causing
the endosome to swell and eventually rupture, thereby releasing
the nucleic acid cargo into the cytoplasm. This model became
popular with LNPs because it provided a simple and plausible
explanation for several experimental observations: the strict
requirement for endosomal acidification,23−26 the sudden
release of nucleic acid cargo into the cytosol (or “quantal”
kinetics),11,27−30 and the fact that efficacious CILs typically have
a pKa of approximately 6.4.

14,26 That latter is similar to the pH of
early/maturing endosomes (pH 6.0−6.5), the primary site of
LNP escape. However, the proton sponge hypothesis faces
significant challenges. Many compounds, including some
ionizable lipids with pKa values around 6.4,

26 fail to induce
endosomal escape. Conversely, biomolecules/ions like
CPP1215,16 and Ca2+,31 which do not undergo protonation
during endosomal acidification, can nonetheless trigger robust
endosomal escape, indicating that protonation of the trans-
locating species is neither necessary nor sufficient for this
process. Furthermore, PEGylation of cationic polymers or lipids,
while not altering their pKa, is well-known to reduce the
endosomal escape efficiency of polyplexes and liposomes.32,33

In the membrane destabilization/fusion model, protonated
CILs directly interact with the negatively charged lipids of the
endosomal membrane.14 The resulting inverse cone-shaped
CIL/phospholipid pairs induce negative membrane curvature
and a transition from lamellar to nonlamellar phases (often to an
inverse hexagonal HII phase).

34,35 This phase change causes the
LNP and endosomal membranes to fuse or create transient
pores in the endosomal membrane, releasing the cargo. This
model for LNPs gained popularity due to a strong correlation
between the acidic pH of the endosome and the physicochem-
ical properties of the CILs.14,26 Key evidence included: 1)
Structure−activity relationship (SAR) studies showed that LNP
efficacy peaks when the CIL’s pKa is in the endosomal pH range,
confirming protonation as the escape trigger.14,26 2) Biophysical
studies demonstrated that, at low pH, the protonated lipids
switch from a stable lamellar configuration to a highly disruptive
nonlamellar phase (the HII phase).

14,36 This phase transition,
linked to themolecular shape change of the lipid and the concept
of a negative molecular packing parameter, promotes direct
membrane fusion and destabilization, offering a potential
physical explanation for LNP efficacy. However, recent live-
cell imaging studies revealed striking similarities in the
endosomal escape of polyplexes, lipoplexes, and LNPs, e.g.,
they all cause sudden but incomplete release of free nucleic acid
cargo from damaged endosomes.11,27−30 Polyplexes, being
noncovalent complexes of cationic polymers and nucleic acids,
cannot fuse with the endosomal membrane. Membrane fusion
would lead to the complete release of nucleic acid cargo, while
formation of transient pores would lead to the sequential, rather
than sudden, release of cargo. Furthermore, endosomal escape
has been demonstrated for very large biomolecules, e.g., Cas9
mRNA;37 with a molecular weight of 1.46 MDa and a
hydrodynamic radius of 15−20 nm, the endosomal escape of
Cas9 mRNA would necessitate a pore size of at least 20 nm in
the endosomal membrane. It is difficult to comprehend how the
Cas9 mRNAmight be released through such a pore without also
losing most of the other endosomal contents.
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ENDOSOMAL ESCAPE VIA THE VBC MECHANISM
Membrane translocation via the VBC mechanism generally
proceeds through a series of defined steps (Figure 1).15−20

Initially, the biomolecule of interest binds to the target
membrane (e.g., an endosomal membrane) through electro-
static and/or hydrophobic interactions. Multidentate interac-
tions between the biomolecules and membrane phospholi-
pids�for instance, an arginine side chain of the biomolecule can
simultaneously interact with the phosphate head groups of two
phospholipids�induce phospholipid clustering and concom-
itant oligomerization of the biomolecules. This process results in
the formation of a distinct lipid domain enriched in the
biomolecules. Driven by membrane curvature induced by these
biomolecules and/or line tension between this lipid domain and
the surrounding membrane, the domain then buds outward,
forming a small vesicle that encapsulates the biomolecules.
Following its formation, this nascent vesicle, being highly curved
and inherently unstable, rapidly disintegrates or collapses,
releasing its contents into the new cellular compartment, such
as the cytosol.
The VBC mechanism is fundamentally distinct from all other

known membrane transport mechanisms, due to its several
unique features/properties. First, biomolecules translocate a cell
membrane topologically�moving from one side of the
membrane to the other�but do not physically pass through

the lipid bilayer. As such, the VBC mechanism is agnostic to the
chemical nature (peptide, protein, lipid, or small molecule) or
size of the active agent, so long as it can induce the necessary
membrane curvature and budding. Second, translocation of
biomolecules, either small or large, does not compromise the
structure of the biomolecules (e.g., protein unfolding or
dissociation of a noncovalent complex) or the barrier function
of the cell membrane. Third, each VBC event facilitates the
transfer of a small volume of the donor compartment into the
receiving compartment, thus passively transporting any
molecules and ions contained within that volume, even if not
directly associated with the translocating biomolecule (e.g., the
endosomal escape of CPPs releases 10-kD dextran into the
cytosol16).
The VBC mechanism was initially discovered during our

investigations into the endosomal escape of CPPs.15,16

Subsequently, we found that large, folded proteins, such as
Diphtheria toxin (DT) and NleC, also utilize the VBC pathway
for endosomal escape.17 Emerging evidence suggests that VBC
may be employed by a broad spectrum of biomolecules,
including peptides, folded proteins, nonenveloped viruses, and
synthetic drug delivery vehicles such as polyplexes, lipoplexes,
and LNPs.19,20 For the endosomal escape of LNPs via VBC, I
propose the following sequence of events shown in Figure 2.
LNP Entry and Disintegration. LNPs, carrying their

nucleic acid cargo, enter cells via multiple endocytosis pathways
and are initially trapped within early endosomes. As the
endosomes mature and acidify, the CILs within the LNP
become protonated. This protonation leads to destabilization of
the LNP structure and the release of its components, including
CILs, helper lipids, and the RNA cargo.
Cationic Lipid Domain Formation and RNA Colocali-

zation. The released CILs and helper lipids, driven by their
hydrophobicity, insert into the inner leaflet of the endosomal
membrane. Rather than dispersing uniformly, the CILs self-
assemble into distinct, enriched domains. This domain
formation is likely influenced by the unique, inverse cone-

Figure 1. Schematic representation of the translocation of
biomolecules (blue spheres) across a cell membrane (gray line)
via the VBC mechanism.

Figure 2. Proposed mechanism for the endosomal escape of LNPs. Created in BioRender by Bhat, P. (2025).
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shaped structures of CILs, which interact suboptimally with the
inherent phospholipids of the endosomal membrane. Simulta-
neously, the negatively charged RNA molecules are drawn to
these growing cationic lipid domains through strong electro-
static interactions.
Vesicle Budding and Collapse. The inverse cone-shaped

CILs generate negative membrane curvature within the lipid
domain, which invaginates to form a small vesicle, potentially
aided by specific cellular membrane-remodeling proteins
including small GTPases, adaptor and coat proteins, ESCRT
complexes, SNARE proteins, and the cytoskeleton. RNA
molecules electrostatically attracted to the CIL domain are
recruited and encapsulated into the vesicle. The nascent vesicle
is inherently unstable, likely due to its high membrane curvature
and high concentrations of CILs, causing it to spontaneously
collapse. This collapse yields an amorphous aggregate of lipids,
nucleic acids, and potentially cellular proteins within the
cytoplasm.
Cargo Release. The kinetics of cargo dissolution from this

aggregate and subsequent liberation into the cytoplasmmay vary
significantly depending on the nature of the lipids and the
nucleic acid cargo. It is anticipated that smaller cargos (e.g.,
siRNA) are more readily (at least partially) released, whereas
larger cargos (e.g., mRNA) may present a greater challenge,
constituting another bottleneck for efficient nucleic acid
delivery. This is because larger molecules inherently have
more points of contact (hundreds/thousands of negative
charges on mRNA vs 42 on siRNA) with the highly positively
charged lipid domains, leading to greater binding affinity.
Similarly, CILs that pack tightly against each other likely form
more stable aggregates, slowing the release of nucleic acid cargo.
Since free CILs (and likely other components) released from

disassembled LNPs drive VBC/endosomal escape, the above
sequence of events is expected to be conserved for all LNPs,
regardless of their initial structure or the endocytic entry route.

LITERATURE DATA SUPPORT THE VBC MECHANISM
To the best of our knowledge, the proposed VBC mechanism is
fully consistent with the current literature’s key observations and
offers a superior mechanistic explanation for the experimental
data. The following sections detail key experimental evidence
supporting each step of the VBC mechanism.
LNP Entry and Disintegration. Acidic pH-induced LNP

disassembly has been observed in live cells and effectively
recapitulated in model systems. Sahay et al. quantitatively
assessed LNP disassembly kinetics in HeLa cells using a
fluorescence resonance energy transfer (FRET) assay.10 They
loaded LNPs with two identical siRNAs, each labeled with a
different fluorophore forming a FRET pair. The close packing of
siRNA within intact LNPs generates a FRET signal, which
diminishes upon LNP disassembly. Flow cytometry of HeLa
cells treated with these LNPs revealed a time-dependent
decrease in the FRET signal within one hour of internalization,
while the fluorescence from a single fluorophore (AF647)
remained constant. Nanoparticle disassembly was largely
complete after one hour, with free siRNAs remaining trapped
inside endosomes. After 24 h, a significant fraction (70%) of the
siRNAs was recycled out of the cells.
Wittrup and colleagues employed super-resolution Airyscan

microscopy to image HeLa cells incubated with AF647-labeled
siRNA-LNPs and Cy5-labeled mRNA-LNPs.30 They observed
apparently intact LNPs within the lumen of EEA1+ early
endosomes, but generally homogenously dispersed siRNA

signals filling the entire lumen of CD63+ late endosomes. For
mRNA-LNPs, the mRNA payload was typically more dispersed
in CD63+ vesicles than in EEA1+ endosomes, though partly
condensed mRNA-LNP remnants were still visible in CD63+
vesicles. In Rab5+ endosomes, siRNA-LNPs displayed a wide
range of structures, from largely intact LNPs to vesicles with
homogeneous siRNA distribution. These observations collec-
tively indicate that LNPs begin to disintegrate within early/
maturing endosomes�the typical site of endosomal escape�
and are largely disassembled by the time they reach late
endosomes.
Other researchers have utilized model membranes to further

investigate LNP disassembly and the subsequent membrane
insertion of CILs. Spadea et al. used Langmuir monolayers to
study LNP interactions with model early and late endosomal
membranes as a function of pH and RNA cargo type.38

Physicochemical insights were derived by comparing surface
pressure (a measure of lipid density) with optical phase shift
from ellipsometry and interfacial morphology from Brewster
angle microscopy (BAM) imaging. At pH 6.5 and 5.5, LNP
addition induced a rapid increase in surface pressure following a
variable lag period, consistent with the abrupt collapse of LNP
structure and subsequent insertion of LNP-derived CILs into
the model membrane. At pH ≥ 7, lipid insertion was minimal,
and LNPs bound to the monolayer surface as intact nano-
particles.
Aliakbarinodehi et al. employed surface-sensitive fluorescence

microscopy with single LNP resolution to examine pH-
controlled interactions between individual LNPs and a planar
anionic supported lipid bilayer (SLB), mimicking the electro-
static conditions of the early endosomal membrane.39,40 A sharp
increase in LNP binding was observed when the pHwas lowered
from 6.6 to 6.0, accompanied by stepwise, large-scale LNP
disintegration. Similar to the findings of Spadea et al., a delay in
the onset of LNP binding was observed after the pH drop. Upon
LNP binding and disintegration, a significant fraction (∼70%) of
mRNA was rapidly released into the acidic solution,
representing the endosomal lumen; over time, some of the
released mRNA rebound to the SLB. Rapid insertion of the
released LNP lipids into the surrounding areas of the SLB was
also observed. Interestingly, a fraction (∼30%) of mRNA
remained bound to the SLB even after the pH was reverted to
neutral cytosolic conditions.
Cationic Lipid Domain Formation and RNA Colocali-

zation. The formation of lipid domains enriched in the
translocating biomolecule is a prerequisite for membrane
translocation via the VBC mechanism.18,41,42 However, direct
visualization of these lipid domains on endosomal membranes is
challenging due to the small size of endosomes (∼500 nm in
diameter) and the highly dynamic nature of these domains. Two
recent technical innovations have enabled direct, real-time
visualization of lipid domains during endosomal escape in live
cells. We treated HeLa cells with a phosphatidylinositol-3-
phosphate kinase-FYVE inhibitor, which increases endosome
diameter from approximately 0.5 μm to ∼2 μm.16 These
enlarged endosomes were then imaged in real-time by
conventional laser-scanning confocal microscopy. This ap-
proach revealed that both CPPs16 and bacterial toxins (e.g.,
diphtheria toxin)17 induced the formation of lipid domains on
the endosomal membrane, which subsequently budded out as
small vesicles and collapsed.
Wittrup and co-workers leveraged the improved resolution

and signal-to-noise ratio of Airyscan confocal microscopy to
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visualize LNP endosomal escape in live HeLa cells.30 They
designed LNPs incorporating both fluorescently labeled siRNA
(AF647) and a BODIPY-labeled DLin-MC3-DMA lipid
(BODIPY-MC3). Intact dual-labeled LNPs display significant
FRET from BODIPY to AF647, which disappears after LNP
disintegration. They found that intact LNPs, exhibiting low
BODIPY fluorescence and efficient FRET, were primarily
localized in the periphery of cells and rarely in perinuclear
regions. In contrast, structures with high BODIPY intensity
(disintegrated LNP remnants) were typically present in
perinuclear regions. In a subset of Rab5+ endosomal structures,
BODIPY-MC3 appeared integrated into the vesicle membrane
but was not uniformly distributed throughout (Figure 3a,b). The
presence of regions with intense BODIPY fluorescence is
consistent with the formation of lipid domains enriched in
BODIPY-MC3. In some endosomes, siRNA was homoge-
neously dispersed in the lumen, while in others, siRNA formed
particulate foci generally in close vicinity to the BODIPY-MC3
lipid domains. The simplest explanation is that free siRNA
molecules released from disintegrated LNPs were attracted to
the positively charged lipid domains through electrostatic
interactions. However, the colocalization or recruitment of
RNAs to cationic lipid domains was not always effective; some
perinuclear vesicles contained either BODIPY+ or AF647+
structures, but not both. This suggests that BODIPY-MC3
and siRNA cargo had separated into different endosomal
compartments during endosomal trafficking (presumably due to
lateral fusion and fission of the endosomes). VBC events
originating from these BODIPY+ but RNA-free vesicles would
lead to nonproductive endosomal escape, releasing CILs but not
RNA cargo into the cytosol. Indeed, the observed ″hit″ rate
(defined as the fraction of ″damaged vesicles″ with detectable
RNA cargo) ranged from 67% to 74% for siRNA-LNPs but was
only ∼20% for mRNA-LNPs. The formation of cationic lipid
domains and the recruitment of RNA cargo to these domains
have also been observed in model systems.37,40

Vesicle Budding and Collapse. Over the past decade,
mechanistic studies of nucleic acid endosomal escape mediated
by polyplexes,27 lipoplexes,11,27,29 LNPs,9−12,30 and small
molecules28 have revealed striking commonalities. Endosomal
escape typically results in a sudden and partial release of nucleic
acid cargo into the cytosol (i.e., quantal kinetics), followed by
the rapid recruitment of galectin-8 and/or -9 to ″damaged
endosomes,″ but with a slow release of remaining nucleic acids
(Figures 3b, 3c, and 4a). While challenging to reconcile with the

proton sponge/osmotic lysis or membrane fusion mechanisms,
these features are hallmarks of the VBC mechanism. As
demonstrated for CPPs16,18 and bacterial toxins,17,43 each
VBC event simultaneously releases a bolus of translocating
biomolecules from the endosome into the cytosol, initially
forming an amorphous aggregate of membrane lipids, the
translocating biomolecules, and likely certain cellular proteins.
Subsequent dissolution of this aggregate liberates the bio-
molecules into the cytosol for biological function. It is expected
that biomolecules (and lipids) exposed on the aggregate’s
surface would be immediately released into the cytosol, causing a
sudden surge in cytoplasmic concentration. In contrast, the
liberation of biomolecules within the aggregate’s interior would
require varying periods, depending on the aggregate’s stability.

Figure 3. Distribution of MC3, siRNA, galectin-9, and Rab5 with respect to the endosomal membrane. (a) Super-resolution confocal
microscopic images of individual endosomes inHeLa cells treated with 100 nMAF647-siRNABODIPY-MC3 LNPs for 2−4 h and imaged using
a VT-iSIMmicroscope. (b) Similar to (a) but with the galectin-9 signal included. (c) Super-resolution images of Rab5+ endosomes with siRNA-
LNP and galectin-9 foci inside, outside, or associated with the membrane. HeLa cells expressing YFP-galectin-9 and mScarlet-Rab5 were
incubated with 100 nMAF6471/4-siRNA-LNPs for 90min, fixed, and imaged using Airyscan confocal microscopy. Scale bars, 500 nm. Adapted
from ref 30. Available under a CC-BY 4.0. Copyright 2025 Springer Nature America, Inc.

Figure 4. Release of LNP siRNAs from maturing endosomes and
recruitment of galectin-8 in HeLa cells. (a) HeLa cells expressing
mCherry−galectin-8 (mCh-Gal8) were incubated with LNP−
siRNA-AF647 and imaged every 10 s, and fluorescence intensities
of vesicles that became mCh-Gal8+ were quantified as a function of
time (time of positive mCh-Gal8 signal = 0). Blue line, average
normalized LNP−siRNA-AF647 fluorescence; red line, mCh-Gal8
fluorescence. (b) Time-lapse confocal microscopic images of a pair
of LNP-containing vesicles, one of which (indicated by white
triangles) collapsed and recruited YFP−galectin-8. YFP−galectin-
8−expressing HeLa cells were incubated with LNP−siRNA-AF647
and imaged every 20 s. Scale bar, 2 μm. Adapted with permission
from ref 11. Copyright 2015 Springer Nature America, Inc.
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Galectin-8 and -9 are cytosolic proteins that recognize β-
galactosides on the cell surface or within the lumen of
endolysosomal compartments.44 In recent years, galectin-8
and -9 have been commonly used as proxies for identifying
endosomes undergoing active endosomal escape.45−47 It has
been hypothesized that endosomal escape damages the
endosomal membrane, exposing β-galactosides to the cytoplas-
mic leaflet and allowing galectin recruitment to the damaged
endosomes. How β-galactosides are instantaneously transported
from the endosomal lumen to the cytoplasmic leaflet was not
clear. Since endosomal escape by VBC does not compromise the
integrity of the endosomal membrane, we propose two possible
scenarios for the formation of galectin-8/-9 puncta, both of
which allow the sudden exposure of β-galactosides to the
cytosol. The most likely scenario is that the putative ″damaged
endosomes″ are in fact the amorphous aggregates derived from
budded and collapsed vesicles. In these aggregates, the loss of
membrane structure exposes the β-galactosides to the cytosol.
Alternatively, β-galactosides are released from the aggregates
and reintegrated into the membrane of a nearby endosome (e.g.,
the endosome from which the budded vesicle/aggregate
originated). Model studies have revealed that CILs derived
from disassembled LNPs are rapidly integrated into a nearby
lipid bilayer or monolayer (within a second).40

The aforementioned studies have provided additional,
compelling evidence for the VBC mechanism. The VBC
mechanism involves splitting of a vesicle into two, one of
which subsequently collapses while the other remains intact.
This sequence of events has been captured by time-lapse
confocal microscopy in live cells during the endosomal escape of
LNPs (Figure 4b),11 polyplexes (ref 27, Figure 1 and movie 1a),
lipoplexes (ref 27, Figure 5), and bacteria.45 Super-resolution
confocal microscopy also revealed nonvesicular structures rich
in siRNA and galectin-9 just outside of Rab5+ endosomes during
the endosomal escape of siRNA-LNPs (Figure 3b,c). These
structures are highly reminiscent of the aggregates resulting from
recently budded and collapsed vesicles.
Cargo Release. Accumulating evidence suggests that an

additional postendosomal escape step also affects the functional
delivery of nucleic acids into the cytosol. Johnston and
colleagues prepared mScarlet mRNA-LNPs with three different
FDA-approved CILs�SM-102, MC3, and ALC-0315�and
compared their total cellular uptake by endocytosis, cytosolic
delivery efficiency, and mScarlet protein expression levels.48

Interestingly, they found only a limited correlation between the
amount of mRNA delivered to the cytosol and protein
expression. For example, SM-102 and MC3 exhibited similar
endosomal escape and cytosolic delivery efficiencies, and yet
dramatically different mScarlet expression levels, with SM-102
being ∼10-fold more efficacious. Several other reports have also
hinted that the overall delivery efficiency of nucleic acids might
be limited by their slow liberation from insoluble aggre-
gates.49−53 However, the precise nature of this rate-limiting
step has been elusive.
As previously discussed, we posit that after endosomal escape

by VBC, the nucleic acid cargo, the contents of the delivery
vehicle (e.g., CILs and cationic polymers), and endosomal
lipids/proteins form an insoluble aggregate within the cytosol.
For cargo molecules exposed to the aggregate’s surface and/or
having minimal binding affinity for the aggregate (e.g.,
dextran28), their cytosolic release is rapid and complete.
Conversely, nucleic acids can bind to cationic lipids and
polymers with high affinity; when buried inside aggregates, they

are expected to be slowly (and potentially partially) released.
Large nucleic acid-containing aggregates have been observed in
live cells after treatment with LNPs (Figure 5),50 lipoplexes,29

polyplexes,49 or CPP/mRNA complexes,52 with some persisting
for extended periods (e.g., 24 h). These were likely formed by
the conglomeration of smaller aggregates derived from multiple
VBC events. This hypothesis provides a plausible explanation for
the superior efficacy of SM-102 over MC3 during the functional
delivery of mScarlet mRNA: SM-102 contains a branched alkyl
chain whereas MC3 does not (Figure 6). The branched
structure of SM-102 likely forms less tightly packed post-VBC
aggregates, thereby facilitating the liberation of mRNAs from the
aggregates. ALC-0315, which also has branched alkyl groups, is
∼ 3-fold more efficient in cargo release than MC3.48 LNPs
containing terminally branched CILs appear to be generally
more efficacious than their counterparts with linear CILs.54,55

RECONCILIATION OF ENIGMATIC LITERATURE
OBSERVATIONS
Decades of research and the extensive application of LNPs have
generated a body of well-established experimental observations
that current mechanistic models cannot fully explain. In the
following sections, I apply the VBCmechanism to offer plausible
explanations for these observations, thereby providing addi-
tional support for the VBC pathway.

Figure 5. Putative insoluble mRNA/lipid aggregates in HeLa cells
treated with MC3 LNP-Cy5-mRNA (magenta), transferrin (green),
and EGF (cyan). (a) Super-resolution image of a HeLa cell by
multicolor single-molecule localization microscopy (SMLM). Scale
bar, 5 μm. (b) Enlarged images for five regions of interest from (a).
Scale bar, 100 nm. Reproduced from ref 50. Available under a CC-
BY 4.0. Copyright 2021 Rockefeller University Press.
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Poor Delivery Efficiency of Current LNPs. Several studies
have reported that for siRNA-LNPs, only 1−3% of endocytosed
siRNA reaches the cytosol.9,11,12 While it was widely assumed
that low endosomal escape efficiency was primarily to blame, it is
now clear that the situation is more nuanced, with siRNA
attrition occurring at multiple stages. Attrition first takes place
immediately following endocytic uptake, with as much as 70% of
endocytosed siRNA being eventually recycled back to the cell
surface.10 Subsequently, endosomal escape is limited by at least
two factors: 1) not all LNP-containing endosomes undergo
VBC events, and 2) when they do, only a fraction of the budded
vesicles (∼70% for siRNAs and ∼20% for mRNAs) contain the
nucleic acid cargo.11,30 Specifically, disassembly of LNPs,
especially those of mRNAs, is incomplete in the early and
maturing endosomes, the main compartments of endosomal
escape.30 Incomplete disassembly of LNPs limits the number of
free CILs available to drive VBC events. The partially
disassembled LNPs may also compete with the lipid domains
for binding to the RNA cargo. Both factors decrease the
efficiency of endosomal escape. Finally, only a fraction of the
nucleic acid cargo is liberated from the post-VBC aggregates,48

while the remainder appears to be degraded through autophagy
or transported out of the cell in extracellular vesicles (EVs).10−12

The reported endosomal escape efficiencies for three FDA-
approved CILs (SM-102, MC3, and ALC-0315) were
approximately 10%, 5%, and 4%, respectively.48 These values
are likely somewhat underestimated, as they were based on the
amount of a 20-mer oligonucleotide probe available for
enzymatic reaction within the cytosol. They did not account
for the fraction of molecules that escaped the endosome but
remained entrapped within the post-VBC aggregates.
Improved Activity of β-Sitosterol over Cholesterol.

The substitution of β-sitosterol for cholesterol has been
previously reported to improve the nucleic acid delivery
efficiency of LNPs, attributed to more efficient endosomal
escape.56 A recent study confirmed the superior activity of LNPs
containing β-sitosterol over those with cholesterol, demonstrat-
ing a 4-fold increase in mScarlet expression.48 However, this
improved activity was primarily caused by an∼2-fold increase in
endocytic uptake of the β-sitosterol-containing LNP and,
postendosomal escape, an∼2-fold more efficient mRNA release.
Their endosomal escape efficiencies were found to be virtually

identical. Both sterols function by interacting with and
modulating phospholipid bilayers.57 While cholesterol’s unique
structure is ideally suited for efficient and tight packing within
the hydrophobic core of themembrane, β-sitosterol possesses an
extra ethyl group at C-24. This branched, bulkier side chain
prevents it from fitting snugly into the hydrophobic core of the
phospholipid bilayer.57,58 Consequently, a more loosely packed,
β-sitosterol-containing post-VBC aggregate is expected to
facilitate RNA release, explaining the improved cargo liberation
observed.
Correlation between Endosomal Escape Efficiency

and Cubic Phase Formation. The ability of CILs to form the
inverse hexagonal (HII) phase was previously considered critical
for endosomal escape via the membrane fusion/damage
mechanism.14,34,35 However, several recent studies reveal a
positive correlation between endosomal escape efficiency and
the CIL’s ability to form bicontinuous cubic (QII) phases.

36,51,59

Furthermore, the inclusion of QII phase-promoting helper lipids
also improves the delivery efficiency of LNPs.60 These
phenomena can be readily explained by the VBC mechanism.
During a VBC event, the budding neck, characterized by acute
membrane curvatures, possesses the highest potential energy,
analogous to the transition state of a chemical reaction (Figure
7).19 These membrane curvatures are often described as

negative Gaussian curvature, featuring simultaneous positive
and negative membrane curvatures in orthogonal directions but
an overall curvature of approximately zero.61 Thus, to promote
VBC and subsequent endosomal escape, a biomolecule must be
capable of simultaneously inducing (and/or accommodating)
both positive and negative curvatures in orthogonal directions.19

Biomolecules effective for promoting negative Gaussian
curvature are typically amphipathic molecules, including
CPPs,16,18 viral proteins/peptides,62 and certain lipids.63

Significantly, negative Gaussian curvature is a defining feature
of QII phases,

61 providing a direct link between lipid phase
behavior and the energetics of VBC.
Endosomal Escape during a “Window of Opportu-

nity”. Depending on the delivery modality, endosomal escape
may occur from different compartments along the endolysoso-
mal pathway, but typically during a narrow “window of
opportunity”.6 Thus, polyplexes are released from late endo-
somes,27 while chloroquine-mediated siRNA release was from
late endosomes and lysosomes.28 For LNPs, most of the studies
have demonstrated RNA release from early, maturing, and/or
recycling endosomes,9,11,30,50 although release from late endo-
somes has also been reported.10 The VBC mechanism offers a
potential explanation for this narrow “window of opportunity”.
Neutral CILs, such as SM-102, ALC-0315, andMC3, are inverse
cone-shaped molecules that possess strong negative intrinsic

Figure 6. Structures of MC3, SM-102, and ALC-0315.

Figure 7. Scheme showing a budding neck enriched with the
translocating biomolecules (blue spheres) and the negative
Gaussian curvature at the budding neck (with positive and negative
curvatures in the vertical and horizontal directions, respectively).
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curvature and form inverse micellar and HII structures.
Protonation of the CILs increases their headgroup sizes within
a membrane due to electrostatic repulsion and increased
hydration. Their partial protonation�occurring in the mildly
acidic environment of early, maturing, and recycling endosomes
(pH 6.0−6.5)�moderates their negative intrinsic curvature,
while endowing them the ability to recruit RNA cargo. Lipids of
intermediate negative intrinsic curvatures facilitate the for-
mation of negative Gaussian curvature and the budding neck
required for VBC.59,64 Conversely, further protonation in the
more acidic late endosomes and lysosomes (pH 4.5−5.5)
promotes the formation of lamellar phases,59,64 thereby
inhibiting the VBC process. For different delivery modalities
or LNPs of different compositions, the optimal pH for VBC is
likely to be different.

CONCLUSION AND FUTURE DIRECTIONS
Themost significant bottleneck in nucleic acid delivery by LNPs
remains efficient endosomal escape. In this perspective, I have
marshaled literature evidence to position the VBCmechanism as
the critical pathway for LNP endosomal escape. The VBCmodel
is supported by particularly compelling evidence from recent
live-cell studies�such as the elegant work30 demonstrating
LNP disassembly, CIL domain formation, and colocalization
with RNA during escape�which cannot be fully explained by
prior models. The VBC mechanism differs from the older
models in key aspects: topological (VBC) vs physical trans-
location (pore formation), partial and sudden release (VBC) vs
complete release of cargo (fusion and lysis), and membrane
integrity (VBC) vs catastrophic rupture of the endosomal
membrane (lysis). This model is fully consistent with the broad
body of LNP literature and highlights a postescape challenge:
the dissolution of post-VBC aggregates as an additional kinetic
bottleneck for functional nucleic acid delivery. Thus, the VBC
mechanism is not a superficial variation but a distinct and
superior mechanistic model that changes our understanding of
LNP function. Nevertheless, to move the VBCmechanism from
a theoretical framework to a fully validated mechanism,
acquiring more direct, real-time evidence remains the essential
and urgent goal for advancing the field of LNP engineering.
Direct Experimental Validation of VBC Intermediates.

The immediate future directionmust focus on directly observing
the VBC process in situ. A potential approach may involve dual
labeling of LNPs and the cell membrane with fluorescent dyes
and monitoring endosomal trafficking in live cells and real-time
by confocal microscopy, as previously described for CPPs16 and
bacterial toxins.17 Briefly, one may label the CIL or RNA cargo
with pHAb, a pH-sensitive dye with strong red fluorescence at
pH≤ 6 but essentially nonfluorescent at neutral or basic pH, and
the cell membrane with a green dye (pH-insensitive). During
VBC from the endosomal membrane, a freshly budded vesicle
would fluoresce in both green and red channels, while collapse of
the vesicle would result in the sudden loss of red (but not green)
fluorescence. The fluorescence intensity of the budded vesicle,
relative to that of the remaining endosome, would provide a
quantitative assessment of the endosomal escape efficiency.
Alternatively, one may employ super-resolution microscopy
(e.g., Airyscan confocal microscopy30) to directly visualize the
various VBC intermediates and potentially entire VBC events.
Unraveling the Molecular Underpinnings. An unre-

solved, key question is what drives the collapse of budded
vesicles and the molecular underpinning of the collapse event.
Because of the small size and transient nature of the budded

vesicles (i.e., they typically collapse within a few seconds
postbudding), experimental characterization of the budded
vesicles has not been possible; computational approaches may
thus provide critical insight into this key step. Another key
question is whether cellular proteins are involved in the VBC/
endosomal escape process. While the minimal VBC mechanism
is energy-independent and can occur on model membranes
without any protein,15 host factors like SNAREs, ESCRT
complexes, or GTPases are likely to modulate the VBC process
in a living cell. Identifying and characterizing these proteins
represent an important direction of future research. Last but not
least, robust assay methods need to be developed to quantitate
the efficiency and kinetics of the two postuptake bottlenecks:
VBC/endosomal escape and the dissolution of post-VBC
aggregates.
Design Strategies to Exploit the VBC Mechanism.

While further research is essential to fully elucidate the
molecular details of VBC, this mechanism offers critical and
immediate insights for the future design of improved LNPs.
Based on these insights, I propose the following strategies to
enhance the overall delivery efficiency of LNPs:
Optimized Endocytic Uptake. As demonstrated by

Johnston and co-workers, LNPs differing only in their CIL
(e.g., SM-102 vs ALC-0315) exhibit vastly different cellular
uptake efficiencies.48 Similarly, the substitution of β-sitosterol
for cholesterol significantly increased endocytic uptake (∼2-
fold).48,56 These observations highlight considerable oppor-
tunities to enhance LNP endocytic uptake through strategic
modifications to CILs, helper lipids, and/or cholesterol
components.
Reduced LNP Recycling. While small molecule inhibitors

of the recycling pathway have been explored,65,66 their potential
for cellular and systemic toxicity warrants caution. Future
research should investigate whether structural modifications to
the LNP itself can effectively reduce the amount of LNP
recycling, thereby retaining more cargo within the endosomal
pathway.
Enhanced Endosomal Escape Efficiency. This area likely

represents the greatest opportunity for improvement, given the
currently low endosomal escape efficiencies of LNPs. One
promising approach involves designing CILs, helper lipids, and/
or cholesterol analogs that permit more efficient disassembly of
LNPs in the early/maturing endosome and more effectively
induce negative Gaussian curvature in a pH-responsive manner.
Specifically, the lipids should generate an overall membrane
curvature of ∼0 in early/maturing endosomes. It will be of
particular interest to determine whether the inclusion of a
proper amount of lipids with positive intrinsic curvature (e.g.,
lysophospholipids) into LNPs could facilitate VBC and
endosomal escape. Furthermore, improving the colocalization
of the nucleic acid cargo with CIL domains should increase the
″hit rate″ of productive endosomal escape events. Another
strategy may involve covalently conjugating or encapsulating
molecules known to promote endosomal escape, such as
amphipathic CPPs67 or phospholipases,19,68 to/into LNPs.
Increased Cargo Release from Post-VBC Aggregates.

This postendosomal escape step remains underexplored but is
likely of particular importance for large cargos like mRNAs. This
challenge may be addressed by modifying LNP components, the
nucleic acid cargo, or both, with the objective of forming less
tightly packed aggregates after VBC events, thus facilitating
more complete and rapid cargo liberation into the cytosol.
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