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Formulation and Characterization of Novel Ionizable and
Cationic Lipid Nanoparticles for the Delivery of
Splice-Switching Oligonucleotides
Miina Ojansivu, Hanna M. G. Barriga,* Margaret N. Holme, Stefanie Morf,
James J. Doutch, Samir EL Andaloussi, Tomas Kjellman, Markus Johnsson,
Justas Barauskas, and Molly M. Stevens*

Despite increasing knowledge about the mechanistic aspects of lipid
nanoparticles (LNPs) as oligonucleotide carriers, the structure-function
relationship in LNPs has been generally overlooked. Understanding this
correlation is critical in the rational design of LNPs. Here, a materials
characterization approach is utilized, applying structural information from
small-angle X-ray scattering experiments to design novel LNPs focusing on
distinct lipid organizations with a minimal compositional variation. The lipid
phase structures are characterized in these LNPs and their corresponding
bulk lipid mixtures with small-angle scattering techniques, and the LNP-cell
interactions in vitro with respect to cytotoxicity, hemolysis, cargo delivery, cell
uptake, and lysosomal swelling. An LNP is identified that outperforms
Onpattro lipid composition using lipid components and molar ratios which
differ from the gold standard clinical LNPs. The base structure of these LNPs
has an inverse micellar phase organization, whereas the LNPs with inverted
hexagonal phases are not functional, suggesting that this phase formation
may not be needed for LNP-mediated oligonucleotide delivery. The importance
of stabilizer choice for the LNP function is demonstrated and super-resolution
microscopy highlights the complexity of the delivery mechanisms, where
lysosomal swelling for the majority of LNPs is observed. This study highlights
the importance of advanced characterization for the rational design of LNPs
to enable the study of structure-function relationships.
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1. Introduction

After the success of the lipid nanoparticle
(LNP) based COVID-19 vaccine formula-
tions delivering the mRNA for SARS-CoV-
2 spike protein,[1,2] as well as the first mar-
keted LNP drug (Onpattro) for siRNA deliv-
ery, which treats a polyneuropathy caused
by hereditary transthyretin amyloidosis,[3]

there has been major hype around these
nanocarriers for various drug delivery ap-
plications. LNPs are particularly suitable
for the delivery of different types of nu-
cleic acids, protecting them from degrada-
tion and having the potential to target the
delivery to the tissue/cell type of interest.
The relatively low cost, manufacturability,
and the possibility to individually tailor the
LNPs and cargo payload for a plethora of dif-
ferent medical indications have placed LNP
research at the forefront of nanomedicine
development. Once uptaken by cells, LNPs
are trafficked through the endocytic path-
way in aqueous compartments surrounded
by a lipid membrane called endosomes. To
effectively deliver their RNA cargo, LNPs
must deliver it to the cytosol – across the
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endosomal membrane, also known as endosomal escape. A
key issue to consider in LNP efficacy is the relationship between
cell uptake and endosomal escape: there is evidence implying
that these two steps do not always correlate.[4–6] This adds an
extra level of complexity to the LNP design. Moreover, there is
still a limited understanding of the mechanistic details driving
these phenomena. Currently, the fraction of LNPs among all
the genomic medicines in the market or clinical trials is only
≈7%, and the majority of the clinical LNP studies are in the
early phases (I-II), indicating that there is still a long journey
ahead to reach the full therapeutic potential of these drug
carriers.[7]

One of the major obstacles to enabling higher penetration
of LNP drugs to the clinic is the avoidance of liver accumula-
tion, especially upon systemic delivery. It is possible to guide
the LNPs to certain tissues/cell types, e.g., by tuning their
lipid composition or introducing targeting ligands on the par-
ticle surface.[8–12] Cheng et al. introduced the concept of se-
lective organ targeting (SORT) where the addition of a SORT
lipid to the LNP composition facilitates LNP targeting to rel-
evant cell types in the lungs, spleen, or liver in vivo, depend-
ing on the SORT lipid and LNP charge.[11] As an example of
active, ligand-based targeting, covalent antibody conjugation to
the LNP surface was shown to facilitate T cell targeting and
CAR T treatment of cardiac fibrosis in vivo.[12] However, full
control and tunability of the targeting approaches are yet to be
demonstrated.
Since the chemical composition and physical arrangement of

molecules in LNPs play such a big role in their performance
(e.g., stability, targeting, cell uptake, endosomal escape, cytotoxi-
city etc.), the majority of LNP optimization has focused on com-
positional screening to maximize in vitro / in vivo functional re-
sponse. Several such studies have observed that small changes in
the LNP components and lipid structures lead to vast differences
in LNP structure and function.[11,13–15] Similar observations have
been made for polymer and lipidoid systems, where structural
changes in the individual components impacted performance
and cytotoxicity.[16,17] However, less is known about the effect of
LNP structural features (e.g., lipid packing, phase structure, and
distribution) on the LNP performance in vitro and in vivo. One of
the challenges with studying structure and function relationships
in LNPs has been that to change LNP structure it is often neces-
sary to change the lipid composition. Thismakes it almost impos-
sible to decouple the impact of structure and lipid composition on
LNP efficacy. In this publication, we address this challenge from a
membrane biophysical perspective.When it comes to endosomal
escape, which is possibly the biggest bottleneck in the delivery of
oligonucleotides, it has been suggested that a highly curved in-
verted hexagonal lipid phase (HII), drives the LNP cargo release
through membrane fusion/reorganization. This HII phase is ei-
ther already present in LNPs or forms as a result of the interaction
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between positively charged ionizable/cationic LNP lipid and neg-
atively charged endosomal membrane in the acidic conditions
of the endosome.[5,18–20] Moreover, highly curved and non-bilayer
lipid phases have been observed to influence other in vitro and
in vivo processes including enzyme activity, membrane anchor-
ing, and membrane fusion/fission.[20–22] Recently it was shown
that highly structured lipid liquid crystalline nanoparticles (HII,
cubosome, Fd3m) were taken up better into CHO cells compared
to simpler lamellar liposomes, implying a key role of the struc-
tural features of the nanoparticles.[23] Also, other structural LNP
features such as polyhedral or faceted shape, multilamellarity,
and the presence of mRNA containing aqueous pockets on the
LNP surface, induced by LNP compositional changes or by the
choice of low pH buffer used for mRNA dilution during formu-
lation, can boost mRNA transfection potency, possibly through
enhanced cell uptake and endosomal escape.[24,25] Moreover, the
distribution of the lipid components within the LNPs can im-
pact the performance. For example, DSPC and cholesterol enrich-
ment on the particle surface have been correlated to high trans-
fection potency.[6,26] These structural features are also highly de-
pendent on the cargo and its interactions with the lipids.[6] All
in all, despite these insights, the current understanding of the
LNP structure-function correlation in clinical formulations re-
mains limited and scattered. The majority of structural charac-
terization is more focused on highly structured LNPs, e.g., cu-
bosomes and hexasomes. This necessitates further evaluation of
structure-function relationships for different types of LNPs to
aid the rational design of novel and optimally functional delivery
vehicles.
In this work, we demonstrate how a multidisciplinary ap-

proach that combines nanoscale structural characterization of
novel LNPs with intracellular trafficking studies, can be used to
enable the LNP research community to begin tomap and unravel
the complex interplay between LNP structure and successful de-
livery of cargo. Our approach is to work with novel lipid com-
positions, which do not include DPSC or cholesterol (which are
commonly described as essential components in the clinical LNP
formulations) and instead use two lipids that can bemixed at spe-
cific ratios to form highly ordered structures. This enables us to
study structure and function in our novel formulations by chang-
ing the ratios of lipids within our LNPs but without changing
the lipid components themselves. We show that LNPs with either
cationic (DOTAP) or ionizable (DODAP) lipids can be formed us-
ing two novel, structurally highly ordered lipid base compositions
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC): glyceryl di-
oleate (GDO)mixtures and a selection of different stabilizers. The
use of DODAP and DOTAP, rather than other cationic/ionizable
lipids, is due to their similar chemical composition. This enables
us to evaluate the impact of the LNP structure on LNP perfor-
mance, both via our “base lipid mixtures” and our choices of
cationic/ionizable lipids whilst minimizing the chemical com-
position differences between formulations. The chosen compo-
sitions differ significantly from the standard compositional for-
mula (≈50:10:38.5:1.5 mol-% ratio of ionizable lipid, phospho-
lipid, cholesterol, and PEG-lipid stabilizer) used in LNPs cur-
rently in the clinic. Our model cargo, splice-switching oligonu-
cleotide (SSO) correcting a splicing error in engineered HeLa
and Huh7 cells with non-functional firefly Luciferase gene,[27]

was successfully loaded into the LNPs, as indicated by high
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encapsulation efficiency. Compared to the control LNPs (Onpat-
tro composition with SSO cargo, here called MC3 LNPs), all our
novel LNPs demonstrated higher cell viability, which was compa-
rable to the non-treated control cells. In the case of DOTAP LNPs,
this is in contrast to the common observation that the cationic
charge of nanoparticles is associated with higher cytotoxicity as in
the context of this study, our DOTAP LNPs are not cytotoxic.[28–30]

Out of the 16 novel LNPs we identified a composition that outper-
formed the MC3 LNPs in SSO functional delivery to HeLa cells
at 4 h. Whilst the majority of our LNP formulations induced an
increase in the size of the intracellular structures involved in the
cells degradation pathway (lysosomes), little correlation was ob-
served between cell uptake or lysosome size and functional cargo
delivery. The LNPswith the highest uptake were those containing
cationic DOTAP lipid. The small-angle X-ray scattering (SAXS)
data of bulk lipids used in the LNPs revealed that the LNPs that
resulted in the highest SSO functional response were formed
from a base lipid composition that adopted an inverted micel-
lar phase structure (Fd3m). Interestingly, the LNPs formed from
the hexagonal phase base composition did not result in the func-
tional delivery of the SSO cargo. Small angle neutron scattering
(SANS) data of the LNPs loaded with SSO cargo showed differ-
ences in internal LNP structures between the two base lipid com-
positions, as expected from the SAXS data, but little difference
in surface structure (quantified via the power law). The largest
differences in surface structure between LNPs were observed
from LNPs formulated using different stabilizers. This correlates
well with the theory that LNP stabilizers predominantly reside on
the LNP surface. The outline of the current study is depicted in
Figure 1.

2. Results and Discussion

2.1. Rationally Selected Lipid Compositions Adopt Distinct Phase
Structures and Can be Formulated into Monodisperse
Nanoparticles with High Cargo Loading Efficiency

It has been suggested that LNP structural features such as lipid
packing and the HII inverted hexagonal phase structure play a
key role in the process of endosomal escape,[5,18–20] making them
an attractive starting point for rational LNP design. On the other
hand, it has been suggested that the siRNA encapsulated within
Onpattro LNPs could reside in inverted micelle structures, and it
is possible that this contributes to their high functionality when
it comes to oligonucleotide delivery.[5,31,32] One of the key chal-
lenges in this field is decoupling the effects of chemical lipid com-
position versus the nanoscale structure of the LNPs, as generally
changes in the lipid phase structure between formulations stud-
ied at the same pH, are obtained via lipid composition changes.
Inspired by these lattice structures, we investigated 2 lipid mix-
tures with different molar ratios of the lipids DOPC and GDO
where the same two lipids could be combined in different ratios
to form distinct structures. One formulation adopted a HII phase
(C1; Figure 2A), whereas the other one had a distinct Fd3m lattice
structure (C2; Figure 2B). These mixtures – C1 and C2 – served
as the base lipids for our novel LNP compositions (Table 1). The
chemical structures of all the used lipids and stabilizers are de-
picted in Figure S1 (Supporting Information).

As mentioned, obtaining structurally distinct LNPs often re-
quires drastically changing the chemical composition, which on
its own has a major effect on the functionality and therefore
makes it virtually impossible to distinguish the contribution of
the structure. In addition to the aforementioned base lipids,
this challenge also applies to other LNP lipids, such as ioniz-
able/cationic lipids (IL / CL). These lipids have been shown to
alter the overall phase structure of the lipid mixtures,[5] but also
tend to clearly differ from each other chemically introducing sig-
nificant compositional variation to the lipid mixtures. Here, we
overcame this issue by selecting highly chemically similar CL /
IL, namely DOTAP and DODAP, to be added in relatively low
amounts to our base lipid compositions to enable the oligonu-
cleotide cargo loading. DOTAP and DODAP differ only with re-
spect to the headgroup, which in DOTAP contains a permanently
positively charged ammonium group in contrast to the ioniz-
able amine in DODAP, as well as an extra methyl (-CH3) group,
making the resulting LNPs compositionally highly similar and
thusminimizing the effect coming from changes in the chemical
composition. In other LNP studies comparing ILs MC3 and KC2
which differ only by CH2 in the headgroup, there is little change
in the phase behavior of the LNP lipid mixture between the two
lipids, even though some differences are observed in the protein
expression from mRNA delivery via the different LNPs in hepa-
tocytes in vivo.[5] However, in our study, even though the differ-
ences between DOTAP and DODAP are chemically minor, they
bring a distinct morphological change to the molecules and lipid
mixtures. For example, DOTAP has been shown to form vesicles
when hydrated in water and adopts a lamellar phase,[33] whereas
DODAP forms dispersions with hexagonal or Im3mmorphology
in water in the presence of F127.[34] Thus, using DOTAP andDO-
DAP in our formulations facilitated the evaluation of structure-
function relationships with limited changes in chemical compo-
sition in an even broader structural space.
As expected, being permanently charged, the bulk lipid mix-

tures containing DOTAP were not structurally pH-responsive as
indicated by the lack of pH-induced change in the lattice parame-
ter (swelling) detected by SAXS (Figure 2C,D; Figure S2A-D, Sup-
porting Information). In contrast, the bulk lipid mixtures con-
taining ionizable DODAP demonstrated swelling in response to
pH increase from 3 to 7, corresponding to the pH change from
positive to neutral (DODAP pKa = 6.6[35] (Bailey & Cullis, 1994)).
This same effect was observed with both base compositions. In
the HII phase formulations, the presence of headgroup charge
on the CL / IL (DOTAP, DODAP pH 3) led to smaller structures,
potentially due to changes in the packing parameter of the CL
/ IL when the headgroup is charged. In the Fd3m phase, larger
differences were observed in the lattice parameters between the
CL/IL formulations irrespective of charge. In all cases, the intro-
duction of CL / IL led to increased disorder in the bulk lipid mix-
tures. Swelling of IL-containing lattices in structured LNPs has
also been previously shown, although the pH-dependent changes
were observed to be highly dependent on the type of IL.[36] Previ-
ous studies on bicontinuous cubic phases have shown that the in-
troduction of charged lipids leads to a swelling of the structures –
predominantly the water channels.[37] In the HII and Fd3m struc-
tures studied here, themol-% of charge introduced into the struc-
tures has less of an impact, with the lipid packing and headgroup
structure also playing a significant role.
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Figure 1. Schematic illustration of the study workflow. 16 novel LNPs, loadedwith SSO, were formulated by tip sonication, followed by thorough structural
characterization and evaluation of cell interactions in vitro. LNP= lipid nanoparticle, SSO= splice-switching oligonucleotide, STORM= stochastic optical
reconstruction microscopy. Figure created in BioRender (publication license acquired).

Whilst the addition of increasing amounts of DOTAP and DO-
DAP to the C1 and C2 lipid mixtures made the structures more
amorphous, some features of the HII and Fd3m were still pre-
served (Figure 2). Generally, C1 mixtures which exhibited HII
phase structure retained more structure than the C2 Fd3m mix-
tures, and the DOTAP-containing structures were more ordered
than the DODAP ones.
To investigate the impact of these lipid structures on the de-

livery of SSO from LNPs, the C1 and C2 mixtures with the
highest percentages of DODAP / DOTAP were formulated into
nanoparticles containing the SSO cargo. The nanoparticles were
stabilized with one of four different stabilizers: block copolymer
Pluronic F-127 and polysorbate 80 (P80), which are commonly
used to stabilize structured LNPs,[38] and PEGylated lipids DMPE
and DSPE typically used in other LNP formulations.[39,40] The

DOTAP and DODAP mol-% in LNPs were fixed to 20 to maxi-
mize delivery but with the aim of retaining some nanoscale struc-
ture related to the base lipid compositions. As indicated by DLS,
all the LNP compositions yielded good-quality nanoparticles with
PdI < 0.25 and hydrodynamic diameters ranging from 125 to
195 nm (Figure 3A,B). In brief, the C1 LNPs were observed to be
slightly larger andmoremonodisperse than the C2 ones, whereas
no differences between DOTAP and DODAP particles were ob-
served. The stabilizer used had the largest impact on the LNP
size where P80 LNPs were the smallest. Our reference LNP (MC3
composition similar to that of Onpattro loaded with SSO at the
sameN/P ratio of 3:1) which is stabilizedwith 1.5mol-% ofDMG-
c-PEG2000 (hydrodynamic diameter 89.57nm ± 0.81 (SD), PdI
0.067 ± 0.011 (SD)) were the smallest LNPs measured. The pH
was not observed to affect the size, polydispersity, or morphology
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Figure 2. Bulk SAXS data (N = 1) collected at 25 °C for lipid formulations A) C1 B) C2 C) C1 + DOTAP / DODAP (0, 10, 20 mol-%) D) C2 + DOTAP /
DODAP (0, 10, 20 mol-%). Note that the 0 mol-% formulations plotted in C and D for DOTAP / DODAP are the same datasets, plotted twice for clarity.
E) Fitted results from C1 SAXS data where error bars are of the order of the data points and reflect the error in each individual fit. F) Fitted results from
C2 SAXS data where error bars are of the order of the data points and reflect the error in each individual fit.

of our LNP formulations (Figure S3, Supporting Information).
Whilstseveral studies have shown that increasing the stabilizer
concentration correlates negatively with LNP size[6,41–44] there
is less comparison of the effects of stabilizer type (e.g., block
copolymer vs PEGylated lipids) on LNP size, surface structure,
uptake, and functional delivery performance. Interestingly our

CryoEM images show different LNP structures, dependent on
both the lipid composition and the stabilizer used, although fur-
ther investigation would be needed to decouple this, given that
there is polydispersity in the structures and sub-populations are
also visible in the small image sampling we have of these LNPs
(Figure 3D,E).

Table 1. Lipid nanoparticle lipid compositions in mol-%. F127 and P80 stabilizers were added to the lipid mixtures at the point of formulation.

Sample

C1 C2

DOTAP DODAP DOTAP DODAP

stabilizer P80 F127 DMPE-PEG DSPE-PEG P80 F127 DMPE-PEG DSPE-PEG P80 F127 DMPE-PEG DSPE-PEG P80 F127 DMPE-PEG DSPE-PEG

stabilizer
mol-%

11 0.3 2.5 2.5 11 0.3 2.5 2.5 11 0.3 2.5 2.5 11 0.3 2.5 2.5

DOTAP 20 20 20 20 – – – – 20 20 20 20 – – – –

DODAP – – – – 20 20 20 20 – – – – 20 20 20 20

GDO 36.6 36.6 36.6 36.6 36.6 36.6 36.6 36.6 59.8 59.8 59.8 59.8 59.8 59.8 59.8 59.8

DOPC 43.4 43.4 43.4 43.4 43.4 43.4 43.4 43.4 20.2 20.2 20.2 20.2 20.2 20.2 20.2 20.2
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Figure 3. Formulation of LNPs from the novel lipid mixtures leads to high-quality nanoparticles with low polydispersity, good cargo loading, and distinct
morphologies. A) Representative DLS intensity plots for the 16 novel LNPs, measured in PBS. B) Average LNP hydrodynamic diameter (Z-average) and
polydispersity (polydispersity index, PdI) in PBS, analyzed by DLS.N = 3. C) SSO cargo loading efficiency % into the novel LNPs, analyzed by RiboGreen
assay. N = 3. In B and C error bars represent standard deviation. D, E) CryoEM visualization of the morphology of novel LNP series C1 and C2 at pH 7
(PBS), respectively. Representative images are shown. Scale bars 100 nm.

Next, we conducted a 6-(p-toluidino)-2-naphthalenesulfonyl
chloride (TNS) assay to evaluate the pKa values of our LNPs
since the apparent pKa is an important parameter affecting
the nanoparticle performance and is known to be influenced
by noncovalent interactions, environmental parameters as well
as nanoparticle structural features.[45] Being permanently pos-
itively charged, no apparent pKa values could be determined
for the DOTAP LNPs (Figure S4A, Supporting Information). In
the case of DODAP LNPs, the pKa values were observed to de-
pend on the base lipid composition (Figure S4B, Supporting
Information). In particular, pKa values were lower for the C2-

based LNPs (5.36–5.67) compared to the C1-based ones (6.18–
6.34). Moreover, F127 stabilizer resulted in an additional small
decrease in the pKa. In comparison, the pKa of the control
MC3 LNPs was observed to be 6.30 (Figure S4C, Supporting
Information).
In addition, the encapsulation efficiency of the SSO cargo was

also quantified for all the LNPs formulated (Figure 3C). The en-
capsulation efficiency in the DOTAP LNPs was ≈95 %, whereas
for the DODAP LNPs the encapsulation efficiencies were slightly
lower, ranging from ≈75 % for the C1 particles to ≈55 % for
the C2 particles (Figure 3C). Semple et al. observed similar
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encapsulation efficiency of antisense oligodeoxynucleotides
into LNPs containing 20 mol-% DODAP, supporting our
observation.[28] The control MC3 LNPs had an encapsulation effi-
ciency of 89.3 %. It has been shown that increasing the N/P ratio
improves the encapsulation efficiency of both siRNA and mRNA
with LNPs containing ILs.[41,42,46] In two studies the encapsula-
tion of siRNA and mRNA increased up to N/P of 10:1.[41,42] Here
we used N/P 3:1 to match the Onpattro LNPs and maintain the
lipid: oligonucleotide ratio during the formulation process, de-
spite some differences in the final encapsulation efficiency. In-
terestingly, in the work of Ly et al., N/P ratio was not observed
to have an effect on self-amplifying RNA loading into LNPs with
the tested ratios of 5, 10, and 15, suggesting that the effect of N/P
ratio on cargo encapsulationmight vary, especially when it comes
to the type of cargo.[47] Moreover, Carrasco et al.,[48] showed that
mRNA encapsulation efficiency did not necessarily correlate with
transfection in vitro and in vivo and Whitehead et al. showed
that the optimal gene silencing in vivo was achieved with 75 %
siRNA loading instead of 100 %,[49] which questions the neces-
sity ofmaximal loading efficiency for the best performance. A key
factor here is also the cargo distribution among the particles at a
single-particle level, which necessitates further evaluation in the
future using methods such as single-particle profiler.[50]

The visualization of SSO-loaded LNPs with cryoEM at pH 7
revealed the presence of particles with different geometries and
multiple compartments, apart from the F-127-containing LNPs
which appeared to contain only a single lipid-filled compartment
(Figure 3D,E). No clear differences betweenDOTAP andDODAP
or C1 and C2 LNPs were observed. The size, polydispersity, or
cargo encapsulation of these LNPs used for cryoEM, which were
dialyzed against PBS to reach the neutral pH, followed the same
trend as the nondialyzed ones used for all the other character-
izations (Figure S5, Supporting Information). The presence of
so-called “bleb” structures or aqueous pockets on the LNP sur-
face, has been previously associated with increased mRNA trans-
fection potency.[24,25] The formation of these structures has been
linked to the mRNA buffer used during LNP formulation: Na-
citrate buffer, which was also used in this study, induced more
such structures when compared to Na-acetate buffer. The struc-
tural variation and distinct features revealed by cryoEM led us
to conduct further structural characterization of these LNPs us-
ingSANS as described later.

2.2. Novel Lipid Nanoparticle Formulation can Outperform MC3
LNPs in Certain Cell Types

Minimal cytotoxicity is a crucial prerequisite for clinically trans-
latable LNP products.[3] The cytotoxicity profile is highly depen-
dent on both structural and compositional features of the par-
ticles. In particular, positively charged particles are commonly
considered more toxic,[29,30] which has shifted the focus to the
development of ILs, which are neutral in neutral pH and there-
fore overcome the charge-related problems associated with per-
manently positive CLs.[28] In contrast to these observations, all
our novel LNPs, including the ones with cationic lipid DOTAP,
showed no signs of cytotoxicity after 24 h cell treatment even with
the highest doses (Figure 4). It is possible that the relatively low
mol-% of DOTAP used in these particles (20 mol-%) rendered

them less toxic since the charge-related toxicity correlates with
charge density.[51] Importantly, MC3 LNPs, despite being neutral
at cell culture conditions, significantly decreased the cell viability
at 24 h with medium and high doses, implying that these parti-
cles are less optimal in this in vitro setup compared to our novel
LNPs. Moreover, this also suggests that charge is not the only
factor determining the toxicity. After 4 h treatment, the cell via-
bility was high in all samples (Figure S6, Supporting Informa-
tion). Moreover, no differences between the cell lines were ob-
served with respect to the cell viability in response to the LNP
treatment.
In addition to in vitro cytotoxicity measurement, we also con-

ducted a hemolysis assay to better understand the in vivo com-
patibility of our LNPs. As demonstrated in Figure S7 (Support-
ing Information), apart from the F127-containing LNPs none
of the studied particles induced lysis of human erythrocytes
at physiological pH (7.4). Interestingly, the presence of F127,
in particular in combination with the C2 base lipids, lead to
more than 50 % hemolysis with the highest tested doses. Ba-
rauskas et al. have previously observed that F127 alone is not
hemolytic[52] but in the work of Johnsson et al., the addition of
F127 to pre-formed phosphatidylcholine vesicles/liposomes en-
capsulating a membrane permeability marker caused massive
leakage of this marker,[53] suggesting that F127 can affect the
membrane permeability. In any case, no hemolysis was detected
with the LNPs performing the best in cargo delivery as described
below.
To successfully deliver the cargo to the cells, the LNPs first

need to reach the cell surface, enter the cell, which normally oc-
curs through endocytosis,[54,55] and release the cargo from the en-
dosomal compartments. In the case of some cargoes, such as the
SSO used in this project, they even need to reach the nucleus. To
study the functional cargo delivery, we used a model system of
HeLa andHuh7 cells engineered to express a non-functional fire-
fly Luciferase (Luc) gene with a splicing error.[27] This error can
be corrected with the successful delivery of an SSO, leading to
easily measurable Luc enzyme activity readout in the cell lysates.
Dysregulation of mRNA splicing is the cause of many hereditary
diseases and is also associated with cancers, making SSOs highly
relevant therapeutic molecules.[56,57] Here, Luc activity was mea-
sured after 4 and 24 h LNP treatment (Figure 5). As expected,
MC3 LNPs efficiently delivered the SSO to both cell types with
Luc activity increasing from 4 to 24 h. The C1 series of LNPs,
irrespective of the CL / IL or the cell type, showed poor SSO de-
livery capacity (Figure 5A–D). Moreover, Huh7 cells could not be
transfected with the C2 series LNPs either (Figure 5G,H). How-
ever, in the case of HeLa cells, C2 LNPs with DOTAP and P80
stabilizer turned out to outperform the MC3 LNPs in SSO deliv-
ery at the early time point and sustain comparable levels at the
later time point (Figure 5E,F). Minor dose-dependent functional
delivery, especially at the 4 h time point, was also observed with
the C2 DOTAP LNPs with F-127 and DMPE-PEG2000 stabiliz-
ers, whereas the rest of the C2 particles were completely unable
to facilitate the cargo delivery.
Since it has been suggested that a highly curved inverted

hexagonal lipid phase (HII) drives the LNP cargo release from
endosomes through membrane fusion / reorganization,[5,18–20]

we hypothesized that the LNPs with C1 base composition, which
has this phase structure, would be efficient in functional cargo
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Figure 4. The novel LNPs demonstrate high cell viability in both HeLa and Huh7 cell models at 24 h, outperforming the MC3 LNPs (Onpattro compo-
sition). Cell viability in A,B) HeLa, and Huh7 cells treated with C1 LNPs, respectively. C,D) HeLa and Huh7 cells treated with C2 LNPs, respectively. Cell
viability was evaluated with an alamarBlue assay.N = 3, n = 9 for the LNP samples, and n = 18 for the control cells, pH 3 control, and Lipofectamine (LF)
control. * < 0.05 (compared to the control cells), # < 0.05 (compared to the pH 3 control), † < 0.05 (compared to the MC3 control), unless otherwise
indicated. Kruskal-Wallis test with Dunn’s post hoc correction. Data is shown as means plus standard deviation.

delivery. However, we observed the opposite, i.e., the only func-
tional LNPs had the C2 base, which is organized as an inverse
discontinuous micellar cubic phase (Fd3m). Yu et al. reported
that in a macrophage in vitro model, the HII phase LNPs were
inferior to cubic nanoparticles in transfecting the cells, though in
this work the effect of nanoparticle composition cannot be com-
pletely ruled out.[58] The same team also demonstrated that the
phase structure of LNPs formulated primarily from the SARS-
CoV-2 vaccine lipids SM-102 and ALC-0315 and a stabilizer were
both able to form bicontinuous cubic phases in acidic conditions
with SM-102 exhibiting this at a pH corresponding to endoso-
mal acidification (pH 5) and ALC-0315 exhibiting this at pH 3.[36]

These observations combined with our own results challenge the
general view of inverted hexagonal lipid phases as a necessary
lipid organization for LNP cargo to escape from the endosomes.
Inmost cases, the ability of LNP lipids to form highly curved lipid
phases appears to contribute to increased LNP performance but
is not confined to a single phase morphology (i.e., inverted HII)
as previously suggested.
MC3 ionizable lipid and Onpattro LNPs were originally opti-

mized for liver cell transfection.[31] Therefore, the good transfec-
tion capacity of the Huh7 cells, a hepatocyte-derived carcinoma

cell line, was expected. Our LNPs significantly differ both com-
positionally and structurally from the Onpattro LNPs, which pos-
sibly makes them less susceptible to liver cell delivery, poten-
tially through differences in protein corona composition (e.g.,
ApoE binding) and dynamics. The poor transfection of liver cells
with our LNPs might be beneficial for non-liver targeting in vivo,
though this necessitates further evaluation.
The size of LNPs has also been shown to affect LNP

performance.[18,42] Interestingly, it has been observed that LNPs
resembling the Onpattro composition have the best antisense
oligonucleotide (ASO) delivery efficacy in vitro in the size range
of 100–155 nm, where the LNPs have the lowest disordered / HII
ratio in their core, i.e., the highest extent of inverted hexagonal
phase in the core corresponds to best performance.[18,44] These
results were independent of the PEG-lipid molar ratio, which did
not have a significant bearing on the LNP delivery of ASO. Our
LNPs with P80 stabilizer fall size-wise into this range (Z-average
≈130 nm), which might be one factor explaining their good per-
formance, although the compositional base is different. On the
other hand, there is also evidence that LNP sizes < 100 nm are
ideal for the performance,[42] suggesting that the effect of size
might be highly dependent on the LNP system and cell model.
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Figure 5. C2 LNPs containing DOTAP and P80 stabilizer outperform MC3 LNPs (Onpattro composition) in functional SSO delivery into HeLa cells at
4 h, whereas none of the DODAP LNPs or the C1 LNPs can deliver the cargo. A,B) Delivery of C1 LNPs into HeLa cells at 4 and 24 h, respectively. C,D)
Delivery of C1 LNPs into Huh7 cells at 4 and 24 h, respectively. E,F) Delivery of C2 LNPs into HeLa cells at 4 and 24 h, respectively. G,H) Delivery of
C2 LNPs into Huh7 cells at 4 h and 24 h, respectively. LF = Lipofectamine. N = 3, n = 9 for the LNP samples, and n = 18 for the control cells, pH 3
control, and Lipofectamine (LF) control. * < 0.05 (compared to the control cells), # < 0.05 (compared to the pH3 control), † < 0.05 (compared to the
MC3 control), unless otherwise indicated. Kruskal-Wallis test with Dunn’s post hoc correction. Data is shown as means plus standard deviation.

All in all, comparing the data to the existing literature is chal-
lenging due to highly varying experimental parameters (e.g.,
LNP composition, cargo, formulation method, post-processing,
buffers, and cell / animal models). Moreover, it is often hard or
impossible to adjust only the parameter of interest in these highly
dynamic systems. This complexity is demonstrated on a small
scale in thework of Palchetti et al., which showed that in the panel
of 16 different LNPs, none of the studied physicochemical char-
acteristics (size, aggregation, charge, protein corona fingerprint)
alone was exclusively able to account for interactions with HeLa
cells.[59]

2.3. Structural Analysis with Small Angle Neutron Scattering
(SANS) Enables Mechanistic Insights into LNP Performance

Coupling membrane biophysical properties of the investigated
LNPs to their activity in vitro provides the opportunity to both
provide structural explanations for why some formulations are
more active than others and to inform the design of wider li-
braries of biologically active LNPs. To this end, small angle neu-
tron scattering (SANS) was next performed on selected formu-
lations, to understand whether any of the LNP structural prop-
erties could be related to the increased performance measured
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Figure 6. Small angle neutron scattering (SANS) data of LNP samples formulated with SSO and stabilized with P80 with lipid compositions A) C1 +
DOTAP 20. B) C1 + DODAP 20. C) C2 + DOTAP 20. D) C2 + DODAP 20 measured at 37 °C in either pH 7.4 or pH 5. For A-D. Data points are raw data
with the power law fit over a truncated q range overlayed as a straight line (red). For E,F) each individual data point represents N = 1 with the error bars
showing the error in the fit.

(Figure 6E,F). Based on previous studies emphasizing the im-
pact of lipid composition and internal LNP structure, the first
permutation of structural analysis related to the different “base
lipid” formulations (C1, C2) with a fixed SSO loading ratio and
stabilizer content (P80). A qualitative assessment of the data
(Figure 6A–D) shows slopes with similar gradients between
0.00416 < q < 0.02 Å−1 in all of the samples, with key differ-
ences between the lipid compositions observed in the region
0.02 < q < 0.2 Å−1. From the SAXS data of the bulk lipid mix-
tures, we expect the internal structure of the C1 formulations to
stem from an inverted hexagonal phase (HII) which is supported
by the small peak observed at ≈0.1 Å−1. The broad peak observed
in the region 0.02 < q < 0.1 has previously been attributed to a
bicontinuous cubic phase,[60] however in this case there is no ev-
idence of this in the SAXS data, and the invariance of the broad

peak to temperature implies that this is not the case for these
samples and is related to a temperature invariant structure of the
order of 14 – 21 nm (assuming a peak center of 0.02–0.03 Å−1,
where structure size = 2𝜋/q). Another alternative explanation is
therefore that this broad peak is the result of a co-population of
unilamellar vesicles (as seen in the CryoEM images, Figure 3B)
however further investigation would be needed to confirm these
hypotheses. According to the SAXS data, C2 formulations stem
from a disordered micellar cubic phase (Fd3m) with the most
intense diffraction peak situated ≈0.14 Å−1. This peak is weakly
present in the C2 DOTAP20 sample but not resolvable in the C2
DODAP20 sample which corresponds well with the SAXS data
and implies a higher disorder in the C2 DODAP20 sample. As
expected, upon diluting the samples into pH 5 buffer to repre-
sent the late endosomal pH[61] structural changes were observed
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in the samples containing DODAP lipid (pKa by TNS = 5.62)[48]

and were observed to a much lesser extent in the samples con-
taining DOTAP lipid (cationic).
After the qualitative assessment, the fitting of the SANS data

was performed using SasView. Due to the polydispersity apparent
in the samples from the CryoEM images, a shape-independent
fitting approach (power law) was adopted. The sizes of the LNPs
meant that the Guinier region was not captured over this q
range (see methods for further details), however, power law fits
were used to analyze the Porod region, enabling a comparative
assessment of the surface roughness of the LNPs (Figure 6E,F).
In the samples measured and analyzed (N= 1), the power law for
the DOTAP samples is higher than that for the DODAP samples
implying a smoother LNP surface for the DOTAP samples.[62,63]

One hypothesis is that the bulkier headgroup of the DOTAP lipid
leads to a smoother surface compared to the smaller DODAP
headgroup. This implies that even with the presence of PEG on
the LNP surface (which sequesters solvent and is therefore likely
to have low contrast compared to the solvent), the DOTAP / DO-
DAP lipids are still able to impact the LNP surface properties.
However, it should be noted that as these samples are N = 1, and
the differences are small, further statistics would be required to
confirm this.
After analyzing the impact of lipid composition on LNP struc-

ture using SANS, we further probed the lead formulation (C2
DOTAP 20) to study the impact of the stabilizing agent used.
This was particularly interesting as while the C2 DOTAP 20 lipid
formulation was the only active formulation, the stabilizer used
to formulate the LNPs also impacted the cellular performance
(LNPs prepared with P80 were significantly more active). From a
qualitative assessment of the SANS data, there were observable
differences between the SANS curves despite the lipid composi-
tion being conserved across samples and only the stabilizer var-
ied (0.3–11 mol-%), which is proportionally a minimal compo-
nent of the LNPs. These differences appeared to relate not only to
the LNP size but also to the overall structure. This agrees with the
CryoEM data in Figure 3E, although the populations of LNPs ob-
served there represent only a small fraction of the LNPs, whereas
the SANS is an average of the scattering of the whole sample in
the neutron beam. As expected, with the CL DOTAP, there was
no significant pH dependence of the sample structure between
pH 5 and pH 7.4. For this LNP sample set, the Guinier regionwas
partially captured and therefore a Unified Model fit was applied
over a wider q range than for the LNPs with different lipid com-
positions. Results from these fits, including the differences at 25
and 37 °C and the Chi2 from the fits are displayed in Figure 7E–G.
The individual results for the Rg obtained from SANS fitting and
RH from DLS and the background measurements performed on
the stabilizers in solution are included in Figure S8 (Supporting
Information). At 25 °C we obtained corresponding DLS data for
the same LNPs and therefore these are displayed in Figure 7H
where the ratio of Rg (radius of gyration from the neutron fitting)
and RH (hydrodynamic radius from the DLS Z intensity averaged
data) are displayed. The difference in the Rg / RH ratio obtained
for the DSPE-PEG2000 containing LNP compared to the other
LNPs could imply a density difference, however further investi-
gation would be needed. The power law (Porod exponent) fits re-
vealed greater differences in the surface roughness of the LNPs
between different stabilizers when compared to different lipid

compositions. Comparing these different stabilizers is challeng-
ing as they are structurally different and span molecular weights
from 1.2 kDa up to 79 kDa.We also did not prepare all LNPswith
equal amounts of stabilizers but instead based ourmol-% choices
on screening experiments and literature precedence. If we look
solely at the mol-% of stabilizer added to our LNP formulations,
the surface roughness appears to correlate with the mol-% of sta-
bilizer added, i.e., surface roughness is in the order (roughest to
smoothest) P80 : DSPE / DMPE-PEG2000 : F127 which have a
mol-% of 11 : 2.5 : 0.3. The interactions of these stabilizers with
lipid membranes have been studied extensively and it is known
that they can intercalate into the membrane.[53] Based on solely
studying the relative mol-% of the stabilizers used in these exper-
iments, it is therefore reasonable to assume that the P80 would
be significantly more crowded on the LNP surface andmay adopt
a more extended chain conformation whereas PEG-lipid stabiliz-
ers with smaller mol-% may have more compact “mushroom”
conformations. Bulk SAXS measurements of the lipid mixtures
with stabilizer co-dissolved (Figure S9, Supporting Informa-
tion) show the most disorder in the P80 and DMPE-PEG2000
containing samples, however further investigation is needed.
Interestingly, whilst the scattering contrast of the stabilizers is ex-
pected to be low, there are still measurable differences between
the different bulk samples and LNPs showing the impacts of the
stabilizers on the systems.

2.4. Lipid Nanoparticle Uptake and LNP-Induced Lysosome
Swelling Have Minor Correlation with LNP Performance

Since we saw major differences in performance between the
LNPs, we decided to evaluate the cell uptake to elucidate the is-
sues related to functional delivery. Interestingly, DOTAP LNPs,
irrespective of the base composition, stabilizer, or cell type, en-
tered the cells as seen from themicroscopy images of cells treated
with Rhodamine B-labelled LNPs for 24 h (Figure 8). In con-
trast to this, all the DODAP-containing LNPs were poorly inter-
nalized, which provides an explanation for their inability to per-
form functional cargo delivery. As discussed before, LNP charge
can affect the cell uptake and functional cargo delivery through
protein corona composition, which might be a cause of the dif-
fering cell uptake behavior between DOTAP and DODAP LNPs,
however, the surface structure differences may also contribute to
protein corona formation. Interestingly, we did not observe any
clear differences between HeLa and Huh7 cell uptake, and the
uptake at an earlier 4 h time point followed the same trend as
the 24 h time point but with somewhat less internalized LNPs
(Figure S10, Supporting Information).
Despite the good uptake of all the DOTAP particles, only C2

DOTAP LNPs with P80 stabilizer showed high cargo delivery effi-
ciency. DSPE-PEG2000 and other PEGylated lipids with long acyl
chains (C18) have been shown not to shed from the LNP surface
when in contact with biological fluids, hampering both the LNP
uptake and functional cargo delivery.[44,64–66] In contrast to this,
in our lipid systems the DSPE-PEG2000 seems to negatively af-
fect only the endosomal escape but not the LNP cell uptake. In
general, a lack of correlation between cell uptake and functional
cargo delivery has been also reported previously,[4–6] highlight-
ing the importance of considering the cell uptake and endosomal
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Figure 7. Small angle neutron scattering (SANS) data of LNP samples formulated with SSO and lipid composition C2 DOTAP 20 and stabilized with
either A) P80. B) F127. C) DMPE-PEG2000. D) DSPE-PEG2000 and measured at 25, 37 °C in either pH 7.4 or pH 5. For A–D. Data points are raw data
with the unified model fit over a truncated q range overlaid as a red line. For E–H) each individual data point represents an individual fit where N = 1
and the error bars represent the error in the fit.
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Figure 8. DOTAP 20 LNPs in both C1 and C2 series are generally well uptaken into both HeLa and Huh7 cells, whereas DODAP 20 LNPs do not enter
the cells. A,B) Representative images of LNP uptake into HeLa and Huh7 cells at 24 h time points, respectively. DOTAP 20 LNPs on the left side and
DODAP 20 on the right side. Rhodamine B-labelled LNPs = green, actin cytoskeleton labeled with phalloidin Alexa Fluor 647 = red, nuclei labeled with
DAPI = blue. Scale bars 30 μm.

escape as two separate obstacles, needing separate solutions to
overcome and hence representing a formidable challenge in the
delivery of oligonucleotides.
Since the cell uptake patterns could not completely explain the

differences in the performance of the different LNPs, we decided
to dig deeper and evaluate the effect of LNP treatment on the
LAMP1-positive endolysosomal structures. Since endocytosis is
assumed to be the prevalent LNP cell entry route,[54,55] the parti-
cles most likely end up in the endosomal compartments upon
successful cell uptake. Late endosomes / lysosomes are often
smaller than the ≈200 nm diffraction limit of light, meaning that
their visualization requires fluorescence microscopy techniques
to break the diffraction barrier. In this study we used a stochas-
tic optical reconstruction microscopy (STORM) super-resolution
imaging approach,[67] combined with a deep learning algorithm
for the lysosome size quantification.[68–70] DODAP-containing
LNPs were omitted from this analysis due to their low uptake
levels.

As shown in Figure 9 all the LNPs, except the C1 F127 ones, in-
duced lysosomal swelling compared to the untreated control cells
in both cell lines. Although the functional LNPs (MC3 in both cell
lines and C2 DOTAP20 P80 in HeLa cells) were among the ones
causing the biggest lysosome size changes, no clear correlation
could be seen between the LNP performance and the effect on
lysosome morphology. Similar trends were already detectable at
4 h time point in HeLa cells, although at this point the lysoso-
mal swelling was less pronounced (Figure S11, Supporting In-
formation). Of note, the lysosomes in Huh7 cells were overall
clearly bigger than in HeLa cells. Lysosome size has been pre-
viously linked to endosomal escape efficiency, with smaller lyso-
somes being more prone to releasing the cargo.[71] This might be
one factor contributing to the poor overall LNP performance in
Huh7 cells. Interestingly, the size distribution of lysosomes in all
our samples was wide, suggesting that only a fraction of the lyso-
somes are affected by the LNP treatment. Previously it has been
shown that only < 2 % of the oligonucleotide cargo manages to
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Figure 9. LNPs induce lysosome swelling in both HeLa and Huh7 cells treated with MC3, C1 DOTAP, and C2 DOTAP LNPs. A,B) Representative images
of HeLa and Huh7 lysosomes, respectively after 24 h of LNP cell treatment. Anti-LAMP1 staining (yellow), nuclei stained with DAPI (blue). Scale bars:
diffraction-limited and full view STORM 5 μm, zoom-in STORM 1 μm. C,D) Quantification of lysosome sizes in HeLa and Huh7 cells, respectively, with a
deep learning method. *p < 0.05 compared to the ctrl unless otherwise indicated. Kruskal-Wallis test with Dunn’s post hoc correction. The box extends
from the 25th to 75th percentile, the line in the middle of the box represents the median and the whiskers show 5 and 95 percentiles. The number of
images and identified objects (lysosomes) in the quantification are indicated in Tables S1 and S2 (Supporting Information).
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escape endosomes upon LNP-mediated delivery,[72] which is fur-
ther supported by the results of Vermeulen et al. who demon-
strated that in their polyplex pDNA delivery system only < 10
% of HeLa endosomes show endosomal escape.[71] Our results
suggest that in addition to the extensive endosomal entrapment,
the endolysosomal machinery is not fully exploited for the LNP-
mediated cargo delivery. One other potential mechanism is lipid
exchange between the LNPs and the lysosomal lipid membrane
inside the lysosome, which leads to lysosomal swelling but not
rupture.
Lysosomal swelling is often connected to the so-called “proton

sponge” effect, where a compound or material inside the lyso-
somes can accept protons, which leads to excess proton flow to
facilitate the acidification, and consequent osmotic swelling lead-
ing to lysosome rupture and cargo release.[73,74] In contrast to
ILs, DOTAP is positively charged independently of the pH, which
does not support the osmotic swelling theory behind the observed
lysosome size increase. Based on endosome acidification inhibi-
tion studies, IL-containing LNPs do not induce increased proton
flow either.[72] Interestingly, since non-functional LNPs can cause
similar or even more pronounced swelling compared to func-
tional ones, this swelling must happen without cargo release,
suggesting that the lysosome membrane stays intact and unrup-
tured. LNP fusion with endosomal membranes, which has been
shown to occur with highly structured LNPs,[5,18,21,36] could also
increase the lysosomemembrane area and contribute to swelling,
but such fusion tends to lead to cargo release, which was not the
case with most of our LNPs.
Lysosome swelling could be also caused by LNP accumulation

in these compartments leading to “stretching” of the structures.
Some studies suggest that cargo release happensmainly from the
early endosomal compartments[4,65] and considering that the en-
dosomal escape rate tends to be small, it is possible that LNPs ac-
cumulate in the later LAMP1-positive compartments. Still, there
is evidence that IL-containing LNPs fuse equally well with both
early and late endosomal model membranes,[75] and oligonu-
cleotide cargo can escape from the late endosomes in addition to
the earlier ones,[72] suggesting that more work is needed to elu-
cidate the complex trafficking process in different cell systems.
However, this was not within the scope of the present study. In
the case of the SSO cargo used in this work, which is more stable
compared to many other RNA species, the escape from the more
acidic later endosomal compartments might not compromise its
successful delivery.

3. Conclusion

This work aimed to shed light on the role of lipid phase struc-
tures on LNP performance by designing LNPs using a series of
compositionally unique and highly similar lipid mixtures but dif-
ferent phase behaviors, which were then combined with CL / IL
and a stabilizer to form LNPs. This approach enabled us to min-
imize effects due to composition differences between LNPs and
focus on the differences in structure between the LNPs. Based
on our screen, we identified a novel untraditional LNP com-
position, which outperformed the Onpattro composition stan-
dard LNPs being less cytotoxic and delivering the SSO cargo
more efficiently and with a shorter timescale into HeLa cells. Un-
like neutral Onpattro composition particles, these LNPs incorpo-

rated a CL DOTAP. Unexpectedly, the base structure of the best-
performing LNPs had an inverse micellar phase (Fd3m) organi-
zation, and the ones having an inverted hexagonal phase (HII)
did not demonstrate any endosomal escape. This suggests that
hexagonal phase formation is not required or sufficient for func-
tional oligonucleotide delivery and that other highly curved lipid
phases can facilitate oligonucleotide delivery. Whilst some stud-
ies have indicated this may be the case, our approach to vary the
structure merely by varying lipid ratios rather than the chemical
composition of the lipids, enables us to draw structure function
conclusions in a way that to the best of our knowledge has not
been possible in other studies. Our results also highlight the key
role of the stabilizer choice on the LNP performance, showing
that in our LNP formulation, P80 can outperform the commonly
used PEGylated lipids DMPE-PEG2000 and DSPE-PEG2000. Fi-
nally, we detected that irrespective of LNP performance or cell
uptake, almost all LNP induced lysosomal swelling, supporting
previous observations about the complexity of endosomal escape
and overall mechanistic features of LNP-mediated drug delivery.
In summary, our approach of varying LNP structure by alter-
ing the ratios of the constituent lipids, combined with nanoscale
structure studies and biological readouts of LNP performance,
has enabled us to demonstrate that it is feasible to study
structure-function relationships without altering lipid structural
composition and that many highly curved lipid phases could fa-
cilitate enhanced delivery and outperform gold standard formula-
tions. Moving forward, there is a rich lipidic and structural land-
scape to explore using our approach which in the long term could
enable structure-function correlations for LNPs.

4. Experimental Section
Materials: alamarBlue Cell Viability Reagent (Invitrogen, Thermo

Fisher Scientific, Cat. No. DAL1100), Alexa Fluor 647 Phalloidin (Invitro-
gen, Thermo Fisher Scientific, Cat. No. A22287), Bovine Serum Albumin
Protease-free Powder (Fisher Scientific, Product No. BP9703-100), Cata-
lase from bovine liver (Merck, Product No. C1345), T-75 Cell culture flask
(Sarstedt, Product No. 83.3911.002), Chloroform 99.0%–99.4% stabilized
(VWR, Cat. No. 22 711.324), Citric acid (Merck, Product No. C1857),
Cysteamine (Merck, Product No. 30 070), Cytiva Mini Dialysis Kit (Cy-
tiva, Product No. 80-6483-75, DAPI (4′,6-Diamidino-2-Phenylindole, Dihy-
drochloride) (Invitrogen, Thermo Fisher Scientific, Cat. No. D1306), D(+)-
Glucose anhydrous (Scharlau, Ref. GL01251000), Donkey anti-Rabbit IgG
(H+L) Highly Cross-Adsorbed Secondary Antibody Alexa Fluor 647 (In-
vitrogen, Thermo Fisher Scientific, Cat. No. A31573, lot 1 693 297), Dul-
becco’s modified Eagle’s medium (DMEM) with high glucose & Gluta-
MAX (Gibco, Thermo Fisher Scientific, Cat. No. 31966-021), Dulbecco’s
Phosphate-Buffered Saline (DPBS) no calcium no magnesium (Gibco,
Thermo Fisher Scientific, Cat. No. 14 190 094), Falcon 96-Well Cell
Culture-Treated Flat-Bottom Microplate (Fisher Scientific, Product Code
10 088 612), Fetal Bovine Serum (FBS; Gibco, Thermo Fisher Scientific,
Cat. No. 10270-106), Glass vials (2 mL, low adsorption; Merck, Product
No. 29651-U), Glucose Oxidase from Aspergillus niger (Merck, Product
No. G7141), 25 % Glutaraldehyde Aqueous Solution (Merck, Product No.
1.04239.0250), LAMP1 (D2D11) XP Rabbit mAb (Cell Signaling Technol-
ogy, Cat. No. 9091S, lot: 6), Lipofectamine 2000 Transfection Reagent (In-
vitrogen, Thermo Fisher Scientific, Cat. No. 11 668 027), Luciferase As-
say System (Promega, Cat No. E1501), μ-Plate 96 Well Black (Ibidi, Cat.
No. 89 626), μ-Slide 8 Well Glass Bottom (Ibidi, Cat. No. 80 827), 20 %
Paraformaldehyde Aqueous Solution (Electron Microscopy Sciences, Cat.
No. 15 713), Penicillin-Streptomycin 10 000 U mL (P/S, Gibco, Thermo
Fisher Scientific, Cat. No. 15 140 122), Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Cat No. 23 227), Quant-it RiboGreen RNA
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Assay Kit (Invitrogen, Thermo Fisher Scientific, Cat. No. R11490), Sodium
Chloride (Merck, Product No. S7653), Sodium phosphate dibasic (Merck,
Product No. S7907), Triton X-100 (Merck, Product No. X100), Trizma base
(Merck, Product No. T6066), TrypLE Express Enzyme (1X) (Gibco, Thermo
Fisher Scientific, Cat. No. 12 604 039), 96 well Cell culture plate (Sarstedt,
Product No. 83.3924), 96 Well White Plate (Thermo Fisher Scientific, Cat.
No. 236 108).

Luc705-targeting 18 nucleotides long splice-switching oligonucleotide
(705-SSO; sequence: 5′-mC*mC*mU*mC*mU*mU*mA*mC*mC*mU*
mC*mA*mG*mU*mU*mA*mC*mA-3′) was purchased from Integrated
DNA Technologies and synthesized with 2′-O-methylated (2′-OMe (m))-
modified bases and phosphorothioate (PS (*))-saturated backbone link-
ages. HPLC purification and Na+ salt exchange steps were included.

Red blood cells (RBCs) for the hemolysis assay (see Supporting Infor-
mation for detailed method description and results) were isolated from
fresh human blood obtained from Blodcentralen Odenplan, Karolinska
University Hospital (ethical permit 2023-06187-01, Swedish Ethical Review
Authority (Etikprövningsmyndigheten), Modifiering av immunceller).

Lipids and Stabilizers: 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DMPE-
PEG2000; Avanti Polar Lipids, Product No. 880 150), 1,2-dioleoyl-3-
dimethylammonium-propane (DODAP; Avanti Polar Lipids, Product No.
890 850), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; provided by
Camurus AB), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt)
(DOTAP; Avanti Polar Lipids, Product No. 890 890), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000]
(ammonium salt) (DSPE-PEG2000; Avanti Polar Lipids, Product No.
880 120), glycerol dioleate (GDO; provided by Camurus AB), Lissamine
Rhodamine B 1,2-Dihexadecanoyl-sn-Glycero- 3-Phosphoethanolamine,
Triethylammonium Salt (rhodamine DHPE) (Invitrogen, Thermo Fisher
Scientific, Cat. No. L1392), Pluronic F-127 (Merck, Product No. P2443),
Polysorbate 80 (P80; provided by Camurus AB).

Methods—Lipid Nanoparticle Formulation: Lipids were weighed and
dissolved in chloroform at 5–10 mg mL−1 concentrations. Lipid solu-
tions were mixed in 2 mL glass vials in mol-% ratios indicated in Table 1,
with a total lipid amount of 1.35 μmol (0.9–1.0 mg) per vial. Due to the
higher concentration requirement, films of four times this amount were
prepared for CryoEM. Chloroform was evaporated overnight in a fume
hood at room temperature to give homogeneous lipid films, which were
stored and sealed in a nitrogen atmosphere at −20 °C until LNP for-
mulation. DMPE-PEG2000 and DSPE-PEG2000 stabilizers (stock concen-
trations 1 mg mL−1) were added afterward (see mol-% in Table 1). For
the uptake imaging experiments, some of the films were supplemented
with 0.1 mol-% Rhodamine B lipid (stock concentration 0.1 mg mL−1

in chloroform).
To formulate the LNPs lipid filmswere hydrated in 5 μL absolute ethanol

and 65 μL 8 mM citric acid + 4 mM dibasic sodium phosphate + 150 mM
NaCl at pH 3 (referred to as pH 3 citrate phosphate buffer from now on).
Samples were subsequently heated on a 60 °C hot plate for 30 min, fol-
lowed by the addition of freshly prepared P80 and F-127 stabilizer so-
lutions in pH 3 citrate phosphate buffer (stock concentrations 3.36 and
0.79 mg mL−1, respectively) to give the mol-% indicated in Table 1. In the
case of DMPE- and DSPE-PEG2000 samples a corresponding volume of
buffer was added. 370 μL SSO stock (13.51 nmol mL−1, in pH 3 citrate
phosphate buffer) was added to all the samples to reach a final concentra-
tion of 10 000 nM (N/P ratio 3). The samples were sonicated with a Vibra-
Cell tip sonicator (Sonics & Materials) using pulse mode (1 s on, 1 s off,
30 % amplitude for 2–3 × 5 min), followed by 30 s of vortexing. Residual
titanium from the sonication tip was removed via 4000 rpm centrifugation
for 10 min in an Eppendorf benchtop centrifuge, after which the samples
were transferred to new glass vials and stored at room temperature until
used for the various experiments within 2–3 days.

DLin-MC3-DMA control LNPs (called here MC3 LNPs) were formu-
lated in AstraZeneca using a NanoAssemblr microfluidic system (Preci-
sion NanoSystems). In brief, lipids were prepared in ethanol at a mol-
% ratio of 50:38.5:10:1.5 (MC3:cholesterol:DSPC:DMPE-PEG2000). SSO
cargo was prepared in a 50 mM citrate pH 3 buffer (TekNova, Product No.
Q2445). Lipid and SSO-containing solutions were mixed at an ethanol:

aqueous ratio of 3 at a constant flow rate of 12 mL min−1, the N/P ra-
tio being 3. Particles were dialysed overnight with a 3 kDa MWCO dialysis
cassette (Thermo Fisher Scientific, Cat. No. 87 729) into 20mM Tris buffer
pH 7.4 at 4 °C, followed by 0.2 μm filtration (Acrodisc, Pall Corporation,
Product No. 4602) and concentration with a 30 000 MWCO Amicon Ultra
centrifugal spin column (Merck Millipore, Cat. No. UFC803096) at 3000 g
for 20 min at 4 °C. The volume was recorded after every processing step
and the SSO concentration in the final product was determined by back-
calculation knowing the initial concentration. MC3 LNPs were aliquoted
and stored at –80 °C in 20 mM Tris buffer pH 7.4 containing 8 % sucrose.

Small Angle X-ray Scattering: Small-angle X-ray scattering was per-
formed either using a benchtop or synchrotron source. The benchtop
source was an Anton Paar SAXSpoint 2.0 instrument located at the Re-
search Institutes of Sweden (RISE) which consists of a Microsource Su-
pernova Copper source of wavelength 1.541 Å coupled with a 2D Eiger
R 1M detector. Samples were run at 25, 37 °C under vacuum using a
sample holder with Kapton windows. The SAXS set up used a sample-
to-detector distance of 0.1091 m which enabled measurements over a q
range of 0.0388 < q < 39.9800 Å−1 where q = (4𝜋/𝜆)sin(𝜃/2) and data
was acquired for 150 s per sample. The tiff files generated from samples
measured on the benchtop source were radially integrated using Axcess an
in-house software.[76] Samples measured using a synchrotron were mea-
sured at Diamond Light Source on beamline I22[77] or at MAXIV on the
CoSAXS beamline. At Diamond, all samples were measured in SAXS /
WAXS mode using Pilatus 2M detectors and camera lengths of 4.28 m,
which correspond to a q range of 0.00513 < q < 0.590 Å−1 using an energy
of 18 keV. Samples were measured at the synchrotron using polycarbon-
ate capillaries (Spectrum Plastics, US) or 1.5 mm borosilicate capillaries
(Capillary Tube Supplies Ltd, UK) at temperatures specified in each dataset
(25, 37 °C) and exposure times of 50 ms. At MAXIV all samples were mea-
sured in SAXS / WAXS mode using the SAXS Eiger2 4M and WAXS Pila-
tus L-shaped 2M Mythen 12 detectors with a camera length of 2.5, which
corresponds to a q range of 0.00503 < q < 0.280 Å−1 using an energy of
12.4 keV.

In all cases, samples were prepared using the relevant molar ratios
of lipids using 10–25 mg total of lipids for each sample. Lipids were co-
dissolved in chloroform, dried to form a lipid film, and stored under ni-
trogen at −20 °C as described in the LNP preparation method. For SAXS
measurement, these films were hydrated in either MQ water, pH 3 cit-
rate phosphate buffer, or pH 7.4 citrate phosphate buffer (described pre-
viously) and hydrated at 80–90 wt-%. Samples were freeze-thaw cycled be-
tween −80 and 65 °C a minimum of ten times to ensure a homogeneous
distribution of solvent and transferred to the relevant sample holder for
measurement.

SAXS data was analyzed using AXcess.[76] Briefly, the 2D SAXS im-
ages were radially integrated to give 1D diffraction patterns. The Bragg
peaks were then fitted and indexed using characteristic peak spacings from
known lipid structures to extract the d spacings. For the inverted hexago-
nal HII phase d spacings were converted to lattice parameters as described
previously.[78]

Small Angle Neutron Scattering: SANS experiments were performed
on the ZOOM beamline at ISIS Neutron and Muon Source, Rutherford
Appleton Laboratory, Didcot, UK using a sample changer with Julabo wa-
ter bath for temperature control, 1 mm pathlength quartz cuvette cells
and sample volumes of 150 μL. LNP samples were prepared in pH 3 cit-
rate phosphate buffer (described previously) and diluted to 1.35 mg mL−1

by diluting 40 μL into deuterated buffer to give a final pH of either pH 5 or
pH 7.4 deuterated citrate phosphate buffers and a final D:H ratio of 91%
deuterium in the buffer, to reduce incoherent scattering from H2O and
provide good contrast between the lipids and the buffer. Samples were
loaded into 1 mm Hellma cells for SANS measurements at 25 and 37 °C.
Samples were measured for 8 μA (SANS) and 5 μA (TRANS) proton cur-
rent using a beamline configuration of L1 = L2 = 4 m collimation and
sample-detector distances to give a scattering vector q = (4𝜋/𝜆)sin(𝜃/2)
range of 0.00416–0.77484 Å−1, where 𝜃 is the scattering angle and neu-
trons of wavelengths 𝜆 of 1.75–16.5 Å were used simultaneously by time
of flight. Data reduction and background subtraction was performed us-
ing MantidPlot and scattering data was fitted using SASView v 4.2.2.[79]
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Samples were fitted using either a Power Law or Unified Model fit over
defined q ranges which are defined for the relevant fits. Tables including
all fitted parameters and errors in the fits (including 𝜒2 values) are in-
cluded in the supplementary information Tables S3 and S4 (Supporting
Information).

Dynamic Light Scattering: All the LNPs were characterized by dynamic
light scattering (DLS; Zetasizer Nano ZS, Malvern) in both PBS and pH 3
citrate phosphate buffer, diluted 1:50 (v/v).

Cryo-ElectronMicroscopy: The LNP structure was visualized in both pH
3 citrate phosphate buffer and at pH 7 (PBS) with CryoEM. To increase the
pH of the samples to 7 a dialysis with 1 kDa cut-off (Cytiva Mini Dialysis
Kit) was conducted for 24–48 h at room temperature in PBS. The pH was
checked after dialysis with pH paper. For the CryoEM 3.0 μL of the sample
was applied to glow-discharged Quantifoil R2/2 grids on 400 copper mesh
(Quantifoil Micro Tools GmbH) with an additional thin continuous carbon
layer on top. Frozen-hydrated specimens were prepared with an automatic
plunge freezer FEI Vitrobot (Thermo Fisher Scientific) operated at 16 °C
and 100% relative humidity. The samples were incubated 10 s on the grids,
blotted for 3 s, and plunged into liquid ethane. The vitrified specimens
were imaged at JEOL JEM-2100f transmission electron microscope (JEOL
Ltd.) using TVIPS TemCam-XF416 CMOS camera (Tietz Video and Image
Processing Systems GmbH) and nominal magnifications of 25000x and
30000x.

Cargo-Loading Assay: To measure the loading efficiency of SSO cargo,
an RNA-detecting RiboGreen assay was conducted for the LNPs before
and after lysing them with 2 vol-% Triton X-100. Briefly, samples were
diluted in the assay buffer, pipetted in 96-well imaging microplates (Fal-
con, Corning) in duplicates, followed by Triton X-100 treatment of one
of the duplicate wells for 10 min at 37 °C (the other well was treated
with assay buffer without Triton X-100). Standard samples at concen-
trations of 3.05, 1.52, 0.31, 0.04, and 0.00 μg mL−1, prepared from the
SSO stock, were included in all the plates and treated similarly to the
LNP samples with/without Triton X-100. RiboGreen reagent, diluted in
the assay buffer 1:200, was added to the wells in 1:1 vol. ratio and the
fluorescence was immediately measured at 480/520 nm with a plate
reader.

Cell Culture: HeLa Luc705 and Huh7 Luc705 cells were used to screen
and characterize the SSO-loaded LNPs.[27,80] They have a stable expres-
sion of a plasmid carrying a Luc coding sequence interrupted by an inser-
tion of intron 2 from 𝛽-globin pre-mRNA. This intron has a cryptic splice
site. Unless the aberrant splice site is masked by SSO, the pre-mRNA of
Luc will be incorrectly processed. Thus, by using these cells, the LNP-
mediated functional delivery of SSO can be evaluated by measuring Luc
activity.

Cells were grown at 37 °C, 5 % CO2 in 95 % humidity in T75 cell culture
flasks. The cells were detached with TrypLE reagent and passaged twice a
week.

Cell Treatment with the LNPs: For the various experiments, a cell den-
sity of 300–500 cells mm−2 was used. Cells were seeded a day before the
LNP treatment. LNPs were dosed based on the SSO concentration in the
samples and the following doses were used: 100, 500, and 1000 nM SSO.
Before feeding them to cells, LNPswere incubated in the serum-containing
cell culture medium for 3 Lh in the cell culture incubator to allow for the
protein corona formation. A pH 3 citrate phosphate buffer control was
included where the volume of this buffer corresponding to the highest
volume of LNP sample used (1000 nM dose) was mixed with the cell
culture medium. Moreover, Lipofectamine 2000 transfection control was
conducted following the manufacturer’s protocol. Here, only a 100 nM
SSO dose was used since with higher doses Lipofectamine 2000 is highly
cytotoxic.

Cytotoxicity Assay: The cytotoxicity of the novel LNPs as well as the
control groups was evaluated at 4 and 24 h with alamarBlue assay. Briefly,
the cells were cultured on Falcon 96-Well Cell Culture-Treated Flat-Bottom
Microplates with triplicate wells of each condition. At the time point, 1:10
(v/v) Alamar blue reagent was added to the wells and incubated for 1 h in
the cell culture incubator. The fluorescence was measured at 560/590 nm
with Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scien-
tific). Three independent experiments were conducted with both cell lines.

Luciferase Assay and Total Protein Quantification: To evaluate the LNP-
mediated functional delivery of the SSO cargo, Luc enzyme activity was
determined after treating the samples with the LNPs for 4 and 24 h. At each
time point, the medium was removed and the cells lysed with 0.1 vol-%
Triton X-100 in PBS. To facilitate the lysis, one freeze-thaw cycle (−80 °C)
was conducted. Luciferase enzyme activity assay was conducted in white
96-well plates. 30 μL lysate was mixed with an equal volume of Luc assay
reagent prepared according to themanufacturer’s protocol. Luminescence
was measured immediately with a Varioskan LUX Multimode Microplate
Reader (Thermo Fisher Scientific). Three independent experiments were
conducted with both cell lines.

Luciferase activity was normalized with the total protein in the sam-
ples, determined with BCA assay from the same lysates used for the Luc
activity measurement. Albumin standards, prepared according to the kit
protocol, were included in all the plates. 15 μL of samples and standards
were pipetted into 96 wells and 200 μL of working solution (50:1 ratio of
kit solutions A and B) was added to the wells. The plates were incubated at
+37 °C for 1 h before measuring the absorbance at 562 nm with Varioskan
LUX Multimode Microplate Reader (Thermo Fisher Scientific).

Uptake Imaging: To evaluate the uptake of the novel LNPs into cells,
Rhodamine B labeled (0.1 mol-%) LNPs were used for the cell treatment.
Cells were cultured on Ibidi 96-well black μ-plates, with duplicate wells of
each condition, treated with the LNPs, and fixed at 1, 4, and 24 h. At each
time point, the samples were thoroughly washed with PBS and fixed with a
solution of 4 vol-% paraformaldehyde (PFA) and 0.2 vol-% glutaraldehyde
(GA) for 15min at room temperature (RT). The samples were then blocked
with 3 vol-% bovine serum albumin (BSA) for 30 min at RT and counter-
stained with Alexa Fluor 647 phalloidin (diluted 1:500 in 3 vol-% BSA; 30
min at RT) and DAPI (diluted 1:5000 in PBS; 5 min at RT). The samples
were stored at 4 °C until the imaging. Imaging was conducted with Imag-
eXpress Micro high-throughput microscope (MolecularDevices) using a
20x objective, DAPI, CY5, and CY3 fluorescent channels, and imaging four
regions of interest in each well.

Immunocytochemical Staining: To evaluate the structural changes in
late endosomes / lysosomes in response to LNP treatment, a LAMP1
immunocytochemical staining, followed by STORM super-resolution mi-
croscopy, was conducted as described in.[73] Briefly, cells were cultured
on Ibidi 8-well glass bottom μ-slides and treated with LNPs (500 nM SSO
dose) for 24 h. Cells were fixed with a solution of 4 vol-% PFA and 0.2
vol-% GA for 15 min at RT, permeabilized with 0.05 vol-% Triton X-100 for
5 min at RT, followed by 1.5 h blocking with 3 vol-% BSA and overnight in-
cubation of anti-LAMP1 primary antibody at 4 °C (diluted 1:200 in 3 vol-%
BSA). Alexa Fluor 647 conjugated secondary antibody was diluted 1:1000
in 3 vol-% BSA and incubated at RT for 1.5 h. To fix the antibody proteins a
10 min post-fixation with 2 vol-% PFA was performed. Nuclei were stained
with DAPI (diluted 1:5000 in PBS, 5 min incubation at RT). The samples
were stored at 4 °C until the STORM imaging.

Stochastic Optical Reconstruction Microscopy–Imaging: Immediately
before imaging, the sample was soaked in imaging buffer with the fol-
lowing composition: Tris buffer (160 mM Tris, 40 mM NaCl, pH adjusted
to 8.0), 10 wt-% glucose, 0.5 mg mL−1 glucose oxidase, 47 μg mL−1

catalase and 10 mM cysteamine. The slide was sealed with parafilm to
prevent oxygen entry. Stochastic optical reconstruction microscopy was
conducted with Nikon Ti Eclipse inverted microscope (Nikon), housing
cube filters (excitation: Chroma ZET405/488/561/640x, emission: Chroma
ZET405/488/561/640m) and TIRF dichroic ZET405/488/561/640 bs and
equipped with Cairn laser module (Cairn Research) with 300 mW 405 nm
and 140 mW 642 lasers used here. CFI SR Apo TIRF 100x oil objective
(N.A. 1.49) was used in combination with 1.5x Optovar lens, giving a final
magnification of 150x. The camera (Andor iXON Ultra 888 EMCCD, Ox-
ford Instruments) had a pixel size of 13 μm, resulting in a final pixel size
of 87 nm with 150x magnification. The image acquisition was controlled
with MetaMorph (Molecular Devices) and Micro-Manager open-source
software.[81] The region of interest (ROI) was set to 256×256 pixels. To
serve as a reference, a widefield diffraction-limited image was taken from
each ROI before starting the STORM acquisition. For the STORM acqui-
sition, the laser power was increased to 100 %. The acquisition was only
started when an optimal level of fluorophore photoswitching was reached

Adv. Mater. 2025, 37, 2419538 2419538 (17 of 20) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Table 2. Training parameters for the deep learning model were used to quantify the lysosome areas from the STORM images.

Cell Type n of Epochs Patch Size Batch
Size

Number of
Steps

Validation Percentage
[During Training]

n Rays Grid
Parameter

Initial Learning
Rate

Augmentation
Factor

HeLa 150 256 × 256 pixels 4 1800 20 32 2 0.0003 6

Huh7 100 272 × 272 pixels 4 1584 20 32 2 0.0003 6

(visually evaluated by the user). Around 30 000 frames, with an exposure
time of 30 ms/frame and electron-multiplying gain of 100, were recorded
for each image. DAPI images were acquired only in the diffraction-limited
mode.

The images were reconstructed with the ThunderSTORM plugin in
Fiji[82] and drift-corrected using the ThunderSTORM cross-correlation al-
gorithm. Images were filtered based on the sigma values (standard de-
viation of the Gaussian fit over the point spread function of each blink)
to remove low-quality signals (e.g., noise and partially overlapping fluo-
rophores). Moreover, additional intensity-based filtering was conducted
to further remove background and noise and thus enable higher-quality
feature detection in the lysosome quantification. The reconstruction and
post-processing parameters are described in more detail in Supplemen-
tary information. All the images were treated identically and visualizedwith
the Normalized Gaussian visualization method using a magnification of
10 and an image-specific uncertainty constant. This gives a final pixel size
of 8.7 nm in the STORM visualizations.

Stochastic Optical Reconstruction Microscopy–Quantification: Lyso-
some sizes from the STORM visualizations were quantified with a deep
learning technique. HeLa and Huh7 STORM data were treated separately
due to the differences in lysosome appearance between these cell types,
which might have decreased the quality of a general model. A training
dataset for a deep learning model to identify lysosomes from the STORM
images consisted of a 10-image subset of images withmanually annotated
lysosomes (annotations done in Fiji).[83] These images were converted to
mask images using the ROI map function of the LOCI plugin. The train-
ing was done with the dataset of 10 paired original STORM images and
manually annotated images (image dimensions: original STORM images
2560×2560 pixels, patch size: see Table 2) with a mae loss function, using
the StarDist 2D ZeroCostDL4Mic notebook (v 1).[68–70] The parameters for
the training are indicated in Table 2. The model was retrained from a pre-
trained model. Key python packages used included tensorflow (v0.1.12),
Keras (v2.3.1), csbdeep (v0.6.3), numpy (v1.19.5), cuda (v11.1.105 Build
cuda_11.1.TC455_06.29190527_0). The training was accelerated using a
Tesla T4/K80 GPU. The quality of the trained model was evaluated with
10 validation images not used for the training (manually annotated the
same way as the training data). The areas of objects identified with the
deep learning model were determined with the software package CellPro-
filer (version 3.1.9., Broad Institute).[84,85] For the 4 h STORM data the
model created with the 24 h HeLa data was used.

Statistical Analyses: Statistical analyses were performed with Graph-
pad Prism 5.0. All the quantitative data are shown as means and standard
deviations. Statistical significance was determined using the nonparamet-
ric Kruskall-Wallis test combined with Dunn’s post hoc multiple compari-
son test. The statistical significance level was set to p< 0.05. SANS / SAXS
errors are described separately as the statistical analysis was not feasible.
For these datasets, the errors represent the error in the fit for individual
datasets.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported by the Jane and Aatos Erkko Foundation, Otto
A. Malm Foundation, The Paulo Foundation and The Oskar Huttunen

Foundation to M.O. H.M.G.B. acknowledge support from the H2020
through the Individual Marie Skłodowska-Curie Fellowship “SmartCubes”
(703666) and a Swedish Research Council Starting Grant (NT, 2022-
04592). S.E.A. was supported by the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation pro-
gram (DELIVER, grant agreement No. 101001374), Cancer Foundation
(grant No. 21-1762-Pj-01-H) and Swedish Research Council (grant No. 4-
258/2021. M.M.S. was supported by the Department of Science, Innova-
tion and Technology (DSIT) and the Royal Academy of Engineering un-
der the Chair in Emerging Technologies program (CiET202194). For the
purpose of open access, the authors have applied a Creative Commons
Attribution (CC:BY) license to any Author Accepted Manuscript version
arising. This work was also supported by the Swedish Foundation for
Strategic Research through the Industrial Research Centre “FoRmulaEx”
(IRC15-0065). Dr. Michael Munson from Astra Zeneca is acknowledged
for formulating the control LNPs. Dr. Pasi Purhonen from the CryoEM
node at the Resource Center for Coordination of Electron Microscopy at
KTH Royal Institute of Technology is acknowledged for conducting Cry-
oEM imaging. Dr. Hélène Autefage, Dr. Luca Panariello, Dr. David Peeler
and MSc Dorothea Anderssen are acknowledged for their assistance with
the hemolysis and TNS assays. Dr. Akemi Nogiwa is acknowledged for
data management and publishing support. The authors acknowledge Di-
amond Light Source (beamline I22, beamtime award SM23642, Princi-
pal Investigator Dr. H.M.G. Barriga) for the award of synchrotron beam-
time and would like to thank Dr. Andy Smith and Dr. Tim Snow for
their support and assistance using the beamlines. We acknowledge the
MAX IV Laboratory for beamtime on the CoSAXS beamline under pro-
posal 20220250, Principal Investigator Dr. H.M.G. Barriga. Research con-
ducted at MAX IV, a Swedish national user facility, is supported by Veten-
skapsrådet (Swedish Research Council, VR) under contract 2018-07152,
Vinnova (Swedish Governmental Agency for Innovation Systems) under
contract 2018-04969 and Formas under contract 2019-02496.The authors
would also like to thank Dr. Ann Terry for support and assistance using
the CoSAXS beamline. Experiments at the ISIS Neutron and Muon Source
were supported by a beamtime allocation from the Science and Technology
Facilities Council (RB2010544, Principal Investigator Dr. Margaret Holme,
https://doi.org/10.5286/ISIS.E.RB2010544). This work benefited from the
use of the SASView application, originally developed under NSF award
DMR-0520547. SASView contains code developed with funding from the
European Union’s Horizon 2020 research and innovation program under
the SINE2020 project, grant agreement 654000. The authors acknowledge
Anita Telemann fromRISE for her assistance with the SAXS /WAXS bench-
top setup. The authors acknowledge the Center for the Advancement of
Integrated Medical and Engineering Sciences (AIMES) for the use of the
Dynamic Light Scattering equipment.

Conflict of Interest
M.M.S. has invested in, consulted for (or was on scientific advisory boards
or boards of directors), and conducts sponsored research funded by com-
panies related to the biomaterials field. M.M.S. is an advisor to and has
equity in Nanovation Therapeutics. All other authors declare they have no
competing interests. The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and glycerol dioleate (GDO) were provided by Camurus AB.

Data Availability Statement
Raw research data is available upon request from the corresponding
author.

Adv. Mater. 2025, 37, 2419538 2419538 (18 of 20) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmat.de
https://doi.org/10.5286/ISIS.E.RB2010544


www.advancedsciencenews.com www.advmat.de

Keywords
drug delivery, lipid nanoparticle, oligonucleotide, small angle scattering,
stochastic optical reconstruction microscopy

Received: December 12, 2024
Revised: February 24, 2025

Published online: March 16, 2025

[1] X. Hou, T. Zaks, R. Langer, Y. Dong, Nat. Rev. Mater. 2021, 6, 1078.
[2] Y. Suzuki, H. Ishihara,Drug Metab. Pharmacokinet. 2021, 41, 100424.
[3] A. Akinc, M. A. Maier, M. Manoharan, K. Fitzgerald, M. Jayaraman,

S. Barros, S. Ansell, X. Du, M. J. Hope, T. D. Madden, B. L. Mui, S. C.
Semple, Y. K. Tam, M. Ciufolini, D. Witzigmann, J. A. Kulkarni, R. van
der Meel, P. R. Cullis, Nat. Nanotechnol. 2019, 14, 1084.

[4] P. Paramasivam, C. Franke, M. Stöter, A. Höijer, S. Bartesaghi, A.
Sabirsh, L. Lindfors, M. Y. Arteta, A. Dahlén, A. Bak, S. Andersson,
Y. Kalaidzidis, M. Bickle, M. Zerial, J. Cell Biol. 2022, 221, 202110137.

[5] J. Philipp, A. Dabkowska, A. Reiser, K. Frank, R. Krzysztoń, C.
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