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The composition and morphology of lipid-based nanoparticles can influence their overall in vivo behavior.
Previously, we demonstrated that phase separation in liposomes composed of DSPC and a diacylglycerol
lipid analogue (DOaG) drives the in vivo biodistribution towards a specific subset of endothelial cells in
zebrafish embryos. In the absence of traditional targeting functionalities (e.g., antibodies, ligands), this
selectivity is mediated solely by the unique liposome morphology and composition, characterized by a
DOaG-rich lipid droplet within the DSPC-rich phospholipid bilayer. The phase separation is induced due
to the geometry of DOaG lipid and its ability to create non-bilayer phases in lipid membranes. To investi-
gate the underlying principles of phase separation and to optimize the liposome colloidal stability, we per-
formed a structure—function relationship study by synthesizing a library of DOaG analogues with varying
molecular properties, such as the number, length and sn-position of the acyl chains, as well as the degree
of saturation or carbonyl substituents. We assessed the ability of these lipid analogues to assemble into
phase-separated liposomes and studied their morphology, colloidal stability, and in vivo biodistribution in
zebrafish embryos. We found that analogues containing unsaturated, medium length (C16-C18) fatty
acids were required to obtain colloidally stable, phase-separated liposomes with cell-specific biodistribu-
tion patterns. Moreover, we observed that using the pure DOaG isomer, with acyl chains at the sn-1,3
positions, leads to more colloidally stable liposomes than when a mixture of sn-1,2 and sn-1,3 isomers is
used. Similarly, we observed that incorporating a DOaG analogue with fatty tails shorter than DSPC, as
well as PEGylation, endows liposomes with long term stability while retaining cell-selective biodistribu-
tion. Diacylglycerols are known to promote fusion, lipid polymorphism, signaling and protein recruitment
on lipid membranes. In this study, we showed that diacylglycerol derivatives can induce phase separation
in liposomes, unlocking the potential for cell-specific targeting in vivo. We believe that these findings can
be the foundation for future use of diacylglycerols in lipid-based nanomedicines and could lead to the
development of novel targeted delivery strategies.
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The composition and molecular properties of lipids used in
lipid-based nanoparticles play a pivotal role in their overall
in vivo behavior. Charge, geometry, and the degree of satur-
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ation, as well as a combination of different lipids and molar
ratios, dictate lipid nanoparticle size, morphology, rigidity and
surface chemistry. Upon in vivo administration, these physico-
chemical properties influence the protein corona formation,
clearance, cell uptake and endocytic routes, thereby control-
ling the overall biodistribution of lipid-based nanoparticles.'™
However, the underlying principles are still only understood at
the basic level, limiting the effective design of nanomedicines

Biomater. Sci., 2024, 12, 5023-5035 | 5023


http://rsc.li/biomaterials-science
http://orcid.org/0000-0003-3174-6270
http://orcid.org/0000-0002-3149-3368
http://orcid.org/0009-0005-8889-0515
http://orcid.org/0009-0000-0739-6720
http://orcid.org/0000-0003-3754-9200
http://orcid.org/0000-0002-8956-195X
http://orcid.org/0000-0002-3983-3048
https://doi.org/10.1039/d4bm00799a
https://doi.org/10.1039/d4bm00799a
https://doi.org/10.1039/d4bm00799a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm00799a&domain=pdf&date_stamp=2024-09-19
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm00799a
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM012019

Open Access Article. Published on 23 August 2024. Downloaded on 6/9/2026 4:11:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

with a high therapeutic efficacy. Whereas strong surface
charge - either anionic or cationic - appears to lead to domi-
nant interactions in the body,>™° the fate of neutral lipid
nanoparticles appears more nuanced.">*® The geometry of
individual lipids contributes to lipid polymorphism'"'* and
controls the morphological and physicochemical properties of
lipid nanoparticles, which in turn determine the particle-
protein interactions and in vivo fate.'*'® Inverted conical
lipids with bulky polar head groups result in assemblies with a
positive curvature (i.e. micelles), while lipids with cylindrical
geometry result in planar lamellar bilayers (i.e. liposomes).'*"”
Conical lipids with small polar headgroups increase the nega-
tive curvature of membranes providing fusogenic properties in
lipid nanoparticles'"'® and facilitate endosomal escape after
endocytosis, a crucial event for drug and nucleic acid
delivery.*'%?° Additionally, conical lipids can lead to non-
bilayer phases ie., the inverse hexagonal phase.'”*’*® One
example of such lipids are diacylglycerols (DAGs).”” DAGs are
endogenous lipids found in the cell membrane - mainly after
the hydrolysis of phosphatidylinositol - and activate enzymes
such as Protein Kinase C (PKC) or phospholipase C, promoting
the signaling cascade.”” Lacking a phosphate group, DAGs are
hydrophobic conical lipids which can occupy the interleaflet
space of lamellar lipid membranes. Above a critical concen-
tration in the bilayer, local accumulation of DAGs disrupts the
lamellar properties of membranes and leads to phase separ-
ation and formation of lipid droplets buried within the phos-
pholipid leaflet.”®*> Recently, we demonstrated how DAG-
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induced phase separation can drive the in vivo targeting of
mRNA-LNPs and liposomes to specific endothelial cell types in
zebrafish embryos.">'® The liposome formulation (denoted as
PAP3) consisting of an equimolar mixture of the saturated,
naturally occurring phospholipid DSPC (1,2-distearyl-sn-
glycero-3-phosphatidylcholine, T,, = 55 °C) and a synthetic
DAG analogue, DOaG (2-hydroxy-3-oleamidopropyl-oleate, or
dioleoylamidoglycerol), resulted in phase-separated liposomes
bearing a single lipid droplet in each bilayer (Fig. 1a and b).
Surprisingly, upon intravenous administration in zebrafish
embryos, PAP3 liposomes selectively accumulated within brain
endothelial cells (bECs) without the use of traditional targeting
ligands (e.g., antibodies, peptides) (Fig. 1c). The observed lipo-
some recognition and accumulation in bECs was mediated by
triglyceride lipase (TGL), which is highly present at the
luminal surface of zebrafish bECs during development.
Importantly, we showed that this process required the pres-
ence of the phase-separated droplet within the liposome
bilayer, implying a preferential nanoparticle-protein com-
munication due to the unique morphology and
composition.'>'® Additionally, we found that accumulation of
DOaG within the DSPC leaflet induced lipid packing defects
on the liposome surface, exposing the DOaG to the surround-
ing environment, a key factor for the specific interaction
between the PAP3 liposomes and TGL.'® As with DAGs, DOaG
increases the distance between adjacent phospholipids,
increasing the hydrophobicity and facilitating recognition and
binding of TGL on the lipid membrane.'®*"*?
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Fig. 1 Overview of phase-separated liposomes and the timeline of experiments. (a) Molecular structures of DOaG and DSPC. (b) Schematic of
phase-separated liposomes containing DOaG and DSPC (1:1). (c) Schematic dorsal view of the zebrafish embryo head. Injected liposomes contained
0.2% mol DOPE-LR (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[lissamine rhodamine B sulfonyl]) for visualization. (Brain) vasculature
depicted in pink, the region in which liposomes selectively accumulate. (d) Molecular properties of DOaG which were altered to generate a library of
DOaG analogues. (e) Overview of DOaG library assessment: liposomes were formulated from a 1:1 ratio of DSPC : analogue and the stability, mor-
phology and biodistribution were assessed by DLS, cryo-TEM and confocal imaging of injected zebrafish embryos, respectively.
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In this study, we designed a library of close DOaG ana-
logues to probe how the exact molecular chemistry and struc-
ture of DOaG induce phase separation in liposomes and con-
comitant bEC targeting in embryonic zebrafish. The chain
length, degree of saturation, number and sn-position of fatty
acid chains, and carbonyl substituents on the backbone were
varied to study the effect on lipid assembly and in vivo cell-
specific targeting (Fig. 1d). Hence, molecular DOaG analogues
were synthesized, mixed with DSPC (analogue/DSPC_1:1) and
assembled into liposomes. The long-term stability and mor-
phology of the resulting liposomes were characterized by
dynamic light scattering (DLS) and cryo-transmission electron
microscopy (cryo-TEM) respectively and their in vivo behavior
was assessed in zebrafish embryos (Fig. 1e).

The chain length in DAGs, as well as the degree of satur-
ation, has been previously observed to affect lipid packing, cur-
vature, and activation of protein kinase C (PKC) in phospholi-
pid bilayers.**** Therefore, we hypothesize that DOaG variants
with short chains will not be able to create high packing
defects and be exposed to the surrounding environment,
resulting therefore in an abolishment/reduction of the bEC tar-
geting (less recognition by TGL). Additionally, since packing
defects may affect colloidal stability, we hypothesize that
DOaG variants with shorter chains may result in higher long-
term stability and vice versa. Overall, we observed that DOaG
analogues with unsaturated, medium length (C16-C18) fatty
acid tails — when co-formulated with DSPC - can induce phase
separation in colloidally stable liposome formulations, which
leads to bEC specific biodistribution patterns in embryonic
zebrafish. Monoacyl and triacyl glycerol analogues, as well as
diacyl analogues with saturation, or shorter (C14) or longer
fatty acid tails (C20-C24), either (i) cannot form liposomes, or
(if) phase separation exists only in a small fraction of the popu-
lation, or (iii) the formulation cannot interact with bECs.
Additionally, we show that the naturally occurring dioleoylgly-
cerol (DOG) retains the properties of DOaG, proving the corre-
lation of the well-studied DAGs in membranes with the DOaG-
induced phase separation. Finally, we show that lipids with
fatty acid tails substituting the sn-1,3 positions of the back-
bone result in liposomes with more favorable long-term stabi-
lity than when the sn-1,2 positional isomer is also present in
the formulation. Similarly, PAP3 liposomes could be stabilized
by a small amount of DMPE-PEG2k (1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy( polyethylene glycol)-
2000]), or by replacing DOaG with the shorter (C16:1) ana-
logue. This improved the long-term stability and ability to
assemble liposomes in physiologically relevant buffers, which
is particularly important for the translation towards nano-
medicine formulations with high therapeutic efficacy.

Results
Molecular library of DOaG analogues

DOaG is a synthetic, amide-containing analogue of DOG
(Fig. 2a and b). It is mainly isolated as a mixture of two pos-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

itional isomers - something that also occurs in natural lipids -
in which the two acyl chains substitute the sn-1,3 positions
and sn-1,2 positions with a 8:2 ratio (Fig. S1}). To understand
the influence of individual molecular properties of the DOaG
lipid, a library of 12 analogues was created, maintaining the
glycerol-like backbone in all newly synthesized lipids (Fig. 2b).
Firstly, a series of changes in the chain length was generated,
altering the monounsaturated fatty acid chains, from C14:1 to
C24:1, resulting in lipids 1-5 (Fig. 2c and Fig. S2b, g.f Note:
lipid 3 is DOaG). Subsequently, the degree of saturation was
altered (Fig. 2d and Fig. S2c, gT), with either full saturation in
both C18 tails, one saturated (lipid 6) and one monounsatu-
rated tail (lipid 7) or with di-unsaturation in both tails (lipid
8). Next, we generated lipids with only one, or three oleic
chains and lipids with either two esters (naturally occurring
DAG), or two amides (Fig. 2e, f and Fig. S2d, e, g,t lipids 9-12).
Finally, to assess the importance of the regioisomeric mixture
of positional isomers, we synthesized the pure DOaG isomer
with substitution on the sn-1,3 position (~95% pure), as a com-
parison of the mixture that has been studied so far (sn-1,3/
80%, sn-1,2/20%) (lipid 21, Fig. 2g and Fig. S2f, g7).

Chain length influences stability and bEC targeting

Liposomes containing an equimolar mixture of DSPC and the
C14:1 analogue (lipid 1) were stable over a period of up to ~25
days, maintaining their hydrodynamic diameter below 200 nm
albeit with the polydispersity increasing after 6 days (Fig. 3a).
The majority (80%) of the liposomes revealed a phase-separ-
ated morphology (Fig. 3b) as quantified by cryo-TEM (Fig. S3a
and df). Interestingly, real-time biodistribution imaging in
zebrafish suggested that these liposomes mostly accumulate in
a subset of cells located in the tail region of the zebrafish
embryo, named as scavenging endothelial cells® and in the
zebrafish liver, but not in bECs despite their phase-separated
morphology (Fig. 3c and Fig. S4a, b¥). This finding supports
the hypothesis that the C14:1 analogue might be too short to
create high packing defects at the liposome membrane, result-
ing in less exposure to the surrounding environment and
therefore no recognition by TGL and no bEC targeting.
However, further experiments — possibly with the help of mole-
cular dynamics simulations - need to be conducted to support
this hypothesis. Liposomes assembled from the C16:1 ana-
logue (lipid 2) were stable over a period of 30 days and mono-
disperse (Fig. 3d). Phase separation was also observed in these
liposomes, while the bilayers appeared less cornered (less flat)
suggesting a more liquid disordered phase than the C14:1 con-
taining liposomes (Fig. 3e and Fig. S3bt). This indicates that
C16:1 analogues are able to mix with the DSPC-rich mem-
branes more effectively due to a smaller chain length mis-
match. Therefore, the membrane becomes more flexible,
resulting in more spherical liposomes with less corners.
Quantification indicated that the majority of liposomes
(~90%) possessed a phase-separated morphology (Fig. S3d+).
Liposomes containing the C16:1 variant were also able to
target bECs (Fig. 3f and Fig. S4c, df), similar to the original
PAP3 liposomes'® which contain C18:1 chains (DOaG, lipid 3

Biomater. Sci,, 2024,12, 5023-5035 | 5025
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Fig. 2 Library of DOaG variants used in this study. (a) Molecular structure

varying: (c) chain length, (d) degree of saturation, (€) number of acyl chains,

tion of acyl chain substitution. All lipids exist as a regioisomeric mixture of
and 21. Only the sn-1,3 isomer is shown for clarity.

in Fig. 2c) (compare Fig. 3f with Fig. 3i and Fig. S4e, ff).
Extending the unsaturated chain length by 2 carbons (C18:1)
decreased the stability of the resulting liposomes, as these
were only stable and monodisperse for less than 7 days
(Fig. 3g). The membrane of the phase-separated C18:1 contain-
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ing liposomes appeared more fluid as evidenced by the more
spherical shape of the liposomes compared to the C14:1 and
C16:1 variants (Fig. 3h and Fig. S3ct). Similar to C16:1 con-
taining liposomes, C18:1 containing liposomes were predomi-
nantly phase-separated (Fig. S3dt). Further extension of the

This journal is © The Royal Society of Chemistry 2024
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Liposomes

Fig. 3 Stability, morphology and biodistribution of liposomes consisting of DSPC and DOaG analogues as a function of chain length. (a) Size (hm) and
polydispersity index (PDI) of liposomes consisting of DSPC and C14:1 variant over a period of ~30 days, (b) cryo-TEM image of liposomes consisting of
DSPC and C14:1 variant (c) biodistribution of liposomes consisting of DSPC and C14:1 variant (grey) in a zebrafish embryo, in dorsal view (10x magnifi-
cation), 1.5 hours post injection (hpi) at 78 days post fertilization (dpf). (d) Size (nm) and PDI of liposomes consisting of DSPC and C16:1 variant over a
period of ~30 days, (e) cryo-TEM image of liposomes consisting of DSPC and C16:1 variant, (f) biodistribution of liposomes consisting of DSPC and
C16:1 variant (grey) in a zebrafish embryo, in dorsal view (10x magnification), 1.5 hpi at 78 dpf. (g) Size (hm) and PDI of liposomes consisting of DSPC
and C18:1 variant (PAP3 liposomes) over a period of ~30 days, (h) cryo-TEM image of liposomes consisting of DSPC and C18:1 variant (PAP3 liposomes),
(i) biodistribution of liposomes consisting of DSPC and C18:1 variant (PAP3 liposomes) (grey) in a zebrafish embryo, in dorsal view (10x magnification),
1.5 hpi at 78 dpf. Liposomes consisting of 1:1 DSPC/analogue, total lipid concentration 5 mM containing 0.2 mol% DOPE-LR (grey scale fluorescence
indicates the LR signal only, representing liposome distribution). Zebrafish embryo is a Tg(kdrl: eGFP) (see Fig. S41 for the eGFP signal). Scale bars:
200 pm for zebrafish and 100 nm for cryo-TEM images. Dynamic light scattering (DLS) was used to obtain data in (a), (d) and (g). The red dashed line in

(a), (d) and (g) indicates the threshold of size and PDI relevant for in vivo use. Cryo-TEM imaging at d = 0.

acyl chains to C20:1 DOaG analogue (lipid 4) resulted in aggre-
gation after only ~6 h (Fig. S5at), while the C24:1 variant
(lipid 5) did not assemble into liposomes at all (Fig. S5bf¥).
These findings, as well as the instability of the C18:1-contain-
ing formulation (PAP3), indicate that liposomes progressively
aggregate by increasing the fatty acid chain length, when
mixed with DSPC. This supports previous findings which show
that DOaG is exposed to the surrounding environment due to
large hydrophobic packing defects induced in the membrane,
due to phase separation.'® Hence, the longer the fatty acid tail
of the variant, the more the variant is exposed to the surround-
ings and therefore the shorter the stability of the overall
assembly and vice versa. We have previously reported that
packing defects on PAP3 liposomes are a key factor for lipo-
some recognition by TGLs,'® which in turn influences lipo-
some uptake in vivo."?

This journal is © The Royal Society of Chemistry 2024

Liposomes which contain the shorter chain (C14:1) ana-
logue did not target bECs but are phase-separated. A possible
explanation for this observation is that packing defects on
these liposomal membranes are lower throughout. C14:1
lipids may possibly be more buried within the leaflet and less
exposed on the liposome surface, due to their shorter chains
and high mismatch with DSPC; therefore the liposome surface
is less favorable for protein recruitment. Increasing the chain
length by two carbons (C16:1 analogue) is already enough to
create liposomes that target bECs, indicating again the starting
point of exposure and accessibility of the lipid. This in turn
indicates that C16:1 creates fewer packing defects than the
longer C18:1 (DOaG) lipid and so forth. This hypothesis is sup-
ported by the colloidal stability studies, in which C16:1 con-
taining liposomes are shown to be more stable and less prone
to aggregation than the C18:1 containing liposomes. Since

Biomater. Sci, 2024, 12, 5023-5035 | 5027
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liposomes with >C18 chains do not form stable formulations,
C16:1 and C18:1 lipids seem to be the “sweet spot” for phase
separation, liposome stability and bEC targeting.

Unsaturated analogues favor liposome formation and phase
separation

We next assessed the effect that unsaturation in DOaG ana-
logues has on the liposome assembly, by synthesizing a fully
saturated variant (C18:0, lipid 6). This analogue could not be
formulated into liposomes with DSPC as a co-formulant
(Fig. S6at). The intermediate lipid analogue C18:0-C18:1 (lipid
7) was also unable to assemble into stable liposomes
(Fig. S6bt). This confirmed that both acyl chains must be
unsaturated in order to assemble into stable phase-separated
liposomes with DSPC. Indeed, as with DOaG, similar results
were obtained with the DOaG analogue with two (conjugated)
double bonds in each fatty acid tail (C18:2, lipid 8). Liposomes
made of DSPC/C18:2 (1:1) were stable for at least 30 days,
albeit with a moderate PDI (Fig. 4a). Cryo-TEM analysis
showed that these liposomes were predominantly phase-separ-
ated (Fig. 4b and Fig. S7a, et), but the bilayers appeared to be
more in the gel-phase, as evidenced by cornered/flat mem-
branes. The double unsaturation per acyl chain has a strong
influence on the lipid’s geometry and we assume the packing
on this lipid within the DSPC leaflet might be more compact
and completely de-mixed from DSPC, resulting in a gel-phase
for the bilayer. Liposomes containing C18:2 were able to target
bECs in zebrafish embryos (Fig. 4c and Fig. S9a, b¥). In con-
clusion, equimolar mixtures of unsaturated DOaG analogues
and DSPC assemble into phase-separated liposomes, which in
turn are able to selectively target bECs in vivo.

Influence of chain number and amide in the glycerol-like
backbone

Next, we investigated how essential the number of acyl chains
per glycerol is for phase separation. Monoacylglycerols have
been studied before for their ability to form inverse hexagonal
and (inverse) cubic liquid crystalline phases.”*** However, a
liposome formulation with (1:1) DSPC and a monoacyl
variant (lipid 9) formed liposomes that were highly unstable,
as evidenced by the rapid size increase within ~6 h (Fig. S6d).
The triacyl variant (lipid 10), formulated with DSPC, formed
liposomes that were stable for at least 30 days (Fig. 4d).
Interestingly, these liposomes were predominantly lamellar in
morphology (~80%), with some solid particles (~2%) and only
a small fraction (~5%) which revealed a phase-separated mor-
phology (Fig. 4e and Fig. S7b, ef). As a result, the majority of
injected liposomes in zebrafish did not accumulate in the
brain endothelium (Fig. 4f and Fig. S9¢c, dt). Only a minor frac-
tion was able to target bECs, which might be explained by the
fraction of phase-separated liposomes in the formulation. To
assess the influence of the ester and amide functionalities of
DOaG on phase separation and in vivo bEC targeting, we syn-
thesized the naturally occurring dioleoylglycerol (DOG, lipid
11). Liposomes containing DOG were stable in size and with
acceptable PDI values for a period of 20 days (Fig. 4g). Similar
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to PAP3 liposomes, the DOG containing-liposomes revealed a
phase-separated morphology (Fig. 4h and Fig. S7ct), albeit for
only ~55% of all liposomes (Fig. S7et). DOG/DSPC liposomes
also targeted bECs (Fig. 4i). Interestingly, the lipid analogue
with two amides (coded N-N, lipid 12) could not be formu-
lated into stable liposomes (Fig. S6¢t). A possible explanation
may be an additional hydrogen bond due to the introduction
of the extra amide, thereby negatively influencing lipid assem-
bly into defined nanoparticles.

Sn-Position in fatty acid tails influences stability

Due to the chosen synthetic strategy, all previously discussed
DOaG lipids (except for lipids 7, 9, 10 and 12) were a mixture
of sn-1,2 and sn-1,3 isomers with a ~2: 8 ratio. Therefore, we
synthesized the sn-1,3 isomer in high purity (~95%, coded sn-
1,3, lipid 21) and upon co-assembly with DSPC, stable lipo-
somes were obtained for at least 30 days (Fig. 4j). In contrast,
the original PAP3 liposomes, that contained the sn-1,3/sn-
1,2 mixture, were only stable for 7 days (Fig. 3g). As expected,
liposomes with sn-1,3 were phase-separated (Fig. 4k and
Fig. S7dt), with only a small population (3.3%) having an
unknown, highly structured liquid-crystalline phase (Fig. S7d,
e and Fig. S8%), with a repeat distance of 4.85 nm as seen by
Fast Fourier Transform (FFT) analysis. Biodistribution studies
in zebrafish embryos revealed that liposomes containing this
isomerically pure DOaG variant were also able to target bECs
in a selective manner (Fig. 41 and Fig. S9g and hf).

C16:1 variant and pegylation improve long term stability

Despite their interesting morphology and selective in vivo be-
havior, PAP3 liposomes are not stable in physiologically iso-
smotic and isotonic buffers which contain saline (i.e., phos-
phate buffered saline [PBS]). This is particularly important for
the efficient applicability of these liposomal formulations
towards nanomedicine. PAP3 liposomes formulated in water
are stable for 7 days; however in PBS rapid aggregation is
observed (Fig. 5a and b). This is likely due to the lack of ability
of membranes which contain DAGs to coordinate sodium
ions, as described in a previous study;**> and although formu-
lating liposomes containing the pure sn-1,3 DOaG variant (i.e.,
excluding the sn-1,2 isomer) improves the overall stability of
PAP3 liposomes, it does not improve their stability in PBS
(Fig. S10t). Interestingly, when co-formulated with DSPC, the
shorter (C16:1) lipid variant could formulate stable phase-sep-
arated liposomes in PBS, with colloidal stability for at least 30
days and with improved PDI values (Fig. 5a and d). This sup-
ports our hypothesis that C16:1 lipids are less exposed to the
aqueous surroundings than DOagG, leading to less membrane
instability and aggregation. Alternatively, a low percentage of
PEGylated lipid also increased the stability of PAP3 liposomes,
while retaining the morphology and bEC targeting. Previously,
addition of 5% mol of DSPE-PEG2k-(1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino( polyethyleneglycol)-2000]) in
PAP3 was observed to abolish the bEC targeting.'®> Addition of
only 1% mol of DMPE-PEG2k however showed to be optimal,
keeping the in vivo bEC targeting while also improving liposo-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Stability, morphology and in vivo behavior of liposomes consisting of DSPC and DOaG analogues as a function of saturation, number of fatty
acid tails, carbonyl substitution or sn-position substitution. (a) Size (hm) and PDI of liposomes consisting of DSPC and C18:2 variant over a period of
~30 days, (b) cryo-TEM image of liposomes consisting of DSPC and C18:2 variant, (c) biodistribution of liposomes consisting of DSPC and C18:2
variant (grey) in a zebrafish embryo, in dorsal view (10x magnification), 1.5 hpi at 78 dpf. (d) Size (hm) and PDI of liposomes consisting of DSPC and
triacyl variant over a period of ~30 days, (e) cryo-TEM image of liposomes consisting of DSPC and triacyl variant, (f) biodistribution of liposomes
consisting of DSPC and triacyl variant (grey) in a zebrafish embryo in dorsal view (10x magnification), 1.5 hpi at 78 dpf. (g) Size (hm) and PDI of lipo-
somes consisting of DSPC and DOG variant over a period of 20 days, (h) cryo-TEM image of liposomes consisting of DSPC and DOG variant, (i) bio-
distribution of liposomes consisting of DSPC and DOG variant (grey) in a zebrafish embryo, in dorsal view (10x magnification), 1.5 hpi at 78 dpf. (j)
Size (nm) and PDI of liposomes consisting of DSPC and sn-1,3 variant over a period of ~30 days, (k) cryo-TEM image of liposomes consisting of
DSPC and sn-1,3 variant, (1) biodistribution of liposomes consisting of DSPC and sn-1,3 variant (grey) in a zebrafish embryo, in dorsal view (10x mag-
nification), 1.5 hpi at 78 dpf. Liposomes consisting of 1:1 DSPC/analogue, total lipid concentration 5 mM containing 0.2 mol% DOPE-LR (grey scale
fluorescence indicates the LR signal only, representing liposome distribution). Zebrafish embryo is a Tg(kdrl: eGFP) (see Fig. S9F for the eGFP signal).
Scale bars: 200 um for zebrafish and 100 nm for cryo-TEM images. DLS was used to obtain data in (a), (d), (g) and (j). The red dashed line in (a), (d),
(g) and (j) indicates the threshold of size and PDI relevant for in vivo use. Cryo-TEM imaging atd = 0.
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Fig. 5 Optimization and stability studies of PAP3 liposomes. (a) Size (hm) and PDI of PAP3 liposomes (DSPC/DOaG) or DSPC/C16:1 liposomes, for-
mulated in ddH,O or PBS. (b) Size (hm) and PDI of PAP3 liposomes formulated in PBS over a period of ~30 days. (c) Size (nm) and PDI of PAP3 lipo-
somes coated with 1% mol DMPE-PEG2k formulated ddH,O over a period of ~30 days. (d) Size (hm) and PDI of DSPC/C16:1 liposomes formulated in
PBS over a period of ~30 days. (e) Size (hm) and PDI of PAP3 liposomes or PAP3 liposomes coated with 1% mol DMPE-PEG2k, formulated in ddH,O
or PBS. (f) Size (hm) and PDI of PAP3 liposomes coated with 1% mol DMPE-PEG2k formulated in PBS over a period of ~30 days. DLS was used to
obtain the data depicted in this figure. The red dashed line indicates the threshold of size and PDI relevant for in vivo use.

mal stability (Fig. 5c). PAP3 liposomes with 1% mol
DMPE-PEG are phase-separated (Fig. S111) and target bECs in
zebrafish embryos (Fig. S12). Importantly, when formulated
in PBS, the stability of PAP3 liposomes incorporating 1% mol
of DMPE-PEG2k was improved even further than the C16:1
variant (Fig. 5e and f). The information obtained by this effort
to optimize phase-separated liposomes can be the basis for
future developments, or use of DAGs and DAG analogues in
lipid-based formulations.

Saturation in phospholipid co-formulant is important for
phase separation

It is important to mention that liposomes with DOaG and the
fluid DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) as a co-
formulant, instead of DSPC, do not formulate phase-separated
liposomes and do not target bECs." It was therefore interesting
to assess the significance of saturated DSPC in the phase-separ-

5030 | Biomater. Sci, 2024, 12, 5023-5035

ated liposomes. At room temperature, DSPC is a rigid phospho-
lipid (T, 55 °C) that prefers flat orientations and therefore does
not favor curvature i.e., spherical liposomes.*® PAP3 liposomes
are formed (above the T, of all lipids, ie., 65 °C) and slowly
reach room temperature, in which DSPC is in the gel-phase. We
hypothesized that the gel-phase of DSPC is an important factor
that induces phase separation. Indeed, cryo-TEM imaging at
45 °C < T < 65 °C reveals that ~50% of liposomes are in a fluid
phase and non-phase separated, indicating full mixing of lipids
(Fig. S13+t). Therefore, phase separation seems to be induced
after DSPC is in the gel-phase (<55 °C).

Discussion

In this study, we investigate the molecular details of DOaG, a
DAG lipid analogue which - when co-formulated with DSPC -

This journal is © The Royal Society of Chemistry 2024
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leads to phase-separated liposomes able to target endothelial
cell subsets in vivo and preferentially interact with TGLs in vivo
and in vitro.">'® Through our structure-activity relationship
screening we are able to show the narrow window of in vivo
activity of phase-separated liposomes consisting of medium
(C16-C18), unsaturated diacylglycerol analogues. All DAG ana-
logues are summarized in Fig. 6, depicting the relationship
between their chemical character, stability, morphology and
in vivo fate of resulting liposomes. Briefly, we find that there is
increasing instability in the liposome system, directly pro-
portional to the DOaG chain length and the degree of satur-
ation. Additionally, we show that monoacylglycerol or triacyl-
glycerol counterparts do not result in liposomes with bEC
specific behavior. Therefore, diacylglycerol analogues are the
only molecules with the ability to phase-separate in mem-
branes and result in liposomes targeting bECs in zebrafish
embryos. Importantly, we show that the naturally occurring
DAG equivalent has the same ability to form phase-separated
liposomes (although in a lower percentage within the liposome
population) and target bECs in zebrafish embryos. This gives
strength to the basis of our background knowledge for the
DOaG lipid, as it correlates with supporting previous studies of
DAG properties in lipid membranes.?”:*%31:37

Interestingly, we find phase-separated liposomes that do
not target bECs (i.e., C14:1). We theorize that lipid droplets
may not be the only liposome part responsible for bEC target-
ing, but also all parts of the bilayer which have packing
defects, exposing the DOaG analogue. Excess C14:1 accumu-
lates in the lipid droplet - which may indeed have high
packing defects — but other parts of the bilayer may be
unaffected due to its shorter chains. Liposomes therefore with
only a fraction of their bilayer being defective may not have the
same chance to expose DOaG analogues and be recognized
and taken up by bECs, compared to liposomes with high

chain length

c1e:1*
degree of saturation

C18:0 C18:0-C18:1 NexE:Hl

C18:2

—— Stable (~30 d)

— Aggregation (~7 d)

—— Rapid aggregation (~6 hrs)

No formation = bECs targeting

pure isomer
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packing defects throughout the bilayer (ie., C16:1, C18:1).
Molecular dynamic simulations need to be conducted to
support this hypothesis.

Additionally, we observe better long-term stability of lipo-
somes containing the pure sn-1,3 positional isomer. The
importance and effect of pure lipid isomers on lipid nano-
particle properties has been recently reported®®>° and is an
aspect to be considered in their development. Next, we find
that liposomes consisting of the C16:1 variant are overall
more stable in PBS than the C18:1 counterpart (DOaG) and
that PEGylation of PAP3 liposomes (1% mol DMPE-PEG2k)
increases the long-term stability even further, while phase
separation and bECs targeting are retained. While
PEGylation is generally known to improve long-term stability
of lipid-based nanoparticles, PEG lipids with short chains
(C14), such as DMPE-PEG2k, have been observed to dis-
sociate from the lipid membrane in vivo.** In this study, dis-
sociation allows for the nanoparticle to exhibit the same
biological profile as PAP3 liposomes, thereby preserving the
desired biodistribution. Herein, we display a selection of
DOaG analogues co-formulated with DSPC. Combinations of
DOaG analogues, DAGs, and co-formulants are virtually
endless, nevertheless out of the scope of this study. This
work is an effort to comprehend the overall properties of a
highly unusual liposome with a specific in vivo behavior.
Lacking any ‘active’ targeting ligands, these liposomes
depend solely on the composition and morphology which
dictate the nano-bio interactions. Therefore, this composi-
tionally simple system can offer new perspectives in the
design of ‘targeted’ liposome formulations. This work also
highlights the importance of lipid composition in lipid-
based nanoparticles, as even the smallest molecular changes
in lipid components can greatly affect their macromolecular
assembly and in vivo behavior.

chain number
monoacyl  [»

carbonyl substituents
N-N DOaG DOG

pegylation

’ sn-1,3 ‘

’ +1% DMPE-PEG2k*

* stable in PBS

*%
non phase-separated

Fig. 6 Summary of DOaG analogues and the relationship between chemical character and stability, morphology and in vivo behavior of resulting
liposomes. Stability: stable for ~30 days (beige), aggregation after ~7 days (light blue), rapid aggregation after ~6 hours (dark blue), no formation
(dark grey). Analogues which result in liposomes targeting bECs are written in black letters and not targeting bECs in white letters. * Stable in PBS,

**Non phase-separated.
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Conclusion

Diacylglycerols are lipids that have unique properties in lipid
membranes. From membrane alteration and phase transitions
to signaling and protein recruitment, these lipids can be
proven to be interesting lipid components in lipid-based nano-
particles. They could contribute to novel formulations with
unique properties and functions, such as in vivo specificity,
nanoparticle-protein communication, fusion and enhanced
endosomal escape. It would be interesting to see whether
newly developed lipid-based nanoparticles incorporating
medium-chain, unsaturated DAG analogues can exhibit any of
the above characteristics. Overall, the development of more
effective and rationally designed nanomedicines requires a
deeper understanding on how lipid composition affects mor-
phology and biodistribution.

Methods

Liposome formulation

Liposomes were formulated by extrusion in ddH,O at a total
lipid concentration of 5 mM, except for the PBS studies for
which they were formulated in PBS. Individual lipids as stock
solutions (1-10 mM) in chloroform were combined to the
desired molar ratios and dried to a thin film, first under a N,
stream, then >1 h under vacuum. The fluorescent reporter
DOPE-LR  (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl)) was also added in the lipid
film at 0.2% moL. Lipid films were hydrated with 1 mL ddH,O
(or PBS) above the T, of all lipids (65 °C), with gentle vortexing
if necessary, to form a suspension. Large unilamellar vesicles
were formed through extrusion (mini extruder, Avanti Polar
Lipids) above the T, of all lipids (i.e., 65 °C). Hydrated lipids
were passed 11 times through 2 x 400 nm polycarbonate (PC)
membranes (Nucleopore Track-Etched membranes,
Whatman), followed by 11 times through 2 x 100 nm PC mem-
branes. All liposomes were freshly made for cryo-TEM imaging
and administration in zebrafish embryos.
Subsequently, all formulations were stored at 4 °C for a period
of 30 days with their size and PDI measured occasionally.

intravenous

Hydrodynamic diameter and PDI measurements

The hydrodynamic diameter and polydispersity index (PDI) of
liposomes were obtained by using a Malvern Zetasizer Nano
ZS. DLS measurements (operating wavelength = 633 nm) were
carried out at room temperature in water at a total lipid con-
centration of approx. 100 uM. All reported DLS measurements
are the average of three measurements.

Cryogenic transmission electron microscopy

Liposomes (3 pL, 5 mM total lipid concentration) were applied
to a freshly glow-discharged carbon 200 mesh Cu grid (Lacey
carbon film, Electron Microscopy Sciences, Aurion,
Wageningen, The Netherlands). Grids were blotted for 3 s at
99% humidity in a Vitrobot plunge-freezer (FEI VitrobotTM
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View Article Online

Biomaterials Science

Mark II, Thermo Fisher Scientific). For PAP3 liposomes
imaged at 45 °C < T < 65 °C, liposomes were prepared by extru-
sion at 65 °C and immediately transferred in a thermomixer
with a stable temperature of 65 °C, without allowing the lipo-
somes to reach room temperature at all times. Subsequently,
liposomes were transferred in the plunge-freezer operating at
45 °C and immediately vitrified. Cryo-TEM images were
obtained on a Talos L120C (NeCEN, Leiden University) or a
Titan KRIOS (TU Eindhoven) operating at 120 kv or 300 kv,
respectively. Images acquired on the Talos microscope were
recorded manually at a nominal magnification of 13500x or
22000x yielding a pixel size at the specimen of 7.44 or 4.40
angstrom (A), respectively. Images acquired on the KRIOS
microscope were recorded manually at a nominal magnifi-
cation of 6500% or 24000x yielding a pixel size at the specimen
of 13.99 or 3.87 angstrom (A), respectively.

Zebrafish husbandry and injections

Zebrafish (Danio rerio, strain AB/TL) were maintained and
handled according to the guidelines from the Zebrafish Model
Organism Database (https:/zfin.org) and in compliance with
the directives of the local animal welfare committee of Leiden
University. Fertilization was performed by natural spawning at
the beginning of the light period, and eggs were raised at
28.5 °C in egg water (60 ug mL™" Instant Ocean sea salts). The
previously established zebrafish line Tg(kdrl:eGFP)**** was
used throughout this study.”’ Liposomes were injected into
zebrafish embryos (78 hours post fertilization) using a modi-
fied microangiography protocol.*> Embryos were anesthetized
in 0.01% tricaine and embedded in 0.4% agarose containing
tricaine before injection. To improve the reproducibility of
microangiography experiments, 1 nL injection volume was cali-
brated before liposomes were injected into the sinus venosus/
duct of Cuvier. A small injection space was created by penetrat-
ing the skin with the injection needle and gently pulling the
needle back, thereby creating a small pyramidal space in
which the liposomes were injected. Successfully injected
embryos were identified through the backward translocation
of venous erythrocytes and the absence of damage to the yolk
ball. Injection in zebrafish embryos and imaging of biodistri-
bution of each formulation were conducted more than once to
obtain n > 1. Each time freshly made liposomes were prepared.

Confocal imaging acquisition and editing

Zebrafish embryos were randomly picked from a dish of 20-60
successfully injected embryos. Confocal z-stacks were captured
on a Leica TCS SPE or SP8 confocal microscope, using a 10x
air objective (HCX PL FLUOTAR), a 40x water-immersion objec-
tive (HCX APO L) or a 63x water-immersion objective (HC PL
APO CS). For whole-embryo views, 3 overlapping z-stacks were
captured to cover the complete embryo. Laser intensity, gain
and offset settings were identical between stacks and experi-
ments. Images were processed using the Fiji distribution of
Image]. Confocal image stacks (raw data) are available upon
request. Fig. 3 and 4 show fluorescent signals from DOPE-LR
only (gray scale, excited at 552 nm and emission measured in

This journal is © The Royal Society of Chemistry 2024
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the range of 500-650 nm). Colocalization of DOPE-LR (lipo-
somes) and eGFP (zebrafish) is shown in Fig. S4 and S9.}
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