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CHAPTER 5 
 
 

DOaG-containing mRNA-LNPs specifically target and 
transfect brain endothelial cells in zebrafish embryos  
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Abstract | Lipid nanoparticle (LNP) technology has unlocked the potential of 
mRNA therapeutics, and current developments in the field focus on tissue-
targeted therapies for disease-specific treatments. However, cell/tissue selectivity 
for LNPs, accompanied with efficient mRNA delivery and expression, remain a 
major challenge. Recently, a liposome formulation containing a diacylglycerol lipid 
analogue (DOaG), led to specific targeting of brain endothelial cells (bECs) in 
zebrafish embryos. Here, we investigate whether incorporation of DOaG in LNPs, 
results in cell-specific mRNA delivery and transfection in vivo. By incorporating 
DOaG – or cholesterol as a control – and by using two different ionizable lipids, 
four mRNA-LNPs were formulated and demonstrated similar physicochemical 
characteristics (size, surface charge), and mRNA encapsulation efficiency. Cryo-
transmission electron microscopy (cryo-TEM) revealed a phase-separated 
morphology in DOaG-containing LNPs, similarly to prior developed DOaG-
containing liposomes. Subsequently, LNP biodistribution, mRNA delivery and 
translation were screened in zebrafish embryos and strikingly, DOaG-containing 
LNPs transfected bECs selectively, depending on the combination with the 
ionizable lipid. Moreover, transfection was solely observed when specific targeting 
was involved, in contrast to a shotgun approach where higher transfecting, but 
non-targeting, formulations did not reveal bEC transfection. Finally, we show that 
selective delivery of functional oligonucleotides to brain vasculature is possible, 
providing hope for novel drug delivery strategies for brain- and cerebrospinal fluid 
(CSF) related diseases. 
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5.1 Introduction  

RNA therapeutics are rapidly changing the current landscape of medicine. Gene 
silencing or gene expression through RNA interference (RNAi) or messenger RNA 
(mRNA) delivery respectively, could potentially treat a plethora of genetic diseases, 
develop vaccines, or be used in cancer immunotherapy.1 Small interfering RNA 
(siRNA), microRNA (miRNA) and antisense oligonucleotides (ASOs), are short 
strands of nucleotides that are resilient to in vivo degradation and therefore are 
also suitable as therapeutic agents. Moreover, several techniques are already 
addressing their inability to diffuse through cell membranes and reach the 
cytoplasm i.e., conjugation with the sugar moiety GalNac induces receptor 
mediated endocytosis.2,3  In contrast, the much larger mRNA is prone to enzymatic 
degradation by nucleases before entering the cell.4–6 Therefore, mRNA delivery is 
critically dependent on lipid nanoparticles (LNPs) which protect RNA from 
degradation, but also facilitate delivery and endosomal escape to the cytoplasm.7,8 
LNP technology has been in the spotlight after their success in the recent mRNA 
vaccines against SARs-Cov-2, which was an important milestone for mRNA 
therapeutics.9,10 Production, large-scale manufacturing and research of mRNA-
LNPs are established and rapidly accelerated.11 Despite this, due to their high 
assembly complexity and fairly new development, research with basic information 
on LNPs is still required, including research on lipid organization, morphology 
and transfection optimization. For example, the molecular mechanism on LNP 
assembly was elucidated only recently,12,13 and LNP morphology as well as racemic 
pure lipid components, have been addressed to influence the mRNA transfection 
efficiency.14–18  

Additionally, existing challenges in nanomedicine, including translational gaps, 
rapid clearance of lipid-based nanoparticles from systemic circulation, and 
targeting tissues beyond the liver, can hamper their clinical applicability.19–21 
Therefore, understanding fundamental aspects of LNPs i.e., how lipid composition 
and physicochemical properties affect their biodistribution,22 as well as selective 
uptake and transfection, could facilitate overcoming current challenges. 
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LNPs have a sophisticated ultrastructure based on the synergistic effect of different 
lipid components comprising the assembly.16,22 Components include lipids that 
provide structural integrity (helper lipids), hydrophobic lipids which reside in the 
LNP core (structural lipids) and lipids which complex with the nucleic acid cargo 
(ionizable lipids). Lipid components can individually dictate circulation lifetimes, 
biodistribution, cell selectivity, or transfection potency 23,24 and therefore rational 
design of LNPs are of great importance for the outcome of each individual 
therapeutic. The “helper” lipid, typically a phospholipid, comprises the outer lipid 
layer exposed to the surrounding environment and dictates surface charge and 
rigidity.16 Additionally, a lipid-polyethylene glycol (PEG) conjugate is incorporated 
on the LNP outer lipid layer, providing structural and long-term stability. 
Depending on the exact chemistry, PEG lipids can improve circulation lifetimes 
and/or dissociate from the LNP membrane facilitating desired biodistribution and 
transfection.23 The ionizable lipid resides in the solid core of LNPs along with 
other hydrophobic lipids – i.e., cholesterol -, and mRNA. Having an optimal 
apparent pKa between 6-7, the ionizable amino lipids can complex with mRNA in 
acidic pH, followed by LNP assembly and mRNA encapsulation.25,26 Subsequently, 
in physiological buffers, ionizable lipids are neutral giving LNPs non-cationic net 
surface charge, which renders them compatible for clinical use. After LNP 
endocytosis, ionizable lipids are protonated again in the acidic endosome. In turn, 
protonated ionizable lipids are thought to electrostatically interact with negatively 
charged phospholipids of the endosomal membrane, facilitating endosomal 
disruption and escape of mRNA into the cytoplasm.27–31 DODAP (1,2-dioleoyl-3-
dimethylammonium propane) has been one of the first ionizable synthetic 
aminolipids developed for nucleic acid encapsulation 26,32 and ever since evolution 
of the lipid chemistry has led to more potent, clinically approved ionizable lipids 
for siRNA or mRNA-LNPs i.e., DLin-MC3-DMA (dilinoleylmethyl - 4-dimethyl 
aminobutyrate, in short MC3), ALC-0315 ([(4-hydroxybutyl)azanediyl]di(hexane-
6,1-diyl)bis(2-hexyldecanoate)) or SM-102 (Heptadecan-9-yl-8-((2-hydroxy ethyl) 
(6-oxo-6-(undecyloxy)hexyl)amino) octanoate).33–36 
Along with the ionizable lipid, the “structural” lipid mainly occupies the solid core 
of LNPs. Cholesterol has been extensively used in LNP formulations as a structural 
lipid due to its hydrophobicity and because it improves circulation lifetimes and 
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facilitates siRNA encapsulation.37 Additionally, cholesterol exerts the ability to 
“condense” lipid membranes, pushing them towards the liquid ordered (Lo) phase, 
increasing stability. Also, it has the propensity to form liquid crystalline phases 
that can facilitate fusion and transfection.14,15,38,39 Despite their difference in 
molecular structure, cholesterol and diacylglycerols (DAGs) exert similar 
properties in lipid membranes.40 Due to their hydrophobicity, DAGs mainly reside 
in between the phospholipid leaflet of the cell membrane. Additionally, they are 
main components of lipoproteins, especially high-density lipoproteins (HDLs).41–43 
Additionally, DAGs induce condensing effects on lipid membranes (similarly to 
cholesterol), participate in signaling pathways (i.e., protein kinase C activation) 
and facilitate protein recruitment.43–46 Their conical shape perturbs the lamellar 
structure of a phospholipid bilayer, inducing non-bilayer phases (i.e., inverted 
hexagonal phase [HII]) and lipid phase separation.47,48 These in turn can increase 
the spontaneous negative curvature of membranes, facilitating fusion.49  

All these properties render DAGs as interesting molecules for lipid-based 
nanoparticle formulations, nevertheless, have not been explored in LNP 
development. Recently, the unique properties of DAGs were investigated in a 
liposomal formulation composed of the synthetic DAG analogue, DOaG (2-
hydroxy-3-oleamidopropyl-oleate) and the fully saturated, naturally occurring 
DSPC (1,2-distearyl-sn-glycero-3-phosphatidylcholine).50 Surprisingly, these 
liposomes (named PAP3) localized at the brain endothelial cells (bECs) of 
zebrafish embryos with a great specificity, due to their unique “parachute” 
liposome morphology. This morphology was a result of lipid phase separation 
induced by DOaG, creating a lipid droplet within the DSPC leaflet (Figure 1a-c). 
bEC targeting was mediated by triglyceride lipases (TGLs), - capillary lumen-
bound enzymes highly present in bECs at this developmental stage - facilitating 
liposome recognition and uptake. Moreover, it was revealed that TGLs specifically 
recognize and bind to the lipid droplets of PAP3 liposomes, as mediated by higher 
lipid packing defects due to phase separation.51 This highlights the influence that 
lipid organization in membranes has on the nano-bio interface, resulting in cell-
specific biodistribution. 
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Figure 1. Overview of phase-separated liposomes, mRNA-LNP development strategy, 
and timeline of experiments. a) Molecular structure of lipids DSPC and DOaG 
comprising the PAP3 liposomes (in an equimolar mixture). b) Schematic of phase-
separated morphology of PAP3 liposomes. c) Intravenous administration of PAP3 
liposomes in 3.5 dpf zebrafish embryos. Brain vasculature depicted in pink, region in 
which liposomes selectively accumulate at 1.5 hpi.  d) Schematic representation of an 
mRNA-LNP and lipids selected for the assembly. Note that cholesterol is not depicted in 
the LNP schematic. e) Timeline of the in vivo assessment of mRNA-LNPs. DOPE-LR = 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-lissamine rhodamine as a fluorescent 
tracer, dpf = days post fertilization, hpi = hours post injection. 

 
In this study, we formulated mRNA-LNPs which preferentially target bECs in 
zebrafish embryos, achieving cell selective mRNA delivery and protein expression. 
This redirection of nanoparticle biodistribution towards bECs was obtained by 
replacing cholesterol with DOaG in LNPs, in combination with the ionizable lipid 
DODAP. Cryo-TEM and cryo-electron tomography (cryo-ET) revealed an 
unusual mRNA-LNP morphology when DOaG is incorporated in LNP 
formulations, characterized by two distinct, electron dense, separated phases. This 
proof-of concept study shows how switching a single lipid component, 
dramatically affects the morphology and directs biodistribution and transfection of 
mRNA-LNPs towards specific cell subsets in zebrafish embryos. Finally, this study 
shows that rational design and selection of lipid composition is important to gain 
control of nanoparticle in vivo behavior.   
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5.2 Results and Discussion 

mRNA-LNPs were successfully formulated with DOaG 

Our strategy for the LNP design originates from the DOaG-containing PAP3 
liposomes. The two lipid components (DSPC and DOaG) result in phase 
separation, which leads to bECs specificity in zebrafish embryos (Figure 1a-c). 
Therefore, formulating mRNA-LNPs incorporating DOaG as a structural lipid 
component could result in formulations that preferentially target bECs of zebrafish 
embryos, with concomitant mRNA delivery and protein expression. Based on LNP 
formulations containing standard lipid components (i.e., helper, structural and 
ionizable lipids), we designed DOaG-based mRNA-LNPs and their 
biodistribution, bEC targeting, and mRNA expression was qualitatively and 
quantitively studied in transgenic zebrafish embryos (Figure 1 d, e).  

Four formulations were designed for the study (Figure 2a, b), investigating the 
effect of two different ionizable lipids (DODAP and the clinically approved MC3) 
and replacing the structural lipid cholesterol with DOaG. In all formulations, 
DSPC was chosen as the helper lipid and the short-chain DMPE-PEG2k was used 
as the PEG lipid, which is known to desorb from the LNP surface in vivo, enabling 
nanoparticle - protein interactions.23 LNPs were formulated encapsulating 
functional mRNA expressing fluorescent reporter protein mCherry, using a 
Nitrogen to Phosphate ratio of 6 (N/P = 6) (Figure 2c). Reporter protein mCherry 
was preferred over GFP due to its decreased autofluorescence levels (Figure S1), 
allowing for broader range of fluorescence intensity measurements. For the real 
time biodistribution studies, all LNPs contained the far-red lipophilic dye DiD 
(1,1′-dioctadecyl- 3, 3, 3′, 3′ - tetramethylindodicarbo cyanine, 4- chlorobenzene 
sulfonate). The kdrl:GFP zebrafish line (GFP-positive vasculature) was used for 
vasculature visualization and colocalization studies. All LNPs were fully 
characterized and found to have properties with comparable values in size, charge, 
PDI and encapsulation efficiency. LNPs were characterized by dynamic light 
scattering (DLS) and were found in the range of 100.5-148.4 nm in average 
hydrodynamic diameter, low polydispersity indices and near neutral to slightly 
anionic surface charge (Figure 2d, e). Additionally, encapsulation efficiency (%EE) 
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of mRNA was high for all formulations (Figure 2f). In summary, replacing 
cholesterol with DOaG does not significantly alter the LNP assembly, 
physicochemical properties and mRNA %EE. Hereafter, we use the following 
nomenclature for the four LNP formulations: LNP-A (i.e., CHO-DODAP), LNP-B 
(i.e., DOaG-DODAP), LNP-C (i.e., CHO-MC3) and LNP-D (i.e., DOaG-MC3) 
(Figure 2b). 

Figure 2. Lipid composition of mRNA-LNP formulations and physicochemical 
properties. a) Molecular structures of lipid components used for mRNA-LNPs. b) Molar 
ratios of lipid components and composition of the four mRNA-LNP formulations. c) 
Information on functional mRNA, N/P ratio and fluorescent tracer, constant for all LNP 
formulations. d) Size (average hydrodynamic diameter) and PDI of mRNA-LNP 
formulations as determined by DLS. e) Surface charge of LNP formulations, as determined 
by zeta-potential measurements. f)  Encapsulation efficiency of mRNA of all mRNA-LNP 
formulations. e demonstrates three technical replicates. 
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Cryo-TEM reveals phase-separated morphology on DOaG-based mRNA-LNPs  
Previously, PAP3 liposomes were found to accumulate in bECs as a result of their 
phase-separated morphology.50 Being a two-component lipid system, it was easy to 
manipulate molar ratios, revealing that lipid droplets in liposomes were only 
observed after DOaG reached the phase separation threshold in the membrane. 
Interestingly, the selective in vivo targeting of liposomes to the bECs corelated with 
phase separation. Thus, morphology played a pivotal role on bEC specificity and 
therefore we sought to investigate whether DOaG also induced a unique 
morphology in LNP formulations. Cryo-TEM and cryo-ET was used to assess LNP 
ultrastructure and identify differences in morphology between all LNP 
formulations. For LNP-A, most of particles were either solid, or nanoparticles with 
distinct lamellar lipid compartments, possibly composed of a phospholipid bilayer 
(Figure 3a black arrow and Figure S2). Such structures have been previously 
described as lipid “blebs” for LNP compositions similar to LNP-A, and RNA has 
been found to localize in the “bleb’s” hydrophilic core.13,52 For LNP-A, a distinct 
punctuated electron-dense pattern is observed in the hydrophilic core of the bleb, 
indicating similarly mRNA localization (Figure 3a, red arrow). The morphology 
of LNP-C is characterized by solid lipid particles with a multilamellar lipid 
partitioning observed for some of the particles (Figure 3c and Figure S2). This 
type of morphology for similar lipid compositions has been described before.53 
Interestingly, the DOaG containing LNPs (LNP-B and LNP-D) were found to be 
solid, however a phase-separated droplet with different electron density was 
present within the solid particles (Figure 3b, d and Figure S2). Cryo-ET of LNP-B 
revealed the morphology in higher resolution, and a bilayer around the phase-
separated droplet could be observed (Figure 3e-g). It is not known whether this 
bilayer consists of one or more lipid components. A similar morphology has been 
recently characterized, where cholesterol was replaced by its analogue fucosterol.15 
It was suggested that phase separation may influence the mRNA localization 
towards the protruded area, however, no conclusive data was presented to support 
this claim. The electron density observed in the separate droplet in LNP-B and D is 
similar to the electron density induced when mRNA is present, which suggests that 
mRNA is present in the phase-separated droplet.  
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Figure 3. Cryo-electron microscopy images of mRNA-LNP formulations. Cryo-TEM 
images of a) LNP-A, b) LNP-B, c) LNP-C, d) LNP-D. e-g) Cryo-ET images of LNP-B. f is a 
cross section. Black arrow depicts the phospholipid bleb. Red and white arrows possibly 
depict encapsulated and free mRNA, respectively, as described before.13 Scale bars: 100 nm. 

 
DOaG-DODAP containing LNPs target the bECs of zebrafish embryos  
All four LNP formulations shared similar physicochemical properties (size range, 
PDI, surface charge) allowing us to assess the LNPs’ potential to target bECs based 
on difference in lipid composition and/or morphology. Formulations were 
intravenously (IV) administered in zebrafish embryos at 3.5 days post fertilization 
(dpf) and imaged in real time with confocal microscopy (Figure 4a).  All 
formulations, revealed to be predominantly in circulation 4 hours post injection 
(hpi) (Figure 4b and Figure S3a, c, e, g). To investigate bEC targeting in more 
detail, cellular localization of LNPs was studied by high resolution confocal z-stack 
imaging at the hindbrain, from a dorsal perspective (insert Figure 4a, Figure 4c). 
LNP-A and C revealed to be circulating represented by a haze of  
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Figure 4. Biodistribution of mRNA-LNPs within zebrafish embryos (3.5 dpf). a) 
Timeline of experimental setup. b) Lateral view on 3.5 dpf zebrafish embryo revealing 
DiD-represented biodistribution (4 hpi) as an overlay of LNP-B (magenta, single channel 
white) and GFP positive vasculature (green). Yellow box indicates region of brain 
vasculature. c) Dorsal view on brain vasculature at 4 hpi revealing biodistribution of LNP-
A, LNP-B, LNP-C and LNP-D. d) Quantification of Mander’s Overlap Coefficient (MOC) 
for DiD signal in relation to GFP-positive vasculature. e) LNP-B (magenta) reveals 
colocalizing clusters with GFP-positive vasculature (green) in contrast to f) LNP-D which 
display clusters in the vasculature lumen. Scale bars: 500 µm (b), 25 µm (c), and 10 µm (e, 
f). Statistical significance was evaluated as ns: not significant (p > 0.05), significantly 
different *p < 0.05, **p < 0.01; ***p < 0.001. Note that B is significantly different to A, C 
and D. Exact p-values: A-B = 0.0034, A-C = 0.0263, A-D = 0.3533, B-C = 0.0019, B-D = 
0.0030, C-D = 0.3081.  
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fluorescence within the vasculature lumen (Figure 4c). Formulation LNP-D, also 
revealed to be circulating freely (Figure S3g), however in a likely aggregated state 
represented by clusters localized in the vasculature lumen (Figure 4c, f). Strikingly, 
LNP-B revealed also strong fluorescent clusters, however these were localizing at 
the bECs, in contrast to LNP-D (Figure 4c, e). These dense localizations of DiD 
could be interpreted as either the result of LNP aggregation at the bECs or 
endosomal uptake. As bECs have a thickness close to the diffraction limit, 
excluding whether clusters remain intra- or extracellular was limited. Nonetheless, 
the combination of GFP-positive vasculature and far-red labeled LNPs allowed for 
quantification of their colocalization by using the Manders’ Overlap coefficient 
(MOC) (Figure 4d and Figure S3b, d, f, h).54 Quantification (n = 3) revealed that 
DiD labeled LNP-B localized preferentially at the bECs, compared to the other 
LNP formulations (p<0.01). This suggests an important, though not decisive, role 
for both ionizable lipid, as well as DOaG, in LNP-mediated cell selective targeting 
(no targeting for LNP-D). Moreover, as cryo-TEM revealed similar morphologies 
for LNP-B and LNP-D, it is suggested that phase separation does not warrant bEC 
targeting, however appears to be an important component for it, since non-phase 
separated formulations (LNP-A and C) do not reveal any targeting.  
 
LNP targeting is required for transfection 
To assess whether bEC-targeting of LNP-B results in local translation of its 
mRNA-cargo, we investigated the expression of mCherry protein at 36-38 hpi 
(Figure 5a). Whole fish and head were visualized for transfection (Figure S4a, b, 
d, e, g, h, j, k). Though visualized at n=1, it is worth noticing three findings from 
these acquisitions. First, DODAP containing formulations revealed overall 
relatively lower transfection levels in comparison to MC3 containing formulations 
(Figure 5c and Figure S4a, b, d, e compared to 4g, h, j, k). This is in line with 
literature, where MC3 – compared to DODAP – has been demonstrated as a more 
potent ionizable lipid resulting in high transfection levels.33 Secondly, LNP-C 
revealed high levels of transfection at the head and around the liver-swim bladder 
(Figure 5c and Figure S4g, h).  
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Figure 5. Transfection of zebrafish bECs by mRNA delivery mediated by the different 
LNP formulations. a) Schematic timeline of experimental setup. b) Dorsal view on the 
embryo’s head 36-38 hpi of LNP-B, revealing GFP-positive vasculature (green), mCherry 
expression as result of transfection (magenta), DiD biodistribution (cyan) and overlay. c) 
mCherry expression as a result of transfection for each formulation in the head region of 
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the fish. d) Insets of (c) depicting confocal z-stacks of brain vasculature regions used for 
quantification studies. e) Overlay of mCherry expression (as mediated by LNP-B) and 
transgenic GFP positive vasculature. f) Inset of (e) depicting co-localization of GFP and 
mCherry (white arrows) and independent GFP fluorescence (gray arrows) indicating 
fluorescence as a result of transfection, not channel bleed-through g) Quantification of 
mCherry relative fluorescence intensity as a result of bECs transfection, per formulation. 
Scale bars: 250 µm (b, c) and 50 µm (d, e, f). Statistical significance was evaluated as ns: not 
significant (p > 0.05), significantly different *p < 0.05, **p < 0.01; ***p < 0.001. Note that B 
is significantly different to A, C and D. Exact p-values: A-B = 0.0045, A-C = 0.0113, A-D = 
0.0742, B-C = 0.0093, B-D = 0.0059, C-D = 0.3460. 

 
For LNP-C, 3D imaging of the head visualized mCherry expression rather at the 
exterior site of the brain, likely localized at the skin. Third, although with a lower 
Relative Fluorescence Intensity (RFI) than LNP-C and D, LNP-B revealed 
mCherry emission in the brain region from both lateral and dorsal perspective 
(Figure S4d, e). A more detailed view at the brain vasculature (n=9) confirmed 
that mCherry expression in the head, as mediated by LNP-B, is indeed localized at 
the bECs with relatively high expression levels of transfection (Figure 5c, d). 
Differing fluorescent intensity- and/or localization profiles (e.g., GFP, mCherry, 
and DiD) excluded the potential of major channel bleed-through (Figure 5b). In 
contrast, LNP-A, C and D did not seem to result in transfection in bECs, as 
mCherry fluorescence was very low and likely present as a result of GFP bleed-
through (Figure 5d). For LNP-B, high-resolution imaging revealed colocalization 
between GFP positive vasculature and mCherry transfection (Figure 5e), 
displaying specific (non-bleed-through) individual bEC transfection (Figure 5f, 
white arrow for GFP and mCherry positive, grey arrow for only GFP positive). 
Quantification (n = 9) revealed that mCherry expression in bECs is significantly 
higher for LNP-B than LNP-A, C and D (p<0.01, Figure 5g and Figure S4c, f, i, l). 
In summary, LNP-B results in specific bEC targeting compared to non-targeting 
LNP-A and non-targeting - but highly transfecting - LNP-C and D. Together, this 
study indicates that specific targeting of bECs in zebrafish embryos is required for 
mRNA delivery resulting in concomitant protein expression.  
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5.3 Discussion and Conclusion 

This work describes an LNP screening study in zebrafish embryos, in which novel 
DOaG-containing mRNA-LNPs (LNP-B) are found to selectively target the 
embryos’ bECs, a subset of endothelial cells. After the selective targeting and 
accumulation of LNPs, selective mRNA delivery, bEC transfection, and 
concomitant protein expression is observed. Although two of the formulations 
achieve higher transfection levels throughout the whole fish (LNP-C and D), they 
lacked selective bEC transfection. This highlights that cell specific LNP targeting is 
required for cell specific mRNA delivery and translation, in contrast to a shotgun 
approach where tissue of interest is usually exposed to non-specific, highly potent 
nanomedicines. 
Furthermore, replacement of cholesterol with DOaG resulted in LNPs that target 
bECs, indicating a potential role of DOaG for this selectivity. However, to achieve 
selective accumulation, clustering in circulation should be avoided. This is because 
the two DOaG-containing LNPs (LNP-B and LNP-D) revealed opposing 
biodistribution patterns, where the non-targeting LNP-D seemed to cluster in 
circulation, suggesting colloidal instability in vivo. Here, the transparent zebrafish 
model, which enables real time imaging, allowed us to conclude that to achieve cell 
specific targeting, colloidal stability of LNPs in vivo is an important requirement.  
Moreover, this proof-of-concept study highlights that switching one only lipid 
component dramatically affects the LNP biodistribution (i.e., DOaG vs. 
cholesterol). Similarly, replacing DODAP with MC3 results in a formulation 
(LNP-D) that cannot achieve cell specific targeting, probably due to clustering in 
circulation. This suggests that DOaG-related specificity is achieved in combination 
with the ionizable lipid DODAP. This opens new avenues for exploring different 
lipid ratios between the LNP-B lipid components, or combinations of DOaG 
and/or DODAP with different - ideally more potent - ionizable lipids, to enhance 
the transfection potency. Overall, understanding the effects of lipid composition 
on LNP properties is vital for rational nanoparticle design. Especially for 
multicomponent systems such as LNPs, ultrastructure, stability and overall 
physicochemical properties are a result of specific lipid packing, and therefore a 
one-fits-all approach for design should not be utilized.  
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Interestingly, DOaG-containing LNP-B promotes cell selective biodistribution in 
zebrafish embryos with a yet unknown mechanism. Given that TGL plays a role on 
selective bEC targeting by DOaG-containing liposomes (PAP3) as previously 
described,50 it is likely that a similar mechanism is involved in the LNP-B uptake. 
However, experiments will have to be conducted to prove this hypothesis.  
Although the novel morphology of LNP-B may contribute to the bEC targeting, it 
is very important to note that LNP-B and D have a very similar macromolecular 
structure. LNP-B targets the bECs with relatively high specificity, whereas LNP-D 
is presented as clusters in circulation. We hypothesize that there is a molecular 
difference between those two formulations that is beyond the resolution of cryo-
TEM. This difference at the molecular level could contribute to the clustering of 
LNP-D which prevents accumulation in bECs. Further studies are required to 
elucidate the mechanism of targeting and whether the phase-separated LNP 
morphology is essential. 
DAGs are lipids with several interesting properties including fusion promotion, 
polymorphism, and according to this and our previous studies,50,51 protein 
recruitment and cell selectivity. One potential advantage of using DAGs as lipid 
components in LNPs, is their propensity to form inverse hexagonal phases which 
can potentially facilitate endosomal escape, leading to higher transfection 
efficiencies. Also, their general ability to induce phase separation in LNPs could 
propel higher transfection potencies, similarly to recently described phase-
separated blebs in LNP systems.55 
The initial discovery of phase separation as a novel targeting concept 50 resulted in 
the development of a second-generation formulation (mRNA-LNP). Combined 
with previous studies24,56–58 we demonstrate that zebrafish embryos is a robust in 
vivo screening model for the discovery or bottom-up development of nanoparticle 
formulations with an enhanced in vivo function. This is because zebrafish offer the 
ability to observe nanoparticle biodistribution and behavior in real time and at a 
cellular level. Based on a workflow involving thorough nanoparticle 
characterization (size, polydispersity, charge, morphology, cargo-loading) in 
combination with this screening model/tool, we have developed mRNA-LNPs that 
specifically transfect bECs in zebrafish embryos. Additional research is needed to 
investigate whether the selective gene delivery in zebrafish bECs is translatable in 
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mammalian animals. Previously on a mouse study, rapid clearance of PAP3 
liposomes in organs such as the liver and spleen was observed. 50 Similar clearance 
may be expected for LNP-B, however, given that LNP-B is more stable than PAP3 
liposomes (stable for at least up to 1 month compared to ~7 days) (Figure S5) it 
may circumvent rapid clearance and exhibit different biodistribution patterns. 
However, if a TGL mediated pathway is involved as with PAP3 liposomes, it is 
likely that organs such as the liver, but also heart and reproductive organs, may be 
targeted.  
Achieving selective delivery of functional oligonucleotide cargo to brain 
vasculature in zebrafish embryos, demonstrates the potential for disease specific 
therapies based on design of cell selective LNPs. Although these studies have been 
performed in only one type of species and differences in expression may be 
expected across species,59 the zebrafish embryo can be the starting point for 
translational studies. Nonetheless, the fact that transfection of brain vasculature is 
possible, provides hope and potential for novel drug delivery strategies for brain- 
and CSF related diseases. Oligonucleotide delivery to brain vasculature could serve 
as a trojan horse by having brain endothelium selectively produce and secret 
therapeutic proteins (e.g., monoclonal antibodies60 or growth factors61) at the 
basolateral side into CSF, thereby reaching brain (diseased) tissue. Recent 
endeavors support this strategy,62 where endothelial-specific mouse adeno-
associated virus capsids were used to genetically engineer the blood-brain barrier 
into a functional ‘biofactory’ to rescue synaptic deficits. Another approach would 
encompass mRNA- and/or siRNA delivery to brain endothelial cells and could 
(back) gain control over brain homeostasis in diseased states,63 thereby providing 
opportunities for novel, future RNA-based therapies.  
In summary, we have successfully demonstrated selective transfection of brain 
endothelial cells in vivo, based on LNP cell-selective targeting. This proof-of-
concept LNP formulation provides an intersection from which parallel routes can 
be taken, including investigation of bEC gene expression/suppression at 
embryonic stages, translational and mechanistic studies, formulation optimization, 
structure-activity relationship studies in combination with Cryo-TEM, and 
exploration of potential role of diacylglycerol lipids in the field of nanomedicine. 
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5.4 Materials and Methods   

General reagents: 1,2-distearoyl-sn-glycero-3phosphocholine (DSPC), 1,2-
dioleoyl-3-dimethylammonium-propane (DODAP), CHO and DMPE-PEG2k 
were purchased from Avanti Polar Lipids. Additional DSPC was purchased from 
Lipoid GmbH. MC3 was purchased from Biorbyt. 1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD) was 
purchased from Thermo Fisher Scientific. mCherry mRNA (CleanCap®, 5moU, 1 
mg/mL in 1 mM Sodium Citrate pH=6.4) was purchased from Trilink 
Biotechnologies, aliquoted in nuclease-free Eppendorf tubes and stored at -80 oC. 
All other chemical reagents were purchased at the highest grade available from 
Sigma Aldrich and used without further purification. All solvents were purchased 
from Biosolve Ltd. Ultrapure MilliQ® water, purified by a H2O Advantage A10 
water purification system from MilliPore, was used throughout. Nuclease-free 
Ultrapure MilliQ® water was made in house. 
Synthesis of DOaG lipid: DOaG lipid was synthesized as reported in Chapter 2.  
LNP formulation: Encapsulation of mRNA and simultaneous formation of lipid 
nanoparticles in a Nitrogen to Phosphate ratio (N/P ratio) of 6, was performed as 
previously described.24 In brief, individual lipid components (DSPC, DMPE-
PEG2k, DOaG or CHO, DODAP or MC3) as stock solutions in chloroform (1-10 
mM), were combined to the desired molar ratios and dried to ensure complete 
removal of chloroform, first under a stream of N2, then >1 h under vacuum. The 
non-exchangeable tracer DiD was also added to the lipid mixtures at a total lipid 
concentration of 0.1% mol. Lipid films were re-dissolved (with vortrexing) in 200 
μL of absolute ethanol at a total lipid concentration of 5.31 mM. In another vial, 30 
μL of mRNA encoding mCherry (1 mg/mL) were diluted up to 600 μL with 
nuclease-free sodium citrate buffer (pH 4, 16.7 mM trisodium citrate dihydrate 
and 30.5 mM citric acid monohydrate). Controlled rapid mixing of the two 
solutions was achieved by using a custom-made T-junction mixer, equipped with 
syringe pumps (fusion 100-X, Chemyx Inc., Stafford, USA) and syringes with an 
inner diameter of 4.78 mm. The total flow rate was 2 mL/min, with a flow rate 
ratio of 3:1 v/v citrate buffer: ethanol). The resulting LNP formulations were 
dialyzed overnight against nuclease-free PBS (pH=7.4). After that, they were 
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concentrated at 4 oC to the lowest volume possible by centrifugation at 2000-3000 
g using 100K MWCO centrifugal filters (Amicon® Ultra, Merck) resulting in 
mRNA-LNPs with [total lipid] ~16-18 mM. Microfluidic mixing and mRNA were 
handled with nuclease-free lab consumables and gloves throughout. 
Encapsulation efficiency and mRNA concentration determination after LNP 
formation: Encapsulation efficiency and mRNA concentration were determined 
using the high range assay of Quant-iTTM RiboGreen® RNA assay kit (Invitrogen®, 
ThermoFisher Scientific) with nuclease-free TE buffer throughout. Briefly, to 
determine the unencapsulated mRNA [mRNAfree] in the sample, 10 μL of each 
LNP formulation (100x diluted with nuclease-free, filtered PBS) was added in a 96 
well plate (Greiner, black).  To determine the total mRNA in each sample 
[mRNAtotal], 10 μL of each formulation was added to wells mixing in 10 μL of 1% 
triton X-100 (prepared with nuclease-free H2O). The samples were diluted to 100 
μL with TE buffer and subsequently 100 μL of RiboGreen reagent was added. 
Fluorescence intensity (λex = 485 nm, λem = 530 nm) was determined using a 
fluorescence microplate reader (Infinite®, M1000 pro, TECAN) 5 min after adding 
the RiboGreen reagent. The mRNA concentration (mg/ml) was determined for 
every individual experiment using a calibration curve. Encapsulated mRNA was 
determined with the following equation: [mRNAencapsulated] = [mRNAtotal] – 

[mRNAfree] and encapsulation efficiency by: EE% = ([𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]
[𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]

) x 100%. 

All measurements were conducted in triplicate. All preparations were handled 
with nuclease-free lab consumables and gloves throughout. For administration in 
embryonic zebrafish (Vinjection = 1 nL) the LNP formulations were diluted to contain 
[mRNA] = 0.2 mg/mL.  
Size and zeta potential measurements: Particle size and PDI values were obtained 
by using a Malvern Zetasizer Nano ZS. DLS measurements (operating wavelength 
= 633 nm), were carried out at room temperature in PBS (pH=7.4) at a [total lipid] 
= 100 μM. Zeta potential of each LNP formulation was measured at [total lipid] = 
500 μM, using a dip-cell electrode (ZEN1002, Malvern), at room temperature and 
at [NaCl] <20 mM. All reported DLS and zeta potential measurements are the 
average of three measurements. 
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Cryogenic transmission electron microscopy: mRNA-LNP formulations (3.5 μL) 
were applied to a freshly glow-discharged carbon 200 mesh Cu grid (Lacey carbon 
film, Electron Microscopy Sciences, Aurion, The Netherlands). Grids were blotted 
for 3 s at 99% humidity in a Vitrobot plunge-freezer (FEI VitrobotTM Mark III, 
Thermo Fisher Scientific), with a waiting time of 30 sec before blotting. Cryo-TEM 
images were collected on a Talos L120C (NeCEN, Leiden University) operating at 
120 kV, equipped with a Ceta camera and LaB6 filament. Images were recorded 
manually at a nominal magnification of 11000 or 13500x for low magnification 
images yielding a pixel size at the specimen of 9.47 or 7.44 ångström (Å), 
respectively. For high magnification images a nominal magnification of 28000 or 
36000x was used, yielding a pixel size at the specimen of 3.46 or 2.84 ångström (Å), 
respectively.  
Cryo-electron tomography: Cryo-ET was performed on a Titan Krios microscope 
operating at 300 kV equipped with a K3 direct electron detector and BioQuantum 
energy filter (NeCEN, Leiden University). Tilt series were collected without the use 
of fiducials with SerialEM64 at a nominal magnification of 19500x (4.4 Å/pixel) and 
42000x (2.17 Å /pixel), respectively, using a dose-symmetric tilt scheme from -50° 
to 50° with 2° increments and a total dose of 100 e-/ Å2. Tomograms were 
reconstructed using the IMOD software package.65 
Zebrafish husbandry and injections: Zebrafish (Danio rerio, Tg (kdrl:GFP)s843)66 
were, in compliance with the directives of the local animal welfare committee of 
Leiden University, handled and maintained according to Zebrafish Model 
Organism Database guidelines (http://zfin.org, 2023). Natural spawning at 
beginning of light period was used for fertilized egg collection, which were 
subsequently grown at 28.5 °C in egg water (60 g/ml Instant Ocean Sea salts). 
Zebrafish embryos were anesthetized and embedded in 0.4% (w/v) agarose 
containing 0.01% tricaine. Screening studies from injection to image analysis were 
kept blind. Formulations were injected in the Duct of Cuvier at 3.5 dpf stage as 
previously described 67 (Vinjection = 1 nL volume, [mRNA] = 0.2 mg/mL per 
embryo). Zebrafish were qualified as correctly injected when formulation 
fluorescence correlated with vasculature and no backward translocation of 
erythrocytes and/or yolk damage was detected. Fish were randomly selected from a 
group of correctly injected embryos. Confocal microscopy was performed at 4 hpi 
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and 36-38 hpi and embryos were imaged by overlapping z-plane. Images for 
quantification were performed using a Leica TCS SP8 confocal microscope, with a 
40X water-immersion objective (HCX APO L) and photon count as detection 
method. Laser intensity, gain, and offset settings were kept identical for unbiased 
quantification. 
Confocal imaging and processing: Images were processed using software (Fiji) 
ImageJ 2.9.0/1.53t; Java 1.8.0_172 (64- bit). To enhance visualization of the 
biodistribution in lateral 10× images, mCherry/DiD channel ‘Diplay Range Max’ 
was manually optimized; for 40X quantification all settings were kept equal. For 
targeting studies (4 hpi, DiD channel) number of embryos per group was kept at 
n=3 due to logistic trade-off in imaging time and hpi, whereas for transfection 
studies (36-38 hpi, mCherry channel) number of embryos per group was set at 
n=9. Number of embryos for group A was n=8, as one of the injected embryos was 
excluded due to damaging of the embryo during transfer. 
Quantification of bEC targeting and transfection: Quantification was performed 
as described in macros using Fiji (see Supplementary Information). Briefly, two 
methods of quantification were performed: i) GFP positive bEC colocalization 
with DiD at 4hpi, and ii) quantification of mCherry Fluorescence Intensity that 
colocalized with GFP positive bEC. For first colocalization studies images were 
processed in Fiji using Plugin “JACOP” 68 and expressed in a bar plot as a result of 
MOC. For transfection studies, a mask was created as described in macro, to 
exclude bEC-negative mCherry from quantification, whereafter leftover 
fluorescence intensity was quantified and displayed as RFI in a bar plot. 
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5.5 Supplementary Information  

 
Figure S1. Autofluorescence levels of a 3.5 dpf ABTL zebrafish embryo (wild type) in green 
(ex/em: 488/495-535 nm) and red channels (ex/em: 555/580-620 nm) and overlay thereof. 
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Figure S2. Low magnification Cryo-TEM images of LNP formulations, LNP-A, B, C and 
D. Scale bars: 200 nm. 
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Figure S3. Biodistribution studies of LNP-A (a, b), -B (c, d), -C (e, f), and -D (g, h), in 
which (a, c, e, g) represent LNP biodistribution in lateral view on whole embryo, whereas 
(b, d, f, h) represent dorsal view on brain vasculature and LNP localization. Scale bars: 500 
µm (a, c, e, g) and 50 µm (b, d, f, h). 
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Figure S4. Transfection studies in zebrafish embryos as resulted from 36-38 hpi injected 
LNP-A (a-c), B (d-f), C (g-i), and D (j-l) in which (a, d, g, j) represent lateral whole 
embryo biodistribution and transfection, (b, e, h, k) represent dorsal biodistribution and 
transfection in zebrafish head region, and (c, f, i, l) display dorsal view on brain vasculature 
and transfection levels. Blue box in g indicates the liver/swim bladder. Scale bars: 500 µm 
(a, d, g, j), 250 µm (b, e, h, k), and 50 µm (c, f, i, l).  
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Figure S5. Stability of LNP-B. LNP-B as measured by DLS 1 month after formulation. 
Average diameter: 124.4 nm, PDI: 0.103. 

 

Image acquisition and settings 

Lateral: Leica SP8, 10X 0.4NA magnification, HyD detector 

Dorsal: Leica SP8, 10X 0.4NA or 40X 0.8NA magnification, HyD detector 

GFP detection: 488 nm laser excitation in 506-526 nm emission window 

mCherry detection: 552 nm laser excitation in 600-620 nm emission window 

DiD detection: 638 nm laser excitation in 650-670 nm emission window 

Lateral: 1024x800 pixels, zoom 1.0, image speed 400, z-step 3.6 um, pinhole 1.0 

Dorsal: 1024x500 pixels, zoom 1.28, image speed 700, z-step 3.6 um, pinhole 1.0 

Stored as: ‘20210428 kdrlGFP 3.5dpf formulations bbbtargeting 18mM 4hpi DiD (2)’ 

 

Fiji Image reconstruction  
For 4 hpi, DiD vs GFP colocalization 
rename("stack1"); 
run("Make Substack...", "channels=1,3 slices=1-45"); 
run("Split Channels");  
close("stack1"); 
run("JACoP "); 
selectWindow("C2-stack1-1"); 
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selectWindow("C1-stack1-1"); 
selectWindow("C2-stack1-1"); 
selectWindow("C1-stack1-1"); 
run("JACoP ", "imga=C1-stack1-1 imgb=C2-stack1-1 thra=50 thrb=130 pearson mm"); 
 
For 38 hpi, mCherry vs GFP colocalization 
run("Make Substack...", "channels=1,3 slices=1-43"); 
run("Z Project...", "projection=[Max Intensity]"); 
Stack.setDisplayMode("grayscale"); 
run("Split Channels"); 
//for quantification mCherry, use ‘Sum slices’ instead of ‘Max Intensity’, and only make 
substack of mCherry (e.g., channel 3) 
run("Make Substack...", "channels=3 slices=1-43"); 
run("Z Project...", "projection=[Sum Slices]"); 
//save images, make merges and montages for supplementary information, close images 
//Open GFP positive image to create mask for specific endothelial cell colocalization 
setOption("BlackBackground", false); 
run("Convert to Mask"); 
run("Dilate"); 
run("Despeckle"); 
run("Divide...", "value=255"); 
//Open mCherry positive image 
run("Image Calculator..."); 
//Multiply GFP mask from mCherry positive image 
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