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Abstract 

Emerging therapeutic treatments based on the production of proteins by delivering messenger RNA 

(mRNA) have become increasingly important in recent times. While lipid nanoparticles (LNPs) are 

approved vehicles for small interfering RNA (siRNA) delivery, there are still challenges to use this 

formulation for mRNA delivery. LNPs are typically a mixture of a cationic lipid (CIL), 

distearoylphosphatidylcholine (DSPC), cholesterol, and a PEG-lipid. The structural characterization 

of mRNA-containing LNPs (mRNA-LNPs) is crucial for a full understanding of the way in which 

they function, but this information alone is not enough to predict their fate upon entering the blood 

stream. The bio-distribution and cellular uptake of LNPs are affected by their surface composition as 

well as by the extracellular proteins present at the site of LNPs administration, e.g. ApolipoproteinE 

(ApoE). ApoE, being responsible for fat transport in the body, plays a key role in the LNP’s plasma 

circulation time. 

In this work, we use small-angle neutron scattering, together with selective lipid, cholesterol and 

solvent deuteration, to elucidate the structure of the LNP and the distribution of the lipid components 



   

 

 

in the absence and the presence of ApoE.  While DSPC and cholesterol are found to be enriched at 

the surface of the LNPs in buffer, binding of ApoE induces a redistribution of the lipids at the shell 

and the core, which also impacts the LNP internal structure, causing release of mRNA. The 

rearrangement of LNP components upon ApoE incubation is discussed in terms of potential relevance 

to LNP endosomal escape. 
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The development of RNA-based therapies using lipid nanoparticles (LNPs) as delivery vehicles is 

emerging as a versatile approach with clinical potential. Many companies have understood their 

significant value and have focused their core development in an LNP based platform, e.g. Acuitas 

Therapeutics. In 2018, the US Food and Drug Administration (FDA) approved the drug Onpattro 

based on a small interference RNA (siRNA) targeting transthyretin.1 Moreover, Moderna and 

Pfizer/BioNTech have received emergency authorization in several markets for messenger RNA 

(mRNA)-LNPs based vaccine against SARS-CoV-2. 2–4  

LNPs have been developed as gene vectors to deliver e.g. siRNA, to knock down the production of 

a specific protein in the body, or mRNA, to produce a deficient protein in situ. Despite the great 

advances in LNP therapies, there are still challenges to translate this type of formulation from siRNA 

to mRNA, following their differences in size (20 vs 1000 nucleotides, respectively) and configuration 

(double vs single stranded, respectively). LNPs can potentially pack more copies of siRNA per 

nanoparticle compared to mRNA, making them more efficient for this type of therapy. 

Upon intravenous administration, apolipoprotein E (ApoE) in blood serum binds to LNPs,5,6 which 

leads to LNP accumulation in the liver.7,8 ApoE is a reversible apolipoprotein partially responsible 

for lipid trafficking in the body: when lipid bound, ApoE binds to LDL receptors in the liver and fats 

can be recycled. Parallel to the above mentioned cellular uptake route, LNPs can be internalized via 

other pathways, such as clathrin-mediated endocytosis and macropinocytosis.9 The cationic ionizable 

lipid (CIL) is a critical component in LNPs that quickly concentrates in the liver upon intravenous 

LNP administration.7,8 However, microscopy observations have shown the presence of intact LNPs 

inside the endosomal compartment.9,10 At the same time, protein expression in vivo, upon mRNA-

LNP administration, is localized in the liver.8,11 Together, these findings are interpreted in terms of 

the intact LNPs entering the liver cells which then release mRNA in the cytosol where the protein 

expression occurs.8,11 Nevertheless, CIL accumulation as a consequence of binding to and extraction 

by ApoE cannot be excluded, since protein production takes place but remains at very low level. 



   

 

 

Maugeri et al.12 detected a 1:1 CIL to nucleotide ratio in endocytosed extracellular vesicles while 

most LNPs are prepared with an excess of CIL as in this study (3:1 CIL to nucleotide ratio). It remains 

unknown whether ApoE binding to LNPs plays a role in the endosomal escape and successful 

delivery of mRNA to the cytoplasm. However, it is clear that ApoE binding to LNPs is critical for 

cellular uptake and protein production in the liver.6,13 

CILs, when formulated in LNPs, possess a head group with an apparent pKa between 6 and 7,14  

which makes LNPs neutral at extracellular pH (~7.4), but charged at the lower pH values found in 

endosomes (6.5 –4.5).15 This property enables CIL to encapsulate the anionic RNA at low pH; it has 

been proposed that it also facilitates endosomal escape by fusing with the negatively charged 

endosomal membrane.16 In LNPs, helper lipids such as cholesterol, phospholipids (e.g. 

distearoylphosphatidylcholine, DSPC) and poly(ethylene glycol) (PEG) lipid, are required not only 

to stabilize the nanoparticle, but also for its function.11,17,18 The PEGylated lipid is employed to 

stabilize the particle and to control its size; smaller LNPs are generated at higher PEG-lipid ratios.19 

It is suggested that the core-shell structure describes the LNP nanostructure with CIL-RNA being 

located in the core, and the rest of lipid components being co-localized in the shell.20–22 In reality, the 

lipid component distribution (core versus shell) is indeed quite asymmetric as demonstrated by small 

angle neutron scattering (SANS),20 with DSPC being mainly segregated toward the LNP shell. 

Interestingly, the LNP size and surface composition plays a major role in the protein expression 

efficacy.20 The distribution of lipids other than DSPC in the LNP, and their potential impact on LNP 

function, is not yet clear even though the LNP shell is speculated to be cholesterol-rich.20,23  

The state of the art regarding the role of components in LNP function can be summarized as 

follows:8 1) cholesterol and the saturated phospholipid DSPC stabilizes the LNP surface, as in cellular 

membranes, 2) CILs help the LNP to bind and fuse with the endosomal membrane, facilitating 

endosomal escape, 3) PEG-lipids ensure that LNP aggregation does not occur prior to administration. 

Upon intravenous administration, the PEG-lipid is shed, enabling LNPs to fuse with the endosomal 



   

 

 

membrane releasing mRNA. This process can be facilitated by using a shorter acyl chain lipid such 

as dimystoryl phosphatidyl ethanolamine (DMPE) as demonstrated in vivo.11  

In this work, LNPs prepared with deuterated CIL and match-out deuterated cholesterol allowed us to 

use SANS not only to determine the exact cholesterol, DSPC and CIL composition and distribution 

across the LNP shell and core at pH 7.4, but also any potential effect that ApoE binding might have 

on the various lipid components distribution, and the overall LNP structure. The latter is of greater 

importance since ApoE adsorption to LNPs boosts their cellular uptake in the liver, but may 

potentially affect LNP endosomal escape and mRNA release upon inducing change in the surface 

structure, i.e. redistribution of the lipid components. SANS in combination with selective deuteration 

was the technique of choice to study the structure and composition of LNPs. On one hand, SANS 

gives information on the size and shape of the object in solution (details can be found in the following 

references24,25). On the other hand, the isotopic substitution in the lipids and/or cholesterol enables 

determining the location of the deuterated component in the particle, together with the tuning of D2O 

content in the buffer. The ability to differentiate between different isotopes derives from the different 

scattering lengths which, weighted by the molecular volume, are known as scattering length density 

(SLD). The mixture of H2O (SLD 0.56 ×10-6 Å-2) and D2O (SLD 6.35×10-6 Å-2) can be adapted to 

match out the signal from a selected component, for example deuterated cholesterol with SLD equal 

to SLDD2O is called match-out cholesterol.26  

Results and Discussion 

Determination of structure and composition in the core and shell of mRNA based LNPs 

 mRNA containing LNPs were formulated with dilinoleylmethyl-4-dimethylaminobutyrate (DLin-

MC3-DMA usually abbreviated to MC3, the CIL used here), DSPC, cholesterol, mRNA and DMPE-

PEG2000 at the molar ratios given in Table 1. Four different samples were prepared using the same 

mixing ratios but with various substitution of some components with their deuterated version (Table 

1). The percentage of deuterated components in each sample was chosen to highlight the position of 



   

 

 

a given component with respect to the rest, in particular MCH and MMC had the natural cholesterol 

and MC3 respectively, fully substituted with the deuterated version. The MCHPC and MMO 

compositions, in term of deuterated components, were designed to have core and shell of the LNP 

matched, i.e. same SLD for core and shell, so that the LNP turns invisible in a given H2O/D2O mixture 

(here, we chose the SLD that matches proteins i.e. ~43% D2O). However, the scattering intensity for 

MCHPC could only be minimized but not matched out in any H2O/D2O mixture (Figure SI1), while 

MMO was made invisible in 46% D2O (Figure 1D). The structure of the mRNA-containing LNPs 

was determined by SANS (Figure 1). By using different degrees of deuterium substitution, various 

parts of the LNP particle are highlighted (shell versus core) among the samples. This enables the 

determination of not only the overall structure but also of the distribution of the different components 

within the LNP shell and core.  

 

Table 1. The composition of LNP was 10% mol DSPC, 50% mol CIL, 38.5% mol cholesterol, 1.5% 

mol DMPE-PEG, 0.015% mol mRNA. Four samples (named MCH, MCHPC, MMO, MMC) were 

prepared with different level of deuteration in mol% in phosphate buffer saline pH 7.4 (PBS). 

% deuterated 
component 

MCH MCHPC MMO MMC 

cholesterol 100 100 42* 0 

DSPC 0 32 37 0 

MC3 (CIL) 0 0 42 100 

*Here d-cholesterol (average 87% D) was used instead of d-cholesterol (average 89% D). 

 



   

 

 

 

Figure 1. SANS data collected with sample MCH at 4 different contrasts (A), MMC at 5 different 

contrasts (B), and MCHPC at 4 different contrasts (C). The legends in panels A, B and C describe the 

percentages of d-PBS present in the solvent. The black solid lines are the result of model fitting. The 

curves were shifted for clarity. The exact composition of the LNP formulations is given in Table 1. 

The peak due to internal structure is clearly visible for MCH and MCHPC (d-PBS > 60%). For MMC, 

however, a small deviation from the model around q = 0.1 Å-1 for all solvent contrasts is possibly due 

to internal structure, which was not included for this particular dataset modelling. In panel D, the 

scattering intensity averaged over the q values 0.004-0.007 Å-1 is plotted against the percentage of 

D2O content in the buffer for the MMO sample, showing that this sample is invisible in solvents 

where proteins are also invisible to neutrons. Schematic drawing of the core-shell structure including 

the distribution of the components in the LNP; water is not represented in the schematics; the core 



   

 

 

has an average water volume fraction of (18 ± 5) % (E). In the inserts of panels A, B and C the LNP 

schematics have the components colored according to their SLD values (i.e. deuterated components 

are black). 

 

The SANS data in Figure 1A-C were analyzed using either a simultaneous fit for the core shell 

sphere model27 only (sample MMC) or adding a broad peak model28 to better describe the data in the 

q range above 0.05 Å-1 (samples MCH and MCHPC). A detailed description of the data analysis can 

be found in the ESI. Such a broad peak arises from the internal structure of the CIL/RNA packing 

and mainly from the contrast between the solvent and the lipid components. For MMC at a D2O 

content above 35 vol%, the contrast between the deuterated MC3 and the solvent is quite low (match 

point is 82 vol% D2O), while for lower D2O vol% the incoherent background from hydrogen atoms 

masks the contribution of the internal structure. Thus, no clear broad peak at q > 0.05 Å-1 is present 

for MMC. Sample MMO was fully contrast-matched between shell and core, and was therefore fitted 

by a sphere model (see next section and the ESI, Figure SI2).  

These SANS results confirm the core-shell structure previously suggested for LNPs,20–22 and 

provide detailed quantification of the distribution of all four lipid components in the core and shell 

separately. In all cases, the core radius, shell thickness and shell scattering length density (SLDshell) 

were the fitting variables with the constrain to be the same amongst the different solvent contrasts for 

each sample preparation, while the core SLD (SLDcore) was allowed to vary accounting for solvent in 

the core following the relationship SLDcore=vfsol×SLDsol+(1- vfsol)	×SLDdry core. vfsol and SLDdry core were 

fitting variables and constrained to be unique for each LNP preparation; vfsol is the solvent volume 

fraction in the core and SLDdry core corresponds to a weighted average of all LNP components’ 

scattering length density (SLD) except solvent. Further details on the fitting procedure and 

compositional derivations are included in the Methods section and the Supplementary Information. 

In general, consistent structural (Table 2) and compositional (Table 3) information was found for 



   

 

 

MMC, MCHPC and MCH. The distribution of the various LNP components across shell and core is 

depicted schematically in Figure 1E.  

 

Table 2. Structural information on LNPs as determined by SANS; LNPs were formulated according 

to the molar composition stated in Table 1.  

 MCH MCHPC MMO MMC Average and 
SD 

Core Radius/nm 26.4 ± 0.1 26.7 ± 0.1 * 31.0 ± 0.9 28 ± 3 

Shell thickness/nm 5.0 ± 0.1 6.9 ± 0.1 * 5.1 ± 0.3 6 ± 1 

Total Radius/nm 31.4 ± 0.2 33.6 ± 0.2 31.5 ± 0.1 36 ± 1 33 ± 2 

Core solvent 
fraction (v/v %) 

23 ± 1 17 ± 1 * 13 ± 3 18 ± 5 

Core volume/nm3 77070 79730 * 124800  

Shell volume/ nm3 52610 79160 * 70640  

Total volume/nm3 129680 158890 123600 195430  

Hydrodynamic 
Radius 
(DLS)/nm** 

43 ± 1 44 ± 1 41 ± 1 43 ± 1  

* These parameters cannot be assessed in MMO due to lack of contrast between shell and core in 
the experimental conditions used. 

** Intensity averaged. 

There is good agreement between the total size measured by SANS and dynamic light scattering 

(DLS) with a slightly larger radius for MCHPC and MMC (see Table SI1). DLS radii (hydrodynamic 

radii) are systematically larger than the total radius determined by SANS since the latter is the sphere 

radius which is expected to be smaller than its hydrodynamic radius: the hydrodynamic radius reflects 

the collective motion of particles with its counterion cloud. For MMC, the sample containing 100% 

deuterated CIL, there is a larger discrepancy in shell and core volume together with the solvent 

volume fraction in the core. Deuteration can give rise to changes in the lamella repeating distance29 

besides the known changes in packing of phospholipids30 and diffusion.31 This is due to changes in 



   

 

 

the vibrational modes, dipolar moments and hydrogen bonding upon deuteration. The internal 

structure of LNPs depends largely on the ionic conditions of the MC3 lipid, and the differences 

observed in LNP structure may arise from deuteration. Interestingly, despite these differences in total 

LNP size, only minor deuteration effects in composition are observed (Table 3). 

The LNP surface was modelled as a single shell that should contain both the phospholipids and the 

lipid portion of the PEGylated lipids. This assumption holds valid since the contribution of the highly 

hydrated PEG layer (hydration ~61% in mushroom conformation32) to the overall shell scattering is 

negligible. In order to rule out the need of an additional shell, a preliminary analysis of the SANS 

curves was performed and the resulting pair distance distribution functions and density profiles 

supported the choice of a single-shell core sphere model (see Figure SI3 in the ESI). The analysis 

shows that the shell thickness is similar for all samples except for the one containing both deuterated 

cholesterol and DSPC (MCHPC). This is the sample where the contrast between core and shell is 

larger compared to other samples, which probably gives a higher neutron-sensitivity to this layer (see 

details on fitted SLD values in Table SI2 in the ESI). Interestingly, the shell thickness is larger than 

a DSPC monolayer (2.7 nm)33 and closer to a DSPC bilayer in the gel phase (5.8 nm).34 This suggests 

that a disordered bilayer probably forms due to the presence of high curvature MC3 (see schematics 

of LNP in Figure 1E).  

Finally, from the broad peak position in samples MCH and MCHPC, an internal d-spacing of 6.35 

± 0.02 nm is found. This distance probably represents the characteristic d-spacing of the inverse 

worm-like micellar structure of the core.20,28  This is consistent with previous results obtained on bulk 

phases samples.20 

 

 

Table 3. Compositional information on mRNA-LNPs as determined by SANS. Volume fractions 

estimated from the fitted SLD using the core shell model. Excellent agreement with the experimental 



   

 

 

results was obtained and the initial mixing ratios are within experimental error (see Method section 

and the ESI, Table SI4-5 for molar fractions).  

 Shell volume fractions Core ‘dry’ volume fractions 

Sample DSPC* Chol MC3 DMPE-
PEG* 

Chol MC3 mRNA* 

MCH 25.4 32.6 ± 0.2 39.0 ± 0.8 3.0 12.4 ± 0.2 75.2 ± 0.4 12.4 

MCHPC 21.9 30.9 ± 0.2 44.6 ± 0.8 2.5 11.1 ± 0.2 74.5 ± 0.4 14.4 

MMC** 30 36 ± 4 30.5 ± 1.8 3.5 12.2 ± 0.5 76.8 ± 0.2 11.0 

Average 
and SD 

26 ± 4 33 ± 3 38 ± 7 3.0 ± 0.5 12 ± 1 75 ± 1 13 ± 2 

*The distribution of these components was kept fixed: DSPC and DMPE-PEG in the shell and 
mRNA in the core.  

**The largest error for the composition in MMC relates to higher error in the SLD of the shell 
(Table SI2). 

 

As already described, the various SANS datasets are sensitive to the distribution of each component 

within the LNP. For example, greater accuracy of our estimation for cholesterol is found in the MCH 

dataset since all cholesterol molecules are deuterated in this case and they can be distinguished from 

the rest of the LNPs components. MCHPC is less sensitive to the cholesterol distribution since some 

DSPC is also deuterated but highlights the total shell conformation, knowing that DSPC mostly 

occupies the shell.20 MMC, on the other hand, has greater accuracy towards MC3 distribution since 

it is the only component being deuterated. In general, the compositional information obtained from 

the combined SANS data for MCH, MCHPC and MMC are in excellent agreement (Table 3) and 

show that the shell volume consists on average of 33 ± 3% cholesterol, 38 ± 7% MC3, 26 ± 4% DSPC 

and 3.0 ± 0.5% DMPE-PEG. The dry core volume (i.e. excluding the solvent) is dominated by the 

MC3, which occupies on average 75 ± 1 %, 12 ± 1 % cholesterol and 13 ± 2 % mRNA. The high 

consistency in composition among the samples studied shows that small variations in overall particle 



   

 

 

size and volume ratio between shell and core do not have a major effect on the component distribution 

among shell and core in LNPs.  

In terms of molar concentration (Table SI4), the cholesterol is approximately two times more 

concentrated in the shell than in the core, while the MC3 concentration is approximately three times 

more concentrated in the core than in the shell. The cholesterol molar ratio in the shell is about 51%, 

which translates to a ~2.7 to 1 cholesterol:DSPC molar ratio. This molar ratio is above the solubility 

limit for cholesterol in PC lipids.35–37 However, since the shell also contains CIL and DMPE-PEG, 

the actual ratio of cholesterol to total lipids is ~1.1- 1 and the risk for cholesterol crystal formation on 

the LNP surface should be low (assuming a homogeneous distribution between CIL and DSPC). On 

the other hand, the core contains approximately 24 mol% cholesterol, which lies just at the measured 

solubility limit of cholesterol in MC320 and could suggest that no cholesterol crystals would form in 

the core either. However, for the deuterated cholesterol containing samples, MCH and MCHPC, the 

estimated SLD based on volume constraints are lower by 23% and 12% than the best fit SLD values 

for both core and shell, respectively. This may imply that the SLD value for deuterated cholesterol is 

slightly higher than the expected value found by mass spectroscopy (MS).38 Such a discrepancy could 

be explained by the formation of two-dimensional cholesterol crystals39 which would decrease the 

cholesterol molecular volume40,41 and hence increase the cholesterol SLD. If this is true, two-

dimensional cholesterol crystals could form mainly on the LNP surface as a consequence of, for 

example, an increased affinity between cholesterol and DSPC compared to MC3 which could 

potentially lead to phase separation or domain formation. 

 

 

 

 

 



   

 

 

Producing a shell-core and ApoE contrast matched LNP 

In order to validate the composition determined by independent SANS experiments on samples 

with different deuteration schemes (Fig, 1A-C), a LNP sample was formulated by mixing the 

deuterated and hydrogenated forms of the 3 main lipid components in appropriate ratios (Table 1), 

giving SLDshell = SLDcore. In parallel, the SLD for the contrast matching point was chosen so that it 

would also match the ApoE SLD (sample MMO). This condition was selected so that changes in 

structure and/or composition could be followed upon ApoE incubation. The SLD of ApoE was 

calculated from the amino acids sequence; accounting for the H/D exchange of labile hydrogens, the 

protein was found to be matched at 43 vol% D2O based buffer. The MMO sample was diluted in 

solvents with D2O content ranging from 36% to 53%, in order to find the optimal matching condition; 

experimentally this was found to be 46% d-PBS and very close to the match value for ApoE (Figure 

1D). The data for the match out study were collected at a single configuration (detector distance and 

collimation) and over a limited q-range. As expected, the simultaneous fit of 4 selected contrasts is 

consistent with a sphere where no core-shell structure is visible having an SLD of (2.58	±	0.15) × 

10-6Å
-2

(data and fit in Figure SI2). From this sample, detailed information on the components volume 

fractions was not accessible due to the shell-core matched out conditions and the limited range of 

solvent contrasts. However, the ability to completely match out the scattering contribution validates 

the component distribution found for this particular LNP formulation and the high reproducibility in 

its composition across sample batches. 

In addition, the volume fractions obtained from MMC were used to estimate the SLD of MMO, 

accounting for the deuteration scheme (Table 1) and the calculated SLD agreed extremely well with 

the best fit value for the SLD obtained with the sphere model for MMO. In the conditions of MMO, 

the scattering data were not sensitive to inhomogeneities across the shell and the core, and even in 

the event of domain formation within the shell, no major intensity would arise since the average SLDs 



   

 

 

for each component are close. Furthermore, the absence of scattering rules out any segregation effect 

of deuterated components from hydrogenated ones that would otherwise lead to an intensity increase.  

 

Binding isotherm for ApoE to mRNA-LNPs 

Prior to determining the structural effect of ApoE binding to LNPs by SANS, the binding isotherm 

for ApoE to LNPs had to be established. Attempts were made using indirect chromatographic and 

ELISA type of methods but the presence of free ApoE complicated the interpretation of the results. 

Therefore, a quartz crystal microbalance with dissipation (QCM-D) based sensor was developed to 

determine ApoE binding to LNPs, taking advantage of anti-PEG antibodies (manuscript in 

preparation).  Figure 2 shows the binding isotherm of ApoE to LNPs as determined by QCM-D (see 

experimental details in the Method section and the ESI). No saturation of the LNP surface was 

obtained up to 2:1.06 %w ApoE:mRNA (Figure 2A) since there was a continuous decrease in 

frequency with increased ApoE concentration in solution. A decrease in frequency shift directly 

translates to an increase in adsorbed wet mass. Moreover, the lack of spreading of the frequency 

overtones together with a minimal change in the Energy dissipation (Figure 2A and SI4) suggest that 

ApoE adopts a rather compact and flat conformation on top of the LNP particles (Figure 2C). These 

conditions (no frequency spreading and low dissipation) enable the use of the Sauerbrey equation to 

determine the adsorbed mass.42 From the adsorbed mass, and assuming a given packing of the LNPs 

on the sensor surface, the number of ApoE molecules per LNP can be estimated (Figure 2B). This 

number ranges between 250 and 340 ApoE molecules/LNP assuming either an LNP hexagonal or 

random packing. Based on geometrical considerations, and assuming a hairpin like configuration of 

the protein on the LNP surface43 (Figure 2C), the saturation of the LNP surface by adsorbed ApoE 

should occur around 180 molecules per LNP, which corresponds to 1:1 %w ApoE:mRNA. Our results 

suggest that LNPs are able to bind more than a monolayer of protein, or that ApoE does not adopt a 

hairpin conformation on the LNP surface.  



   

 

 

 

 

 

 

 

Figure 2. ApoE binding to LNP as measured by LNP immobilized particles on a QCM-D sensor. 

The raw frequency shift for overtone 5,7 and 9 is reported as a function of ApoE concentration (A). 

The frequency shift has been offset by the equilibrium value obtained after LNP injection/rinsing. 

The overlap for all overtones suggests that the ApoE is a rigid film adsorbed on the LNP (no change 

in dissipation occurs). Note that a negative change in frequency is related to an increase in adsorbed 

wet mass. The number of ApoE molecules per LNP as a function of ApoE concentration is calculated 

assuming hexagonal (grey squares) and random (black circles) packing by using the Sauerbrey 

equation (B). Transition of free ApoE44 (PDB ID: 2l7b) into proposed hairpin-like configuration43 

B A 

C 



   

 

 

adapted to fit on an 80 nm diameter LNP (green). Domains bound to the LNP surface are shown in 

red with hydrophobic Leucines and Isoleucines shown as sticks (C). The illustration was prepared 

using the PyMOL Molecular Graphics System, version 2.0 Schrödinger, LLC. 

 

In human blood serum, typical ApoE concentrations range in the order of 30-80 µg/ml. Here, LNPs 

were incubated with ApoE at the ratio of 1:1 %w ApoE:mRNA (corresponding to 1:10 %w 

ApoE:LNP components except mRNA), which is 10 to 100 times lower than the ratio found in blood 

assuming an mRNA dose of 0.3 mg/kg.13,45 Since ApoE is one of the most abundant proteins in LNP 

protein coronas, a high affinity between ApoE and LNPs is expected as demonstrated by Figure 2 

and by the fast kinetics of binding to LNPs (see inset in Figure 2A). Moreover, ApoE in human blood 

serum is bound to lipoproteins and not all available to bind LNPs. 

 

Structural and compositional effects induced by ApoE binding to mRNA-LNPs 

SANS data for MMO in 46% D2O based buffer and in the presence of ApoE are sensitive only to 

the composition and structure of the LNP. Indeed, 0.3 mg/mL ApoE was measured in 46% D2O based 

buffer and the scattered intensity overlapped with the data collected for the solvent alone. This 

confirms that ApoE is invisible in this solvent condition (Figure 3A). Since the circulation time of 

LNPs in the body is approx. three hours, MMO and ApoE were incubated in a 1:1 mixture 

(ApoE:mRNA %w) at 25°C for 3 hours prior to SANS data acquisition. The SANS data after 

incubation with ApoE showed a clear deviation from matched out conditions (Figure 3A), which 

suggests a structural or compositional rearrangement of the particle. However, this data does not 

allow to detail the changes in component distribution due to the complex particle composition and 

the poor contrast between shell and core. 

So far, all the experiments described have involved the isoform ApoE3, being the most abundant 

allele and also having a neutral risk to develop atherosclerosis and Alzheimer’s disease (AD). 



   

 

 

However, we collected data for incubation of LNPs with ApoE4 (a proatherogenic variant and clinical 

marker for AD) and human serum albumin (HSA) respectively, to clarify how specific was the effect 

seen with ApoE3. SANS data for LNPs incubated with ApoE3 and ApoE4 show similar changes 

(Figure SI5); while the incubation of LNPs with HSA does not affect the structure of LNPs in a visible 

way (Figure SI6). Therefore, the structural and compositional effects hereby reported are not ApoE 

variant dependent and are specific to at least this type of apolipoprotein. 

In order to clarify whether there is structural (i.e. domain formation at the LNP surface) or 

compositional (i.e. component redistribution between core and shell) change in LNPs upon ApoE 

binding, SANS data were collected with MCH, MCHPC and MMC incubated with ApoE, all in 

solvent conditions that matched the SLD of ApoE within error (see Figure SI7, under the same 

experimental conditions). For all the samples, a difference in the scattering curve due to ApoE 

incubation was observed (Figure 3B-D) which enabled quantification of the compositional and 

structural changes occurring in the LNPs.  



   

 

 

 

Figure 3. SANS data collected for the LNPs prepared with a mixture of deuterated and hydrogenated 

components (MMO) that allows the LNPs to be matched out in a buffer with 46% D2O content, and 

to enhance the structural effect of ApoE incubation for 3 hours: solvent containing 46% d-PBS (black 

symbols), ApoE (red symbols), MMO with (light blue symbols) and without (blue symbols) ApoE 

(A). LNPs prepared with dMC3 (MMC) and measured at 46% d-PBS with (red symbols) and without 

(black symbols) ApoE (B). SANS data for LNP prepared with 100% d-cholesterol (MCH) measured 

in 39% d-PBS with (red symbols) and without (black symbols) ApoE (C), and LNP prepared with 

100% d-cholesterol and 32% dDSPC (MCHPC) measured in 39% d-PBS with (red symbols) and 

without (black symbols) ApoE (D). Schematics of how the particle composition changes upon 

apolipoprotein binding, cholesterol moves towards the surface while MC3 partitions to the core (E). 

Solid lines are best fits to the experimental data. The nominal LNP composition is provided in Table 



   

 

 

1. In the inserts of panels B, C and D the LNP schematics have the components colored according to 

their SLD values (i.e. deuterated components are black). 

 

 

All SANS curves collected after 3 hours ApoE incubation show an increase of intensity at low q 

(Figure 3A-D). In the deuteration scheme for MCH and MCHPC (Figure 3C-D), the changes can be 

modelled with a slight decrease in size of the samples (Table SI3), and a larger decrease in the SLD 

of the core than the SLD of the shell for both samples (Table SI2). This suggests that the LNP 

compaction is accompanied by a redistribution of the LNP components from the shell to the core, 

and/or vice versa (Figure 4). Assuming that ApoE does not remove components from the LNP 

particle, the observed changes in core and shell volume (Figure 4) and SLD (Table SI2) could be 

explained by MC3 being transferred from the LNP surface to the core, while the opposite takes place 

for cholesterol resulting in an increased LNP surface cholesterol concentration (Figure 4 and Table 

SI6). Figure 4 shows the volume fractions normalized by either the shell or the core volume before 

and after ApoE incubation. Therefore, the net changes in the volume fraction of the core and in the 

shell are not expected to mass balance. Mass balance takes place if considering the number of 

molecules instead. The volume of the shell decreases to a larger extent than the core due to further 

thinning (Figure 4), which correlates with the observed decrease in MC3 surface concentration. 

 

 



   

 

 

 

Figure 4. LNP volume and composition in presence (grey) and absence of ApoE (black). The 

histograms in the top row show the volumes of shell and core calculated from the radius and thickness 

obtained fitting the SANS data respectively for MCH (A), MCHPC (B) and MMC (C). In the middle 

row, the histograms show the volume fractions for the LNP components present in the core when 

solvent is excluded: MCH (A), MCHPC (B) and MMC (C). In the bottom row, the histograms show 

the volume fractions for the LNP components present in the shell: MCH (A), MCHPC (B) and MMC 

(C). LNP samples were prepared accordingly to Table 1. Changes in DSPC, cholesterol and MC3 

composition are significant. 

Previous structural analysis of mRNA containing LNPs were performed at 25°C,20 therefore we 

continued to use this temperature for comparative reasons. However, a more physiologically relevant 

temperature was tested (37°C) giving no significant effect of temperature on LNP structure in the 

absence or presence of ApoE (Figures SI8-10). Moreover, MCHPC and MCH in the presence and 

absence of ApoE were followed upon heating to 37 °C, then to 49 °C (in the attempt to melt the DSPC 

while keeping the protein active) and finally cooling back to 25 °C (Figure SI10). MCHPC incubation 

with ApoE was monitored as well for 21 hours at 25 °C (Figure SI10D). Similar changes in the 

A B C 



   

 

 

scattering curves took place regardless of incubation temperature. However, the protein incubation 

time with the LNP has dramatic effects on the scattering curves. Overall, this suggests that LNP 

structure and composition in physiologically relevant conditions should not differ significantly from 

the one determined here at 25 °C. 

 

ApoE binding results in restructuring of both LNP surface and core, and affects mRNA 

encapsulation 

For all LNPs exposed to ApoE samples, the modelled best fits are systematically higher than the 

SANS data for q < 0.005 Å-1 (Figure 3B-D), suggesting that the core-shell sphere model does not 

fully describe the particle form factor any longer even after accounting for component redistribution. 

The subtraction of the data collected with MMC from the MMC incubated with ApoE produces a 

clear peak at q = 0.006 Å-1 (see Figure SI11), which could indicate the domain formation at the surface 

with a distance proportional to 2𝜋/q (~100 nm). Similar effects are observed for the other data sets, 

where a failure of the core-shell model upon ApoE incubation seems evident.  

To investigate the effect of ApoE incubation on the core structure, SAXS data were collected on 

LNPs with ApoE after mixing, after 3 and 15 hours (Figure 5A). In this case, incubation with ApoE 

leads to a decrease in the peak intensity upon 3 h incubation, which is then accompanied by a shift 

toward higher q upon 15 h ApoE incubation besides further intensity decrease. This suggests a loss 

of order and a decrease of the d-spacing in the internal structure. The hydrodynamic radius (DLS) is 

not affected by ApoE addition (Figure 5B, top), in agreement with SANS that gave no or only minor 

effects in size (Table SI3). The same sample was tested for mRNA encapsulation (Figure 5B, bottom) 

and a drop of encapsulation was recorded after 1 day of incubation. This supports a change in the 

core structure allowing the mRNA to escape the LNP in time scales much longer compared to the 

ones required for the start of component redistribution as measured by SANS. This indicates that 



   

 

 

component redistribution and removal of cholesterol from the core occurs and, upon reaching a 

certain critical concentration, failure of the LNP core packing leads to RNA release. 

  

 

Figure 5. Stability of fully hydrogenated LNPs upon incubation with ApoE in terms of core structure 

measured by SAXS (A): SAXS patterns were measured at 1:1 w% ApoE/mRNA at no ApoE (black), 

0 h (blue), 3h (red) and 15 h (grey) of incubation time. Size measured by DLS (B, top) and 

encapsulation efficiency (B, bottom). Increasing ApoE/mRNA weight ratios were used in B and size 

and encapsulation efficiency were measured at day 0 (blue circles), 1 (red squares) and 3 (grey 

triangles) of incubation time. Error bars are almost always within the size of the symbols for SAXS, 

DLS and encapsulation data.  

 

While CIL in the core is key to pack the mRNA, the CIL at the LNP surface is thought to play a 

role in the endosomal escape. The data presented show that ApoE induces changes to the surface 

distribution of the lipids in the LNP and that the LNPs decrease in size. Earlier results in our group 

suggest that ApoE selectively interacts with lipids rather than cholesterol when exposing ApoE to 

supported lipid bilayers made of cholesterol and phospholipids (manuscript in preparation). Even 

though our data do not demonstrate lipid removal from LNPs by ApoE, a possible explanation for the 

shell enrichment in cholesterol is that ApoE selectively removes lipids and not cholesterol from the 

shell. Thus, it is possible that some of the CIL found in the liver is not bound to LNPs but to 
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lipoproteins in the blood. However, the binding of the protein to the LNPs takes 10-20 minutes to 

reach equilibrium (Figure 2A inset), while the structural rearrangement is a process on a timescale of 

hours. Within 2 hours following intravenous administration, only about 20% of the initial injected 

dose of siRNA-LNP formulated with DMPE-PEG is found in the blood while more than 60% is in 

the liver.11 Therefore, the binding of ApoE may trigger the recognition in the liver by LDL receptors 

within 20 min of administration, while longer timescales are needed for component redistribution by 

ApoE. 

Finally, the exact role of cholesterol in LNP endosomal escape is unknown. It is well known that 

cholesterol is needed both for endocytosis and endosomal escape for a range of viruses46,47 and for 

lipoplexes.48 However, other reports suggest that late endosomal/lysozomal cholesterol accumulation 

in the host protects against the endosomal escape for influenza A virus.49 Interestingly, a very recent 

publication has shown that the replacement of cholesterol by cholesterol analogues in LNPs 

dramatically improves the transfection efficiency, probably due to steady endosomal escape.18 The 

cholesterol analogue containing LNPs had an irregular surface18 which may suggest that surface 

domains could facilitate the endosomal escape. Moreover, the substitution with cholesterol analogues 

modulated NPC1/2 activity (a protein mediating the escape of cholesterol from late endosomes to the 

cytosol),50 reduced LNP efflux and improved intracellular availability and mRNA delivery.18 Thus, 

we can hypothesize that not only the LNP surface composition is important but rather the surface 

nanostructure. In this work, we show that ApoE binding leads to an increased cholesterol 

concentration in the LNP surface which seems to be accompanied by nanodomain formation. 

 

Conclusions 

mRNA-LNPs with the composition as follows: MC3: DSPC: Chol: DMPE-PEG 50:10:38.5:1.5 

mol% were confirmed to have a core shell structure; a partitioning of cholesterol toward the surface 

was demonstrated, which is between two and four times as much concentrated than in the core, while 



   

 

 

the MC3 is almost twice as much concentrated in the core than in the shell of the LNPs. Even though 

some variation in size is found among different LNP batches, the composition across shell and core 

remains constant. 

Once LNPs come in contact with ApoE, not only protein adsorption at the particle surface occurs, 

but there is a rearrangement of both the surface and core structures. These changes are accompanied 

by a redistribution of the lipid components in the LNP. In the literature, it is well known that proteins 

in serum bind to nanoparticles, and the data presented here demonstrate that protein absorption can 

affect the internal structure and component distribution of lipid-based nanoparticles. The effect of 

protein on the LNP structure might be irreversible, hence it is important for an understanding of the 

fate of LNPs after cellular uptake; the ability to escape the endosome is key for the protein expression.  

 

Materials and Methods 

Materials 

The lipids used for LNP formulations were O-(Z,Z,Z,Z-heptatriaconta-6,9,26,29-tetraem-19-yl)-4-

(N,N-dimethylamino)butanoate (DLin-MC3-DMA, AstraZeneca), cholesterol (Sigma-Aldrich), 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC, CordenPharma), d83-DSPC (Avanti Polar Lipids) 

and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] 

(DMPE-PEG2000, NOF Corporation)). All LNP samples contained CleanCap® Enhanced Green 

Fluorescent Protein (eGFP) mRNA (5-methoxyuridine) (TriLink Biotechnologies).  Human ApoE3 

was purchased from Sigma Aldrich and used without further purification (Product number SRP4696, 

purity >90% SDS-PAGE and HPLC). Alternatively, human ApoE3 and ApoE4 were produced 

according to Ref20 with some minor modifications of the protocol: 6 M Urea for denaturation was 

used and refolding was done in phosphate buffer instead of Tris. Gold coated QCM-D sensors were 

purchased from Biolin Scientific. PEG-thiol and biotin-PEG thiol were purchased from Polypure AS 

(product number 10156-0795 and 41156-1095). Streptavidin from Streptomyces avidin and bovine 



   

 

 

serum albumin were purchased from Sigma Aldrich (product number S4762 and A8806). Anti-

Polyethylene glycol antibody [PEG-B-47b] conjugated to biotin was purchased from Abcam (product 

number ab53449). Phosphate buffer saline (PBS, 4 mM 155 mM NaCl pH 7.13H/6.9D at D22,10 

mM NaCl 150 mM pH 7.4 at KWS2) was prepared with potassium phosphate monobasic, sodium 

phosphate dibasic and sodium chloride. Millipore water or deuterated water (Sigma-Aldrich 151882 

purity 99.9% at D22, Armar isotopes 99.9% at KWS-2) was used for buffers and sample dilution. 

Deuterated compounds 

Deuterated MC3 (D62 99.3%, dMC3) was synthesized and purified by AstraZeneca; the synthesis 

was performed according to the protocol described by Jayaraman and co-workers,14 replacing linoleic 

acid ethyl ester with the corresponding deuterated compound. The deuterated starting material, 

Linoleic acid (18:2), ethyl ester (D31 98%), was purchased from Cambridge Isotope Laboratories 

Inc. 50 Frontage Road, Andover, MA 01810-5413 USA. 

Deuterated cholesterol38,51 (average 89% D) was produced by the Deuteration Laboratory within 

ILL’s Life Science Group52 according to the protocol described by Waldie and co-workers;38 detailed 

analysis, NMR and MS spectra can be found in the Ref.38 

Deuterated cholesterol53 (average 87% D) was produced by ANSTO’s National Deuteration 

Facility using Saccharomyces cerevisiae strain (RH6829).53 In this work, yeast growth medium 

comprised 0.7% yeast nitrogen base, 0.5% yeast extract, 1.25% glucose, and 30 mg/L each of uracil 

and L-leucine per liter in deuterium oxide (D2O, 99.8% D atomic purity) (Sigma-Aldrich). A single 

colony was picked from an agar plate and inoculated into 50% D2O (1:1 D2O: H2O) yeast growth 

medium and incubated at 30°C while shaking at 200 rpm. After two days, 1 mL of turbid culture was 

inoculated into 50 mL of 100% D2O yeast growth medium and incubated as above. This seed culture 

was inoculated into 3 L 100% D2O yeast growth medium and cultivated in a Minifors 2 bioreactor 

(Infors, Switzerland) until stationary phase was observed (indicated by rise in dissolved oxygen and 

pH signals). Cells were harvested by centrifugation and saponified in a solution of 15% KOH, 71% 



   

 

 

methanol and 0.125% pyrogallol (w/v). After refluxing for 2 hours at 90°C, the mixture was extracted 

three times with n-hexane. The solvent was evaporated and the residue was purified by silica column 

chromatography, prepared with n-hexane. Deuterated cholesterol (average 87% D) was isolated by 

eluting with n-hexane:ethyl acetate (9:1 v/v) and identified in fractions by thin layer chromatography 

(TLC) using Kieselgel silica gel 60 F254 aluminium sheets (Merck). The % deuterium incorporation 

for non-labile protons in the molecule was calculated by averaging of electrospray ionisation-mass 

spectrometry (ESI-MS) peak areas for the different deuterated isotopomers (AB Sciex). NMR spectra 

were recorded on a Bruker Avance III 400 MHz spectrometer at 298 K, equipped with a 5 mm 

PABBO BB H/D z-gradient probe. Spectra were referenced to residual deuterated solvent. 2H and 13C 

NMR with proton as well as proton and deuterium nuclei decoupled were recorded as detailed in a 

previous publication.54 13C resonances attached to deuterium appear as multiplets when only the 

proton nucleus is decoupled 13C {1H}, and resolve to singlets when both proton and deuterium nuclei 

are decoupled (i.e., 13C {1H,2H}). The level of deuterium labelling at some specific sites in the 

molecule was calculated using 13C {1H,2H} NMR according to the published method by Darwish et 

al..54 Detailed analysis, NMR and MS spectra of deuterated cholesterol (average 87% D) can be found 

in the ESI.  

LNP preparation and characterization 

LNPs were prepared using a NanoAssemblr® microfluidic instrument (Precision NanoSystems 

Inc.). Lipid stocks were prepared in ethanol and mixed at suitable molar ratios while the mRNA was 

diluted in 50 mM citrate buffer pH 3. The lipid composition of the LNP in this work is MC3: DSPC: 

Chol: PEG-DMPE 50:10:38.5:1.5 mol%. mRNA was added to have a nucleotide to MC3 ratio of 1:3. 

The mRNA and lipids were mixed in a 3:1 volume ratio at a 12 mL/min speed. LNPs were dialyzed 

overnight in phosphate buffer saline using Slide-A-Lyzer G2 dialysis cassettes with a molecular 

weight cutoff of 10 K (Thermo Scientific). Particle size was characterized through dynamic light 

scattering (DLS) with a Zetasizer Nano ZS (Malvern Instruments Ltd.) and encapsulation and mRNA 



   

 

 

concentration were measured using the Ribogreen assay and found to be above 95% for all samples 

(see Table 2 and SI1). Ribogreen is a fluorescent dye that has enhanced emission when it binds to 

nucleic acids. This dye is typically added to the samples before and after solubilization of LNPs in a 

detergent solution (2% Triton TX-100). The free mRNA in solution is compared with the total mRNA 

concentration after solubilization of the LNPs to estimate the encapsulation percentage.   

Binding isotherm for ApoE to LNPs  

The isotherm for ApoE binding to LNPs was obtained by addition of ApoE on a pre-coated LNP 

quartz crystal microbalance with dissipation (QCM-D) gold sensor. A full description of the sensor 

performance will be reported in an upcoming publication (manuscript in preparation).  The protocol 

for LNP immobilization on the sensor is described in the ESI. To determine the binding of ApoE to 

pre-coated LNP sensors, a QCM-D analyzer (Q-sense) with four independent flow modules was used. 

ApoE stock solution (0.5 mg/mL) was diluted to 0.5, 2.5, 5 and 12.5 µg/mL. After rinsing with PBS 

the immobilized LNPs, 1 mL of each ApoE dilution was injected to a sensor and left for about 10 

minutes, then rinsed with PBS. The frequency value obtained after PBS rinsing was compared to the 

value recorded after immobilization of LNP rinsing.  

The frequency shifts and dissipation changes upon protein addition were analyzed by the Sauerbrey 

equation42 and the corresponding wet mass adsorbed was obtained.  

Small angle neutron scattering experiments 

For the SANS study, the contrast matching approach was exploited.24–26,55 In sample MCH (see 

Table 1), all cholesterol was substituted with d-cholesterol (average 89% D, SLD 6.5×10-6 Å-2)38 to 

highlight its localization and partitioning. In sample MCHPC, 32% mol of d83-DSPC and 100% mol 

d-cholesterol (average 89% D) was used instead as an initial step to match out the particle in 39% 

D2O (see Figure SI1).  In the sample MMC, 100% of d62-MC3 (SLD 5.1×10-6 Å-2) was used. Finally, 

a matched out LNP sample (MMO) was obtained mixing deuterated and hydrogenated components 

in appropriate molar ratios: 37% d83-DSPC, 42% d62-MC3 and 42% d-cholesterol (average 87% D). 



   

 

 

The latter formulation was based on volume fractions determination based on the analysis of SANS 

data collected for the 100% d-cholesterol (average 89% D) sample with the aim to match out 

completely the core with the shell and the solvent, as it was demonstrated to be possible by Heberle 

and co-workers56 for liposomes. These four samples were characterized with DLS and they reported 

similar hydrodynamic radius (<Z>, intensity weighted) and polydispersity index, PDI (see Table SI1).  

Samples MCH and MCHPC were measured on D22 at ILL.57 Briefly, data were collected in the q-

range 0.0028 – 0.46 Å-1 using 6 Å wavelength, 2 detector distances (2 m and 17.6 m) and 2 collimation 

distances (2.8 m and 17.6 m), data were reduced and scaled for absolute intensity according to 

standard procedures using GRASP version 8.16l.58 Samples MMC and MMO were measured on 

KWS-259,60 at FRM-II. Data were collected in the q-range 0.001 – 0.48 Å-1 using the 4 detector 

distances (20 m, 14 m ,4 m, 2 m), 3 collimation distances (20 m, 14 m, 4 m) and two wavelengths: 

10 Å for the longest sample-detector distance while 4.66 Å for the rest; data were reduced and scaled 

for absolute intensity according to standard procedures by qtiKWS software61 provided by JCNS.  All 

the data were merged and background subtracted using the macro on Igor Pro.62 SANS curves were 

collected for all solvent contrasts in the same conditions as the samples and used as background. 

Samples were loaded in Hellma cells (1 mm pathlength) and then placed in a temperature-controlled 

sample changer, and temperature was set to 25 °C. Samples MCH and MCHPC were measured once 

equilibrated at T = 37 °C and 49 °C and then after cooling at 25 °C. 

SANS contrast matching  

The LNP samples were diluted at given solvent ratios of D2O/H2O to a final mRNA concentration of 

0.3 mg/mL in order to highlight different parts of the LNP. To follow the effect of ApoE on the LNP 

structure, the ApoE and LNP were mixed and the sample was measured at different time points (D22) 

or only after 3 hours incubation (KWS-2).  

SANS data analysis and interpretation 



   

 

 

SANS data were first analyzed to obtain the pair distance distribution function p(r) (GIFT 

software)63, and from the p(r) the radial density profile, d(r) (DECON software),64 was obtained. The 

p(r) and the d(r) helped on the selection of the analytical model to be used in the fitting (p(r) and d(r) 

in the ESI, Figure SI3). SasView software was used for the analysis of the data. A core shell sphere 

model27 with a polydispersity of the core radius fixed to a suitable value (0.1 for MMC and 0.12 for 

MCH and MCHPC) was applied to all the SANS data separately and then the simultaneous fit was 

implemented. Data collected with the same LNP formulation but different solvent D2O content were 

simultaneously fitted to a core shell sphere model, details on the constraints are given in the Results 

section. The free parameters were the core radius, the shell thickness, the shell SLD and the core 

SLD, while the remaining parameters were kept constant to known or estimated values. Some of the 

samples (MCH and MCHPC) showed a clear peak around q ~ 0.1 Å-1 arising from the internal 

structure, this has been included in the model using a broad peak model in addition to the core shell 

sphere model. For these samples, the combined model was applied to each curve separately, keeping 

constant all the parameters previously optimized for the core shell sphere model and the structural 

parameters of the broad peak model while the intensity (i.e. contrasts) related parameters where 

allowed to vary (see the ESI for details). From the fitted SLD values of core and shell and their 

volumes, the volume fractions and molar fractions for each component in the shell and the core were 

determined (further details can be found in the ESI). 

Small angle x-ray scattering experiments 

SAXS experiments were performed using a Mat:Nordic instrument from SAXSLAB Aps. This 

instrument is equipped with a Rigaku 003+ high brilliance microfocus Cu-radiation source and a 300 

K Pilatus detector. The setup employed for the measurements covered the q range of 0.011 < q (Å-1) 

< 0.68. The measurements of LNPs were carried out with reusable quartz capillaries of 1.5 mm 

diameter, which were placed in a thermostated block connected to a circulating water bath to maintain 

the temperature at 25 °C. The concentration of the samples for these measurements was 0.5 mg/mL 



   

 

 

of mRNA and 1:1 mRNA:ApoE weight ratio. Each sample was measured for 20 min. The data 

presented are background subtracted, where the background corresponds to the buffer measured in 

the same capillary. 

 

Associated content Supplementary information 

DLS and encapsulation efficiency for all LNP samples, matching conditions for MCHPC, SANS 

data and model fit of MMO, details on SANS fitting procedure and compositional analysis, pair 

distance distribution function and radial density profile, SLD values resulting from SANS model 

fitting, determination of volume fraction from SLD and then molar fraction, protocol for LNP 

immobilization on gold sensors for QCM-D and raw data for ApoE binding to immobilized LNPs, 

SANS data for LNP incubation with ApoE4 and HSA, SANS data of ApoE in contrast match 

condition, SANS data for MCH and MCHPC upon heating, SANS data of MCH and MCHPC upon 

incubation with ApoE and heating, scattering intensity resulting from subtraction of SANS data 

collected with MMC from MMC incubated for 3 hours with ApoE (both in 46% dPBS), details on 

deuterated cholesterol. This material is available free of charge via the Internet at http://pubs.acs.org. 

Author contribution 

F.S., M.Y.A., M.C. and L.L. conceived the project idea. F.S., M.Y.A. and M.C. designed all SANS 

and SAXS experiments. F.S. and M.C. collected the SANS data. M.Y.A. collected the SAXS and 

encapsulation data. F.S. designed, performed and analyzed all the QCM-D experiments. d-cholesterol 

(average 89% D) was produced by M.M., M.H. and S.W. d-cholesterol (average 87% D) was 

produced and purified by R.A.R. and T.D. dMC3 was prepared and purified by R.A.B., C.S.E., 

V.R.K. M.Y.A. prepared all LNPs samples. F.S. and C.L. performed the reduction of the SANS data, 

supported by L.P. F.S. analyzed the SANS data. M.L. provided schematics for ApoE binding to LNP. 



   

 

 

F.S. wrote the first draft of the article. All authors contributed to the overall discussion and final 

manuscript writing. F.S. secured the funding acquisition and M.C. supervised the project. 

 

Acknowledgements 

F.S. acknowledges support from the Knowledge Foundation (Sweden) with a ProSpekt grant 

(20180101). M.C. thanks the Swedish Research Council for financial support (2014-3981, 2018-

03990 and 2018-0483). The authors thank the ILL (Grenoble, France) for allocations of beam time 

on D22 with corresponding DOI number: 10.5291/ILL-DATA.9-13-866. This project has received 

funding from the European Union’s Horizon 2020 research and innovation programme under grant 

agreement No 731019 (EUSMI) to access beamtime at the KWS-2 instrument operated by JCNS at 

Heinz Maier-Leibnitz Zentrum, Garching, Germany. We thank Aurel Radulescu for help with data 

reduction and instrument configuration at KWS-2 and Christopher Garvey for discussion during the 

beamtime. V.T.F. acknowledges the UK Engineering and Physical Sciences Research Council 

(EPSRC) for grants EP/C015452/1 and GR/R99393/01 under which the Deuteration Laboratory 

within ILL’s Life Sciences Group was created. We thank Gernot A. Strohmeier for purifying the 

deuterated cholesterol (average 89% D). We also thank Linda Thunberg for purifying the deuterated 

MC3. Yeast strain RH6829 for deuterated cholesterol was kindly provided by Howard Riezman 

(University of Geneva, Switzerland). The National Deuteration Facility in Australia is partly funded 

by The National Collaborative Research Infrastructure Strategy (NCRIS), an Australian Government 

initiative. 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 programme under the SINE2020 project, grant 

agreement No 654000. 

Conflict of interest statement: 



   

 

 

M.Y.A., M.L., C.S.E and L.L. are employed by AstraZeneca R&D Gothenburg, R.A.B is employed 

by AstraZeneca R&D Macclesfield and V.R.K. was employed by AstraZeneca R&D Boston during 

the development of this work 

References 

(1)  Akinc, A.; Maier, M. A.; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, 

S.; Du, X.; Hope, M. J.; Madden, T. D.; Mui, B. L.; Semple, S. C.; Tam, Y. K.; Ciufolini, M.; 

Witzigmann, D.; Kulkarni, J. A.; Meel, R. Van Der; Cullis, P. R. The Onpattro Story and the 

Clinical Translation of Nanomedicines Containing Nucleic Acid-Based Drugs. Nat. 

Nanotechnol. 2019, 14 (August 2018) , 1084-1087. https://doi.org/10.1038/s41565-019-0591-

y. 

(2)  Moderna COVID-19 Vaccine https://www.fda.gov/emergency-preparedness-and-

response/coronavirus-disease-2019-covid-19/moderna-covid-19-vaccine (accessed Feb 3, 

2021). 

(3)  Patel, A.; Bah, M. A.; Weiner, D. B. In Vivo Delivery of Nucleic Acid-Encoded Monoclonal 

Antibodies. BioDrugs 2020, 34 (3), 273–293. https://doi.org/10.1007/s40259-020-00412-3. 

(4)  Wadhwa, A.; Aljabbari, A.; Lokras, A.; Foged, C.; Thakur, A. Opportunities and Challenges 

in the Delivery of mRNA-Based Vaccines. Pharmaceutics 2020, 12 (2), 102. 

https://doi.org/10.3390/pharmaceutics12020102. 

(5)  Chen, D.; Parayath, N.; Ganesh, S.; Wang, W.; Amiji, M. The Role of Apolipoprotein- and 

Vitronectin-Enriched Protein Corona on Lipid Nanoparticles for in Vivo Targeted Delivery 

and Transfection of Oligonucleotides in Murine Tumor Models. Nanoscale 2019, 11 (40), 

18806–18824. https://doi.org/10.1039/C9NR05788A. 

(6)  Francia, V.; Schiffelers, R. M.; Cullis, P. R.; Witzigmann, D. The Biomolecular Corona of 



   

 

 

Lipid Nanoparticles for Gene Therapy. Bioconjug. Chem. 2020, 31 (9), 2046-2059. 

https://doi.org/10.1021/acs.bioconjchem.0c00366. 

(7)  Akinc, A.; Querbes, W.; De, S.; Qin, J.; Frank-Kamenetsky, M.; Jayaprakash, K. N.; 

Jayaraman, M.; Rajeev, K. G.; Cantley, W. L.; Dorkin, J. R.; Butler, J. S.; Qin, L.; Racie, T.; 

Sprague, A.; Fava, E.; Zeigerer, A.; Hope, M. J.; Zerial, M.; Sah, D. W. Y.; Fitzgerald, K.; 

Tracy, M. A.; Manoharan, M.; Koteliansky, V.; Fougerolles, A. de; Maier, M. A. Targeted 

Delivery of RNAi Therapeutics with Endogenous and Exogenous Ligand-Based Mechanisms. 

Mol. Ther. 2010, 18 (7), 1357–1364. 

https://doi.org/http://www.nature.com/mt/journal/v18/n7/suppinfo/mt201085s1.html. 

(8)  Sabnis, S.; Kumarasinghe, E. S.; Salerno, T.; Mihai, C.; Ketova, T.; Senn, J. J.; Lynn, A.; 

Bulychev, A.; McFadyen, I.; Chan, J.; Almarsson, Ö.; Stanton, M. G.; Benenato, K. E. A Novel 

Amino Lipid Series for mRNA Delivery: Improved Endosomal Escape and Sustained 

Pharmacology and Safety in Non-Human Primates. Mol. Ther. 2018, 26 (6), 1509–1519. 

https://doi.org/https://doi.org/10.1016/j.ymthe.2018.03.010. 

(9)  Gilleron, J.; Querbes, W.; Zeigerer, A.; Borodovsky, A.; Marsico, G.; Schubert, U.; 

Manygoats, K.; Seifert, S.; Andree, C.; Stöter, M.; Epstein-Barash, H.; Zhang, L.; Koteliansky, 

V.; Fitzgerald, K.; Fava, E.; Bickle, M.; Kalaidzidis, Y.; Akinc, A.; Maier, M.; Zerial, M. 

Image-Based Analysis of Lipid Nanoparticle–Mediated siRNA Delivery, Intracellular 

Trafficking and Endosomal Escape. Nat. Biotechnol. 2013, 31 (7), 638–646. 

https://doi.org/10.1038/nbt.2612. 

(10)  Paramasivam, P.; Franke, C.; Stöter, M.; Höijer, A.; Bartesaghi, S.; Sabirsh, A.; Lindfors, L.; 

Yanez Arteta, M.; Dahlén, A.; Bak, A.; Andersson, S.; Kalaidzidis, Y.; Bickle, M.; Zerial, M. 

Endosomal Escape of Delivered mRNA from Endosomal Recycling Tubules Visualized at the 

Nanoscale. 2020, 2020.12.18.423541. bioRxiv. https://doi.org/10.1101/2020.12.18.423541 



   

 

 

(accessed Feb 10, 2021). 

(11)  Mui, B. L.; Tam, Y. K.; Jayaraman, M.; Ansell, S. M.; Du, X.; Tam, Y. Y. C.; Lin, P. J. C.; 

Chen, S.; Narayanannair, J. K.; Rajeev, K. G.; Manoharan, M.; Akinc, A.; Maier, M. A.; Cullis, 

P.; Madden, T. D.; Hope, M. J. Influence of Polyethylene Glycol Lipid Desorption Rates on 

Pharmacokinetics and Pharmacodynamics of siRNA Lipid Nanoparticles. Mol. Ther. - Nucleic 

Acids 2013, 2, e139. https://doi.org/https://doi.org/10.1038/mtna.2013.66. 

(12)  Maugeri, M.; Nawaz, M.; Papadimitriou, A.; Angerfors, A.; Camponeschi, A.; Na, M.; Hölttä, 

M.; Skantze, P.; Johansson, S.; Sundqvist, M.; Lindquist, J.; Kjellman, T.; Mårtensson, I. L.; 

Jin, T.; Sunnerhagen, P.; Östman, S.; Lindfors, L.; Valadi, H. Linkage between Endosomal 

Escape of LNP-mRNA and Loading into EVs for Transport to Other Cells. Nat. Commun. 

2019, 10 (1), 4333. https://doi.org/10.1038/s41467-019-12275-6. 

(13)  Samaridou, E.; Heyes, J.; Lutwyche, P. Lipid Nanoparticles for Nucleic Acid Delivery: Current 

Perspectives. Adv. Drug Deliv. Rev. 2020, 154-155, 37-63. 

https://doi.org/10.1016/j.addr.2020.06.002. 

(14)  Jayaraman, M.; Ansell, S. M.; Mui, B. L.; Tam, Y. K.; Chen, J.; Du, X.; Butler, D.; Eltepu, L.; 

Matsuda, S.; Narayanannair, J. K.; Rajeev, K. G.; Hafez, I. M.; Akinc, A.; Maier, M. A.; Tracy, 

M. A.; Cullis, P. R.; Madden, T. D.; Manoharan, M.; Hope, M. J. Maximizing the Potency of 

siRNA Lipid Nanoparticles for Hepatic Gene Silencing in Vivo. Angew. Chemie Int. Ed. 2012, 

51 (34), 8529–8533. https://doi.org/10.1002/anie.201203263. 

(15)  Hu, Y.-B.; Dammer, E. B.; Ren, R.-J.; Wang, G. The Endosomal-Lysosomal System: From 

Acidification and Cargo Sorting to Neurodegeneration. Transl. Neurodegener. 2015, 4, 18. 

https://doi.org/10.1186/s40035-015-0041-1. 

(16)  Semple, S. C.; Akinc, A.; Chen, J.; Sandhu, A. P.; Mui, B. L.; Cho, C. K.; Sah, D. W. Y.; 



   

 

 

Stebbing, D.; Crosley, E. J.; Yaworski, E.; Hafez, I. M.; Dorkin, J. R.; Qin, J.; Lam, K.; Rajeev, 

K. G.; Wong, K. F.; Jeffs, L. B.; Nechev, L.; Eisenhardt, M. L.; Jayaraman, M.; Kazem, M.; 

Maier, M. A.; Srinivasulu, M.; Weinstein, M. J.; Chen, Q.; Alvarez, R.; Barros, S. A.; De, S.; 

Klimuk, S. K.; Borland, T.; Kosovrasti, V.; Cantley, W. L.; Tam, Y. K.; Manoharan, M.; 

Ciufolini, M. A.; Tracy, M. A.; de Fougerolles, A.; MacLachlan, I.; Cullis, P. R.; Madden, T. 

D.; Hope, M. J. Rational Design of Cationic Lipids for siRNA Delivery. Nat. Biotechnol. 2010, 

28 (2), 172–176. https://doi.org/10.1038/nbt.1602. 

(17)  Kaczmarek, J. C.; Kauffman, K. J.; Fenton, O. S.; Sadtler, K.; Patel, A. K.; Heartlein, M. W.; 

Derosa, F.; Anderson, D. G. Optimization of a Degradable Polymer-Lipid Nanoparticle for 

Potent Systemic Delivery of mRNA to the Lung Endothelium and Immune Cells. Nano Lett. 

2018, 18 (10), 6449–6454. https://doi.org/10.1021/acs.nanolett.8b02917. 

(18)  Patel, S.; Ashwanikumar, N.; Robinson, E.; Xia, Y.; Mihai, C.; Griffith, J. P.; Hou, S.; 

Esposito, A. A.; Ketova, T.; Welsher, K.; Joyal, J. L.; Almarsson, Ö.; Sahay, G. Naturally-

Occurring Cholesterol Analogues in Lipid Nanoparticles Induce Polymorphic Shape and 

Enhance Intracellular Delivery of mRNA. Nat. Commun. 2020, 11 (1), 1–13. 

https://doi.org/10.1038/s41467-020-14527-2. 

(19)  Belliveau, N. M.; Huft, J.; Lin, P. J.; Chen, S.; Leung, A. K.; Leaver, T. J.; Wild, A. W.; Lee, 

J. B.; Taylor, R. J.; Tam, Y. K.; Hansen, C. L.; Cullis, P. R. Microfluidic Synthesis of Highly 

Potent Limit-Size Lipid Nanoparticles for in Vivo Delivery of siRNA. Mol. Ther. - Nucleic 

Acids 2012, 1, e37. https://doi.org/10.1038/mtna.2012.28. 

(20)  Yanez Arteta, M.; Kjellman, T.; Bartesaghi, S.; Wallin, S.; Wu, X.; Kvist, A. J.; Dabkowska, 

A.; Székely, N.; Radulescu, A.; Bergenholtz, J.; Lindfors, L. Successful Reprogramming of 

Cellular Protein Production through mRNA Delivered by Functionalized Lipid Nanoparticles. 

Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (15), E3351–E3360. 



   

 

 

https://doi.org/10.1073/pnas.1720542115. 

(21)  Chen, D.; Ganesh, S.; Wang, W.; Amiji, M. The Role of Surface Chemistry in Serum Protein 

Corona-Mediated Cellular Delivery and Gene Silencing with Lipid Nanoparticles. Nanoscale 

2019, 11 (18), 8760–8775. https://doi.org/10.1039/c8nr09855g. 

(22)  Kulkarni, J. A.; Darjuan, M. M.; Mercer, J. E.; Chen, S.; van der Meel, R.; Thewalt, J. L.; Tam, 

Y. Y. C.; Cullis, P. R. On the Formation and Morphology of Lipid Nanoparticles Containing 

Ionizable Cationic Lipids and siRNA. ACS Nano 2018, 12 (5), 4787–4795. 

https://doi.org/10.1021/acsnano.8b01516. 

(23)  Kulkarni, J. A.; Witzigmann, D.; Leung, J.; Tam, Y. Y. C.; Cullis, P. R. On the Role of Helper 

Lipids in Lipid Nanoparticle Formulations of siRNA. Nanoscale 2019, 11 (45), 21733–21739. 

https://doi.org/10.1039/C9NR09347H. 

(24)  Grillo, I. Small-Angle Neutron Scattering and Applications in Soft Condensed Matter. In Soft 

Matter Characterization; Borsali, R., Pecora, R., Eds.; Springer Netherlands: Dordrecht, 2008; 

pp 723–782. https://doi.org/10.1007/978-1-4020-4465-6_13. 

(25)  Di Cola, E.; Grillo, I.; Ristori, S. Small Angle X-Ray and Neutron Scattering: Powerful Tools 

for Studying the Structure of Drug-Loaded Liposomes. Pharmaceutics 2016, 8 (2). 

https://doi.org/10.3390/pharmaceutics8020010. 

(26)  Sugiyama, M.; Horikoshi, N.; Suzuki, Y.; Taguchi, H.; Kujirai, T.; Inoue, R.; Oba, Y.; Sato, 

N.; Martel, A.; Porcar, L.; Kurumizaka, H. Solution Structure of Variant H2A.Z.1 Nucleosome 

Investigated by Small-Angle X-Ray and Neutron Scatterings. Biochem. Biophys. Reports 

2015, 4, 28–32. https://doi.org/https://doi.org/10.1016/j.bbrep.2015.08.019. 

(27)  Guinier, A.; Fournet, G. Small-Angle Scattering of X-Rays; John Wiley & Sons, Inc. New 

York, 1955. 



   

 

 

(28)  Valldeperas, M.; Dabkowska, A. P.; Pálsson, G. K.; Rogers, S.; Mahmoudi, N.; Carnerup, A.; 

Barauskas, J.; Nylander, T. Interfacial Properties of Lipid Sponge-Like Nanoparticles and the 

Role of Stabilizer on Particle Structure and Surface Interactions. Soft Matter 2019, 15 (10), 

2178–2189. https://doi.org/10.1039/c8sm02634c. 

(29)  Luchini, A.; Delhom, R.; Demé, B.; Laux, V.; Moulin, M.; Haertlein, M.; Pichler, H.; 

Strohmeier, G. A.; Wacklin, H.; Fragneto, G. The Impact of Deuteration on Natural and 

Synthetic Lipids: A Neutron Diffraction Study. Colloids Surfaces B Biointerfaces 2018, 168, 

126–133. https://doi.org/https://doi.org/10.1016/j.colsurfb.2018.02.009. 

(30)  Guard-Friar, D.; Chen, C. H.; Engle, A. S. Deuterium Isotope Effect on the Stability of 

Molecules: Phospholipids. J. Phys. Chem. 1985, 89 (9), 1810–1813. 

https://doi.org/10.1021/j100255a054. 

(31)  Beranová, L.; Humpolíčková, J.; Sýkora, J.; Benda, A.; Cwiklik, L.; Jurkiewicz, P.; Gröbner, 

G.; Hof, M. Effect of Heavy Water on Phospholipid Membranes: Experimental Confirmation 

of Molecular Dynamics Simulations. Phys. Chem. Chem. Phys. 2012, 14 (42), 14516–14522. 

https://doi.org/10.1039/C2CP41275F. 

(32)  Tirosh, O.; Barenholz, Y.; Katzhendler, J.; Priev, A. Hydration of Polyethylene Glycol-Grafted 

Liposomes. Biophys. J. 1998, 74 (3), 1371–1379. https://doi.org/10.1016/S0006-

3495(98)77849-X. 

(33)  Yamaoka, H.; Matsuoka, H.; Kago, K.; Endo, H.; Eckelt, J.; Yoshitome, R. Monolayer X-Ray 

Reflectometry at the Air–Water Interface. Chem. Phys. Lett. 1998, 295 (3), 245–248. 

https://doi.org/https://doi.org/10.1016/S0009-2614(98)00964-6. 

(34)  Hughes, A. V; Howse, J. R.; Dabkowska, A.; Jones, R. A. L.; Lawrence, M. J.; Roser, S. J. 

Floating Lipid Bilayers Deposited on Chemically Grafted Phosphatidylcholine Surfaces. 



   

 

 

Langmuir 2008, 24 (5), 1989–1999. https://doi.org/10.1021/la702050b. 

(35)  Konyakhina, T. M.; Wu, J.; Mastroianni, J. D.; Heberle, F. A.; Feigenson, G. W. Phase 

Diagram of a 4-Component Lipid Mixture: DSPC/DOPC/POPC/Chol. Biochim. Biophys. Acta 

- Biomembr. 2013, 1828 (9), 2204–2214. 

https://doi.org/https://doi.org/10.1016/j.bbamem.2013.05.020. 

(36)  Huang, J.; Buboltz, J. T.; Feigenson, G. W. Maximum Solubility of Cholesterol in 

Phosphatidylcholine and Phosphatidylethanolamine Bilayers. Biochim. Biophys. Acta - 

Biomembr. 1999, 1417 (1), 89–100. https://doi.org/https://doi.org/10.1016/S0005-

2736(98)00260-0. 

(37)  Borochov, N.; Wachtel, E. J.; Bach, D. Phase Behavior of Mixtures of Cholesterol and 

Saturated Phosphatidylglycerols. Chem. Phys. Lipids 1995, 76 (1), 85–92. 

https://doi.org/10.1016/0009-3084(94)02411-W. 

(38)  Waldie, S.; Moulin, M.; Porcar, L.; Pichler, H.; Strohmeier, G. A.; Skoda, M.; Forsyth, V. T.; 

Haertlein, M.; Maric, S.; Cárdenas, M. The Production of Matchout-Deuterated Cholesterol 

and the Study of Bilayer-Cholesterol Interactions. Sci. Rep. 2019, 9 (1), 1–11. 

https://doi.org/10.1038/s41598-019-41439-z. 

(39)  Ziblat, R.; Fargion, I.; Leiserowitz, L.; Addadi, L. Spontaneous Formation of Two-

Dimensional and Three-Dimensional Cholesterol Crystals in Single Hydrated Lipid Bilayers. 

Biophys. J. 2012, 103 (2), 255–264. https://doi.org/https://doi.org/10.1016/j.bpj.2012.05.025. 

(40)  Rapaport, H.; Kuzmenko, I.; Lafont, S.; Kjaer, K.; Howes, P. B.; Als-Nielsen, J.; Lahav, M.; 

Leiserowitz, L. Cholesterol Monohydrate Nucleation in Ultrathin Films on Water. Biophys. J. 

2001, 81 (5), 2729–2736. https://doi.org/https://doi.org/10.1016/S0006-3495(01)75915-2. 

(41)  Solomonov, I.; Weygand, M. J.; Kjaer, K.; Rapaport, H.; Leiserowitz, L. Trapping Crystal 



   

 

 

Nucleation of Cholesterol Monohydrate: Relevance to Pathological Crystallization. Biophys. 

J. 2005, 88 (3), 1809–1817. https://doi.org/https://doi.org/10.1529/biophysj.104.044834. 

(42)  Alassi, A.; Benammar, M.; Brett, D. Quartz Crystal Microbalance Electronic Interfacing 

Systems: A Review. Sensors (Switzerland) 2017, 17 (12), 1–41. 

https://doi.org/10.3390/s17122799. 

(43)  Henry, N.; Krammer, E. M.; Stengel, F.; Adams, Q.; Van Liefferinge, F.; Hubin, E.; Chaves, 

R.; Efremov, R.; Aebersold, R.; Vandenbussche, G.; Prévost, M.; Raussens, V.; Deroo, S. 

Lipidated Apolipoprotein E4 Structure and Its Receptor Binding Mechanism Determined by a 

Combined Cross-Linking Coupled to Mass Spectrometry and Molecular Dynamics Approach. 

PLoS Comput. Biol. 2018, 14 (6), 1–22. https://doi.org/10.1371/journal.pcbi.1006165. 

(44)  Chen, J.; Li, Q.; Wang, J. Topology of Human Apolipoprotein E3 Uniquely Regulates Its 

Diverse Biological Functions. Proc. Natl. Acad. Sci. 2011, 108 (36), 14813 LP – 14818. 

https://doi.org/10.1073/pnas.1106420108. 

(45)  Mahley, R. W.; Weisgraber, K. H.; Huang, Y. Apolipoprotein E: Structure Determines 

Function, from Atherosclerosis to Alzheimer’s Disease to AIDS. J. Lipid Res. 2009, 50 

(Supplement), S183–S188. https://doi.org/10.1194/JLR.R800069-JLR200. 

(46)  Imelli, N.; Meier, O.; Boucke, K.; Hemmi, S.; Greber, U. F. Cholesterol Is Required for 

Endocytosis and Endosomal Escape of Adenovirus Type 2. J. Virol. 2004, 78 (6), 3089 LP – 

3098. https://doi.org/10.1128/JVI.78.6.3089-3098.2004. 

(47)  Funk, A.; Mhamdi, M.; Hohenberg, H.; Heeren, J.; Reimer, R.; Lambert, C.; Prange, R.; Sirma, 

H. Duck Hepatitis B Virus Requires Cholesterol for Endosomal Escape during Virus Entry. J. 

Virol. 2008, 82 (21), 10532 LP – 10542. https://doi.org/10.1128/JVI.00422-08. 

(48)  Cardarelli, F.; Pozzi, D.; Bifone, A.; Marchini, C.; Caracciolo, G. Cholesterol-Dependent 



   

 

 

Macropinocytosis and Endosomal Escape Control the Transfection Efficiency of Lipoplexes 

in CHO Living Cells. Mol. Pharm. 2012, 9 (2), 334–340. https://doi.org/10.1021/mp200374e. 

(49)  Kühnl, A.; Musiol, A.; Heitzig, N.; Johnson, D. E.; Ehrhardt, C.; Grewal, T.; Gerke, V.; 

Ludwig, S.; Rescher, U. Late Endosomal/Lysosomal Cholesterol Accumulation Is a Host Cell-

Protective Mechanism Inhibiting Endosomal Escape of Influenza A Virus. MBio 2018, 9 (4), 

e01345-18. https://doi.org/10.1128/mBio.01345-18. 

(50)  Subramanian, K.; Balch, W. E. NPC1/NPC2 Function as a Tag Team Duo to Mobilize 

Cholesterol. Proc. Natl. Acad. Sci. 2008, 105 (40), 15223 LP – 15224. 

https://doi.org/10.1073/pnas.0808256105. 

(51)  Moulin, M.; Strohmeier, G. A.; Hirz, M.; Thompson, K. C.; Rennie, A. R.; Campbell, R. A.; 

Pichler, H.; Maric, S.; Forsyth, V. T.; Haertlein, M. Perdeuteration of Cholesterol for Neutron 

Scattering Applications Using Recombinant Pichia Pastoris. Chem. Phys. Lipids 2018, 212 

(December 2017), 80–87. https://doi.org/10.1016/j.chemphyslip.2018.01.006. 

(52)  Haertlein, M.; Moulin, M.; Devos, J. M.; Laux, V.; Dunne, O.; Trevor Forsyth, V. Chapter 

Five - Biomolecular Deuteration for Neutron Structural Biology and Dynamics. In Isotope 

Labeling of Biomolecules - Applications; Kelman, Z. B. T.-M. in E., Ed.; Academic Press, 

Cambridge, 2016; Vol. 566, pp 113–157. 

https://doi.org/https://doi.org/10.1016/bs.mie.2015.11.001. 

(53)  García, A. A.; Pfisterer, S. G.; Riezman, H.; Ikonen, E.; Potma, E. O. D38-Cholesterol as a 

Raman Active Probe for Imaging Intracellular Cholesterol Storage. J. Biomed. Opt. 2015, 21 

(6), 1–8. https://doi.org/10.1117/1.JBO.21.6.061003. 

(54)  Darwish, T. A.; Yepuri, N. R.; Holden, P. J.; James, M. Quantitative Analysis of Deuterium 

Using the Isotopic Effect on Quaternary (13)C NMR  Chemical Shifts. Anal. Chim. Acta 2016, 



   

 

 

927, 89–98. https://doi.org/10.1016/j.aca.2016.05.003. 

(55)  Zemb, T.; Lindner, P. Neutron, X-Rays and Light. Scattering Methods Applied to Soft 

Condensed Matter, 1st ed.; North Holland, 2002. 

(56)  Heberle, F. A.; Petruzielo, R. S.; Pan, J.; Drazba, P.; Kučerka, N.; Standaert, R. F.; Feigenson, 

G. W.; Katsaras, J. Bilayer Thickness Mismatch Controls Domain Size in Model Membranes. 

J. Am. Chem. Soc. 2013, 135 (18), 6853–6859. https://doi.org/10.1021/ja3113615. 

(57)  ILL. D22 - Large Dynamic Range Small-Angle Diffractometer 

https://www.ill.eu/users/instruments/instruments-list/d22/characteristics/ (accessed Sep 1, 

2020). 

(58)  Charles Dewhurst. GRASP https://www.ill.eu/users/support-labs-infrastructure/software-

scientific-tools/grasp/ (accessed Jan 15, 2020). 

(59)  Radulescu, A.; Pipich, V.; Frielinghaus, H.; Appavou, M.-S. KWS-2, the High Intensity / Wide 

Q -Range Small-Angle Neutron Diffractometer for Soft-Matter and Biology at FRM II. J. 

Phys. Conf. Ser. 2012, 351, 012026. https://doi.org/10.1088/1742-6596/351/1/012026. 

(60)  Heinz Maier-Leibnitz Zentrum. KWS-2: Small Angle Scattering Diffractometer. J. large-scale 

reserach Facil. 2015, 1 (A29). https://doi.org/http://dx.doi.org/10.17815/jlsrf-1-27. 

(61)  Vitaliy Pipich. QtiSAS http://www.qtisas.com (accessed Feb 16, 2020). 

(62)  Kline, S. R. Reduction and Analysis of SANS and USANS Data Using IGOR Pro. J. Appl. 

Crystallogr. 2006, 39 (6), 895–900. https://doi.org/10.1107/S0021889806035059. 

(63)  Brunner-Popela, J.; Glatter, O. Small-Angle Scattering of Interacting Particles. I. Basic 

Principles of a Global Evaluation Technique. J. Appl. Crystallogr. 1997, 30 (4), 431–442. 

https://doi.org/10.1107/S0021889896015749. 



   

 

 

(64)  Glatter, O. Convolution Square Root of Band-Limited Symmetrical Functions and Its 

Application to Small-Angle Scattering Data. J. Appl. Crystallogr. 1981, 14 (2), 101–108. 

https://doi.org/10.1107/S002188988100887X. 

 

 

 

 

 

 

 

 

Graphic for Table of Contents 

 


