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A B S T R A C T   

Discoidal lipid nanoparticles (LNPs) called Nanodiscs (NDs) are derived from human high-density lipoprotein 
(HDL). Such biomimetics are ideally suited for the stabilization and delivery of pharmaceuticals, including 
chemicals, bio-active proteins and vaccines. The stability and circulation lifetimes of reconstituted HDL nano-
particles, including NDs, are variable. Lipids found in thermophilic archaea and bacteria are prime candidates for 
the stabilization of LNPs. We report the thermal stability of NDs prepared with lipids that differ in saturation, 
have either ether- or ester linkages between the fatty acid and glycerol backbone or contain isoprenoid fatty acid 
tails (phytanyl lipids). NDs with two saturated fatty acids show a much greater long-term thermostability than 
NDs with an unsaturated fatty acid. Ether fatty acid linkages, commonly found in thermophiles, did not improve 
stability of NDs compared to ester fatty acid linkages when using saturated lipids. NDs containing phytanyl and 
saturated alkyl fatty acids show similar stability at 37 ◦C. NDs assembled with phytanyl lipids contain three 
copies of the membrane scaffolding protein as opposed to the canonical dimer found in conventional NDs. The 
findings present a strong basis for the production of thermostable NDs through the selection of appropriate lipids 
and are likely broadly applicable to LNP development.   

1. Introduction 

Protein-lipid nanodiscs (NDs) are nanometer size discoidal particles 
of lipid membrane stabilized by a protein dimer that wraps around the 
hydrophobic alkyl chains like a belt. The initial NDs were developed and 
popularized by Steven G. Sligar and co-workers [1,2]. These NDs are 
prepared using membrane scaffolding proteins (MSPs), derived from 
Apolipoprotein A1 (ApoA1); the most abundant protein in high-density 
lipoprotein (HDL). In the human body, HDL is involved in the process of 
reverse cholesterol transport and is often referred to as “good choles-
terol” [3]. NDs are mostly used for the reconstitution of membrane 
proteins into a near-native lipid environment of controlled size and 
composition for biochemical and structural studies. Various types of 
reconstituted HDL (rHDL), including NDs, have also shown great po-
tential as drug or vaccine delivery systems and have been extensively 
reviewed as such [4–7]. These biomimetic lipid nanoparticles (LNPs) 
have inherently good biocompatibility and biodegradability, because 
rHDL is adapted from an endogenous molecular transport system [4]. 
Indeed, CSL112, a formulation of discoidal rHDL, was well tolerated by 
patients at very high doses of four weekly infusions of 6 g and has 
reached phase 3 clinical trials [8,9]. Recombinant ND-based vaccines 
have shown promising results in mice and non-human primates in the 

treatment of cancer [10–12]. For many viruses, such as influenza, 
human immunodeficiency virus (HIV) and severe acute respiratory 
syndrome coronavirus (SARS-CoV − 2), the surface glycoproteins are 
responsible for viral attachment and entry. Viral spike proteins are 
recognized as the primary antigen by the immune system and are 
prominent vaccine targets [13–16]. It was reported that mice immu-
nized with NDs containing the influenza hemagglutinin (HA) spike 
protein had significantly higher anti-HA IgG titer than mice immunized 
with HA alone and the HA-ND elicited a more broadly neutralizing 
antibody response. Intranasal and intramuscular administration of HA- 
NDs were equally effective at eliciting an immune response as a 
commercially available vaccine [17]. 

Unfortunately, preparations of rHDL have shown large variation in 
biodistribution and circulation half-life [5]. NDs can be stored at 4 ◦C up 
to months without significant aggregation [18,19]. However, incubation 
at physiological temperature results in irreversible breakdown and ag-
gregation of NDs over the course of a few hours to days. The necessity for 
cold-chain distribution of biopharmaceuticals significantly complicates 
mass vaccination efforts against seasonal pathogens, especially in areas 
where refrigeration is scarce. Thus, thermostable NDs are highly desir-
able for the pharmaceutical industry. Additionally, thermostable ND 
vaccines could lengthen the antigen circulation lifetime and 
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subsequently increase immunogenicity of the formulation. Low stability 
at ambient temperature significantly limits the use of NDs as a stable 
carrier system and has led to optimization of NDs towards higher sta-
bility. For example, MSPs have been covalently linked between the N- 
and C-termini to produce covalently circularised NDs (cNDs), showing 
improved stability and homogeneity [20–23]. In addition, ND stability 
and solubility have been improved by the introduction of additional 
negative charges on the scaffold protein or lipid head groups, increasing 
inter-particle repulsion and consequently reducing aggregation pro-
pensity [24,25]. 

Thermostability of discoidal rHDL was shown to be corelated to the 
acyl chain length of the incorporated lipids. rHDL composed of lipids 
with increasing acyl chain lengths exhibit increasing thermostability 
[26]. Furthermore, cis-unsaturation was shown to have a destabilizing 
effect, as faster unfolding of ApoC1 was observed by circular dichroism 
(CD) spectroscopy for rHDL comprising mono- or polyunsaturated lipids 
compared to saturated lipids [26]. The stabilizing effects of fatty acid 
saturation and increasing lipid acyl chain length on rHDL were attrib-
uted to the more extensive intramolecular lipid-lipid and protein-lipid 
interactions. Lipoprotein remodeling refers to the processes that regu-
late the composition, structure, and functionality of lipoprotein parti-
cles. HDL remodeling is facilitated by enzymes such as lecithin 
cholesterol acyltransferase (LCAT), cholesteryl ester transfer protein 
(CETP) and phospholipid transfer protein (PLTP). The ability of 
endogenous enzymes such as LCAT to interact with and subsequently 
remodel rHDL depends on both the protein and lipid composition 
[27–30]. In the presence of bovine serum and rat plasma, rHDL 
comprising saturated lipids with long acyl chains proved to be more 
stable than their shorter and unsaturated counterparts [30,31]. 

Another strategy to improve rHDL and ND stability would be through 
the incorporation of specialized thermostable lipids derived from ther-
mophilic archaea or bacteria. Liposomes prepared using archaeal lipids 
(archaeosomes) have shown increased tolerance to phospholipase ac-
tivity, oxidative stress, detergents, heat and acidity [32]. Archaeal lipids 
are chemically different from bacterial and eukaryotic phospholipids. 
Their acyl chains are almost exclusively saturated and contain iso-
prenoid fatty acids that are sn-2, 3 linked to the glycerol backbone 
through ether bonds, whereas in bacteria and eukarya fatty acids are sn- 
1, 2 linked, primarily by ester bonds. Ether-linked phospholipids cannot 
be processed by LCAT, which could enhance the circulation life time of 
an in vivo drug delivery system based on these lipids [27]. Incorporation 
of such lipids could simultaneously improve ND stability and act as 
vaccine adjuvants, molecules that can potentiate the immune response 
[33–36]. The co-delivery of antigen/adjuvanting lipid NDs to dendritic 
cells in lymph nodes was reported to enhance the immune response to 
recombinant antigens [37,38]. Traditionally, archaeosomes are pre-
pared using total polar lipid extracts, which makes it impossible to 
accurately determine the effect of individual lipids on stability of the 
nanoparticle. Data from Batavia Biosciences B.V. describe the prepara-
tion of thermostable NDs using synthetic lipids that resemble those 
found in thermophilic archaea. These NDs show increased thermosta-
bility compared to conventional NDs prepared with 1- palmitoyl-2- 
oleoyl-sn-glycero-3-phosphocholine (POPC) lipids [39]. The use of 
well-defined chemically synthesized lipids is much more attractive from 
a safety and drug development perspective than using heterogeneous 
natural isolates. In this study, core lipid structural elements were sys-
tematically varied to get a clear understanding of the structure-stability 
relationships of NDs assembled with different phospholipids. The degree 
of saturation and the presence of ether - or ester linkages between the 
fatty acid and glycerol backbone were compared. The effect of iso-
prenoid fatty acids (phytanyl moieties), mainly found in archaeal lipids, 
was also examined. The lipids studied in this work comprise the ester PC 
lipids POPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), their 
respective ether analogs 1-O-hexadecanyl-2-O-(9Z-octadecenyl)-sn- 
glycero-3-phosphocholine (16o18oPC) and 1,2-di-O-hexadecyl-sn-glyc-
ero-3-phosphocholine (D16oPC) and the phytanyl ester lipid 1,2- 

diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) and ether analog 
1,2-di-O-phytanyl-sn-glycero-3-phosphocholine (DPhoPC). The struc-
tures are shown in Fig. 1. 

2. Results 

2.1. Formation and characterization of NDs using ester- and ether-linked, 
linear- and branched lipids 

NDs were prepared by reconstitution of dried lipid into buffer con-
taining cholate detergent together with purified MSP1D1 protein. ND 
formation was initiated by detergent removal through dialysis or incu-
bation with detergent absorbing bio-beads near the respective lipid 
phase transition temperatures. The resulting mixtures were purified by 
size-exclusion chromatography (SEC), initial SEC purifications and dy-
namic light scattering (DLS) intensity distributions of the ND main peak 
fractions are shown for each type of NDs in Fig. S1 and – S2, respectively. 
Monodisperse NDs were produced using each of the lipids, after opti-
mizing incubation temperatures and protein-lipid stoichiometric ratios 
(see Materials and Methods). Analytical SEC coupled to multi-angle light 
scattering (SEC-MALS) was used to establish the molecular weight of the 
NDs and the weight fractions of protein and lipid, from which the 
number of lipid molecules per ND can be derived (Table 1). Results of 
the biophysical characterization are illustrated for POPC NDs in Fig. 2. 

Unexpectedly, it was found that not all NDs consist of the canonical 
double MSP belt. Although being almost identical in hydrodynamic 
volume and molecular weight to POPC NDs, NDs assembled with 
branched DPhPC- and DPhoPC lipids comprize three copies of MSP1D1 
(Fig. 3). The phytanyl lipid NDs also have a comparatively small lipid 
weight fraction, which can be partially explained by the larger area per 
lipid of DPhPC and DPhoPC, compared to alkyl lipids [40,41]. An 
overview of the NDs weight fraction and composition is given in Table 1. 
To establish the amount of lipid present in DPhPC - and DPhoPC NDs 
independently, the total phosphorous content was also determined in a 
separate experiment, confirming the results from the SEC-MALS analysis 
(Table S1 & Fig. S3). 

2.2. Thermal stability of NDs depends greatly on the lipid membrane 

To compare the stability of NDs, DLS, CD spectroscopy, differential 
fluorimetry (nanoDSF) and analytical SEC were used. CD and nanoDSF 
primarily report on the unfolding of the alpha helical MSP1D1 (data not 
shown). Therefore, these techniques are not suitable to visualize and 
compare the stability and aggregation states of whole NDs. SEC-MALS 
provides a clear view of the aggregation states and was used in further 
analysis. NDs were subjected to incubation at temperatures of 20 ◦C, 
37 ◦C and 50 ◦C for a few hours up to one day. After incubation, each 
sample was stored at 4 ◦C until SEC-MALS analysis. Resulting elution 
profiles were compared with the untreated control NDs kept at 4 ◦C 
throughout the experiment (Fig. 4). The study was specifically designed 
to test ND stability over the course of hours as opposed to a rapid tem-
perature ramp as the former is more relevant to the transport and clin-
ical administration of NDs. To quantify relative persistence of NDs, the 
elution profiles measured at A280 were deconvoluted into separate 
peaks. Next, the ND peak surface area under the curve was compared 
with the ND surface area of the control NDs kept at 4 ◦C. The resulting 
plot of ND recovery over time is shown in Fig. 5. All types of NDs were 
stable at 20 ◦C, showing minimal to no aggregation or disintegration 
after 24 h. For DPPC NDs it was observed that incubations at 20 ◦C and 
37 ◦C for a few hours resulted in further equilibration to a more 
monodisperse sample. The DPPC NDs initially show a secondary peak 
eluting at approximately 12 min. This peak has a Mw of approximately 
400 kDa and was observed to slowly decrease in intensity after incu-
bation at moderate temperatures, whereas the main ND peak simulta-
neously increased, suggesting inter-particle exchange of components. 
Even at relatively mild temperatures, NDs containing unsaturated lipids 
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aggregated profoundly in a matter of hours. Especially 16o18oPC, the 
ether-linked analog of POPC forms unstable NDs. Within the first 5 h of 
incubation at 37 ◦C, ~47 % and ~ 12 % of the 16o18oPC - and POPC 
NDs had aggregated, respectively. The saturated lipid NDs are much 
more stable, showing <10 % loss after 24 h of incubation at 37 ◦C. 
Another interesting observation from the elution profiles in Fig. 4 is that 
for NDs assembled with linear chain fatty acids, the main ND peak is 
shifting to the right after incubation at 50 ◦C. This indicates that the 
hydrodynamic radius (Rh) of the NDs is decreasing over time. Compo-
sitional analysis by SEC-MALS shows that the NDs still contain the same 
number of MSP1D1 molecules, so the shrinkage must be attributed to 
loss of lipid. DPPC- and D16oPC NDs lose as much as ~23 % of the initial 
lipid cargo after 24 h of incubation at 50 ◦C. Interestingly, the phytanyl 
lipid NDs were very stable at 37 ◦C, and do not shrink, even after pro-
longed incubation at 50 ◦C. 

3. Discussion and conclusions 

Major challenges remain in the design and controlled delivery of 
stable (bio-)pharmaceuticals. Nanoparticles can enhance circulation 
lifetime, protect against chemical and enzymatic denaturation as well as 
boost the efficacy of a drug. Increasing demand for nanoparticle tech-
nologies has recently been emphasized by the corona virus pandemic 
and the consequent mass vaccination effort. In this work, NDs were 
prepared using various ether- and ester-linked linear and branched 

lipids. Surprisingly, phytanyl lipid NDs are shown to contain three 
copies of the scaffold protein and not the canonical dimer. A triple 
scaffold configuration was reported before in the cryo-EM structure of a 
rotary vacuolar adenosine triphosphatase inside NDs [42]. The need for 
a third scaffold molecule was ascribed to the large hydrophobic surface 
of the triphosphatase c-ring. In “empty” NDs it seems unlikely that a 
phytanyl bilayer can accommodate a stack of three MSPs, because mo-
lecular dynamics (MD) simulations showed that DPhPC bilayers have 
comparable head-to-head thickness as linear chain lipid POPC bilayers 
[40]. For spherical HDL, a “trefoil”-like conformation has been 
described. The trefoil model has three ApoA1 belts bent at 120◦ angles, 
effectively maintaining the same intermolecular contacts as in the 
double belt [43,44]. Cross-linking–mass spectrometry has shown that 
these contacts remain constant when going from the discoidal form to 
spherical “multifoil” HDL particles, comprising three or more copies of 
ApoA1 [43,45]. A trefoil conformation would impose curvature on the 
membrane, which could be accounted for by bending of the phytanyl 
lipid tails, as described for DPhPC based on MD simulations [46]. 
However, the number of phytanyl lipids per ND that follows from the 
experiments makes a trefoil conformation less likely. The inner diameter 
of a discoidal MSP1D1 ND is ~76 Å [18], from which a membrane 
surface area of circa 4500 Å2 for each side of the ND can be calculated. 
Dividing by the area per lipid of 80.8 Å2 which was determined for 
DPhPC by MD simulations [41], we initially estimated that a ND could 
contain approximately 110 phytanyl lipids over the two layers. The 

Fig. 1. Chemical structures of the phospholipids used for ND assembly.  

Table 1 
Size and composition of NDs assembled with different PC lipids measured by SEC-MALS and analyzed using the protein conjugate method. Molecular weights and 
composition determined by SEC-MALS are averages of six replicate measurements, DLS averaged Rh and % PD data are averages of six replicate measurements ± two 
standard deviations of the mean.   

POPC 
16:0–18:1 

16o18oPC 16:0–18:1 DPPC 
16:0 

D16oPC 
16:0 

DPhPC 
4ME 16:0 

DPhoPC 
4ME 16:0 

Mw ND (kDa) 147 ± 4 157 ± 5 181 ± 3 180 ± 9 144 ± 3 145 ± 5 
Mw protein (kDa) 49 ± 4 53 ± 4 49 ± 2 48 ± 5 75 ± 4 77 ± 6 
Mw lipid (kDa) 98 ± 1 105 ± 2 133 ± 2 133 ± 4 69 ± 1 68 ± 2 
Copies of MSP1D1 2.0 ± 0.1 2.1 ± 0.2 2.0 ± 0.1 1.9 ± 0.2 3.0 ± 0.2 3.1 ± 0.2 
Lipids / MSP1D1 64.5 ± 0.9 71 ± 1 92 ± 4 97 ± 9 27 ± 2 27 ± 3 
DLS hydrodynamic radius (Rh) (nm) 4.9 ± 0.2 5.0 ± 0.1 5.2 ± 0.1 5.0 ± 0.2 5.1 ± 0.1 5.1 ± 0.1 
DLS % polydispersity 12 ± 7 7 ± 2 12 ± 8 12 ± 6 11 ± 6 12 ± 5  
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experimental number is significantly lower, about 80–90 lipids per NDs. 
For a trefoil conformation, the maximum lipid capacity would be 
approximately 1.5 times higher than for a flat ND, so there would be a 
large lipid deficit. Thus, how a relatively small phytanyl membrane can 
accommodate three MSP molecules remains unclear and warrants 
further, structural research. 

By systemically comparing the stability of NDs composed of different 
lipids we are able to provide guidelines for the production of thermo-
stable NDs, which are likely broadly applicable to LNP development. In 
line with previous research, NDs prepared with lipids that contain two 
saturated fatty acids (2 × 16:0) are much more thermostable than ones 
with lipids that contain one unsaturated fatty acid (16:0, 18:1). No 
significant difference in ND thermostability was found between satu-
rated ether and ester lipids. In contrast, NDs prepared with one unsat-
urated (18:1) and one saturated (16:0) ether-linked fatty acid 
(16o18oPC) are less stable than NDs containing the equivalent ester- 
linked fatty acids (POPC). Outer membranes of all thermophilic 
archaea and some thermophilic bacteria possess ether lipids, though 
almost always with saturated fatty acids [47]. For a long time it was 
debated whether ether linkages, as well as branching and complex 
cyclopentane-containing tetraether lipids found in thermophiles, are 
evolutionary adaptations required for survival at the extreme [48–53]. 

However, not all organisms possessing the associated “thermostable 
lipids” found in thermophiles are actually thermophilic. Phytanyl lipids, 
for instance, are present in a liquid crystalline state over the entire 
biological temperature range and have been identified in extremophiles 
and mesophiles alike. Thus, such ether-linked phytanyl lipids are 
perhaps more aptly described as “heat tolerant” lipids [47]. The fact that 
branched lipids provide a stable and functional bilayer over a wide 
temperature range is very attractive for the reconstitution of membrane 
proteins and LNP development. Lipids with linear, saturated fatty acids 
(DPPC and D16oPC) on the contrary, have a relatively high Tm and thus 
are present in the gel phase at moderate temperature, which can impair 
membrane protein function. The ideal lipid reconstitution composition 
depends greatly on the target protein. This is especially true for mem-
brane proteins whose functions may be substantially influenced by 
membrane fluidity and curvature or is even directly regulated by lipid 
cofactors [54]. The physicochemical interaction at the membrane may 
be less important for example when a “passive” viral membrane protein 
is incorporated, where the sole function is to elicit an effective immune 
response against a particular antigen. In such cases the lipid composition 
can be optimized for factors like thermostability and immunogenicity. 

Fig. 2. Biophysical characterization of POPC NDs. (A) NDs were analyzed using SEC-MALS. The total ND, protein and lipid molecular weight (fractions) were 
determined by protein conjugate analysis. (B) Dynamic light scattering of POPC NDs shows a monodisperse ND size of ~4.8 nm radius. (C) Similarly, negative stain 
TEM shows a homogeneous distribution of NDs. (D) A schematic representation of NDs comprized of two MSP1D1 proteins and 126 POPC lipids was generated using 
the NDs builder in CHARMM GUI and is shown for illustrative purposes [60]. 
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4. Materials & methods 

4.1. Lipid handling and concentration determination 

Chemically synthetized 16o18oPC lipids were bought from Merca-
chem BV. All other synthetic lipids were bought from Avanti polar lipids. 
Lipid aliquots were stored at − 20 ◦C as powder or chloroform/methanol 
aliquots. Lipids were taken directly from powder stocks into a pre- 
weighed glass vials with teflon-lined caps. Lipid in chloroform/meth-
anol stocks were pipetted using Hamilton syringes into pre-weighed 
glass vials and dried under a gentle stream of nitrogen gas and kept 
overnight inside a vacuum chamber at <0.1 mPa. Lipid powder or films 
were weighed on a Sartorius Cubis® MCA6.6S-2S00-M microbalance. 
This procedure was compared to total phosphorous concentration 
determination of the lipid stock solutions and produced comparable and 
reproducible measures of the total lipid amounts [55]. 

4.2. Nanodisc assembly procedures 

The MSP1D1 gene was synthesized by GeneArt (Thermo Fisher Sci-
entific) and cloned into the pET28a vector using NcoI and BamHI re-
striction enzymes. MSP1D1 was expressed in BL21(DE3) pLysS E. coli 
cells in terrific broth (TB) media in baffled shake flasks at 37 ◦C, 200 
rpm. Gene expression was induced with 1 mM IPTG at OD600 = 2–2.5 
and cells were harvested 5 h after induction. MSP1D1 was purified by 
nickel affinity chromatography as described previously [2]. Dried lipids 
were solubilized by addition of 100 mM sodium cholate stock solution. 
The samples were heated under warm tap water, vortexed and sonicated 
intermittently for approximately 30–45 min until the solution became 
completely transparent. MSP1D1 was added at the appropriate molar 
ratio determined for each of the lipids (Table 2). The ND stoichiometric 
protein-to-lipid ratios were estimated by calculating the composition of 
a maximally filled ND by dividing the ND membrane surface area by the 
area per lipid used. NDs were produced at three different stoichiometric 
ratios close to the estimation. After initial SEC purification, aggregated 
fractions, NDs and lipid poor fractions were identified by comparing to a 
gel filtration standard (Bio-Rad #1511901). The resulting lipid and 
protein composition of each fraction were analyzed in detail by SEC- 
MALS and the lipid: MSP1D1 ratio of the maximally filled ND was 

used for subsequent assembly experiments. 
The reconstitution mixtures were prepared at a final concentration of 

5 mM lipid and 20 mM cholate and left to equilibrate near the main 
phase transition temperature of the lipids used for 45 min. Phytanyl lipid 
NDs were equilibrated and assembled at 4 ◦C. The detergent was 
removed by 48 h dialysis at the respective equilibration temperatures in 
a 10 kDa MWCO slide-a-lyzer MINI dialysis tube (Thermo Fisher) con-
taining 5 g amberlite bio-beads XAD-2 on the opposing side of the 
dialysis membrane. It was observed during previous experiments that 
direct contact with biobeads resulted in significant loss of MSP1D1 and 
reduced ND yields by up to 50 %. MSP1D1 and NDs concentration were 
determined by absorbance spectroscopy and quantification of the peak 
at A280 using a theoretical extinction coefficient of ε280 = 21,430 
M− 1⋅cm− 1 for MSP1D1. 

4.3. SEC-MALS protein conjugate analysis of NDs 

The absolute ND Mw was measured using a SEC-MALS system 
comprising a miniDAWN® TREOS®, DynaPro® NanoStar® DLS, Opti-
lab differential refractometer (Wyatt technology) and 1260 Infinity II 
multiple wavelength absorbance detector (Agilent). The composition of 
NDs and aggregates after heat treatment were determined using the 
protein conjugate method present in the ASTRA 8 software package. 
After selecting the peak area of interest and defining the dn/dcprotein, 
dn/dclipid, ε280, protein and ε280, lipid, the software reports the Mw of the 
complex, the protein fraction and the “modifier” (lipid fraction) at each 
data slice throughout the peak selection. The program SEDFIT was used 
to calculate a theoretical dn/dcprotein of 1.88 mL/g and weight averaged 
extinction coefficient of 0.869 mg/mL− 1⋅cm− 1 for MSP1D1 based on its 
amino acid sequence [59]. A theoretical dn/dclipid of 0.16 mL/g was 
used for all lipids. The ND stoichiometric protein-to-lipid ratios were 
determined by dividing the resulting protein and lipid molecular weight 
fractions by their respective molecular weights and calculating the ratio 
between the ND components. 

4.4. NDs thermostability comparison by analytical SEC 

NDs were purified by SEC on a Superdex 200–10/300 GL column. All 
samples were normalized for concentration by A280 signal and divided 

Fig. 3. DPhPC NDs have a protein-to-lipid ratio that is much higher than found in the canonical double MSP1D1 ND of POPC lipids. However, both types of NDs have 
similar hydrodynamic volumes and ND Mw. 
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Fig. 4. NDs were analyzed by SEC after incubation at 20◦C, 37◦C or 50◦C. Each panel shows the elution profiles (A280) of NDs after incubation for different times at 
the respective temperatures. Every second row shows results for the NDs with the ether equivalent of the ester lipids in the row above. 
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into separate replicate tubes. NDs were heated at 20 ◦C, 37 ◦C and 50 ◦C 
in a thermocycler with lid heating enabled at the same temperatures to 
reduce evaporation or kept at 4 ◦C as negative control. After heat 
treatment, NDs were rapidly chilled on ice, centrifuged briefly and 
transferred to an Agilent autosampler for injection on SEC. Identical 
volumes of heat exposed NDs were injected on a Superdex 200 10/300 
GL for each sample. The relative ND recovery was determined by 
deconvolution of the absorbance peaks (A280) using the fit peaks pro 
application in OriginPro 2022® (OriginLab). Here, the peak mean and 
maxima were manually estimated followed by a nonlinear least square 
fitting of a sum of Gaussian distributions. The ND fit peak surface area 
was determined for each of the samples after heating. 

4.5. Dynamic light scattering 

DLS Rh values were measured at a concentration of 4–12 μM NDs 

using disposable cuvettes inside a DynaPro® Nanostar® DLS (Wyatt 
technology), in a buffer containing 100 mM NaPi, pH 7.4 and 100 mM 
NaCl. Samples were centrifuged for 5 min at 13 k rpm in a micro-
centrifuge and left to equilibrate in the DLS instrument to 20 ◦C for 3 min 
after which 10 acquisitions of 5 s were performed per measurement. 
Data acquisition and analysis was done using Dynamics™ software 
(Wyatt technology). Since both cumulants and regularization algorithms 
closely fitted the auto correlation data, it was decided to report the 
average Rh and two times standard deviations derived from the cumu-
lants fit for each type of ND from 10 repeat measurements. The % in-
tensity distribution which is derived directly from the autocorrelation 
function gives the most accurate distribution of Rh and were thus 
reported. 

Fig. 5. Percent recovery of NDs prepared with different lipids is shown against incubation time at 20 ◦C, 37 ◦C and 50 C. The ND elution profiles (A280) from Fig. 4 
were deconvoluted into separate peaks as shown in the bottom right panel. The fitted ND peak areas were compared against the peak areas measured for the control 
samples kept at 4 ◦C. In the example two different sized ND populations were found, of 135 kDa and 150 kDa, so the combined surface area was used to calculate the 
ND recovery. Error bars indicate two standard deviations of mean surface area measured under stable conditions. 
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4.6. Negative stain transmission electron microscopy 

Three microliters of ND solution at a concentration of 1 μM was 
pipetted onto a freshly glow-discharged TEM grid (Cu, 200 Mesh) with a 
continuous carbon support film and incubated for 1 min. Afterwards, the 
sample was wicked away with filter paper and stained with a 2 % uranyl 
formate solution for 30 s. Micrographs were collected on a Tecnai T12 
BioTWIN operating at 120 kV. 
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