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Abstract
Lipid nanoparticles as delivery system for mRNA have recently attracted attention to a broader audience as COVID-19 
mRNA vaccines. Their low immunogenicity and capability to deliver a variety of nucleic acids renders them an interesting 
and complementary alternative to gene therapy vectors like AAVs. An important quality attribute of LNPs is the copy num-
ber of the encapsulated cargo molecule. This work describes how density and molecular weight distributions obtained by 
density contrast sedimentation velocity can be used to calculate the mRNA copy number of a degradable lipid nanoparticle 
formulation. The determined average copy number of 5 mRNA molecules per LNP is consistent with the previous studies 
using other biophysical techniques, such as single particle imaging microscopy and multi-laser cylindrical illumination 
confocal spectroscopy (CICS).
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Introduction

Since their initial description, lipid nanoparticles (LNPs) 
have made a remarkable career as delivery tools for drugs to 
human cells. From simple liposomes (Bangham et al. 1965) 
over the first cationic mRNA–LNP formulation (Malone 
et al. 1989), flu vaccines, and drug carriers, they finally 
became popular to a broader audience as COVID-19 mRNA 
vaccines (Ramachandran et al. 2022).

Today, the LNP-mediated therapeutic transfer of nucleic 
acids centers around siRNAs and mRNAs with over 200 
products in clinical trials (Tenchov et  al. 2021), while 
antisense-oligonucleotides (ASO) and GalNAc−siRNA 
conjugates are often injected as pure substance without an 
additional delivery system. The immunogenicity and toxicity 
of free mRNA as well as its instability prevents this admin-
istration route for native and chemically modified mRNA.

To function in human body systems as a drug, mRNA 
formulations need to resist biophysical and biochemical 

barriers. In pure form, thus without a delivery system, 
mRNA is exposed to ribonuclease (RNase) degradation, 
renal clearance and immune detection and reaction (Yin 
et al. 2014). Delivery systems like mRNA packed in LNPs 
can overcome those barriers and additionally reach tar-
get tissue, promote endocytotic cell entry, and cross cell 
membranes.

Beside the advantages of the LNPs, any potential tox-
icity issues must be intensively studied. Toxicity in LNPs 
has been previously shown to depend on both the particle 
composition and the nanoparticle size (Bobo et al. 2016). 
Nanoparticle toxicity is often associated with the production 
of reactive oxygen species (ROS) (Xia et al. 2006). Addi-
tionally, interactions with cellular components such as the 
nucleus can be associated with increased toxicity (Marquis 
et al. 2009). Especially in cationic lipid containing formu-
lations toxicity is a relevant topic, as those lipids are syn-
thetic and their effect on the human body may not always be 
known. It has been shown that increased delivery effective-
ness of cationic lipids is linked to increased toxicity (Ten-
chov et al. 2021). To minimize those toxic effects, efforts are 
made to develop efficient models of biodegradable LNPs. 
The toxicity and immunogenicity of free mRNA mandates 
a rigorous characterization of the final product regarding 
mRNA loading ratio and the absence of free mRNA.
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Analytical Ultracentrifugation (AUC) is exquisitely suited 
to fulfill this role as the rotor speed can be freely adjusted 
to cover a size range from 1 kDa peptides up to GDa pro-
tein complexes (or some 100 nm, respectively). The advent 
of new instrumentation and detection systems fostered the 
development multiwavelength experiments (Gorbet et al. 
2015; Walter et al. 2015; Horne et al. 2020; Henrickson 
et al. 2021, 2022; Maruno et al. 2021, 2022; McIntosh et al. 
2021; Hayes and Dobnik 2022)which have proven their great 
potential for the analysis of gene therapy products.

LNPs are inherently heterogeneous and complex products 
but also offer an additional dimension of separation by AUC. 
Delivery system (lipids) and cargo (RNA) have vastly differ-
ent densities which influence their sedimentation behavior. 
This can be further exploited by density variation experi-
ments in the presence of different D2O or other water isotope 
concentrations. This method has been recently developed by 
Henrickson et al. (Henrickson et al. 2021) and was used to 
investigate the loading ratio of different siRNA formulations.

Here, we demonstrate how such a density distribution 
can be deconvoluted into the fraction of lipid and mRNA, 
and subsequently, the number of mRNA copies per capsid 
be calculated.

Materials and methods

Materials

Empty DLPs and DLPs containing an 1156-nucleotide long 
mRNA cargo (DLP-1156) were provided by the Novartis 
Institute for Biomedical Research (NIBR), Cambridge 

(MA). A scheme of its assembly including the nucleic acid 
cargo is given in Fig. 1. Lipid nanoparticles were prepared 
by spontaneous mixing through a “T” microfluidic appara-
tus as previously described (Wilson et al. 2015). The four 
lipids were dissolved in ethanol at the ratio given in Fig. 1. 
The mRNA was prepared in 100 mM sodium chloride and 
20 mM sodium citrate at pH 5. Both solutions were mixed 
to obtain a molar ratio of amine groups on ionizable lipids to 
phosphate groups on mRNA (N/P ratio) of 4.5 using the “T” 
microfluidic apparatus. The obtained solution was further 
diluted with citrate buffer and subsequently rebuffered in 
PBS by tangential flow filtration.

Dulbecco’s phosphate-buffered saline (PBS, powder, and 
liquid) was purchased from Gibco. PBS in D2O was prepared 
by dissolving the respective amount of PBS powder in D2O 
(99.9%, Sigma-Aldrich).

Photometric measurements

UV-spectra of the undiluted DLP and DLP-1156 samples 
were recorded from 200 to 800 nm using an Implen NP80 
nanodrop UV spectrophotometer.

Experimental procedure and data analysis AUC.

Sedimentation velocity AUC​

Analytical ultracentrifugation was performed with an 
Optima AUC analytical ultracentrifuge (Beckman, Kre-
feld, Germany) supplied with absorbance and interference 
optics. 480 µL of sample and 480 µL PBS as reference 
(for interference measurements) were loaded into assem-
bled cells with sapphire windows and 12-mm path length 

Fig. 1   Scheme of LNP assembly including nucleic acid cargo and function of the four lipids (1 = cationic lipid, 2 = cholesterol, 3 = neutral lipid, 
4 = PEG shielding lipid)
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charcoal-filled epon double sector centerpieces (CP). The 
samples were analyzed at 20,000 rpm or 14,000 rpm in an 
eight-hole Beckmann-Coulter AN50-Ti rotor. Sedimenta-
tion was monitored at 260 nm continuously scanned with 
a radial resolution of 10 microns taking one replicate per 
time point. Data analysis was carried out using the soft-
ware UltraScan 4 (Demeler and Gorbet 2016). Intensity 
data were subjected to 2DSA analysis (custom grid) with 
meniscus and iterative fitting followed by PCSA with 100 
Monte-Carlo iterations. All UltraScan calculations were 
done in-house on a Ryzen128-1019 Gigabyte TRX40 
AORUS PRO with an AMD Ryzen Threadripper 3990X 
2.9 GHz 64 Core/128 Threads CPU.

Density‑matching sedimentation velocity

The data acquisition and analysis followed the procedure 
developed and described by Henrickson et al. (Henrickson 
et al. 2021). In brief, DLP and DLP-1156 were diluted with 
PBS supplemented with D2O (concentrations see Figs. 2 
and 3) to an OD260 of 0.8. The samples were loaded into 
standard 12-mm CP AUC cells and inserted into an An-50 
Ti rotor equilibrated at 20 °C. The rotor speed was set to 
20,000 rpm and data were recorded at 260 nm for 5 h. All 
datasets were fitted to the 2DSA-IT stage and imported 
into the “density matching” module of Ultrascan. Until 
this point, the data had only been corrected to the viscosity 
of the respective D2O concentrations using Sednterp 3.0 
(Laue et al. 1992; Hayes et al. 2000; Philo 2023) but not 
for the density which takes place in the “density matching” 
module of Ultrascan.

Multi‑wavelength SV‑AUC​

DLP and DLP-1156 were diluted using PBS to an OD280 of 
0.8 and loaded into one standard 12-mm CP AUC cell. The 
rotor speed was set to 14,000 rpm and data from 31 wave-
lengths (230–290 nm in 2 nm steps) were recorded. All 31 
datasets were fitted to the 2DSA-IT stage and simulated to a 
synchronous time grid.

Results and discussion

First, we determined the partial specific volume of the empty 
LNPs, which are composed of 45% Cationic lipid, 44% Cho-
lesterol, 9% neutral lipid (DSPC = 1,2-distearoyl-sn-glycero-
3-phosphocholine), and 2% of shielding lipid (PEG-lipid) 
(Fig. 1).

Figure 2 shows the sedimentation coefficient distribution 
of the empty DLPs in PBS supplied with 0–25% D2O and the 
derived partial specific volume distribution. A small fraction 
of the material is sedimenting toward the bottom of the cell 
but most of it floats with a vbar up to 1.12 cm3/g centered 
around a main fraction with a vbar of 1.014 cm3/g.

The loaded LNPs (LNP-1156) contained about 7% of 
floating material. A first density contrast experiment using 
up to 90% D2O caused the particles to fully float at already 
20% D2O shortly after the start of the experiment (Fig. S4). 
We therefore chose to probe a D2O concentration space of 
2–20% (Fig. 3A). At a D2O concentration of 4%, about half 
of the material sedimented, while the other half floated. As a 
sedimentation coefficient of zero is not possible in the Lamm 

Fig. 2   A Overlay of sedimentation coefficient distributions of empty LNPs in PBS supplied with 5–25% D2O. Dataset was analyzed using 
UltraScan. B Integral sedimentation coefficient distributions of (A). C Partial specific density shown by vbar plotted versus boundary fraction
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equation, all distributions crossing that point will show a 
“dip” at zero.

We analyzed the six sedimentation coefficient distribu-
tions from 0 to 10% of the full particles with the density 
matching module of Ultrascan (Fig. 3B). Based on these sed-
imentation coefficient distributions and their corresponding 
D2O concentrations, the software calculates a vbar (Fig. 3C), 
a molar mass (Fig. 3D), and a hydrodynamic radius (Fig. 3E) 
distribution for D2O = 0.

The resulting partial specific volume distribution is 
rather continuous (Fig. 3C) than being centered around a 

main species like that of the empty particles. It ranges from 
0.978 cm3/g to 0.996 cm3/g with a midpoint (boundary frac-
tion = 0.5) of 0.990 cm3/g, which is identical to the vbar 
used to analyze SV-AUC data of an mRNA vaccine (Comir-
naty) during a stability study (Thaller et al. 2023). At this 
point, the data already reveal that the LNP-1156 preparation 
contains very little-to-almost no empty LNPs and that the 
loaded particles consist mainly of lipid as the vbar is smaller 
than 1.0 cm3/g but very close that of the empty vectors 
(1.014 cm3/g) and far away from the vbar of nucleic acids 
in low-salt buffers. We used a vbar of 0.53 cm3/g for the 

Fig. 3   A Overlay of sedimentation coefficient distributions of loaded 
LNPs (LNP-1156) in PBS supplied with 2–20% D2O. Dataset was 
analyzed using UltraScan. B Integral sedimentation coefficient dis-
tributions of loaded LNPs (LNP-1156) in PBS supplied with 2–10% 

D2O. C Partial specific density shown by vbar plotted versus bound-
ary fraction. D Molar mass plotted versus boundary fraction. E 
Hydrodynamic radius shown by Rh curve plotted versus boundary 
fraction



397European Biophysics Journal (2023) 52:393–400	

1 3

mRNA in PBS (Enger et al. 1963; Funari et al. 2000; Voss 
and Gerstein 2005; Padlan et al. 2014) assuming a similar 
composition (ionic strength) of the aqueous phase inside the 
LNPs. The vbar distribution of the loaded particles can be 
deconvoluted into the relative fraction of RNA and lipid by 
the following equation:

where “vbar(full LNP)“ represents each point of the vbar dis-
tribution of the loaded particles. Inserting, for example, the 
value from the midpoint of the vbar distribution (boundary 
fraction 0.5, vbar = 0.990 cm3/g) as “vbar (full LNP)“, 0.53 
cm3/g and 1.014 cm3/g for the mRNA and lipid vbar, we 
obtain a composition of 95% lipid and thus 5% mRNA.

Deconvoluting the entire vbar distribution in this fash-
ion (Fig. 4), we found the loaded LNP-1156 particles to 
consist of 92–96% lipid and conversely of 4–8% mRNA. 
A complete list of all values is provided in Table S1. These 
values can be applied to the molecular mass distribution 

(1)
[%](lipid) =

[

vbar(full LNP)− vbar(RNA)∕ vbar(lipid)− vbar(RNA)
]

∗ 100

of the full particles also obtained from the density contrast 
experiment to arrive at molecular mass of the mRNA at 
each point of the molar mass distribution. By dividing these 
values though the molar mass of the mRNA (346 Da per 
base * 1156 bases = 400.000 Da/mol), we arrive at copy 
numbers per point. The resulting plot of copy number vs. 
sedimentation coefficient shows a discrete, stepwise distri-
bution starting at a sedimentation coefficient of about 5 S 
and a copy number of 1 extending to an S-value of 50 and 
a copy number of 10. The weight average was found to be 
five copies per LNP. Quantifying the number of mRNAs 
per LNP with single particle imaging microscopy, Sabnis 
and co-workers (Sabnis et al. 2018) have found a weighted 
average of 4.6 of mRNAs/LNP with a size distribution like 
ours. Also, their poly-adenylated mCherry mRNA had a very 
similar size to our cargo (1010 vs 1156 nucleotides). Li and 
co-workers (Li et al. 2022) employed multi-laser cylindri-
cal illumination confocal spectroscopy (CICS) to examine 
mRNA and lipid contents in LNP formulations at single-
nanoparticle level. They determined a copy number of 2.8 

Fig. 4   Process flowchart of calculating copy numbers of RNA by deconvoluting molecular weight distribution into molecular weight (lipid) and 
molecular weight (RNA)
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for their final formulation of a 1929-nt-long mRNA. The 
molar ratio of amine groups on ionizable lipids to phos-
phate groups on mRNA (N/P ratio) in their preparation was 
6, while ours was 4.5. For an mRNA half of that size (852 
nt), an average number of 26 VEGFa mRNAs per LNP has 
been found (Nawaz et al. 2023). The mRNA copy number 
for firefly luciferase mRNA was found to be proportional to 
volume of the LNP and inversely proportional to the N/P 
ratio resulting in one copy per LNP at an N/P ratio of 8 
and 6 copies at an N/P ratio of 2 (Carrasco et al. 2021). 
Cui and colleagues were able to confirm that an increas-
ing particle size is favorable for loading more mRNA cop-
ies per LNP, but the encapsulation efficiency was higher 
for smaller particles (Cui et al. 2022). The diameter of the 
LNPs under investigation in the studies cited above ranged 
from 40 to 100 nm. An investigation of larger LNPs with a 
diameter up to 200 nm by scattering techniques (SANS and 
SAXS) and cryo-electron microscopy (Yanez Arteta et al. 
2018) revealed an exponential correlation between particle 
size and mRNA copy number. Starting with a diameter of 
50 nm, the copy number for their 858-nt-long cargo ranged 
from 5 up to 200 mRNAs/LNP for LNPs with a diameter 
of 200 nm. Several hundreds of RNA molecules (200 − 400 
copies) per LNP were so far only reported for much smaller 
siRNA (Kamanzi et al. 2021).

Using fluorescence correlation spectroscopy, Borodavka 
et al. (Borodavka et al. 2016) have found the hydrodynamic 
radius of 960-, 1200-, 1400-, and 1800 nt-long RNA mol-
ecules to be 8.8–11.9 nm. This concurs with AF4 (asym-
metrical flow field-flow fractionation) measurements on 
single-stranded RNA molecules of 500–1800 nt length with 
hydrodynamic radii ranging from 8.4 to 14.7 nm (Eskelin 
et  al. 2022). Considering the hydrodynamic radius of 
mRNAs and our LNP preparation (25–100 nm, Fig. 3E), a 
single-digit mRNA copy number as determined in this study 
as well as in the work of Sabnis, Li or Carrasco seems plau-
sible. However, if mRNAs exist within solvent-filled cavities 
or may be substantially lipid associated as determined by 
contrast enhanced Cryo-EM (Brader et al. 2021) and given 
the r3 dependency of the particle radius to its volume, these 
very large LNPs (200 nm) may provide a much higher dis-
tribution volume for mRNA molecules compared to smaller 
LNPs. Consequently, modulation of the particle size by 
control of the PEG-lipid concentration should enable direct 
control of the copy number for a given N/P ratio. An increas-
ing concentration of PEG-lipid was shown to decrease the 
particle size (Ryals et al. 2020), while it also reduced the 
LNPs immunostimulatory potential and also hindered the 
in vivo efficacy (Kumar et al. 2014).

As for any other sedimentation velocity experiment, the 
reproducibility of the sedimentation coefficient distribu-
tion is crucial to assess the method performance. Figure S1 
shows the size distribution of three independent experiments 

as discrete distributions and as bar charts (sigma set to 0 
in the “combine discrete species distributions” module of 
Ultrascan). They overlay well, but visual inspection lacks 
statistical confidence. The literature on this subject has been 
focused on the quantitation of trace amounts of aggregates 
in monodisperse therapeutic protein formulations, namely 
monoclonal antibodies (Gabrielson and Arthur 2011; Arthur 
et al. 2015). Overall, a precision of 0.5–1% for the quan-
titation of individual species and a reproducibility of 0.1 
S or even better (especially for the intra-assay precision) 
for the S-values of the main species (monomer) has been 
found (Arthur et al. 2009; Gabrielson et al. 2010; Doyle 
et al. 2020).

To assess the reproducibility of our more complex s-value 
distribution, we determined the mean of the weight-average 
sedimentation coefficient, D10, D50, D90 and the span of 
three independent experiments (Table 1) of the full particles. 
The first data of the full particles (labeled “experiment 1” in 
Table 1) were gathered alongside with six D2O concentra-
tions of the empty particles (Fig. 2). Experiment 2 was the 
D2O = 0 concentration from Fig. 3 and experiment 3 the 
260 nm data from the multiwavelength run (Fig. S3A). We 
determined the mean of the weight-average sedimentation 
coefficient to be 22.3 S with a standard deviation of 0.8 S 
which is much higher than for a monodisperse system but 
in good agreement with the standard deviation found for a 
similar size distribution of Ferritin (17.0 ± 0.6 S, (May et al. 
2010)), although our replicates were gathered over three 
independent experiments. The same precision was deter-
mined for the D50, while D10 and D90 varied to a higher 
degree due to the tailing of the distributions on both ends. 
The deviating values (especially D10 and D90) from experi-
ment 3 compared to the other two runs are likely rooted in 
the lower data density and the late arrival of the first scan 
as it is only one dataset (260 nm) from a multiwavelength 
experiment (230–290 nm, 2 nm increment).

We also employed multiwavelength SV-AUC to examine 
the loading status of LNP-1156. Figure S2 shows the UV-
absorbance spectra of the empty and full LNP samples, and 
the free mRNA obtained through lysis using TritonX-100. 

Table 1   Selected size-distribution parameters from three independent 
SV-AUC experiments of the full LNPs

Experiment 1 2 3 Mean Std dev

Total OD260 0.967 0.999 0.982 0.983 0.011
Mean (S20,w) 23.0 22.9 21.1 22.3 0.8
D10 3.7 2.9 −1.0 1.9 1.9
D50 22.1 21.7 20.2 21.3 0.8
D90 49.5 49.5 46.4 48.5 1.4
Span
((D90-D10)/D50)

2.1 2.1 2.4 2.2 0.1
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The UV-spectra of both LNP preparations are dominated 
by the characteristic exponentially decaying light scattering 
signal as they do not contain a defined chromophore. The 
mRNA in LNP-1156 can be discerned as a shallow peak 
between 250 and 290 nm, while the free mRNA exhibits a 
maximum at 260 nm.

The MWL SV-AUC analysis of the empty LNPs con-
firmed the exponentially decaying light scattering pattern 
(higher intensity at shorter wavelengths) of the major spe-
cies between −1 and −100 Svedberg (Fig. S3). The free 
mRNA around 5 S showed a maximum around 260 nm. 
The UV-spectrum of the smallest species of LNP-1156 at 
5 S is dominated by a maximum around 240 nm and shows 
a decaying signal like the empty particles with a shallow 
shoulder at 260 nm. With increasing S-value, the signal at 
260 nm is also increased until it is clearly dominating the 
species around 50 S. Therefore, we concluded that the load-
ing status of LNP-1156 starts at a low copy number at 5 S 
(almost empty particles) and extends to multiple copy num-
bers (but not dozens or hundreds). In case the distribution 
would have ranged from for example 50 to 60 mRNA copies 
per LNP, the spectral composition of each peak would have 
changed only slightly. The data support the previous finding 
of a single-digit mRNA copy number per particle. With-
out knowing the Mie coefficients associated with the light 
scattering signal, we could not assign extinction coefficients 
to deconvolute the MWL sedimentation spectra further as 
outlined by Henrickson and co-workers. Attempts to assign 
arbitrary or relative signal increments to the empty LNPs did 
not result in a satisfactory quality of the signal deconvolu-
tion. Still, the MWL data provide visual evidence for the 
finding of only a few mRNA copies per particle.

Conclusion

Density contrast AUC offers a rapid and simple assay for the 
determination of mRNA copy numbers for lipid nanoparti-
cle formulations. We have determined a discrete distribution 
ranging from 1 to 10 mRNA copies with an average of 5 cop-
ies per particle for our LNP formulation. However, potential 
users should keep two limitations in mind. First, this assay 
cannot distinguish between full length and degraded mRNA 
and thus confirm the integrity of the encapsulated nucleic 
acid. An LNP with 5 mRNA copies will have the same den-
sity as a particle with 10 half copies. This must be monitored 
by other assays such as (capillary) gel electrophoresis during 
drug substance/drug product characterization. Second, the 
data analysis assumes that the density and the ionic strength 
of the solvent inside the particle is the same as that of the 
bulk solvent. This may not be critical for dilute buffers like 
PBS but may become an issue in formulations containing 
high concentrations of excipients, especially salt as it may 

alter the vbar of the nucleic acid. A special attention should 
also be paid to the preparation of the D2O containing buffer 
(D2O is hygroscopic) as the low density of empty and full 
particles requires only a few percent of D2O to match the 
density.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00249-​023-​01663-y.
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