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A B S T R A C T   

The availability of analytical methods for the characterization of lipid nanoparticles (LNPs) for in-vivo intra
cellular delivery of nucleic acids is critical for the fast development of innovative RNA therapies. In this study, 
analytical protocols to measure (i) chemical composition, (ii) drug loading, (iii) particle size, concentration, and 
stability as well as (iv) structure and morphology were evaluated and compared based on a comprehensive 
characterization strategy linking key physical and chemical properties to in-vitro efficacy and toxicity. Further
more, the measurement protocols were assessed either by testing the reproducibility and robustness of the same 
technique in different laboratories, or by a correlative approach, comparing measurement results of the same 
attribute with orthogonal techniques. The characterization strategy and the analytical measurements described 
here will have an important role during formulation development and in determining robust quality attributes 
ultimately supporting the quality assessment of these innovative RNA therapeutics.   
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1. Introduction 

Ribonucleic acid (RNA) based therapeutics are emerging as a new 
class of medicines that are revolutionizing the medical field. They have 
recently been successfully translated into clinically-approved therapies 
and are considered as one of the most promising technologies for the 
prevention and treatment of multiple diseases [1–3]. The first success 
story was the approval in 2018 of a small interfering RNA (siRNA) 
(Onpattro®) for polyneuropathy treatment in patients with hereditary 
transthyretin-mediated amyloidosis by the Food and Drug Administra
tion (FDA), followed by several antisense oligonucleotide therapies e.g. 
for Duchenne muscular dystrophy [4]. The most recent examples are the 
messenger RNA (mRNA) vaccines (BioNTech/Pfizer, Moderna) devel
oped at unprecedented speed against COVID-19. 

The clinical translation of RNA therapies is largely dependent on the 
use of lipid nanoparticles (LNPs) to protect the RNA (the active phar
macological ingredient, API) from premature degradation and, at the 
same time, to enable uptake by host cells to deliver the RNA inside the 
cytosol, while being low-toxic and low-immunogenic. The recent fast 
regulatory approval of LNP-mRNA vaccines optimized against the SARS- 
CoV-2 omicron variant [5,6] highlights one of the advantages of the 
LNPs as delivery platforms: the capacity to easily change the mRNA 
payload with minimal adjustment from the initial LNP formulation. 

LNPs used up to now for clinical administration have a size of around 
60–150 nm and are composed of (i) ionisable lipids that complex the (ii) 
RNA and facilitate its escape from the cellular endosomes into the 
cytoplasm, (iii) polyethylene glycol (PEG)-conjugate lipids which pro
vide stability and reduced clearance and (iv) structural lipids such as 
cholesterol and phospholipids. Upon the formation of the LNP-RNA, the 
nanoparticles are mainly held together by electrostatic and hydrophobic 
interactions. 

It is notable that the RNA acts both as a structural component of the 
LNPs as well as the API. This has been recently highlighted by Hemmrich 
and McNeil [7] that pointed to discrepancies in the classification of lipid 
components as active ingredient or excipients/inactive ingredients in 
the regulatory assessment of the mRNA vaccines for COVID-19. 

The accurate physical, chemical, and structural characterization of 
LNP-RNA is a prerequisite for the preclinical assessment of the quality, 
efficacy and safety of these complex therapeutics. This is also essential 
for accelerated clinical translation and cost reduction during the 
development process. Recently a characterization strategy for nano
vaccines presented an iterative process linking both the measurement of 
key physical, chemical and stability properties to in-vitro efficacy and in- 
vitro toxicity [8]. 

The measurement of the key properties of complex LNP-mRNA for
mulations is challenging. FDA and ICH Q2R2 guidance documents 
applicable to the two complex LNP-mRNA COVID-19 formulations stress 
the need for an adequate characterization and suggest the combination 
of orthogonal techniques, that ideally applies a different measurement 
principle, for the validation of the measurement of complex quality at
tributes [9,10]. 

In this work, building from the Nanotechnology Characterization 
Laboratory (NCI-NCL), the European Nanomedicine Characterisation 
Laboratory (EUNCL) experiences [11–13] and from the characterisation 
assay cascade specifically focused on nanovaccines recently published 
by the Joint Research Centre of the European Commission (JRC) [8], we 
tested the proposed characterisation strategy and assessed the applica
bility of eight analytical techniques for measuring key properties for the 
pre-clinical characterization of two formulations of LNP-mRNA. 

The key physico-chemical properties (size, particle concentration, 
density and chemical composition) were assessed with orthogonal 
measurements, and then associated with established in-vitro efficacy and 
in-vitro toxicity tests. As changes in physico-chemical properties are 
linked to changes in in-vitro efficacy and in-vitro toxicity, in this work we 
present the analytical potential of suitably selected characterisation- 
techniques to identify, observe and measure significant differences 

between i) formulations and ii) batch-to-batch variability of the same 
LNP-RNA system, showing the importance of the chemical composition, 
drug loading, particle density and structural properties over information 
about particle size and concentration. 

Additional quality attributes of the complete formulation (the drug 
product, in regulatory terminology) are more mRNA-specific (such as 
identity and purity) [14] have not been addressed in this work. 

Five expert characterisation laboratories were involved in this ex
ercise, a minimum of three independent measurements of the same 
sample were performed, as summarized in Table 1. In the case of dy
namic light scattering (DLS), nanoparticle tracking analysis (NTA), 
multidetector-asymmetric field flow fractionation (MD-AF4), and for the 
viability and cytotoxicity assessment measurements to assess the 
reproducibility of the method were performed by 2 or 3 laboratories. For 
the other techniques, where only one laboratory was able to perform the 
measurements, whenever possible, available SOPs from the EUNCL and 
or NCI-NCL laboratories ([15], items EUNCL-PCC-01; EUNCL-PCC-023; 
EUNCL-PCC-22; EUNCL-ITA-10; EUNCL-GAT-02) or standard protocols 
such as ISO and ASTM standards [16–19] were applied to guarantee the 
maximum measurement quality. 

The analytical approach presented here, based on a comprehensive 
characterization strategy combining both physical-chemical measure
ments and in-vitro efficacy and safety assessment, is essential during both 
formulation development phase and product quality control and assur
ance, in terms of quality attribute measurement robustness. It should be 
noted that the quality attributes described here are non-exhaustive and, 
in this study, only the drug product (i.e., the complete LNP-RNA 
formulation) has been addressed. In this respect important work is 
currently underway in the working party on the quality of mRNA vac
cines by the Pharmacopeia European Commission [20]. This will ulti
mately support faster translation to clinical trials of any innovative RNA 
therapeutics. 

2. Results & discussion 

2.1. LNP-RNA synthesis 

For this study two different LNP-mRNA formulations (carrying the 
same CleanCap® FLuc mRNA) with a different ionizable lipid were 
developed: one using the MC3 lipid (from here on called LNP1, 
mimicking the LNP-siRNA Onpattro® formulation [4]); the other using 
the SM-102 lipid (from here on called LNP2, mimicking the mRNA-1273 
Moderna COVID-19 vaccine). In addition to the ionisable lipid (either 
MC3 or SM-102) the LNP1 and LNP2 were prepared starting with a lipid 
mixture also containing cholesterol, DSPC and PEG-2000-DMG. LNP- 
mRNA were synthesized by rapid mixing (in a microfluidic cartridge) 
the four lipids (ionisable lipid, cholesterol, DSPC and PEG-DMG in a 
relative molar ratio of 50:38.5:10:1.5; pre-mixed and dissolved in 
ethanol - 54 mg of total lipid in 8.7 mL of EtOH) with three times the 
volume of an mRNA solution (2.3 mg of mRNA in 26.1 mL of RNAase- 
free 25 mM citrate buffer at pH 4.0). The starting formulation has a 
total lipid / mRNA mass ratio of 23.5:1, corresponding to a N/P ratio of 
6.2. The N/P ratio describes the molar ratio of the ionizable amine ni
trogen atom of the ionizable lipids (N) to the anionic phosphate groups 
in RNA (P, one per nucleotide). This is considered a relevant attribute of 
LNP composition since the electrostatic attraction between these entities 
contributes to the formation and maintenance of the LNP internal 
structure. Note that other N and P atoms (e.g. from phospholipids) are 
not included in the N/P ratio. 

We report here both the total lipid / RNA mass ratio and the ionisable 
lipid / RNA phosphate groups’ molar ratios, as we consider both very 
important parameters that should be reported in literature to improve 
repeatability and reproducibility of the LNP-RNA synthesis. 

During the synthesis of the different LNP-RNA batches, despite the 
automated mixing process, a manufacturing inconsistency was identi
fied, noted and labelled as “manufacturing issue or glitch”. This was 
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Table 1 
Summary of the measurements performed in the study, including the laboratoriess performing the measurements and the figures and/or tables where the results are reported.  

Samples analysed Measurand Technique Lab(s) Replicate(s) Figure/Table 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Lipid composition nucleotide digestion followed by LC-MS/MS Lab 1 average over 3 replicates measuring 4 nucleosides for each 
measurement (G, C, A, 5moU) is reported 

Table 2 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Particle size 
distribution 

DLS Lab 1 (DLS) 
Lab 4 (MA- 
DLS) 

DLS: average over 10 replicates per sample 
(MA)DLS: average over 10 replicates per sample 

Fig. 1 A, Lab 1 
Fig. 1 B, Lab 4 

LNP1, LNP2–1 Surface charge Zeta potential Lab 4 average over 3 replicates per sample Table S1 
LNP1, LNP2–1, 

LNP2–2, LNP2–3 
Particle size 
distribution 
Shape factor 

MD-AF4 Lab 1 
Lab 2 

3 replicates per sample per lab Fig. 2, Lab 2 
Fig. S5, Lab 1 
Fig. 3A, Lab2 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Particle size 
distribution 
Particle 
concentration 

Batch NTA Lab 1 
Lab 3 
Lab 4 

average over 5 replicates per sample per lab Fig. 1 C, Lab 1 
Fig. S1A, Lab 4 
Fig. S1B, repeatability and 
reproducibility in three labs 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Particle size 
distribution 

MD-SEC Lab 1 average over 3 replicates per sample Fig. S3 and Table S2, Lab 1 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Particle size 
distribution 
Particle 
concentration 

AF4-NTA Lab 1 One run per sample Fig. S6 and Table S2, Lab 1 

LNP2–1, LNP2–2, Particle structure DSC Lab 4 One run per sample Fig. 3D, Lab 4 
LNP1, LNP2–1, 

LNP2–2, LNP2–3 
Particle size 
distribution 
Particle density 

AUC Lab 5 One run per sample Fig. 1D, Lab 5 
Fig. 3B-C, Lab 5 
Fig. S2, Lab 5 
Fig. S7, Lab 5 
Table S3 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Cytotoxicity LDH and MTT assays on HepG2 cell lines for 24 and 
48 h 

Lab 1, Lab 5 average over 3 replicates per sample Fig. 5, Lab 1 
Fig. S9, Lab 5 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Inflammatory 
response 

IRF signalling and NF-κB in Raw-dual cells Lab 1 average over 3 replicates per sample Fig. S11, Lab 1 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

Complement 
activation 

iC3b tested with commercial Enzyme-linked 
Immunosorbent Assay (ELISA) 

Lab 5 average over 2 replicates per sample Fig. S12, Lab 5 

LNP1, LNP2–1, 
LNP2–2, LNP2–3 

In-vitro protein 
expression 

Luciferase expression in Raw Dual cells Lab 1 average over 3 replicates per sample Fig. 4, Lab 1 

LNP1, LNP2–1, Endotoxin 
contamination 

LAL assay Lab 1 average over 3 replicates per sample Table S5, Lab 1  
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particularly evident in the manufacturing of two batches (out of three) 
of the LNP2 formulation (the one using the SM-102 ionisable lipid). To 
explore the root cause of the problem and to identify the quality attri
bute/s impacted, the collaborating laboratories involved in this study, 
agreed to blindly take an in-depth characterization of 3 batches of LNP2 
formulation (reported as LNP2–1, LNP2–2 and LNP2–3) as described in 
Table 1 and in Table 2. 

2.2. Chemical composition: lipids and RNA quantification 

The lipid composition and RNA content of the formulation after 
synthesis can be different from the starting one (i.e. the stoichiometry of 
the starting solutions). Quantifying the different lipids with a classical 
HPLC-based system with a UV-VIS or PDA detector is not so simple as 
lipids lack specific absorbance in the UV-VIS region, thus preventing the 
use of UV detectors. Interestingly, for the LNP-mRNA vaccines, lipid 
composition can be measured by HPLC coupled to corona-charge de
tectors as reported by BioNTech in the EMA assessment of their product 
[6] or by mass spectrometry (MS). In this case, we decided to develop a 
method based on HPLC-MS/MS, which provides high sensitivity and 
accuracy. The total lipids concentration can be measured with an error 
of around 5% and those of the individual lipids with errors ranging 
between 3.5% and 7% (Table 2). 

The LNP1 and LNP2 formulations had a starting total lipid 

concentration of 1.5 mg/mL and mRNA concentration of 68.2 μg/mL. 
Results reported in Table 2 show that for all samples there was a sub
stantial loss of lipids in the manufacturing process, resulting in con
centration of total lipids lower than the initially added amount of 1.5 
mg/mL, yielding total lipid mass of 0.99 mg/mL for LNP1 and showing 
great variabilities among LNP2 batches (0.56, 0.85 and 0.92 mg/mL for 
LNP2–1, LNP2–2, and LNP2–3, respectively). It is interesting to note that 
the relative molar ratio of the four different lipids in the four samples are 
very similar to the expected values (50: 38.5: 10: 1.5) with the most 
different one being sample LNP2–3 having ratios of 47.3: 40.5: 9.9: 2.0. 

The quantification of RNA is a more complex and challenging issue. 
The total RNA content can be measured using fluorescence methods. 
However, these methods show questionable accuracy when applied to 
measure mRNA loading [21]. To improve the analytical confidence, we 
developed a method based on LC-MS/MS, for direct, label-free detection 
of all the mRNA single nucleosides after enzymatic depolymerization 
and dephosphorylation (see materials section for details). Knowing the 
theoretical nucleotide composition, this method can quantify mRNA 
based on each constituent nucleoside. The developed LC-MS/MS meth
odology can also directly quantify modified bases as a result of either 
intentional incorporation (e.g. 5-methoxy-uridine, as it happens in the 
BioNTech/Pfizer and Moderna COVID-19 vaccines) or base damage (e.g. 
7,8-dihydro-8-oxoguanine). The results in Table 2 show that total 
encapsulated mRNA can be quantified with a reproducibility error of 

Fig. 1. Hydrodynamic diameter measured by batch DLS, MADLS, NTA and AUC of LNP1 (black curve), LNP2–1 (red curve), LNP2–2 (blue curve) and LNP2–3 (green 
curve). The average particle size distribution (PSD) calculated over 3 (NTA, MADLS) or 10 (DLS, MADLS) measurements is reported. For AUC a representative PSD 
measured in PBS at 60% D2O is shown (single measurement). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Measured lipid composition, RNA loading in Total mRNA (μg/mL) measured. Average values ± standard deviations of three technical replicates.   

MC3 SM-102 Cholesterol DSPC DMG-PEG2000 Total lipids concentration Total RNA Total lipid / RNA (w/w) 

LNP1 608 (24) – 194 (13) 135 (5) 58 (2) 994 (44) 41 (4) 24.2 
LNP2–1 – 313 (13) 133 (9) 72 (3) 42 (1) 560 (26) 26 (3) 21.5 
LNP2–2 – 490 (21) 176 (12) 117 (5) 65 (2) 847 (40) 16 (2) 52.9 
LNP2–3 – 498 (22) 232 (16) 116 (5) 72 (2) 919 (45) 9 (1) 101.1  
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around 10% for the different samples. 
The concentration of RNA in all samples is well below the expected 

value of 68.2 μg/mL, but LNP1 and LNP2–1 have mass ratio to total lipid 
very close to the expected value of 23.5 (24.2 and 21.5, respectively, see 
Table 2). Conversely, samples LNP2–2 and LNP2–3 contain considerably 
lower amounts of RNA to total lipid mass (ratio of 52.9 and 102.1, 
respectively) to what was expected. 

Different types of material loss and dilution effects can take place in 
the formulation process: during microfluidic synthesis the first and last 
part of the reaction solvent are usually discarded to improve homoge
neity, reduce particle size and polydispersity. Also, some lipids and 
mRNA could be lost due to incomplete inclusion in the particle forma
tion and will thus remain as free molecules that could be dialyzed away 
(lipids) or degraded (mRNA). Finally, dilution effects can occur during 
the dialysis step. All this combined could easily explain the significant 
reduction of total lipid and RNA concentration compared with the ex
pected values. On the other hand, for samples well-formed (i.e. LNP1 
and LNP2–1) the lipids’ relative molar ratios and the total lipid to RNA 
mass ratio are very close to the expected values. 

In the case of LNP2–2 and LNP2–3, the significant reduction of RNA 
compared to lipid mass is a key indicator that something happened 
during the synthesis. The joint hypothesis of the labs involved is that 
LNP2–2 and LNP2–3 incurred some problems during the formulation 
process. Furthermore, when undertaking further manufacturing process 
inspection this was narrowed down to the syringe inlet connected to the 
microfluidic cartridge which did not correctly control the ratio between 
the organic phase containing the lipid components and the aqueous 
phase containing the mRNA. Nevertheless, these two “failed” batches 
provided an excellent starting point for a blinded study assessing the 
analytical power of the techniques applied in this work, and thus for 
their suitability in quality control of LNP-mRNA. 

2.3. Particle size and concentration 

Size is considered a critical quality attribute of LNP-mRNA vaccines: 
it directly influences both the biodistribution and the immunogenicity 
[22]. In the nanomedicine field, the consensus is that particle size dis
tribution (PSD) should also be measured, in addition to the average size 
[23]. Measuring PSD and particle concentration of LNP systems can be 
particularly challenging. In our case, we adopted six among the most 
used techniques including batch sizing and hyphenated techniques 
combining fractionation of polydisperse samples coupled by online 
sizing measurements, as reported in Table 1. Results obtained are pre
sented below. 

2.3.1. Dynamic light scattering: a useful tool for preliminary assessment of 
particle size 

DLS is a long-standing, fast and very widespread technique for sizing 
and quality control of nanoparticles [23]. As a first approach for sizing 
the four LNP-mRNA formulations, we applied batch DLS in two inde
pendent labs, in its two available configurations, single angle DLS 
(Fig. 1A) and multi-angle (MA)DLS (Fig. 1B). These were then com
plemented with two (batch) techniques used for the analysis of LNP- 
RNA: nanoparticle tracking analysis (NTA), measured independently 
in three laboratories [24] and analytical ultracentrifugation (AUC) [25]. 
The average particle size distribution calculated over the measured 
replicates by each lab (Fig. 1A-B) and the average numerical calculated 
size values (Table 3) measured by batch DLS or (MA)DLS independently 
identify two key features: i) a smaller size (hydrodynamic diameter) of 
LNP1 (z-ave = 70 ± 1 nm) compared to LNP2 (z-ave = 103 ± 1 nm) as 
main peak in all batches, and ii) a notable second population of aggre
gates in batch LNP2–3, with a significantly larger size (>500 nm). Size 
polydispersity was comparable and acceptable for LNP1, LNP2–1 and 
LNP2–2 (PdI = 0.15, 0.16 and 0.21, respectively by DLS), whereas it was 
dramatically increased for LNP2–3 (PdI = 0.51 by DLS). Ta
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2.3.2. Nanoparticle tracking analysis: an orthogonal method for particle 
size. Some issues with LNPs dilution 

NTA measurements, which are also based on dynamic light scat
tering and Brownian motion yet in a single-particle tracking mode, also 
provide particle size. The results of the average particle size distribution 
measured over 5 replicates by each of the three labs involved in the 
study (Fig. 1C and Table 3) indicate that LNP1 formulation is slightly 
smaller than LNP2–1 (as shown by DLS). NTA also gives a comple
mentary insight into the second population of large particles present in 
LNP2–3. In fact, NTA measures the size of each particle, while DLS tends 
to overestimate the number of larger particles compared to smaller ones. 
Both methods are based on the measurement of the Brownian motion of 
the particles, which limit the measurable upper size to around 1 μm, thus 
limiting the possibility to measure large aggregates [26]. Based on the 
same physical principle, NTA and DLS cannot be considered orthogonal 
to each other. 

In addition to size, NTA can directly measure particle concentration. 
Results from the measurements performed in three laboratories showed 
an intralaboratory coefficient of variation (SD/Mean value %) of around 
20% in the measurement of particle concentration and an even larger 
interlaboratory variation, especially with regards to concentration 
values of LNP2 samples (Table S1). Those data indicated the lack of 
repeatability and reproducibility of batch NTA to measure the particle 
concentration of the LNPs formulations considered in this study, despite 
its common use to characterise LNP-RNA in the community. To assess 
the possible source of this high variability, we repeated the concentra
tion measurements within a short interval (10 min) in each lab and 

observed the variation within single measurement runs on the same 
sample over a short measurement time. As shown in Fig. S1 the con
centration measured for LNP2 dropped significantly between the repli
cates, while LNP1 was less affected but still showing variability between 
replicates. To set optimal recording and measurement conditions with 
the NTA, the samples must be adequately diluted to have accurate read- 
outs. We therefore concluded that particular care should be taken when 
using NTA to measure particle concentration and size of LNP formula
tions that could be unstable when highly diluted. Thus, NTA can be 
suitable only if the stability of the analysed formulation has been pre
viously checked in the analytical conditions used. Satisfactory mea
surement conditions have not been achieved in this study, despite 3 
expert labs have been involved. Our results highlight that NTA would 
require customised SOP to identify the optimal sample preparation, 
dilution and injection mode compared to relevant LNP controls to 
reduce, if not remove, any bias or intrinsic measurement issues. To 
optimize the measurement conditions we suggest to perform repeated 
measurements at different time points within a short measurement 
window to assess the measurement repeatability. In case a better 
repeatability is achieved than in our study (coefficient of variation for 
measured particle size and concentration < 5–10%, depending on the 
needs), it may be still useful to compare the results obtained using 
orthogonal or complementary methods to validate the measured results. 

2.3.3. Analytical ultracentrifugation is a robust, high resolution, method to 
measure size and density 

AUC was used as a third batch technique, orthogonal to NTA and 

Fig. 2. Size and polydispersity by AF4-MALS-DLS. Representative fractograms (one measurement run selected within 3 replicates) of A) LNP1, B) LNP2–1, C) LNP2–2 
and D) LNP2–3 reporting the UV-VIS (black curve), the MALS scattering intensity at 90◦ (grey curve), the hydrodynamic radius (Rh, blue curve) and the radius of 
gyration (Rg, red curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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DLS, for measuring the particle size distribution and polydispersity of 
the same samples. AUC (Fig. 1D) confirmed the findings obtained by 
DLS; LNP2–1 showed a larger Stokes diameter than LNP1. LNP2–2 has a 
narrow size distribution, but also contained a population (about 12 w/w 
%) with larger particles. LNP2–3 presented a wider size distribution and 
most probably contained larger aggregates. Interestingly, looking at the 
sedimentation coefficient distribution (Fig. S2), LNP2–3 sediments 
significantly slower than the other samples. From these measurements 
and results, our findings strongly suggest that a change occurred in the 
intra-particular structure, towards a less condensed composition with 
lower density and a larger hydrodynamic diameter, as observed by batch 
DLS. 

2.3.4. Hyphenated techniques for the measurement of size and 
concentration: higher resolution but increased complexity 

Fractionation techniques, such as size exclusion chromatography 
(SEC) or asymmetrical-flow field-flow fractionation (AF4), allow sepa
ration of different LNP populations with increased size-resolving power 
and can be coupled to online particle size measurements. The fraction
ation process should not impact the LNP physical integrity or retain a 
part of the sample within the column or in the channel. 

The results of the SEC fractionation coupled to multi-angle light 
scattering (MALS) detection are reported in Fig. S3 (3 single runs are 
shown to assess the repeatability of the protocol), while the diameter of 
gyration measured by online MALS (1st order Berry model) averaged 
over the full width half maximum (FWHM) are shown in Table 3 and in 

Table S2. The SEC fractogram, in accordance with DLS and AUC results, 
showed a larger size for LNP2–1 vs LNP1 (diameter of gyration, Dg, of 74 
vs 90 nm). However, no difference between LNP2 batches was detected. 
Moreover, the mass recovery (the ratio between the mass fractionated 
and the mass injected) was <60%. This low mass recovery could be due 
to large aggregates in batches LNP2–2 and LNP2–3 not eluting from the 
SEC column. The inability of SEC-MALS to properly fractionate larger 
particles could explain why it could not detect differences between the 
LNP2 batches. Overall, SEC-MALS measurements were repeatable, but 
the results were difficult to reconcile to the ones obtained with different, 
orthogonal, techniques, probably due to the loss of a part of the LNP 
population not eluted from the SEC column. 

AF4 coupled online to MALS and DLS (AF4-MALS-DLS) is one of the 
most powerful techniques for the accurate analysis of liposomes 
[11,27–29]. The AF4-MALS-DLS measurements were performed in two 
different labs according to the method reported in Fig. S4 [29]. The AF4- 
MALS-DLS fractograms of the four LNP samples are reported in Fig. 2. 
Acceptance criteria defined by the ISO/TS 21362:2018 Nanotechnologies 
— Analysis of nano-objects using asymmetrical-flow and centrifugal field- 
flow fractionation [30], such as mass recovery, repeatability and repro
ducibility of the fractionation process and of the sizing measurements 
were found to be acceptable as shown by replicate measurements in 
Table S2 and Fig. S5. 

In line with DLS and AUC measurements, the LNP1 and LNP2–1 
appear rather monodispersed, while a shoulder both in UV-VIS and 
MALS signals following the main peak indicates the presence of larger 

Fig. 3. Particle morphology and density by AF4-MALS. A) shape factor reported over the MALS elution profile measured by AF4-DLS-MALS for LNP1 and for the 
LNP2 batches, one representative fractogram is reported B) fit of the average c(s) vs the buffer density measured by AUC in PBS at different H2O/D20%, C) measured 
particle density (SD = 2*SE at 95% confident interval) and D) DSC overlays of LNP2–1 and LNP2–2 normalized per mole of mRNA for each sample and expressed as 
apparent excess heat capacity. One representative DSC run is reported. 
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particles in both two LNP2 (LNP2–2 and LNP2–3). 
Results confirmed that, as for other nano-pharmaceuticals and vac

cines [11,23,27,29], AF4-MALS can reliably measure batch-to-batch 
variability, allowing to identify and understand small (but significant) 
differences in the particle size distribution as well as potential presence 
of different populations, hence being able to evaluate the physical sta
bility of LNPs-mRNA. 

AF4 can also be coupled online to NTA to measure the particle 
number concentration of the different size species eventually present in 
polydisperse samples. The coupling of the two systems was realized 
using a flow splitter to deliver the sample at an appropriate flow speed 
for the NTA measurements and by adapting the injected concentration to 
optimize the number of particles/frames visualized by NTA. Results 
obtained are reported in Table 3 and showed in Fig. S6. This “early- 
stage” combined analytical technique seemed to provide another way to 
directly measure particle number concentration, helping to solve the 
instability issues experienced by NTA in batch mode in the case of LNP- 
2. 

2.3.5. Conclusions from the particle size distribution measurements 
Fig. S7 reports the measured average size and particle concentration 

for all techniques applied in the study. To summarize, for sample LNP-1 
all the measurement methods indicate an average particle size below 80 
nm, as expected (DLS, NTA and AUC in batch mode, AF4 and SEC hy
phenated with MALS, NTA or DLS online). Measurement values may be 
slightly, but significantly, different due to the intrinsic differences in the 
sizes detected (hydrodynamic, or geometric diameter), however, results 
are coherent and are corroborating each other (Table 3, first row). For 
the three different LNP2 batches, while batch NTA and SEC-MALS are 
not detecting significant differences, probably due to the instability is
sues (NTA) or to the inability to fractionate larger particles and/or to 
destabilise the LNP integrity due to the interaction between the sta
tionary phase and the particles (SEC-MALS), DLS clearly identified batch 
LNP2–3 as an outlier (due to its larger size and polydispersity; Table 3). 
AUC, MA-DLS, and AF4-MALS identified both batches LNP2–2 and 
LNP2–3 as different from LNP2–1 (due to the different median size and 
lower density; Table 3), showing higher resolution in detecting multiple 
populations in polydisperse samples. 

2.4. Particle density, morphology, and structure 

Particle density, morphology and structure can be used to quickly 
assess the quality of different formulations or production batches. 
Morphology and particle density can be obtained as complementary 
information from AF4-MALS-DLS and AUC measurements, respectively. 

2.4.1. Morphology by AF4-MALS-DLS 
AF4-MALS-DLS can measure the shape factor, which is the ratio 

between Rg (radius of gyration determined by MALS) and Rh (hydro
dynamic radius determined by DLS), providing indirect information 
about the particle shape. For spherical particles with a uniformly dense 
core (such as the LNPs) a shape factor ρ of 0.8–0.65 is expected because 
the scattering centres are distributed closer to the centre of mass and 
thus Rg < Rh. On the other hand, a value of ρ = 1 would be associated 
with hollow sphere morphology (as in the case of empty liposomes), 
where Rg = Rh. Fig. 3A shows ρ calculated vs. the elution time of the LNP 
samples. The measurements indicate that the LNP1 formulation has a 
more compact structure than the LNP2 formulations. Moreover, within 

the three LNP2 batches, LNP2–3 has a much higher Rg/Rh ratio closer to 
1 (hollow particle). 

2.4.2. Particle density by AUC 
AUC can also measure particle density following various approaches 

described in ISO 18747-1 and ISO 18747-2. The latter standard foresees 
the measurement of migration velocity of the particles “dispersed into at 
least two continuous phases of different densities, driven by gravita
tional or centrifugal fields”. We have followed this approach, applying 
the strategy reported by Henrickson et al. [25]: the migration velocity of 
the floating particles was measured separately in more than two (in our 
case five) aqueous buffers of variable density. Plotting the mode of the 
sedimentation coefficient distribution (ls-g*(s)) vs the density of the 
different buffers (Fig. 3B and Fig. S8) allows determining the intercept. 
The intercept represents the density of the buffer where there is no 
sedimentation or floatation (zero migration velocity) indicating that the 
densities of the buffer and of the particles are the same. This allowed us 
to measure the density of the LNPs under investigation (Table S3, 
Fig. 3C). 

The density values measured with AUC fit well with the values 
predicted using the measured lipid and RNA composition of the different 
samples (Table S3). LNP2–1 has a slightly higher measured density than 
LNP1 reflecting the higher RNA to lipid ratio. The LNP2–2- and LNP2–3 
batches show a significantly lower density in line with their lower 
content of mRNA measured by LC-MS/MS. Overall, results from AUC 
showed that it can measure both size and density of LNP-mRNA systems 
and can easily identify differences between various batches of the same 
formulation. 

2.4.3. Particle structure by differential scanning calorimetry 
Differential scanning calorimetry (DSC) can provide a higher-level 

fingerprint of the LNPs’ structure and composition and flag structural 
and compositional differences between batches, which may be sufficient 
for quality control (QC) purposes. Previous results show that well 
formed LNP-mRNA formulations have a main peak in the thermogram 
with a melting temperature (Tm) of around 75 ◦C [24]. Fig. 3D and 
Table 4 reports the results for batches LNP2–1 and LNP2–2: it is 
immediately clear that the two samples have significantly different 
structures. Sample LNP2–1 has a main peak with a melting temperature 
of around 75 ◦C, while LNP2–2 shows at least two transitions at much 
lower temperatures (45 ◦C and 60 ◦C). Even if it is not possible to discern 
the nature of the different thermal transitions, from these limited set of 
DSC measurements, the results clearly indicate that sample LNP2–2 has 
a very different structure from sample LNP2–1. 

In general, based on the wealth of publications on DSC in application 
to lipids, nucleic acids and their complexes, and considering the 
composition of the LNP samples in this study, the observed peaks could 
be reflecting transitions related to structural changes in mRNA mole
cules and concomitant thermotropic transitions associated with the 
lipids forming LNP particles. 

2.5. Measuring in-vitro potency and toxicity 

The in-vitro measurement of potency and toxicity are key steps in the 
pre-clinical characterization, before moving into the more complex and 
expensive animal studies. Potency of a given RNA formulation depends 
on the uptake of the LNP-mRNA by cells and the expression of the 
encoded protein (an antigen, in the case of LNP-mRNA vaccines). In 

Table 4 
Summary of the results of DSC measurements of LNP2–1 and LNP2–2 samples. NA: not available.  

Sample Tm1, 0C Tm2, 0C Tm3, 0C Tm4, 0C Tm5, 0C Total area, mJ 

LNP1 [24] 20.9 71.7 NA NA NA 0.633 
LNP2–1 25.6 75.0 NA NA NA 0.204 
LNP2–2 24.0 47.2 60.4 91.0 99.3 0.787  
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Fig. 4. Functional luciferase mRNA assays for LNP1 (upper panel and LNP2 batches (bottompanel): Luminescence readings from Hep G2 cells treated with the 
indicated LNP-mRNA complexes for 24 h. Data are average ± standard deviation from three technical replicates, normalized for total RNA content. 

Fig. 5. Cytotoxicity assays. (A) Toxicity measured as LDH release from Hep G2 cells treated with the indicated LNP-mRNA complexes and (B) MTT viability of Hep 
G2 cells treated with the indicated LNP-mRNA complexes for 24 h. Data are normalized for total RNA content. Data are all average ± standard deviations of three 
technical replicates. 
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particular, potency can be evaluated in-vitro by cell-culture-based assays 
able to measure the amount of functional protein that is translated; for 
our study we used in-vitro luciferase expression. Toxicity was instead 
evaluated by monitoring cytotoxicity, using the MTT and LDH assays as 
recommended by the Standards [16,18] and by assessing inflammatory 
response (interferon regulatory factor -IRF- and nuclear factor-κBeta 
-NF-κB- inflammation assays). Presence of endotoxins could severely 
interfere with in-vitro assays. To verify endotoxin contamination of the 
formulations, the recombinant factor C assay was performed. 

2.5.1. In-vitro luciferase expression 
The LNP-mRNA formulations used in this study encode the firefly 

luciferase enzyme, thus allowing setting up a cell-culture-based assay 
using the chemiluminescence emission (catalysed by the luciferase 
enzyme) as read-out. Hep G2 cells were transfected with the four 
different LNP-mRNA samples, their non-encapsulated mRNA counter
part, or corresponding positive (cells transfected with FLuc mRNA using 
commercial transfection agent) and negative control (cells exposed to 
commercial transfection reagent alone). Luciferase activity was 
measured 24 h after transfection to assess cell uptake and intracellular 
translation from the mRNA to functional luciferase. Results indicated 
that, in general, LNP2 has higher luciferase activity than LNP1 formu
lation (Fig. 4). A quantitative comparison of the expression values 
measured for the two formulations needs to consider several factors 
including LNP composition, formulation buffer, RNA loading and par
ticle structure. At the same time, the higher luciferase activity of LNP2 is 
observed even at the higher (100×) dilutions. 

Importantly, a quantitative comparison of the luciferase expression 
can be made for the three LNP-2 batches (all prepared in sucrose), with 
LNP2–1 approximately 5× times higher than LNP2–2, whereas LNP2–3 
luciferase expression was almost negligible. 

These results agree with the physico-chemical observations that 
indicate that LNP2–3 had different size and density with respect to the 
other two formulations. The batch LNP2–2 was interesting: in fact, a 
slight increase in polydispersity (observed from the batch mode sizing 
techniques), and the different structure and density inferred from DSC 
and AUC, translates into a very significant (around 5-fold) reduction in 
in-vitro potency compared to LNP2–1. This confirms that the small dif
ferences between batches, observed by fractionation-based analyses 
(AF4-MALS-DLS) as well as by other techniques capable of discerning 
intra-particular structure (AUC, DSC), carry a clear functional relevance. 

2.5.2. In-vitro toxicity: the effect of lipid composition 
In the clinical translation of mRNA medicines, verification of their 

safety precedes any other biological investigation. To evaluate the 
toxicity of the compounds, we selected and performed a panel of rele
vant in-vitro toxicity assays, specifically lactate dehydrogenase (LDH) 
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) cytotoxicity assays, and assays for inflammatory responses driven 
by interferon regulatory factor (IRF) and nuclear factor-κBeta (NF-κB). 
Endotoxin contamination was also performed as a pre-screening prior to 
measuring the inflammatory response, showing negative results for all 
the batches tested as reported in Table S5. Briefly, both NF-κB and IRF- 
driven inflammation can be triggered by extracellular cytokines and 
pathogens, as well as intracellular damage- and pathogen-associated 
molecular patterns, such as double-stranded RNA, or the presence of 
unmodified uridine in mRNA. Importantly, both inflammation pathways 
are shown to be triggered by mRNA-LNP therapeutics [31]. The LDH 
assays provided a simple and reliable method for determining cellular 
cytotoxicity by measuring the release of the LDH cytosolic enzyme into 
the cell culture medium upon damage to the plasma membrane, while 
the MTT assay uses a synthetic dye (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) to determine mammalian cell viability. 
The redox potential in live mammalian cells reduced MTT to a strongly 
pigmented formazan product that can be read by an optical detector. 
Results obtained by two laboratories are reported in Fig. 5 and Fig. S9. 

Results showed that the MC3-based formulation (LNP1) induced 
significantly higher cytotoxicity (both in terms of damaged cell mem
brane and cell viability) than those based on the SM-102 lipid (LNP2). 
The three different LNP2 batches showed quite similar behaviour, with 
limited toxicity observed only at the highest doses tested. These data 
were in line with morphology observation and representative images of 
cell exposed for 24 h to the different LNPs can be found in Fig. S10. 

None of the samples show any significant inflammation response 
(apart for LNP1 at the highest dose) (Fig. S11). In addition, there was no 
significant difference in complement activation (as measured by the 
amount of iC3b levels, Fig. S12) between the four different samples 
(LNP1 and the three different batches of LNP2), although iC3b pro
duction was around two-fold higher in respect to the negative control 
(PBS). 

2.6. Linking physico-chemical properties to potency 

The performances of the assays tested in this work are summarized in 
Table 5. The results presented, underline some specific issues that merit 
a detailed discussion. 

Linking chemical composition and RNA loading to structural prop
erties and efficacy of the formulation is a key aspect that should be 
considered not only during formulation development but also during 
QC. The concentration of lipids and mRNA in the final formulation could 
be quite different from the expected values and should be measured for 
each batch as part of the full manufacturing quality assurance (QA). As 
presented, it is evident that small variations in operating conditions of 
the microfluidic system may induce a very significant difference in the 
lipid/RNA ratio, as for the case of LNP-2 batch 2 and 3. This variation 
influences the complex structural properties of the LNP-RNA and can 
lead to significant changes in the safety- and efficacy profiles of the 
formulation. Differences in the intra-particle structure can be immedi
ately highlighted by DSC, a technique widely used, and accessible for QC 
purposes that can be used as the first screening approach to detect 
structural differences by looking at the thermal transition fingerprint of 
the complex LNP-RNA structure. During formulation development, or 
when a further understanding of the particle structural properties is 
needed, AUC could be used to measure both particle size distribution 
and particle density. In addition, AF4-MALS-DLS could be used for 
particle morphology beyond batch DLS, before getting into more 
detailed structural investigations by highly complex, and not easily 
accessible techniques, such as small-angle X-ray scattering (SAXS), small 
angle neutron scattering (SANS), nuclear magnetic resonance (NMR) or 
cryo-transmission electron microscopy (cryo-TEM) [32–34]. 

The measurement of physical properties such as particle size and 
polydispersity may indicate some differences between batches but 
cannot identify the very significant differences in RNA loading, particle 
structure and efficacy experienced in this study among batches (example 
of LNP2–1 vs LNP2–2 or LNP2–3). DLS is confirmed to be a very fast 
screening technique for polydispersity and physical instability issues. If 
higher resolution is needed AF4-MALS-DLS is a robust hyphenated 
alternative to batch techniques. On the other hand, SEC is not suitable to 
measure aggregation and physical stability of LNP-RNA, due to the 
limitation in the particle recovery and maximum detectable size (at 
around 200 nm in diameter). 

The measurement of particle concentration is still suffering from 
reproducibility issues. Particle instability at the dilution required to 
achieve optimal measurement conditions (5000–2000×) could affect 
the results of NTA measurements, as shown in this work by the low 
repeatability and reproducibility independently experienced by three 
labs (coefficient of variation for concentration measurements >20%). In 
the absence of reference materials that could be used for method vali
dation, indirect measurements of particles concentration with orthog
onal approaches could be used to unmask the experienced bias. 
Examples are approaches such as (MA)DLS [24] or AF4-MALS [29]. 
However, they both require a priori knowledge of the refractive index of 
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Table 5 
Comparison of the complementary methods for the QCs considered in this paper, according to their physical principle, applicability, size range, performances in 
resolution for size and concentration measurements, sample needs, costs, and measurement complexity. In the case of mRNA loading, other widely used techniques not 
considered in this work are also considered for comparison.  

Attribute(s) Measurement 
technique 

Measurands Physical principle Applicability Possible bias Cost, 
measurement 
complexity 

Suggested 
for QC? 
(1–3) 

Physical 
properties: 
Particle size 
distribution, 
Particle 
concentration, 
Polydispersity, 
Physical 
stability 

Batch DLS/ 
MADLS 

Size: Rh 
Polydispersity: PdI (or 
span) 
Particle concentration 
(for MADLS only) 

Brownian motion 
detected by dynamic 
light scattering 

Monodispersed 
samples (PdI <
0.3) 

Low resolution for 
polydispersed 
samples 

Cost: low 
Measurement 
complexity: low 

3 

NTA Size: Rh 
Polydispersity: Span 
Particle concentration 

Brownian motion 
detected by light 
scattering 

Only for stable 
samples 

Particle instability 
upon dilution 

Cost: low 
Measurement 
complexity: 
medium 

1 

SEC-MALS Rg SEC: separation by size 
MALS: static light 
scattering 

For Rg <200 nm, 
if mass recovery is 
>70%. 

Large particles are 
retained in the 
column 

Cost: medium 
Measurement 
complexity: 
medium 

1 

AF4-MALS-DLS Size: Rg (Rh) 
Shape factor Rg/Rh 
Polydispersity 
Particle concentration 

AF4: separation by size 
MALS: static light 
scattering 
DLS: Brownian motion 
detected by dynamic 
light scattering 

If mass recovery is 
>70%. 

Particle instability 
may be induced 
during the focusing 
step prior to 
fractionation 

Cost: medium 
Measurement 
complexity: 
medium 

3 

AF4-NTA Rh, particle 
concentration 

AF4: separation by size 
NTA: Brownian motion 
detected by light 
scattering 

Cost: medium 
Measurement 
complexity: high 

2 

Structure and 
morphology 

AUC Particle density 
Particle size 

Particle sedimentation 
by stoke law 

yes Particle density must 
be measured/known 
to calculate particle 
size 

Cost: medium 
Measurement 
complexity; high 

3 

DSC Structural information 
associated to thermal 
transitions 

temperature and heat 
flow associated with 
material transitions as a 
function of time and 
temperature 

yes Useful fingerprint for 
QC, detailed 
structural info must 
be complemented 
with SAXS, SANS 

Cost: medium 
(or low?) 
Measurement 
complexity: 
medium 

3 

RNA loading LC-MS/MS Total mRNA LC: 
separation by 
chromatographic 
chemical interaction 
with column 
MS/MS: 
fragmentation of 
molecular ions and 
detection of mass per 
charge of fragments 

yes Cannot differentiate 
between free vs 
encapsulated 

Cost: high 
Measurement 
complexity: high 

1–2 

Fluorescence 
methods 

Total mRNA 
Loaded vs encapsulated 
mRNA 
Encapsulation efficiency 
(%) 

Fluorescent dye binding 
to RNA 

yes Variability 
introduced by 
sample preparation 

Cost: low 
Measurement 
complexity: low 

2 

HPLC-UV Total mRNA 
Loaded vs encapsulated 
mRNA 
Encapsulation efficiency 
(%) 

Separation with affinity 
chromatography, UV 
detection of RNA bases 

yes Potential interaction 
with the column 

Cost: medium 
Measurement 
complexity: 
medium 

3 

Capillary 
electrophoresis 
(coupled to LIF) 

Total mRNA 
Loaded vs encapsulated 
mRNA 
Encapsulation efficiency 
(%) 
Size: Molecular weight 
Integrity/Purity 

Separation by size of 
linearized RNA moving 
in a gel matrix under 
electrical field. 
Detection with 
fluorescent dye binding 
to RNA and subsequent 
laser-induced 
fluorescence 

Yes mRNA secondary 
structure can affect 
the mRNA 
concentration 

Cost: medium 
Measurement 
complexity: 
medium 

3 

In-vitro 
Translation 
efficiency 
Toxicity 
Inflammatory 
response 
Complement 
activation 

API specific 
(luminometry) 

Efficiency of mRNA 
uptake and translation, 
measured as presence of 
mRNA encoded protein 
or by its activity 
(measured here as 
luminescence).  

yes Toxicity may be 
interpreted as false 
negative results 

Cost: API- 
dependent 
(low). 
Measurement 
complexity: API- 
dependent (low) 

3 

(continued on next page) 
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the particle. Further efforts to develop more robust and reproducible 
alternatives, e.g. the AF4-NTA coupling [35], are necessary to provide 
robust and reproducible methods for particle concentration 
measurements. 

Measuring efficacy is highly necessary as a regular QC and cannot be 
substituted by any physico-chemical characterisation assay. As demon
strated in this work, differences in efficacy (i.e. level of luciferase ac
tivity) could be predicted by the measured total RNA loading and by the 
DSC profiles, while physical measurements of particle size and aggre
gation were not so informative in discriminating between LNP2–1 and 
LNP2–2 batches. 

The correlation between physico-chemical properties and concomi
tant efficacy and safety is one of the most interesting challenges of LNP- 
RNA therapeutics. None of the physico-chemical tools used in this study 
can fully explain how the particle structure and dynamic behaviour in 
physiological conditions influence safety and efficacy. However, the 
combination of the characterisation results from more methods and the 
evaluation in a multidimensional parametric space allows to identify the 
characteristics leading to better efficacy and to better control the effects 
of synthesis parameters. 

3. Conclusions and outlook 

The scope of this study was to assess the product quality of LNP-RNA 
formulations by measuring several physico-chemical properties and 
linking them to in-vitro activity and safety. This was achieved by 
measuring physical-chemical quality attributes of various LNP-RNA 
formulations (particle size distribution, particle concentration, mRNA 
content, lipid content) and analysing the relative performances of 
different analytical techniques in measuring each quality attribute. 

Based on the comprehensive results described in this study, and the 
experience from nanomedicines we can suggest a good-practice process 
for routine characterization of LNP-RNA formulations in pre-clinical 
development. This minimalistic characterization involves measuring 
particle size distribution and quantification of the total RNA content 
followed by in-vitro activity measurement. Table S6 reports the results of 
such minimal physicochemical characterization for additional LNP- 
mRNA formulations. 

We would like to stress that the above is really the minimal set of 
measurements to be used for routine quality control of each of pre- 
clinical batches and that an accurate, in-depth characterization of any 
new LNP-RNA formulation would require a more extensive character
ization including the quantification of lipids content, morphology of the 
LNP-RNA particles, and more. This in-depth analysis is critical for get
ting a comprehensive understanding of the properties and feature of 
each LNP-RNA formulation, and to understand what happened in the 
case of problematic synthetic batches. We also want to remark that 

assessing the quality of production batches for human use requires 
measuring many more properties than the minimalistic set described 
above. 

Determination of particle size distribution is challenging, and FDA 
recommends using orthogonal techniques for measuring it. Based on our 
results a best practice would use a combination of low-resolution tech
niques for a first assessment (such as DLS or NTA), followed by more 
complex orthogonal technique such as AF4 coupled with MALS, or AUC. 
In fact, our data indicate that DLS (and to a lesser extent NTA) can 
identify some differences between the three batches of LNP-2, while 
AF4-MALS and AUC can detect multiple population in polydisperse LNP- 
RNA formulations. 

Total RNA content is a key parameter that measures the amount of 
active pharmaceutical ingredient (API) present in the formulation. Also, 
in this case we would suggest a combination of a simplified technique 
based on fluorescence (such as the widely used ribogreen assay) fol
lowed by more accurate orthogonal one based on either capillary elec
trophoresis or HPLC separation with UV or MS detection (Table 5). Our 
results show that total RNA can be quantified by the newly developed 
method based on LC-MS/MS with a reproducibility error of around 10% 
for the different samples (as shown in Table 2). 

The tested techniques also provide complementary information that 
are very useful in the overall characterization of LNP-RNA formulations. 
NTA gives information on the particle concentration (in addition to 
particle size distribution); AF4-MALS-DLS give information on the 
morphology of the particles; AUC provides estimations of the density of 
the formulations in addition to PSD and DLS (and especially MADLS) can 
be used as a simple technique to assess aggregation propensities as a 
function of time, pH, and temperature. 

A special case is DSC: it provides a fingerprint of the LNPs structure 
and composition and can identify differences in structure and compo
sition between batches, making it an effective tool for quality control 
purposes. In addition, it could also provide complementary information 
on structural changes in the RNA molecules and the lipids forming LNP 
particles. 

In vitro measurements of activity and toxicity are essential before 
moving into animal studies (both for ethical considerations and exper
imental costs). In-vitro activity is a key quality attribute that allows to 
compare the relative potency of different formulations, modifications of 
the RNA payload and batch to batch assessment. Our results show that it 
correlates quite well with physico chemical properties (PSD and total 
RNA loading). Additional in-vitro properties, such as endotoxin 
contamination, cytotoxicity (using MTT and LDH assays) and inflam
matory response should also be measured before moving to animal 
studies. 

This work highlights the value of comparative studies involving 
different laboratories, with interdisciplinary expertise, measuring the 

Table 5 (continued ) 

Attribute(s) Measurement 
technique 

Measurands Physical principle Applicability Possible bias Cost, 
measurement 
complexity 

Suggested 
for QC? 
(1–3) 

Colorimetry and 
fluorimetry 
(Absorbance) 

Viability and toxicity 
measured by e.g. LDH 
release and MTT assays  

yes  Cost: low 
Measurement 
complexity: low 

3 

Colorimetric 
method 
(Absorbance) 

IRF inflammation 
pathways, using reporter 
cell lines increasing 
absorbance upon 
activation  

yes Toxicity may be 
interpreted as false 
negative results 

Cost: low 
Measurement 
complexity: low 

2 

Luminometry NF-κB inflammatory 
pathways, using reporter 
cell lines producing 
luminescence upon 
activation  

yes Toxicity may be 
interpreted as false 
negative results 

Cost: low 
Measurement 
complexity: low 

2 

Colorimetric 
methods 
(Absorbance) 

iC3b  yes  Cost: low 
Measurement 
complexity: low 

1  
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same batch samples. Problematic batches turn out to be extremely useful 
in linking physico-chemical attributes to in-vitro activity and in assessing 
the capacity of different techniques to identify them. A key message is 
the importance of combining orthogonal measurements when assessing 
key physico-chemical properties, such as size, of LNP-RNA systems. 

Given the complexity and the potential of RNA therapeutics, inter
national collaboration is essential in the development of measurements 
and standards for LNP-RNA systems, in line with similar requests coming 
from both regulators [36,37] and policymakers [38]. This study repre
sents an initial step of larger pre-normative and standardization initia
tives at European and international levels, to support ongoing and future 
projects within the ISO TC 229, CEN TC 352, ASTM E56, and European 
Pharmacopeia Commission committees. 

4. Methods 

4.1. Reagents 

Ultrapure water (18.2 MΩ cm) for the preparation of the carrier 
liquids for the AF4 was obtained from a Milli-Q system (Integral 5 sys
tem, Merck KGaA, Germany). 1,2-distearoyl-sn-glycero-3-phosphocho
line (DSPC) and PEG2000-DMG were purchased from Sigma Aldrich 
(Avanti Polar lipids), MC3 and SM-102 from Organix (USA), the FLuc 
CleanCap® FLuc mRNA (5moU) from Tebu-Bio (Roskilde, Denmark). 
Bovine serum albumin (BSA), monomer ≥97%, foetal bovine serum 
(FBS), phosphate buffered saline (PBS) tablets were purchased from 
Sigma Aldrich. Potassium dihydrogen phosphate, disodium hydrogen 
phosphate dihydrate and sodium hydroxide solution (1 M) were ob
tained from ChemSolute (Th. Geyer GmbH & Co. KG, Germany), po
tassium chloride from Carl Roth (Germany) and sodium chloride from 
Avantor Performance Materials Poland S.A. Sucrose (≥99.9%, Ultrapure 
DNAse-, RNAse-free) was obtained from VWR. All buffers were filtered 
through a PES 0.2 um pore size filter membranes before use. 

4.2. LNP synthesis 

LNPs were synthesized by Lab 1 using the Nanoassembler instrument 
(Precision Nanosystems) and shared among the partners. Stock solutions 
of cholesterol, DSPC, and PEG2000-DMG were prepared at 10 mg/mL in 
EtOH and of MC3 or SM-102 at 20 mg/mL for LNP1 and LNP2, 
respectively. Three batches using SM-102 (LNP2 samples) and one batch 
using MC3 (LNP1) were synthesized. Lipids were mixed at a molar ratio 
of 50:38.5:10:1.5 MC3/SM-102:cholesterol:DSPC:PEG2000-DMG and 
the EtOH volume was adjusted to obtain a 6.18 mg/mL total lipid con
centration. The CleanCap® FLuc mRNA (5moU) was dissolved in RNase- 
free 25 mM acetate buffer (pH 4.0) at 100 μg/mL concentration. The 
lipid mixture in EtOH and the mRNA solution in acetate buffer were 
mixed in a Nanoassembler at a 1:3 volume ratio resulting in a total lipid 
to mRNA mass ratio of 23.5:1. After formulation, LNPs were dialysed 
using 10 kDa molecular weight cut-off dialysis cassette (Slide-A-Lyzer™ 
G2 Dialysis Cassettes, Thermo Scientific™) overnight at 4 ◦C against PBS 
154 mM, pH 7.4 for LNP1 and Tris buffer 10 mM, pH 7.4 plus 10% su
crose for LNP2. 

4.3. Lipid composition 

Lipid composition measurement of LNPs was performed by high 
performance liquid chromatography (Agilent 1290 Infinity II, Agilent, 
Santa Clara, California, USA) with mass spectrometric detection (Agilent 
6495 Triple Quadrupole, Agilent, Santa Clara, California, USA). In short, 
50 μL of LNP solution was transferred to a 1.5 mL plastic HPLC vial and 
450 μL of 20% chloroform in methanol was added before the sample was 
vortexed for 15 min. From this stock, a 1:10, 1:50, 1:100 and 1:1000 
dilution was made to span the concentrations and the very different 
response factors of the different lipids. Deuterium-labelled lipids were 
utilized as internal standards for cholesterol, DSPC, MC3 and SM-102, 

while DSG-PEG2000 was used as internal standard for DMG-PEG2000. 
Quantification was achieved by utilizing a calibration curve spanning 
from 0.07 to 100 μg/mL for DGM-PEG2000, cholesterol and DSPC while 
the concentration range 0.008–12 μg/mL was used for MC3 and SM-102. 
Chromatographic separation of the different lipids was performed uti
lizing a Waters C18 BEH Column (2.1 × 50 mm, Waters corp., Milford, 
Massachusetts, USA) with precolumn. As solvents, water and iso
propanol were utilized, both containing 10 mM ammonium formate and 
0.1% formic acid. Separation was achieved by a linear gradient from 40 
to 100% isopropanol over 10 min. Quantification was done by Mass
Hunter Quantitative Analysis v B.09.00. To ensure the quality of all 
measurements, two samples of known lipid compositions were included 
for QC purposes. 

4.4. Quantification of total mRNA loading by nucleotide digestion 
followed by LC-MS/MS 

mRNA was extracted from LNPs with Triton-X100 at a final con
centration of 1% v/v incubated at 37 ◦C for 15 min. mRNA precipitation 
was performed by adding, to 150 μL sample of disrupted LNP formula
tion, i) 15 μL CH3COONa 3 M pH 5.5; ii) 3 μL of a 20 mg/mL RNA grade 
glycogen (R0551, Thermo Scientific); iii) 750 μL of − 20 ◦C cold 100% 
ethanol. After incubation for 1 h at − 80 ◦C and centrifugation, super
natant was removed; the pellet was washed once with 75% cold ethanol, 
and finally dried under nitrogen. The mRNA was resuspended in 
nuclease-free water, enzymatically decapped (M0608, New England 
Biolabs) and finally depolymerized and dephosphorylated using a 
mixture of exo- and endo-nucleases in the Nucleoside Digestion Mix 
(M0649S, New England Bioloabs), all according to manufacturer’s in
structions. Before nucleoside quantification, 13C labelled stable isotope 
internal standards were added to the samples. LC-MS/MS quantification 
was performed on an Agilent 1260 HPLC system, connected to an Agi
lent 6495 triple quadrupole tandem mass spectrometer operated in 
positive ion ESI mode. MRM transition and key instrument parameters 
for the analytes and their internal standards are given in Supplementary 
Table S4. Final quantification of mRNA was performed based on each of 
the four nucleosides (G, C, A, 5moU), and subsequently averaged over 
these. All the measurements were performed in triplicates. Results are 
reported as average ± (SD). 

4.5. DLS, MADLS and Zeta potential measurements 

DLS and zeta potential measurements of RNA-LNPs were performed 
on a Zetasizer Nano ZS system (Malvern Panalytical) following the SOP 
developed by EUNCL ([15], item EUNCL-PCC-01). MADLS was per
formed out using a Zetasizer Ultra Red (Malvern Panalytical Ltd., Mal
vern, UK) as described in Markova et al., 2022 [24]. 

For size measurements, the LNPs were diluted 50× in sterile filtered 
PBS pH 7.4 and measured at 20 ◦C. The average Z-average hydrody
namic sizes and PDI values were obtained from a second order cumu
lants analysis according to ISO 22412 by averaging 10 replicate 
measurements (DLS) or 3 replicate measurements (MA)DLS [39]. 

For zeta potential measurements, the particles were diluted 10× in 
sterile, filtered 10% (v/v) PBS, pH 7.4. Five replicates per sample were 
measured. Zeta potential measurements were performed in a disposable 
folded capillary zeta cell (DTS1070, Malvern Panalytical), applying the 
standard operating procedure (SOP) developed by the EUNCL labora
tory [15]. pH titrations of the mRNA-LNPs prepared in 10 mM NaCl (10 
mL sample volume) were performed with the multipurpose titrator 3 
(MPT3) accessory, degasser and Zetasizer Ultra Red at a temperature of 
25 ◦C as described in Markova et al. [24]. 

4.6. Multi detector AF4 analysis 

MD-AF4 measurements were performed with the optimized protocol 
reported in Mildner et al. [29] following the SOP developed by EUNCL 
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([15], item EUNCL-PCC-22) and the criteria reported in ISO/TS 
21362:2018 [34]. The measurements were replicated by two labora
tories equipped with a AF2000 Multiflow FFF (Postnova Analytics, 
Germany) including the necessary isocratic pump(s), degasser, and 
autosampler injectors. The AF4 separation was performed on the frit 
inlet fractionation channels from Postnova Analytics with a tip-to-tip 
length of 277 mm. The channel temperature was stabilized at 25 ◦C 
using a channel thermostat. The autosampler temperature was set to 
4 ◦C. Additionally, the platforms were equipped with 3 online detectors 
relevant to the present work— multi-angle light scattering detector 
(PN3621), UV–Vis absorbance detector (PN3211) and differential 
refractive index detector (PN3150). For the measurement of the hy
drodynamic diameter online, Lab 1 was equipped with a Zetasizer Nano 
ZSP system (Malvern Panalytical) while Lab 2 was equipped with a 
NanoSight NS300 in the online configuration mode as described in 
Drexel et al. [35]. The online DLS measurements were carried out at a 
173◦ backscattering angle at a temperature of 25 ◦C. The online DLS 
measurement time was kept constant for all measurements with 5 s. The 
Berry-method with a linear fit was applied to calculate the radius of 
gyration from the angular dependent scattered light using an angular 
range from 28◦ to 148◦ MALS, considering a minimum of 11 active 
angles. The AF4 fractionation method was optimized previously [29]. 
and is displayed in fig. S1. Common conditions used for the fractionation 
were: (i) injected sample volume: 25 μL of the samples diluted 2.5×
(total injected mass: 8–50 μg); (ii) membrane: 10 kDa regenerated cel
lulose; (iii) mobile phase: isotonic PBS pH 7.4; (iv) spacer height: 350 
μm; (v) tip flow (FI channel): 0.2 mL/min; (vi) detector flow: 0.5 mL/ 
min. UV signal was monitored at 230 nm, and was used to calculate the 
sample recovery as described in ISO/TS 21362:2018 [19]. Three repli
cates per sample were measured in each laboratory per condition tested. 

4.7. Nanoparticle tracking analysis (NTA) 

NTA measurements were performed by three laboratories, two of 
them (Lab 1, Lab 3) equipped with a NanoSight NS300 instrument 
(Malvern Panalytical) and a third lab (Lab 4) equipped with a NanoSight 
NS500 instrument according to the EUNCL SOP ([15], item EUNCL-PCC- 
023). Immediately prior to the measurements LNPs were diluted 
10,000× (Lab 1, Lab 3) and 5000× for LNP1 and 20,000× for LNP2s 
(Lab 4) respectively in PBS. A 405 nm laser was used to visualise par
ticles present in a given field of view. Five recordings of the laser 
interacting with particles were captured, each for 60 s, using an EM-CCD 
(NS500) or a SCMOS camera (NS300) for each analysis. The sample was 
loaded in a dry flow cell and at least 500 μL were flushed in the flow cell 
prior to analysis. The camera level and focus were manually controlled 
and set to level 14 or 16, focus 0–60. The detection level was optimized 
by the operator (typical value of DT––5) and the recordings were sub
sequently analysed using NTA3.2 (for Lab1, and Lab4) and NTA3.4 
(Lab3) software to determine particle numbers per frame and sample 
concentrations. The reported numerical values are the average of 5 
measurements. Measured number-weighted distributions for all samples 
were averaged over 5 repeated runs or showed separately depending on 
the purpose of the figure. Before dilution in PBS, the diluents were 
checked for particles at cameral level 16. As PBS showed no particles, no 
further filtration was used. 

4.8. Size Exclusion Chromatography (SEC-MALS) 

SEC-MALS-UV-dRI was performed by one laboratory, using the 
AF2000 Multiflow FFF (Postnova Analytics) setup used in SEC mode and 
equipped with a TSKgel-G6000PWxl column of dimensions 8 mm × 300 
mm and 13 μm particle size (TOSOH Bioscience, Tokio, Japan) with 1×
PBS as mobile phase at 0.5 mL/min flow rate and room temperature 
column temperature. UV signal was monitored at 230 nm, and was used 
to calculate the sample recovery adopting the same approach used for 
the MD-AF4 measurements as described in ISO/TS 21362:2018 [19]. 

4.9. Differential scanning calorimetry (DSC) 

DSC was performed by one laboratory using a MicroCal PEAQ DSC 
automated (Malvern Panalytical, Northampton, MA, USA) as described 
in Markova et al. [24]. Briefly, MicroCal PEAQ DSC automated was used 
for analysis of thermal stability of LNP2–1 and LNP2–2 solutions. For the 
analysis, 325 μL aliquots of the samples and matching buffer solutions 
were loaded onto a 96-well plate, covered with a silicon seal, and placed 
into the PEAQ DSC plate stacker thermostated at 10 ◦C. The thermal 
scans were performed in the range from 4 ◦C to 100 ◦C or from 4 ◦C to 
130 ◦C at a scan rate of 60 ◦C/h. The data were analysed with dedicated 
PEAQ DSC Analysis software (Malvern Panalytical, Northampton, MA). 
The resulting normalized and baseline-corrected DSC traces of the LNP2 
samples were analysed for temperature of the peak maximum (Tms) and 
total heat effects. 

4.10. Analytical ultracentrifugation (AUC) 

AUC measurements were performed by one laboratory. PBS buffer 
solutions were prepared in water (MilliQ) and deuterated water (D2O, 
Sigma-Aldrich, Germany) from PBS tablets (Gibco) to obtain various v/v 
% D2O solutions (20, 30, 40, 50, 60). Samples were diluted ten times in 
the various PBS buffers (i.e. 40 μL added to 360 μL buffer) measuring 
also the mass of added aliquots. 

Reference solvents were prepared by diluting the buffer used at 
sample preparation (PBS or Tris-HCl with sucrose) at the same volu
metric proportions. Density of the reference buffers was measured at 
20 ◦C by an Anton Paar densimeter DMA 5000, while viscosity was 
determined using an Anton Paar Lovis 2000 M rolling ball viscometer. 
Floatation velocity experiments were performed using a Beckman 
Coulter Proteomelab-XL-I analytical ultracentrifuge equipped with an 8 
hole rotor at 10000 rpm rotational speed at 20 ◦C in double sector 
sapphire cells. Interference signal and absorption profiles at 220 nm and 
260 nm were registered for each sample. Sedimentation coefficient 
distributions of the lipid nanoparticles at various buffer densities were 
determined using the ls-g*(s) model of Sedfit [40] using a negative 
sedimentation coefficient (s) range for the fit. Density of the buffers was 
plotted against the mode of the resulting s distributions (without 
correction for viscosity) and density of the particles was estimated by 
linear extrapolation to 0 sedimentation coefficient [25]. The standard 
deviation on the density values is calculated by considering the 95% 
confidence interval is intercept ±2*standard error of the intercept ob
tained by the Origin 8.0 software. The partial specific volume derived 
from this value was applied for each sample (together with measured 
liquid density and viscosity data) to calculate size distributions from 
interference and absorbance based s distributions. Finally, the results 
provided by the software were multiplied by − 1 (considering that the 
particles were floating. i.e. showed a negative sedimentation speed). 

4.11. Cytotoxicity evaluation on Hep G2 cell line 

In-vitro cytotoxicity studies were performed by the colorimetric LDH 
and MTT assays on Hep G2 cells in two labs (Lab 1 and Lab 5) for 24 and 
48 h exposure, according to the EUNCL SOP ([15], item EU-NCL-GAT- 
02). HeP G2 cell line was selected as one of the suggested cell lines 
indicated in, ASTM and ISO [17,18]. 

The release of the cytosolic enzyme lactase dehydrogenase (LDH) 
correlates with membrane disruption/cell death, whereas the cleavage 
of the chromogenic substrate MTT correlates with the cell metabolic 
activity and therefore with the number of living cells. Hep G2 cells were 
plated in 96-well cell culture plates (Corning Inc., Corning, NY, USA) at a 
density of 5 × 104 cells/well and allowed to adhere for 24 h, then 
exposed to the LNP-mRNA system for 24 h. Medium control and positive 
control (Triton 0.1%) were included in each assay. At the end of the 
exposure time, 50 μL of supernatant was transferred to a new plate for 
measuring the release of LDH, which was performed with the BioVision 
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LDH-cytotoxicity colorimetric kit (cat. K311, BioVision, Inc., Milpitas, 
CA, USA) according to the manufacturer’s instructions. Cell viability 
was evaluated using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- 
2H tetrazolium bromide] (Sigma-Aldrich, Inc.) added to the cells in fresh 
complete culture medium at a final concentration of 250 μg/mL. After 4 
h of incubation at 37 ◦C the supernatant was removed and the precipi
tated formazan crystals (indicative of mitochondrial metabolic activity, 
i.e., presence of viable cells) were dissolved in 200 μL DMSO (Sigma- 
Aldrich, Inc.) followed by 50 μL of glycine buffer (0.1 M glycine with 0.1 
M NaCl). The absorbance was quantitated at 490 nm and 570 nm for 
LDH and MTT assay, respectively, by the EnSpire® Multimode plate 
reader (Perkin Elmer) using a reference wavelength of 680 nm. Data are 
expressed as percent of total LDH release and as percent of mitochon
drial activity and reported as mean ± SD. All the experiments were 
performed in triplicates. The data reported in Fig. 5 (Lab 2) and in 
Fig. S9 (Lab 5) are normalized either for the measured concentration of 
the total lipid or of the total mRNA amount. 

4.12. Morphological observation 

Cells were imaged with a Carl Zeiss Axiovision microscope after 24 h, 
using a 10× objective. Images are shown in Fig. S10. 

4.13. Complement activation assay 

Measurements were performed according to the EUNCL SOP EUNCL- 
ITA-10 (available at [15]), adopting a protocol currently under stan
dardization within the ASTM E56 committee LNP-RNAs were prepared 
in sterile PBS at the concentration of 5×, 10×, 30× diluted from the 
initial stock concentration and mixed 1:3 v/v with normal human Quidel 
serum (cat. A113; Quidel, Santa Clara, CA, USA). PBS and 0.5 mg/mL 
Cobra Venom Factor (CVF; cat. A114; Quidel) were included as negative 
and positive controls, respectively. The quidel serum was selected: i) to 
reduce individual variability and ii) to limit ethical issues linked to the 
use of human blood donors. Samples were incubated in a final volume of 
150 μL for 1 h at 37 ◦C under orbital shaking at 300 rpm. Then, 20 μL of 
EDTA 200 mM pH 8.0 were added to block the reaction. The generation 
of the complement cascade cleavage products iC3b was tested with 
commercial Enzyme-linked Immunosorbent Assay (ELISA) kits (cat. 
A006; Quidel), according to the manufacturer’s instructions after 
appropriate dilution in specimen diluent (1:150). The presence of iC3b 
was measured with an EnSpire® Multimode plate reader (Perkin Elmer) 
at 405 nm. A technical replica was run in the ELISA. Results are reported 
as the average of measurement duplicates ± SD. 

4.13.1. Raw-Dual assays 
RAW-Dual cells were used in this study, which are commercially 

available and generated from RAW 264.7 murine macrophages. Thy are 
part of a kit from RAW-Dual™ cells | IFN & NF-κB reporter macrophages 
(Invivogen.com) which express many pattern recognition receptors 
(PRRs) such as the Toll-like receptors (TLRs) TLR2 and TLR4, the 
cytosolic DNA sensor cGAS, and the cyclic dinucleotide sensor STING. As 
a result, RAW-Dual cells allow to simultaneously studying the NF-κB 
pathway, by assessing the activity of SEAP, and the IRF pathway, by 
monitoring the activity of Lucia luciferase. 

Raw Dual cells were plated in 96-well cell culture plates (Nunc, 
3598) at a density of 5 × 104 cells per cm3 and exposed to the indicated 
concentrations of LNP-mRNA for 24 h. Pam3CSK4 (InvivoGen, cat# tlrl- 
pms) or 2′3’-cGAMP (InvivoGen, cat# tlrl-nacga23–02) were used as 
positive controls, whereas media as negative control. The expression of 
SEAP and Lucia luciferase were assessed with QUANTI-Blue (QB) solu
tion (InvivoGen, cat# rep-qbs2) and QUANTI-Luc solution (InvivoGen, 
cat# rep-qlc1), respectively. The positive controls and the assay solu
tions were prepared according to the manufacturer’s instructions. 
Briefly, 24 h after exposure, cell supernatant was transferred to new 
plates. For the QUANTI-Blue assay, 20 μL cell supernatant was moved to 

a flat-bottom well plate (Nunc, 3598) together with 180 μL QB solution. 
Following incubation at 37 ◦C in a CO2 incubator for 1–6 h, absorbance 
was read in a spectrophotometer at 620–655 nm. For the QUANTI-Luc 
assay, 20 μL cell supernatant was moved to a white well plate 
(Thermo Scientific™, 136,101) together with 50 μL QUANTI-Luc solu
tion. Following gentle mixing, luminescence was read in a plate reader 
using 0.1 s reading time. 

4.13.2. Endotoxin contamination 
Endotoxin contents were evaluated with PyroGeneTM rFC Recom

binant Factor C Assay (Lonza, Catalog number: 50–658 U). The stan
dards for the calibration curve were prepared according to the 
manufacturer’s instructions. The standards and controls were plated to a 
96-well plate (LAL Reagent Grade Multi-well Plates, Lonza, 25–340) in 
triplicates, 100 μL/well. The samples were serial diluted 1:100, 1:1000, 
1:10000 and 1:100000 in endotoxin-free water, and plated in six repli
cates. Three of each sample replicates were spiked with endotoxin 
contents, as well as the positive control. The plate was incubated at 37 ◦C 
for at least 10 min, while the working reagent was mixed. Working re
agent was added to all wells (100 μL/well) and mixed gently by tapping 
the plate. The plate was immediately placed in a plate reader (Tecan 
infinite 200 Pro, Tecan i-control 1.10.4.0) and fluorescence was read at 
380/440 nm from the bottom of the plate, using an integration time of 
20 μs. The plate was incubated for 1 h at 37 ◦C, before the fluorescence 
was read again. Results are reported in Table S5. 

4.14. In-vitro luciferase expression 

Hep G2 cells were plated in 96-well cell culture plates (Corning Inc., 
Corning, NY, USA) at a density of 5 × 104 cells/well and allowed to 
adhere for 24 h, then exposed to the indicated concentrations of LNP- 
mRNA for an additional 24 h. Separate wells were transfected with 
FLuc mRNA as positive control, using Lipofectamine™ Messenger
MAX™ Transfection Reagent (ThermoFisher, Catalog number: 
LMRNA001) according to the manufacturer’s instructions, using 20 ng 
FLuc mRNA and 0.15 μL Lipofectamine transfection reagent per well. 
Expression of firefly luciferase was assessed with the Pierce™ Firefly 
Luciferase Glow Assay Kit (ThermoFisher, Catalog number: 16176) ac
cording to instructions. Briefly, 24 h after transfection, cells were 
washed once in PBS and lysed in 50 μL 1 × Cell Lysis Buffer. Following 
incubation at room temperature for 20 min, 20 μL of the lysates were 
moved to a white 96-well plate (PerkinElmer), and 50 μL 1 × D-Luciferin 
diluted in Firefly Glow Assay Buffer were added. Cell Lysis Buffer, D- 
Luciferin, and Firefly Glow Assay Buffer were all supplied with the kit. 
Following incubation at room temperature for 10 min, luminescence 
was read in a Tecan Spark plate reader, using an integration time of 
1000 ms per well. The data reported are normalized to the measured 
concentration of total RNA. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2024.01.037. 
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