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mRNA lipid nanoparticle (LNP) formulation process 

2021, Nature Reviews Drug Discovery, 20, 817-838

LNP assembly

pH < pKa

LNP purification

pH > pKa

Before filtration, pH < pKaAfter filtration, pH 7.4

2018, ACS Nano, 12, 4787-4795



2018, PNAS, 115, E3351-E3360

Decreasing PEG lipid dosage

Payload distribution and capacity of mRNA LNPs

▪ How does LNP size correlate to the mRNA payload?

▪ How are mRNAs distributed in LNP sample?

▪ How many mRNAs can be loaded into single LNP?

▪ Is every LNP loaded with mRNA? Empty LNP exist?

▪ What effect does empty LNP have on delivery and transfection?

mRNA LNP properties to be characterized 

After filtration, pH 7.4
Formulated without 

nucleic acid, pH 7.4

2018, ACS Nano, 12, 4787-4795



CICS single nanoparticle 

detection platform

• Single molecule sensitivity

• Light sheet enables high 

mass detection efficiency and 

fluorescence uniformity 

• High throughput (up to 6000 

particles/min)

• Tiny sample consumption (<1 

uL per sample)

Cylindrical illumination confocal spectroscopy (CICS): a single molecule detection platform

Multi-color CICS



mRNA LNP subpopulation identification by 3-color fluorescence coincidence analysis

Multi-color fluorescence coincidence analysis of mRNA LNP

              

200 nm200 nm



▪ Differentiate mRNA loaded LNP vs. empty LNP

▪ Quantify mRNA payload distribution in the 

formulation 

Characterization of a benchmark formulated mRNA LNP

For clarity, 10% of 195,090 signals are shown in the figure. 

The percentages labeled are relative to all TMR events.

Dlin-MC3-DMA : Cholesterol : DSPC : DMG-PEG2000 = 50 : 38.5 : 10 : 1.5* 

• Same formulation as ONPATTRO® by Alnylam

• 20 μg/mL mRNA, N/P =6

Label on mRNA
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Final formulation at pH 7.4



CICS platform+ Deconvolution algorithm -> accurate characterization of single 

LNP 

▪ Deconvolution takes multiple variation in fluorescence detection into consideration

▪ Quantitative analysis at single mRNA LNP level:

▪ mRNA payload and its distribution in the formulation

▪ Relative helper lipid quantification and its distribution in the formulation

Quantification of mRNA payload and lipid content in single mRNA LNP



TMR-labeled helper lipid

Single nanoparticle characterization of the mRNA LNP benchmark formulation

Dlin-MC3-DMA : Cholesterol : DSPC : DMG-PEG2000 = 50 : 38.5 : 10 : 1.5

Calculating mRNA payload distribution using deconvolution algorithm:

Average = 2.80 ± 0.41

Mode = 2.0

n = 6 independent formulation experiments;

Data are presented as mean values ± SD.

Empty LNPs

77% ± 8%

mRNA-loaded 

LNPs: 23% ± 8%
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Label on mRNA

pH 4.0

Low PEG lipid level: DMG-PEG2000 < 1.5%

mRNA LNP composition change: Initial stage (pH 4.0)

mRNA

pH 4.0



pH 4.0 In dialysis, increasing pH

▪ Hydrophobic interactions of ionizable lipids

▪ Re-distribution of helper lipid 

▪ Steric effects by PEG lipids

Dlin-MC3-DMA, pKa = 6.44

Low PEG lipid level: DMG-PEG2000 < 1.5%

mRNA LNP composition change: During filtration process

or dialysis 

process

Increasing pH

Possible composition change during dialysis 

1. Merge between lipophilic complexes 

2. Merge of empty LNPs & mRNA complexes 

3. Merge of non-lipophilic complexes

4. Split of empty LNPs



pH 4.0 In dialysis, increasing pH pH 7.4

Low PEG lipid level: DMG-PEG2000 < 1.5%

mRNA LNP composition change: Final stage (pH 7.4)

pH 7.4



mRNA LNP composition change during filtration: High PEG lipid concentration

pH 4.0 In dialysis, increasing pH pH 7.4

Possible composition change during dialysis:
1. Splitting of empty LNPs

2. Stabilization of empty LNPs

3. Splitting of lipophilic complexes with an initially high mRNA payload

4. Remaining a same mRNA payload for lipophilic complexes with an initially low or intermediate payload

5. Merge of empty LNPs with mRNA complexes

6. Merge of non-lipophilic complexes. 

Note: The cross mark indicates the mRNA payload of lipophilic complexes does not increase without merge



mRNA LNP composition change during filtration: Effect of PEG lipid concentration

pH 4.0 In dialysis, increasing pH pH 7.4
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Composition and properties of the mRNA LNP benchmark formulation

~1.51  1016 mL-1



Effect of PEG lipid concentration on mRNA LNP size and payload

Average payload

→ 4.99

→ 7.16

→ 4.05

→ 2.80

→ 1.94

• LNP size decrease and became stable at higher PEG%

• mRNA payload capacity correlates with LNP size

• Relative constant empty LNP ratio at pH 7.4



pH 4.0 In dialysis, increasing pH pH 7.4
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mRNA LNP composition change during filtration: Effect of N/P ratio



mRNA LNP composition change during filtration: Effect of N/P ratio (Cont.)



• Increase mRNA concentration while N/P=6

• mRNA concentration has no obvious effects on :

• Payload level and distribution

• Particle size

• Empty particle percentage

Characterization of payload in mRNA LNP: Effect of mRNA concentration



• mRNA length (1929 nt vs. 996 nt) has remarkable effects on payload and its distribution

• Almost doubled payload for half mRNA length (mode of the payload distribution)

Characterization of payload in mRNA LNP: Effect of mRNA length



• mRNA length (1929 nt vs. 996 nt) has remarkable effects on payload and its distribution

• No obvious change in LNP size @ pH 7.4

• Helper lipid content of mRNA-loaded LNPs at pH 7.4 similar for two mRNA sizes

• LNP assembly influenced by the lipid-to-mRNA mass (N/P) ratio, rather than mRNA concentrations. 

• Fraction of empty LNPs decreased for shorter mRNA

Characterization of payload in mRNA LNP: Effect of mRNA length (Cont.)



Characterization of payload in mRNA LNP: Effect of empty LNP

• N/P =3 & 6, have ~75% empty LNPs, N/P 3+3 with ~ 86% empty LNPs

• N/P = 6 contains ~ 50% mRNA payload compared to N/P = 3 

• Fraction of empty LNPs and payload capacity may influence the transgene expression profile



Adjuvant effect of Empty LNP in mRNA vaccine

▪ Drexel Univ., Acuitas Therapeutics and Upenn researchers discovered

o Empty LNP (eLNP) could induce maturation of monocyte derived dendritic cells (MDDCs)

o eLNP could lead to lower immune responses to SARS-CoV-2 mRNA-based vaccines

COMMUNICATIONS BIOLOGY | (2023) 6:188 



Monitoring stability of mRNA LNP at different storage conditions

• Conditions:

• LNPs formulated with 5% sucrose as cryo-protectant

• Thaw and test up to 36 days

• Observations:

• mRNA LNP size increased over time (liposomal fusion): -20°C > -80°C > 4°C 

• Leakage of encapsulated payload: -20°C ≈ -80°C > 4°C 

• Empty LNP percentage and helper lipid content remains stable 



• Developed a multi-parametric analytical technique to 

characterize mRNA lipid nanoparticle

o Single nanoparticle analysis based on multi-color 

fluorescence

o Multiple CQAs reported: mRNA payload distribution, EE%, 

empty NP%, lipid composition, stability, particle 

concentrations

o High sensitivity, high throughput and low sample 

consumption for mRNA LNP formulation screening 

• Investigated the dynamic assembly mechanism of 

mRNA LNP during filtration and purification 

o Provided mechanistic explanation of LNP composition 

change during the process

o Analyzed the effect of formulation factors (N/P, PEG%, 

mRNA length etc.) on mRNA payload and its distribution

Summary

Nature Communications

Top 25 Life and Biological Sciences Articles of 2022 



Outlook

o Improve the comprehensive understanding of structure-property-function relation 

of RNA LNP

• LNP size-payload-lipid content correlation

• Multiple RNA co-packaging

o Further optimize LNP formulation and provide insights to rational drug design 

and development

• Methods to reduce empty LNP

• Dialysis process

• Antibody conjugation characterization

o Explore the pharmacological effect of payload characteristics of LNP 
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More information

Develop KNPs with precision control of 

composition, size, and payload capacity 
for macromolecular nanotherapeutics.

• Continuous and scalable production 

• Payload uniformity control

Therapeutic 

Engineering



TMR-labeled Helper Lipid Cy5-labeled mRNA Merged

Airyscan super-resolution confocal microscope imaging of mRNA LNP

Resolution = 120 nm



TMR-labeled Helper Lipid Cy5-labeled mRNA Merged

Airyscan super-resolution confocal microscope imaging of mRNA LNP
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