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Abstract 

Messenger RNA encapsulated in lipid nanoparticles (mRNA-LNPs) are successfully used worldwide for 

vaccination against COVID-19. mRNA-LNPs are manufactured by mixing an ethanolic phase 

(containing an ionizable lipid, a phospholipid, a PEGylated lipid and cholesterol) and an aqueous 

phase (citrate buffer at pH 4.5 containing mRNA). The characteristics of the mRNA-LNPs obtained 

(size, internal structure, mRNA functional delivery in vivo, etc) depend on several parameters and 

among them are the mixing conditions of the ethanolic and aqueous phases. While the impact of 

these parameters is well-recognized for small scale preparations (some microliters), their effect at a 

larger scale is less well-known. The purpose of this study is to investigate the production of some 

hundreds of millilitres of mRNA-LNP suspension using a ceramic membrane (SPG Technology) as a 

new mixing device. Summarily, in this technique, the ethanolic phase permeates through the 

membrane pores and mixes with the aqueous phase flowing in a small annular pipe between the 

tubular membrane and an inside rod. First, empty LNPs were prepared to determine the effect of 

membrane pore size, flow rate, and the ratio between the ethanolic and aqueous phase volumes. 

The experimental conditions tested did not change the characteristics of the LNPs obtained. Second, 

mRNA-LNPs were prepared and the suspensions obtained were then submitted to buffer 

exchange/concentration/ sterile filtration dialysis. The resulting mRNA-LNPs had a particle size of 103 

± 5 nm, a polydispersity index of 0.15 ±0.005, and encapsulation efficiency of 96 ± 0.0%. mRNA-LNPs 

with similar characteristics were obtained using ethanol ratios of 1/4 (20 % ethanol in the final 

preparation) and 1/6 (14% ethanol). Overall, membrane micromixing using a ceramic membrane was 

shown to be a suitable technology for the preparation of mRNA-LNP suspensions. 

 

 

Keywords: Lipid nanoparticle, mRNA, membrane micromixing, membrane micromixer, 

encapsulation, nanoprecipitation. 
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1. Introduction 
 
Messenger RNA encapsulated in lipid nanoparticles (mRNA-LNPs) are successfully used worldwide for 
vaccination against COVID-19 (Tsakiri et al. 2021, Schoenmaker et al. 2021, Park et al. 2021, Kim et al. 
2021). They consist in the most successful non-viral mRNA delivery technology. mRNA is 
encapsulated in the LNPs core, protecting it from degradation by water and RNAses. The 
encapsulation ability is facilitated by the composition of the LNPs, i.e. an ionizable lipid, a 
phospholipid, a PEGylated lipid, and cholesterol. The ionizable lipid is considered the most critical 
factor, as its structure enables endosomal escape which is considered to be a rate limiting step for 
mRNA intracellular delivery. mRNA-LNPs are obtained by the ethanol injection method in which the 
ethanolic phase (containing lipids and cholesterol) and the aqueous phase (buffer containing mRNA) 
are mixed in a tight space. mRNA-LNPs are instantaneously formed by nanoprecipitation (also called 
antisolvent precipitation or phase separation) occurring when lipid molecules are supersaturated. 
Nanoprecipitation mainly involves nucleation and growth of mRNA and lipids nuclei and both 
processed define the final properties of the mRNA-LNPs (size, internal structure, mRNA functional 
delivery in vivo, etc) (Schoenmaker et al. 2021, Kim et al. 2021).  
 
mRNA-LNPs are typically composed of an ionizable lipid, a phospholipid, a PEGylated lipid, and 
cholesterol, each compound having a specific role within the mRNA-LNPs structure (Tsakiri et al. 
2021, Schoenmaker et al. 2021, Park et al. 2021, Kim et al. 2021). mRNA-LNPs are usually described 
as having a spherical, homogeneous, and dense structure. The PEGylated lipid is mainly located on 
the particles’ surface, while mRNA is bound to the cationic or ionizable lipid inside the nanoparticle 
core which also contains water (Arteta et al. 2018, Viger-Gravel et al. 2018). LNPs are usually 
produced by microfluidics-mixing techniques as the NanoAssemblr from Precision NanoSystems, to 
study LNPs morphology, surface property and degradability, in vitro profiling and intracellular fate 
and in vivo application of LNP formulations (Cui et al. 2022). However, the microfluidic-mixing 
technology has usually a low-throughput preparation, which limits its application in the production of 
mRNA-LNPs at large scale. 
 
At small scale (some microliters), mRNA-LNPs are prepared with a microfluidic device (e.g. Sabnis et 
al. 2018, Patel et al. 2019, Lou et al. 2020, Hassett et al. 2021). The ethanolic and aqueous phases are 
mixed in a tight microfluidic set-up at optimized mixing volumes, mixing speed, and total flow rate 
(Cui et al. 2021 and 2022, Hassett et al. 2021). The mRNA-LNPs final properties depend on several 
parameters, including the formulation (type of lipids, molar ratios of each compound, ratio between 
ethanolic and aqueous phase volumes, etc) and processing parameters (total flow rate, mixing 
duration and speed, hold time between mixing and buffer exchange, etc). Studies have reported the 
influence of the ethanolic and aqueous phases mixing on the mRNA-LNPs characteristics. Hassett et 
al. (2021) were able to decrease the mRNA-LNPs size by increasing the total flow rate during mixing. 
Indeed, increasing the total flow rate during formulation improves the mixing of the two phases and 
decreases the time allocated for particle formation, thus resulting in smaller particles. Cui et al. (2021 
and 2022) prepared mRNA-LNPs in a new automated system based on a classical liquid handling 

device with 96 well-plates (60 L) commonly used in labs. The mRNA-LNPs obtained were larger, 
presented higher mRNA loading per particle, and showed a 4.5-fold improvement in the in vivo 
delivery of functional mRNA compared to mRNA-LNPs of the same formulation obtained using a 
classical microfluidic system. Large LNPs tend to have a higher mRNA loading per particle, more 
hydrophobic surface, and more hemolytic and beneficial cellular uptake pathways (Cui et al. 2022). 
This difference in the particle characteristics was attributed to the precise mixing of the automated 
system.  
 
Mixing of the ethanolic and aqueous phases is also a key step in the process design for the scaling up 
of mRNA-LNPs production. However, and to the best of our knowledge, relations between mixing 
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systems, their parameters, and the resulting mRNA-LNPs characteristics has yet to be discussed in 
the literature. Many mixing geometries can be used to perform solvent precipitation processes, such 
as T-junction mixers, microfluidic hydrodynamic focusing, and two-inlet or four-inlet vortex mixers 
(Saad and Prud’homme 2016, Evers et al. 2018, Liu et al. 2019, Xu et al. 2022). Other micromixing 
approaches have been proposed, such as the “crossflow” system developed in the 2000’s by Wagner 
(Wagner et al. 2002). Made of two stainless steel tubes welded together to form a cross and 
connected with a 250 µm injection hole, this crossflow system allows to control mixing between the 
ethanolic and aqueous phases to obtain nanoparticles with the required properties. By controlling 
solute nucleation and growth rates in solvent precipitation processes, high loading efficiencies, 
loading contents, control of particle size, and flexibility in incorporating multiple actives are obtained 
(Saad and Prud’homme 2016). 
 
Membrane micromixing is yet another mixing technique to produce nanoparticles by 
nanoprecipitation (Charcosset et al. 2007, Piacentini et al. 2022). Various membranes can be used 
such as polymeric and ceramic, with various geometries such as hollow fibers and tubes. This 
approach allowed producing several nanocolloids, including polymer nanocapsules (Limayem et al. 
2006), solid lipid nanoparticles (D’Oria et al. 2009), chitosan nanoparticles (Hassani et al. 2015) and 
liposomes (Jaffar et al. 2011). In this method, the organic phase (in which the material to precipitate 
is dissolved) is injected through the pores of a microporous membrane; the aqueous phase circulates 
on the other side of the membrane (Figure 1). Micromixing between the two phases takes place at 
the exit of the membrane pores to produce a suspension of nanoparticles, whose size can be 
changed by changing the formulation and process conditions (Charcosset et al. 2007, Piacentini et al. 
2022). The system gives high production rates and can be scaled up by increasing the membrane 
surface. Like the crossflow system, membrane micromixing allows for a continuous production of 
nanoparticles. 
 
The aim of this study was to investigate the preparation of mRNA-LNPs by membrane micromixing 
for volumes of some hundreds of millilitres. A model cationic lipid (1,2-dioleoyl-3-
trimethylammonium-propane chloride (DOTAP-Cl)) was used and the ceramic membrane had a 
tubular shape (SPG Technology, Japan). The potential of the membrane micromixing method to 
prepare mRNA-LNPs was evaluated, in particular the influence of the total flow rate and of the 
ethanolic and aqueous phases volume ratio (Veth/Vaq) on the characteristics of the mRNA-LNPs 
obtained.  

 
The study included three main steps. First, empty LNPs were prepared by membrane micromixing at 
different operating conditions (ie, membrane pore size, total flow rate, Veth/Vaq of 1/4 and 1/6) to 
choose the optimal operating conditions for the preparation of mRNA-LNPs. Next, mRNA-LNPs were 
prepared for Veth/Vaq of 1/4 and 1/6 and the obtained suspensions were processed through dialysis, 
centrifugation, and sterile filtration for evaluation and characterization of LNPs and mRNA-LNPs. Last, 
the size and the polydispersity index (pdI) of all LNPs were measured. mRNA-LNPs were characterized 
by the encapsulation efficiency (EE), cryo-Transmission Electron Microscopy (cryo-TEM) observations, 
and stability measurements. As the final part of our assessment of this approach, we calculated 
mRNA yields.  
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Figure 1: Preparation of LNPs by membrane micromixing 
 

2. Materials and Methods 
 
2.1 Materials 
The following phospholipids were purchased from Lipoid (France): the cationic lipid 1,2-dioleoyl-3-
trimethylammonium-propane chloride (DOTAP-Cl), the neutral lipid 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and the PEGylated lipid N-(carbonyl-methoxypolyethylenglycol-2000)-
1,2-distearoyl-sn-glycero-3-phosphoethanolamine, sodium salt (MPEG-2000-DSPE; henceforth 
referred to as PEG2000-Lipid). Other chemicals used were cholesterol (Sigma Aldrich, France), 99% 
ethanol (Carlo Erba Reagents, France), citric acid monohydrate and trisodium citrate dehydrate 
(Fisher Chemicals, France), phosphate buffered saline (PBS) (Sigma Aldrich, France), and trehalose 
dihydrate (Pfanstiehl, Switzerland). mRNA was provided by Sanofi mRNA Center of Excellence (Marcy 
l’Etoile, France). 
 
Consumables included Amicon Ultra-15 tubes (100 kD) (Merck Millipore, France) for centrifugation, 
Slide-A-Lyzer dialysis cassettes (10 kD, volume 3-12 mL) (Thermofisher, France) for dialysis and 0.2 
µm polyethersulfone syringe filters, diameter 13 mm (Pall,  France ) for sterile filtration. 
 
Ultrapure water was obtained using a Synergy unit system (Merck Millipore, France). RNase-free 
water (Dutscher, France) was used for mRNA-LNPs preparation. 
 
 
2.2 Formulations 
 
The formulation used was DOTAP:DOPE:Cholesterol:PEG2000-Lipid (40:30:28.5:1.5 molar ratio). The 
ethanolic phase was prepared by dissolving the lipids and cholesterol in ethanol. The dissolution was 
carried out using magnetic agitation. For the Veth/Vaq ratio of 1/4 and of 1/6 the lipid concentration in 
ethanol was 10 mg/mL and 14 mg/mL, respectively.   
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For empty LNP formulations, the aqueous phase was PBS. For mRNA-LNP preparations, the aqueous 
phase was citrate buffer pH 4.5 prepared with RNase-free water. The mRNA solution provided by 
Sanofi had a concentration of 1 mg/mL. The aqueous phase was prepared to have a final 
concentration of mRNA after nanoprecipitation equal to 0.08 mg/mL. 
 
2.3 Membrane micromixing 
 
2.3.1 SPG module and membrane 
 
SPG membranes were supplied by SPG Technology (Japan) (Figure 2). These membranes are made 
from Shirasu (volcanic ash from a region of Japan) and are composed mainly of SiO2 and Al2O2. They 
have a regular and interconnected porous structure (Vladisavljević et al. 2005). 
 
The SPG membranes used in this study were tubular in form with a length of 125 mm, an internal 
diameter of 8.3 mm, and a thickness of 0.75 mm. The membrane was positioned inside a stainless-
steel module (SPG Technology). To maintain a good seal, two O-rings were placed at the ends of the 
membrane, which reduced the effective length to approximately 100 mm. Hydrophilic membranes of 

three different pore sizes (2, 5, and 10 µm) were tested. The membrane with pore size of 10 m was 
used in all experiments, except for the influence of membrane pore size where membranes with 2 

and 5 m were tested.  
 
A polytetrafluoroethylene (PTFE) rod (6.3 mm diameter) was placed inside the tubular membrane. 
The addition of the rod allows to create an annular pipe of 1 mm where the mixing between the two 
phases takes place (Melich et al. 2019).  
 
 
 

 

Figure 2: Images of (a) the SPG tubular membrane, (b) the PTFE rod inside the membrane and (c) a 
scanning electron microscopy (SEM) image of the membrane surface. 
 
2.3.2 Experimental set-up 
 
Figure 1 shows the experimental setup used for the preparations of LNPs. The setup included two 
Quattroflow 150 S pumps for the circulation of the aqueous and ethanolic phases. Mixing between 
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the ethanolic and aqueous phases occurred in a very narrow space between the inner surface of the 
tubular membrane and the rod placed inside. The suspension of LNPs formed was recovered at the 
outlet of the membrane device. The experiments were carried out at ambient temperature (21 ± 
1°C).  
   

 
2.3.3 Operating protocol  
 
The ethanolic and aqueous phases were prepared in beakers that were installed on the experimental 
set-up; the pumps were started and the tubings filled with their respective phase. Typically, the 
experiment was performed for 30 s at a total flow rate of 500 mL/min. The mixed preparation of 
LNPs was collected at the outlet of the membrane module. The first milliliters of the preparation 
were discarded and the remainder was taken for storage and characterization. Before storage, the 
mixed preparation was stirred for 15 min. At the end of each run, the experimental set-up was 
washed by circulating water. Finally, the membrane was removed from the module, put in a glass 
tube containing 99% ethanol, and placed in an ultrasound bath for 2 h. The tube was then emptied, 
the ethanol replaced by ultrapure water, and the tube placed again in the ultrasonic bath for 15 min. 
This operation was repeated once. 
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2.3.4 Operating parameters for the preparation of empty LNPs  

The optimization of the process was carried out during the preparation of blank LNPs. Various 
operating parameters were tested: the membrane pore size, total flow rate (Qtotal), and Veth/Vaq ratio. 
Lipid concentration in the ethanolic phase was either 10 or 14 mg/mL, depending on the Veth/Vaq 
ratio. Three total flow rates were tested: 500, 750, and 1000 mL/min. The aqueous and ethanolic 
phases flow rates were selected to ensure continuous and homogeneous mixing conditions over the 
entire run duration (ie, 30 s). The flow rates and volumes are given in Table 1. The preparations were 
made for a volume ratio of 1/4, i.e. 20% ethanol. A ratio of 1/6 was also tested, allowing the amount 
of ethanol to be reduced to 14%.  

 

 

Table 1: Volumes and flow rates of the aqueous and ethanolic phases at different total flow rates 
(with the indices eth: ethanol, aq : aqueous) 

Veth/Vaq ratio Qtotal 
(mL/min) 

Qaq (mL/min) Vaq (mL) Qeth (mL/min) Veth (mL) T (s) Vfinal 
(mL) 

1/4 500 400 200 100 50 30 250 

750 600 300 150 75 30 375 

1000 800 400 200 100 30 500 

1/6 500 428.6 214.3 71.4 35.7 30 250 

 

 
2.3.5 Operating parameters for the preparation of mRNA-LNPs 
 
The protocol carried out for the preparation of mRNA-LNPs was identical to the one for empty LNPs. 
The experiments were done at ambient temperature (21 ± 1 ° C). The mRNA-LNPs were prepared 

with the SPG membrane of pore size 10 m. Veth/Vaq ratios of 1/4 and 1/6 were tested. The total flow 
rate was 500 mL/min. All experiments were performed in triplicate. 
 
2.4. Post-processing of mRNA-LNPs 
The suspensions of mRNA-LNPs obtained by nanoprecipitation were treated by dialysis, 
centrifugation, and sterile filtration. Dialysis is aimed at changing the ethanolic solution by RNase-
free water, centrifugation using membranes (100 kD MWCO) to concentrate the nanoparticles to the 
required mRNA concentration, and sterile filtration with 0.2 µm pore size membrane sterilizes the 
final product. 
 
The formulations were dialysed using Slide-A-Lyzer dialysis cassette (10 kD) under magnetic agitation, 
first with 80/20 % RNase-free water/ethanol solution, then with RNase-free water alone. The 
suspensions were then concentrated in a trehalose 10% (w/v) using centrifugation by Amicon Ultra-
15 tubes (100 kD). Post-processing, the lipid concentration was 24 mg/mL and the RNA concentration 
0.96 mg/mL. Last, the formulations were filtrated using 0.2 µm filters. 
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2.5 Characterization of LNPs 
 
LNPs obtained were characterized by their intensity weighted mean hydrodynamic diameter (Z-
average) and pdI. These parameters were measured on a Zetasizer Nanoseries (Malvern). The size 
and pdI were obtained by the Dynamic Light Scattering (DLS) method. All measurements were 
carried out at 25 °C after 2 min of equilibration and were performed in triplicate. Data were 
expressed as the mean values ± SD. Free and total mRNA concentrations were measured by 
RiboGreen assay. Data were expressed as the mean values ± SD of independent triplicate 
experiments. The EE of mRNA was calculated as the encapsulated concentration (total measured 
concentration minus free concentration divided by the total measured concentration). The yield of 
the process was evaluated as the measured total concentration divided by the theoretical total 
concentration. The yield gave an indication of the process efficiency. 
 
The EE and yield were calculated according to equation 1 and 2. These two parameters were 
measured after nanoprecipitation and after post-treatment. 

 

EE (%) = 
                   

                    
         (1) 

with                                                     

Yield (%) = 
                      

                       
         (2) 

 

where                    is the encapsulated concentration,                      is the total 

measured concentration,           is the free concentration, and                        is the 

theoretical total concentration. 

Cryo-TEM observations were made at the Centre Technologique des Microstructures, Université 

Claude Bernard Lyon 1 (Villeurbanne, France). The samples were deposited on 200-mesh perforated 

carbon films (Lacey) then frozen in liquid ethane using a Vitrobot (ThermoFisher Scientific). The 

samples were mounted on a Gatan 626 sample holder precooled with liquid nitrogen, then observed 

under a microscope (Phillips CM120) using a Gatan Orius 200 camera. The observations were carried 

out in low dose mode at a voltage 120 kV acceleration, spot 5. 

 
The characteristics of the LNPs (size, pdI and EE) and process yield were measured after 2 months of 
storage for the preparations made at Veth/Vaq ratio of 1/4. Storage was carried out at 4°C. 
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3.Results and discussion 
 
3.1 Preparation of blank LNPs  
 
Blank LNPs were prepared through a range of operating conditions: membrane pore size, total flow 
rate, and ratio Veth/Vaq. The characteristics of the LNPs obtained are provided in  Figure 3 as a 
histogram with standard deviations.  
 
3.1.1 Influence of membrane pore size 
 
Membranes with different pore size (2, 5, and 10 µm) were tested while keeping the same total flow 
rate of 500 mL/min and Veth/Vaq ratio of 1/4. LNPs size ranged between 115 and 130 nm and the pdI 
between 0.20 and 0.21, indicating a rather narrow size distribution. The SPG membrane with pore 

size 10 m was selected for the following experiments as it gave the smallest size (115 ± 10 nm), 

compared to the 2 m (130 ± 10 nm) and 5 m membranes (120 ± 10 nm). The NP size decreased 
slightly with the membrane pore size suggesting that the velocity field obtained using the membrane 
with larger pore favours small nanoparticle sizes.   
 

3.1.2 Influence of total flow rate  
 

Three total flow rates were tested, 500, 750, and 1000 mL/min, with the 10 m pore size membrane 
at a Veth/Vaq ratio of 1/4. An increase in total flow rate is interesting for the manufacturing process as 
it allows decreasing production time. LNPs with similar size were obtained for the three flow rates, 
between 115 and 120 nm and pdI between 0.19 and 0.22. Although a 1000 mL/min flow rate allowed 
generating LNPs with suitable characteristics, the lowest total flow rate (500 mL/min) was used to 
further characterize the membrane micromixing approach as it allowed sparing raw materials. 
 
 
3.1.3 Influence of Veth/Vaq ratio 
 
The reduction of ethanol consumption in the manufacturing process allows for decreased production 
cost and facilitates the management of solvent. A Veth/Vaq ratio of 1/6 was tested (14% ethanol in the 
final preparation) for comparison with the 1/4 ratio (20% ethanol). At Veth/Vaq of 1/6, the initial lipid 
concentration in the ethanolic phase was higher than at 1/4 (14 mg/mL instead of 10 mg/mL), to 
keep the same final lipid concentration of 2 mg/mL. This adds an additional challenge for the 
consistent production of LNPs with a narrow size distribution as higher lipid concentrations tend to 
lead to the formation of larger particles and/or aggregates. This phenomenon is well known for 
preparation of polymeric nanoparticles by nanoprecipitation. As polymer concentration increases, its 
corresponding nucleation and growth rates increase faster than the polymer aggregation rate, 
providing additional time for particle growth before polymer stabilization, and resulting in larger 
particle size (Saad and Prud’homme 2016). 
 
At Veth/Vaq ratio of 1/6, the LNPs obtained had similar characteristics to those produced with a 1/4 
ratio, with particle size of 120 ± 10 nm and pdI of 0.21 ± 0.02, versus 115 ± 10 nm and pdI 0.20 ± 0.02. 
This suggests that it is possible to prepare LNPs with a lower amount of ethanol using a membrane 
micromixer. Thus, mixing between the ethanolic and aqueous phases in the membrane micromixer 
creates suitable conditions to form nanometric LNPs even at higher lipid supersaturation.  
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 Figure 3: Characteristics of empty LNPs obtained by nanoprecipitation – Influence of operating 

parameters (membrane pores: 2, 5, and 10 µm; Veth/Vaq ratios of 1/4 and 1/6; flow rates: 500, 750, 
and 1000 mL/min).    
 
 
3.2 Preparation of mRNA-LNPs  
 
mRNA-LNPs were prepared by nanoprecipitation and then submitted to dialysis, centrifugation and 
sterile filtration (post-treatment). Characteristics of the mRNA-LNPs obtained  post-treatment steps 
are given as a histogram in Figure 4. Similarly, to the preparation of blank LNPs, the two different 
Veth/Vaq ratios (1/4 and 1/6) were tested. 

 

Figure 4: Characteristics of mRNA-LNPs obtained after nanoprecipitation and post-treatment – 10 m 
SPG membrane and total flow rate 500 mL/min (after preparation and  after 2 months of storage at 
4°C) (NP: nanoprecipitation and PT: post-treatment) 

 
3.2.1 Veth/Vaq ratio of 1/4 
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The mRNA-LNPs obtained after nanoprecipitation had a size of 112 ± 5 nm and pdI of 0.18 ± 0.01. The 
size and pdI were slightly lower than the values obtained for blank LNPs. Arteta et al. (2018) 
observed an opposite effect with mRNA-LNPs being significantly larger than blank LNPs. In both 
cases, this confirm that mRNA contributes to the formation and structure of mRNA-LNPs. The 
involvement of mRNA in LNP constitution was confirmed by dynamic nuclear polarization NMR 
spectroscopy (Viger-Gravel et al. 2018). 
 
The mean particle size  (Z-average) and pdI of the mRNA-LNPs decreased slightly post-treatment, and 
were of 103 ± 5 nm and pdI of 0.15 ± 0.005, respectively. This is most likely the result of the post-

treatment filtration (0.2 m) as this step not only sterilized the preparation but also removed any 
large particles that may be present in the suspension. Figure 5 shows DLS graphs of mRNA-LNPs 
obtained after post-treatment. The measurements were done on three batches obtained during 
different manufacturing. The similarity of the three DLS curves confirms the reproducibility of the 
process. 
 

 

A wide range of mRNA-LNPs’ particle mean size and pdI values are reported in the literature as many 

factors affect the particles’ characteristics. The anionic or ionizable lipid has a key role in obtaining 

mRNA-LNPs with a specific size and/or a narrow size distribution (Arteta et al. 2018, Patel et al. 

2019). Other factors include the Veth/Vaq ratio, the total flow rate, and the mixing device used (e.g. 

Hassett et al. 2021, Cui et al. 2021 and 2022). The elasticity of the nanoparticles may have also a role 

on the final nanoparticles properties (Guo et al. 2018, Hui et al. 2020). It is usually admitted that the 

pdI ought to be lower than 0.2, although the precise effect of pdI on mRNA functional delivery in vivo 

remains difficult to evaluate. Even the influence of the mRNA-LNPs particle size on mRNA delivery is 

subject to discussion. Hassett et al. (2021) found that an average particle size of 100 nm gave optimal 

antibody titers in mice, while all particles size in the range they tested (60-150 nm) yielded robust 

immune response in non-human primates. Cui et al. (2021, 2022) obtained large mRNA-LNPs (147 ± 9 

nm) with a new automated device that produced a 4.5-fold improvement in mRNA functional 

delivery in vivo compared to mRNA-LNPs prepared with a classical microfluidic system (73 ± 5 nm). 

The authors explained this result by the higher loading rate of the largest mRNA-LNPs. The surface 

characteristic of the mRNA-LNPs is also a key parameter in determining transfection efficacy in the 

cell types tested (Arteta et al. 2018). Overall, it seems that surface composition and mRNA loading 

rate are critical features of the functional delivery of mRNA in vivo, and these two parameters 

depend on the mRNA-LNPs particle size. 

 
The EEs were 95.6 ± 0.6 % and 96.0 ± 0.0 %, after nanoprecipitation and post-treatment, respectively 
(Figure 4). These values are similar to EEs reported in the literature, that are usually in the range of 
90-99% (e.g. Hassett et al. 2021, Cui et al. 2021). 
 
The yield in mRNA-LNPs may give an idea of the loss of mRNA during the process. The yields were 
85.7 ± 0.6 % and 56.8 ± 11.5 % after nanoprecipitation and post-treatment, respectively. Thus, the 
post-treatment (dialysis and centrifugation) led to mRNA degradation. Meanwhile the EEs were 
unchanged after post-treatment. Schoenmaker et al. (2021) suggested that the hydrolysis of mRNA 
might be the main factor for mRNA instability, and that it could occur both for mRNA in solution and 
encapsulated mRNA as the lipid core also contains water. This could explain the decrease in yield 
after post-treatment while the EE was unchanged. 
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Figure 5: DLS measurement of mRNA-LNPs obtained after post-treatment (Veth/Vaq ratio of 1/4). The 
DLS graphs 1 to 3 characterize independent preparations realized for the same experimental 
conditions (the 3 colours: blue, red, green correspond to 3 different DLS measurements). 
 
 
To further characterized the mRNA-LNP particles obtained, the post-treatment suspensions were 
observed by cryo-TEM. The images showed spherical and dense structures (Figure 6a). The larger 
structures (surrounded by black lines) corresponded to the holes in the support used to deposit the 
sample. The cryo-TEM images showed that the size of the LNPs was less than 100 nm, smaller than 
what was observed by DLS (Figure 6b). This has been documented by others (Cui et al. 2021) and 
could be due to some of the differences between the two techniques. Among others, DLS measures 
the hydrodynamic radius from changes in the light scattering, which is very different to the actual 
size; the samples of DLS are solvated while cryo-TEM works on freeze-dried dry samples; also, DLS 
measures a larger number of particles (millions) compared to TEM (few hundreds) (Bhattacharjee 
2016). This contributes to obtain usually larger LNPs size by DLS than by cryo-TEM as observed by Cui 
et al. (2021). It is noteworthy that the micrographs show very few “blebs” compared to what was 
observed by others (e.g. Brader et al. 2021). Indeed, the mRNA-LNP structure may involve solvent 
pockets, called “blebs”. Blebs are referred as structural defects and may be empty or mRNA loaded 
(Brader et al. 2021). 
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Figure 6: (a) Cryo-TEM images of mRNA-loaded LNPs (Veth/Vaq ratio of 1/4), (b) size distribution 
obtained from cryo-TEM images (measured on 230 LNPs) 
 
 
 
3.2.2 Veth/Vaq ratio of 1/6 

 

After nanoprecipitation, the LNPs obtained had a size of 116 ± 10 nm and a pdI of 0.14 ± 0.02. The EE 
was 93.6 ± 0.5 % and the yield 92.5 ± 2.1 %. Similar to what was observed with the 1/4 ratio, post-
processing did not change the LNPs size (118 ± 6 nm) and pdI (0.13 ± 0.005). The EE was 95.6 ± 0.57 
% and the yield decreased to 64.6 ± 16.5 % after post-treatment (decrease of 30%). Thus, the mRNA-
LNPs had similar characteristics at Veth/Vaq ratio of 1/4 and 1/6.   
 
 
3.2.3. Stability study 
The development of a mRNA vaccine to market requires that the candidate has a satisfactory shelf-
life, preferably at refrigerator temperatures (2-8°C), to make worldwide distribution possible 
(Schoenmaker et al. 2021). To study stability, the mRNA-LNPs prepared by membrane micromixing 
were stored at 4°C for 2 months and then characterized for their size, pdI, EE, and yield after of 
storage (Figure 4). After 2 months, the mRNA- LNPs characteristics were almost unchanged, with the 
size of 108 ± 6 nm, pdI of 0.16 ± 0.02 and the EE 96.6 ± 0.6 %; the yield was 51.1 ± 9.5 %. Compared 
to initial values, the size, pdI, EE% and yield remained stable.  
 
 

4. Conclusion 
 
In this study, we prepared mRNA-LNPs using nanoprecipitation with a membrane micromixing 
device. The membrane was a SPG ceramic membrane with a tubular shape. DOTAP was used as a 
model cationic lipid. Blank LNPs were first prepared with size between 120 - 130 nm and pdI between 
0.16 and 0.22. Although most of the mRNA-LNPs characterization was performed on particles 
obtained at a flow rate of 500 mL/min, this study showed that blank LNPs could well be prepared at a 
higher flow rate of 1000 mL/min. 
 
The mRNA-LNPs were then prepared by membrane micromixing at Veth/Vaq ratio of 1/4.  Post-
treatment, the mRNA-LNPs  an intensity weighted mean hydrodynamic diameter measured by DLS of 
103 ± 5 nm and were homogeneous (pdI = 0.15 ± 0.005) which was confirmed by cryo-TEM. The EEs 
were high (96 ± 0.0 %), suggesting that the cationic lipid DOTAP is effective in binding the negatively 
charged mRNA molecules. A Veth/Vaq ratio of 1/6 (14% ethanol) made it possible to prepare LNPs 
with characteristics similar to those obtained with a Veth/Vaq ratio of 1/4 (20 % ethanol). Also, the 
processing by dialysis, centrifugation, and sterile filtration was shown to decrease the loading rate 
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while keeping the same encapsulation efficiency, suggesting mRNA degradation of both free and 
encapsulated mRNA. 
 
Overall, membrane micromixing was shown to be a suitable technology for the preparation of mRNA-
LNPs. Micromixing conditions created in the annular pipe between the inner microporous surface of 
the membrane and the insertion rod makes possible to obtain mRNA-LNPs with the desired 
characteristics. In this study, several hundreds of milliliters were prepared in 30 s, further scale-up 
will require the production of several liters of mRNA-LNP suspensions.  
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