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ABSTRACT 

mRNA research has heightened in prevalence due to the emergence of mRNA-based vaccines for the 

SARS-CoV-2 virus, but there is still a need for carriers to deliver future mRNA-based vaccines and 

therapies. The aim of this study was to develop and optimize formulations for novel lipid nanoparticles 

(LNP) to deliver mRNA in different cell lines. One novel LNP, CW51, was selected for formulation 

optimization via an orthogonal array. These optimized formulations were able to transfect JAWS II 

dendritic and C2C12 skeletal muscle cells with luciferase mRNA. These findings indicate that the lead 

LNP warrants further investigation into its potential in mRNA-carrying nanoparticles.  
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INTRODUCTION 

Ever since the onset of the COVID-19 pandemic, there has been an increased interest in 

developing mRNA-based vaccines and therapeutics. An mRNA vaccine contains the mRNA for an antigen 

that is transcribed into the antigen protein by the cell’s own ribosomes (1). In the case of SARS-CoV-2 

mRNA vaccines, this protein is a recombinant form of the spike (S) protein on the virus’ surface that 

binds to human ACE2 receptors. Once the viral S protein from the vaccine has been translated, it is 

presented to naïve T lymphocytes, thereby activating them, and eliciting an adaptive immune response. 

These new effector cells remain in the body and can quickly respond to future SARS-CoV-2 virus that 

may enter the body (1). 

 However, there are obstacles to creating effective mRNA vaccines. mRNA is unstable and easily 

broken down by RNases in the body, and the negative charge of mRNA makes it difficult for it to pass 

through cell membranes alone (2). Therefore, mRNA vaccines require a delivery system to bypass these 

issues. One type of delivery system involves lipid nanoparticles (LNPs) that encapsulate the mRNA and 

deliver it to cells. LNPs protect the mRNA from breakdown and their hydrophobicity attracts them to cell 

membranes (2). LNPs have gained popularity due to both available mRNA-based SARS-CoV-2 vaccines, 

mRNA-1273 and BNT162b6, using LNPs in their formulations (1). The base materials of these LNPs are 

cationic or ionizable lipids. The Dong lab has recently synthesized novel ionizable lipids that have 

potential to be used for mRNA vaccine delivery.  

 In addition to the base lipids, the nanoparticles in this study also contain the following additional 

ingredients: 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000), 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and cholesterol (CHOL). DMG-PEG2000 coats the 

surface of the nanoparticles in a process known as “PEGylation” and is frequently used to improve drug 

or mRNA delivery to the cells. This is possible because DMG-PEG2000 is inert within the body, therefore 

making it able to resist breakdown (3). DOPE is a zwitterionic helper lipid that improves transfection by 

an inverted hexagonal structure, which promotes release of the cargo into the cytosol after endocytosis. 

CHOL is a natural lipid that is integral for LNP stability (4). 
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Self-Assembly Orthogonal Array Optimal Nanoparticles 

Figure 1: Illustration of experimental 

design. Adapted from Zhang, et al., 

Nano Lett (2015) (5). 
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METHODS 

Ionizable Lipid Compounds 

The lipid compounds were synthesized by the Dong lab. Once synthesized, the compounds were 

weighed and dissolved in ethanol to desired concentrations (0.4 mg/mL for PEG, 2mg/mL for everything 

else). The tubes were then vortexed and sonicated to ensure everything had dissolved. 

Cell Culture 

 JAWSII cells were maintained in medium containing Alpha-MEM (with nucleosides and 2 mM L-

Glu), 2 mM L-Glutamine, 5 ng/mL murine granulocyte macrophage-colony stimulating factor (GM-CSF), 

and 20% fetal bovine serum (FBS). C2C12 cells were maintained in Dulbecco’s Modified Eagle’s Medium 

with 10% FBS. Both cell lines were kept in a 37°C incubator. For co-cultures, floating cells were 

separately transferred to a tube and the adherent cells were transferred after treatment with 0.05% 

trypsin. If seeding, 2 x 104 cells were added in 100 µL of media to the inner wells of a 96-well plate, while 

the outer wells were filled with PBS. The plates sat in the incubator for at least 24 hours before 

transfection with mRNA-LNPs. Remaining cells were co-cultured separately for future use. 

mRNA-LNP Formulations 

 LNPs were formulated by creating an ethanol phase and aqueous phase, then combining the 

two phases. To create the ethanol phase, proper molar ratios of the novel lipid compound in question, 

DOPE, CHOL, and DMG-PEG2000 were mixed in ethanol. To make the aqueous phase, luciferase mRNA 

was diluted in 10 mM citrate buffer (0.39 µL of 2.575 mg/mL mRNA in 24.61 µL of citrate buffer). 25 µL 

of the aqueous phase was then added to the ethanol phase and was vigorously pipetted to thoroughly 

mix and promote LNP assembly. 50 µL of PBS buffer was then added to the solution and vigorously 

mixed again. The formulations were left to sit for at least 10 minutes before proceeding to the next 

steps. The MC3 control was formulated similarly, except DSPC was used in lieu of DOPE, as is standard 

for MC3 formulations (the molar ratios remained the same). 

Luminescence Assay 

 To transfect the cells, 5 µL of formulation was added to each well in quintuplicate and each 

plate was placed back in the incubator. 18 hours after transfection, Bright-Glo luciferase substrate was 

thawed to room temperature and 100 µL of substrate was added into each well. The luminescence was 

measured using a SpectraMax MS microplate reader. 

Entrapment Efficiency 

 25 µL of each LNP formulation was diluted to 500 µL in 1x TE buffer and transferred to six wells 

each of a clear 96-well plate (50 µL per well). Wells containing 50 µL of PBS were used as a control. 50 µL 

of 1% Triton in TE was added to half of the wells, while additional 1x TE buffer was added to the 

remaining wells. Then, 40 µL of Ribogreen was mixed with 8000 µL of 1x TE buffer and 100 µL was added 

to each well. The plate was incubated in 37°C for 15 minutes and fluorescence was measured using a 

SpectraMax M5 microplate reader (480 nm excitation wavelength, 520 nm emission wavelength). 

Entrapment efficiency was calculated from the following equation:  

% Entrapment efficiency = (1 −
𝐹 𝑇𝐸−𝐹 𝑃𝐵𝑆

𝐹 1% 𝑇𝑟𝑖𝑡𝑜𝑛−𝐹 𝑃𝐵𝑆
) 𝑥100  Equation 1 
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Particle Size and Charge 

 LNP size and PDI was measured with dynamic light scattering (DLS) using a Malvern Zetasizer. In 

the cuvette, 20 µL of LNP formulation was diluted to 1 mL in distilled water. The DLS was run with the 

following settings: equilibrium: 30s, run: 6 times, 10s/time; measurements: 3 times; scattering angle: 

173°; temperature: 25°C. The zeta potential was run, also with a Malvern Zetasizer, with the following 

settings: equilibrium: 30s; min 10, max 30; scattering angle: 173°; temperature: 25°C. All the equipment 

used in this study was properly calibrated to ensure their validity and reliability. 

 

RESULTS 

 The first step was to assay 10 different ionizable lipid compounds for their use in mRNA-carrying 

lipid nanoparticles. The following novel ionizable lipids were tested: CW36, CW38, CW41, CW51, CW52, 

CW53, CW56, CW57, CW58, and CW59. MC3, a commercial transfection agent, was formulated as a 

control. For the initial assay phase, all formulations were done with a 20:30:40:0.75 

Lipid:DOPE:CHOL:PEG ratio, as this was the ratio found to be the most efficacious for a previous lipid 

from the Dong Lab, TT3 (2). The mRNA was wild-type luciferase mRNA. 

 To evaluate the transfection efficacy of each LNP formulation, luminescence intensity from the 

luciferase protein was tested. In JAWSII murine dendritic cells, CW51 and CW57 had the strongest 

luminescence intensity, and in C2C12 murine skeletal muscle cells, CW53 was the strongest (Fig 2A-B, 

S1). In addition to transfection efficacy, entrapment efficiency, particle size, and zeta potential were also 

measured (Fig 2C-F, S3). CW51 and CW52 had the highest entrapment efficiency, both of which were 

around 75%, and the overall range was 13-75%. Particle sizes, found by dynamic light scattering, had a 

range of 123-200 nm with a PDI range of 0.04-0.23. All the LNPs had positive zeta potential, ranging 

17.1-26.37 mV. 

 CW51 was selected for formulation optimization because of its high transfection efficacy in 

JAWSII cells and high entrapment efficiency. Although CW53 had strong transfection efficacy in C2C12 

cells, it had poor transfection of the dendritic cells, an antigen presenting cell. The next step was to 

optimize the CW51 formulation by adjusting the molar ratios of each factor. The Taguchi orthogonal 

array was implemented to maximize efficiency by evaluating each component with less experimentation 

(5). In this case, there were 4 factors (CW51, DOPE, CHOL, DMG-PEG2000) and 3 levels each (different 

molar ratios for each of the 4 factors) (Table 1). These molar ratios were inspired by the ratios previously 

found to be optimal for TT3 formulations (20:30:40:0.75) and including one higher and one lower for 

each (5). Instead of requiring 81 (34) experiments to test each variable individually, the orthogonal array 

allowed for testing of each component with 9 experiments. A tenth experiment has added with the 

molar ratios of the original formulations, 20:30:40:0.75, as a control (Table 2) (6).  MC3 was also used as 

an additional control to normalize the results to. 

 The orthogonal array results showed that 9 (30:40:40:0.75) had the highest transfection efficacy 

in JAWSII cells, while 5 (20:30:50:0.5) and 6 (20:40:30:0.75) were the highest in C2C12 cells (Fig 3 A-B, 

S2). The entrapment efficiency had a range of around 57-79%, particle size ranged 125-170 nm, the PDI 

ranged 0.07-0.18, and zeta potential ranged 20-28 mV (Fig 3 C-F, S4). 
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 The signal-to-noise ratio (S/N) was calculated using Taguchi’s larger-is-better equation (Equation 

2) (7). The S/N ratio measures how much the variability in the output (in this context, luminescence) is 

due to the variable in question versus noise from the other variables that were changed. Since the 

orthogonal array tests multiple independent variables at once, it is necessary to ascertain how much 

input each variable has on the result. A higher S/N ratio corresponds to the condition having a larger 

effect on the luminescence. The larger-is-better equation was used because more luminescence, the 

outcome measure, equates to a more optimal nanoparticle. Therefore, the level with the largest S/N 

ratio in each factor (CW51, DOPE, CHOL, or DMG-PEG2000) is the most favorable for transfection. As 

displayed in Fig 4, the factor with the largest range of S/N values has the largest impact on transfection 

of that cell line. For JAWSII cells, the impact of each factor on transfection was DMG-

PEG2000>DOPE>CW51>CHOL, and for C2C12 cells, it was CW51> DMG-PEG2000>DOPE>CHOL. The optimal 

CW51:DOPE:CHOL: DMG-PEG2000 ratios were found by taking the level with the highest S/N value for 

each factor, since the larger S/N value means that that the level resulted in the highest transfection. For 

JAWSII cells, the optimal ratio was predicted to be 10:40:40:0.5, and for C2C12 cells, was 20:40:50:0.75 

(Table 3, Fig 4). 

 To see if there is any correlation between particle size, PDI, entrapment efficiency, or zeta 

potential and transfection efficacy, the luminescence results were first normalized to the MC3 results in 

for each plate. This allowed for the JAWSII and C2C12 luminescence results to be compared to each 

other. From plotting each measurement (size, PDI, entrapment, zeta potential) against the normalized 

luminescence intensity, it was found that none of the measurements had a strong correlation to 

transfection (Fig 5). Therefore, none of the four measurements can be used in the future to predict 

transfection of CW51-based LNPs. 

 

DISCUSSION 

 This study assayed a library of 10 novel lipid compounds for their use in mRNA-delivering lipid 

nanoparticles. Of these compounds, CW51 was selected for formulation optimization by orthogonal 

array and ideal CW51:DOPE:CHOL: DMG-PEG2000 molar ratios were found for dendritic (10:40:40:0.5) 

and skeletal muscle (20:40:50:0.75 ) cell types. Future research can further optimize these ratios, as well 

as evaluate CW51-containing LNPs for transfection with SARS-CoV-2 S protein mRNA, as well as with 

other types of antigens. This study was limited to in vitro models, but subsequent research may study 

these LNPs in vivo using mouse or other animal models. Ultimately, CW51 was identified and optimized 

for future use in mRNA-based vaccine research. 
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  Figure 2: Transfection efficacy for a) JAWSII and b) C2C12, 

c) particle size, d) size distribution, e) entrapment 

efficiency, and f) zeta potential for tested compounds 

(CW36, CW38, CW41, CW51, CW52, CW53, CW56, CW57, 

CW58, CW59, and MC3). 
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Level (n) CW51 DOPE CHOL PEG 

1 10 20 30 0.5 

2 20 30 40 0.75 

3 30 40 50 1.5 

Number CW51 DOPE CHOL PEG 

1 10 20 30 0.5 

2 10 30 40 0.75 

3 10 40 50 1.5 

4 20 20 40 1.5 

5 20 30 50 0.5 

6 20 40 30 0.75 

7 30 20 50 0.75 

8 30 30 30 1.5 

9 30 40 40 0.5 

10 20 30 40 0.75 

Table 1: The orthogonal array factors 

and levels. 

Table 2: Taguchi’s orthogonal array 

table L9 (34) (6). 

S/N = -10log(
1

𝑛
𝛴

1

𝑦2) 

Equation 2: Signal-to-noise ratio equation 

(7). y= responses for given combination,  

n= number of responses for combination 
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Figure 3: Transfection efficacy for a) JAWSII and b) 

C2C12, and c) particle size, d) size distribution, e) 

entrapment efficiency, and f) zeta potential for tested 

formulations. 
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JAWSII CW51 DOPE CHOL PEG

1 78.02* 72.76 76.22 80.99*

2 73.67 75.91 76.65* 75.45

3 77.06 80.08* 75.87 72.31

RANGE 4.36 7.33 0.78 8.68

RANK 3 2 4 1

C2C12 CW51 DOPE CHOL PEG

1 100.92 95.32 96.92 97.87

2 103.36* 98.90 97.34 100.47*

3 89.60 99.66* 99.62* 95.54

RANGE 13.76 4.35 2.70 4.93

RANK 1 3 4 2

Table 3: Impact and ranking of each 

factor on mRNA transfection efficacy. 

* denotes optimal level. 

Figure 4: Impact Trends of a) CW51, 

b) DOPE, c) cholesterol, and d) PEG. 

S/N ratio is from the signal-to-noise 

calculations. 
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Figure 5: Correlation between 

transfection efficacy and a) particle 

size, b) transfection, c) entrapment 

efficiency, and d) zeta potential. 
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Figure S1: Raw data for luciferase 

luminescence experiment in a) JAWSII 

and b) C2C12.  

Figure S2: Raw data for orthogonal 

array luciferase luminescence 

experiment in a) JAWSII and b) C2C12. 
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Figure S3: Raw data for assay of 

multiple compounds: a) particle size, 

b) size distribution, c) entrapment 

efficiency (top 3 got 1% Triton), and d) 

zeta potential 
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Figure S4: Raw data for orthogonal 

array: a) particle size, b) size 

distribution, c) entrapment efficiency 

(top 3 got 1% Triton), and d) zeta 

potential 


