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SHORT ABSTRACT:  30 
Here we describe a protocol for the generation of cationic nanoliposomes, which is based on the 31 
dry-film method and can be used for the safe and efficient delivery of in vitro transcribed 32 
messenger RNA. 33 
 34 
LONG ABSTRACT:  35 
The development of messenger RNA (mRNA)-based therapeutics for the treatment of various 36 
diseases becomes more and more important because of the positive properties of in vitro 37 
transcribed (IVT) mRNA. With the help of IVT mRNA, the de novo synthesis of a desired protein 38 
can be induced without changing the physiological state of the target cell. Moreover, protein 39 
biosynthesis can be precisely controlled due to the transient effect of IVT mRNA. 40 
 41 
For the efficient transfection of cells, nanoliposomes (NLps) may represent a safe and efficient 42 
delivery vehicle for therapeutic mRNA. This study describes a protocol to generate safe and 43 
efficient cationic NLps consisting of DC-cholesterol and 1,2-dioleoyl-sn-glycero-3-44 
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phosphoethanolamine (DOPE) as a delivery vector for IVT mRNA. NLps having a defined size, a 45 
homogeneous distribution, and a high complexation capacity, and can be produced using the dry-46 
film method. Moreover, we present different test systems to analyze their complexation and 47 
transfection efficacies using synthetic enhanced green fluorescent protein (eGFP) mRNA, as well 48 
as their effect on cell viability. Overall, the presented protocol provides an effective and safe 49 
approach for mRNA complexation, which may advance and improve the administration of 50 
therapeutic mRNA. 51 
 52 
INTRODUCTION:  53 
The use of modified mRNA for therapeutic applications has shown great potential in the last 54 
couple of years. In cardiovascular, inflammatory, and monogenetic diseases, as well as in 55 
developing vaccines, mRNA is a promising therapeutic agent1. 56 
  57 
Protein replacement therapy with mRNA offers several advantages over the classical gene 58 
therapy, which is based on DNA transfection into the target cells2. The mRNA function initiates 59 
directly in the cytosol. Although the plasmid DNA (pDNA), a construct of double-stranded, circular 60 
DNA containing a promoter region and a gene sequence encoding the therapeutic protein3, also 61 
acts in cytosol, it can only be incorporated into cells which are going through mitosis at the time 62 
of transfection. This reduces the number of transfected cells in the tissue1,4. Specifically, the 63 
transfection of tissues with weak mitosis activity, such as cardiac cells, is difficult5. In contrast to 64 
pDNA, the transfection and translation of mRNA occur in mitotic and non-mitotic cells in the 65 
tissue1,6. The viral integration of DNA into the host genome may come with mutagenic effects or 66 
immune reactions7,8, but after the transfection of cells with a protein-encoding mRNA, the de 67 
novo synthesis of the desired protein starts autonomously9,10. Moreover, the protein synthesis 68 
can be adjusted precisely to the patient’s need through individual doses, without interfering with 69 
the genome and risking mutagenic effects11. The immune-activating potential of synthetically 70 
generated mRNA could be dramatically lowered by using pseudo-uridine and 5’-methylcytidine 71 
instead of uridine and cytidine12. Pseudo-uridine modified mRNA has also been shown to have 72 
an increased biological stability and a significantly higher translational capacity13. 73 
 74 
To be able to benefit from the promising properties of mRNA-based therapy in clinical 75 
applications, it is essential to create a suitable vehicle for the transport of mRNA into the cell. 76 
This vehicle should bear non-toxic properties in vitro and in vivo, protect the mRNA against 77 
nuclease-degradation, and provide sufficient cellular uptake for a prolonged availability and 78 
translation of the mRNA14.  79 
 80 
Among all possible carrier types for in vivo drug delivery, such as carbon nanotubes, quantum 81 
dots, and liposomes, the latter have been studied the most15,16. Liposomes are vesicles consisting 82 
of a lipid bilayer10. They are amphiphilic with a hydrophobic and a hydrophilic section, and 83 
through the self-arrangement of these molecules, a spherical double layer is formed17. Inside the 84 
liposomes, therapeutic agents or drugs can be encapsulated and, thus, protected from enzymatic 85 
degradation18. Liposomes containing N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium 86 
chloride (DOTMA)19, [1,2-bis(oleoyloxy)-3-(trimethylammonio)propane] (DOTAP)20, and 87 
dioctadecylamidoglycylspermine (DOGS)21, or DC-cholesterol22, are well characterized and 88 



  

 

frequently used for cellular transfection with DNA or RNA.  89 
 90 
Cationic liposomes comprise a positively charged lipid and an uncharged phospholipid23. 91 
Transfection via cationic liposomes is one of the most common methods for the transport of 92 
nucleic acids into cells24,25. The cationic lipid particles form complexes with the negatively 93 
charged phosphate groups in the backbone of nucleic acid molecules26. These so-called lipoplexes 94 
attach to the surface of the cell membrane and enter the cell through endocytosis or endocytosis-95 
like-mechanisms27. 96 
 97 
In 1989, Malone et al. successfully described cationic lipid-mediated mRNA transfection28. 98 
However, using a mixture of DOTMA and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 99 
(DOPE), the group found that DOTMA manifested cytotoxic effects28. Additionally, Zohra et al. 100 
showed that DOTAP (1,2-dioleoyloxy-3-trimethylammonium-propane chloride) can be used as an 101 
mRNA transfection reagent29. However, for the efficient transfection of cells, DOTAP should be 102 
used in combination with other reagents, such as fibronectin29 or DOPE30. So far, DOTMA was the 103 
first cationic lipid on the market used for the gene delivery31. Other lipids are used as therapeutic 104 
carriers or are being tested in different stages of clinical trials, (e.g., EndoTAG-I, containing DOTAP 105 
as a lipid carrier), is currently being investigated in a phase-II clinical trial32. 106 
 107 
This work describes a protocol for the generation of NLps containing DC-cholesterol and DOPE. 108 
This method is easy to perform and allows the generation of NLps of different sizes. The general 109 
goal of NLp generation using the dry-film method is to create liposomes for mRNA complexation, 110 
thus allowing efficient and biocompatible cell transfection in vitro14,33.  111 
 112 
PROTOCOL:  113 
 114 
1. Generation of Cationic Nanoliposomes (Figure 1) 115 
 116 
1.1. Dissolve the lipids DC-cholesterol (3β-[N-(N′,N′-dimethylaminoethane)-117 
carbamoyl]cholesterol hydrochloride) and DOPE (dioleoyl phosphatidylethanolamine), delivered 118 
as a powder, in chloroform to achieve a final concentration of 25 mg/mL.  119 
 120 
Note: Store the dissolved lipids at -20 °C. 121 
 122 
1.2. Work with 25 mg/mL stock solution of both lipids. Mix 40 µL of the dissolved DC-cholesterol 123 
and 80 µL of the dissolved DOPE in a glass flask.  124 
 125 
Note: The total lipid amount is 3 mg. To avoid fast evaporation of the chloroform, place the lipids 126 
on ice during pipetting.  127 
 128 
1.3. Vaporize the chloroform for 15 min under an argon gas flow. Subsequently, fill a desiccator 129 
with silica gel, place the open glass flask inside, and apply a vacuum overnight to make sure that 130 
the remaining chloroform is evaporated, and a lipid film is formed inside the glass flask.  131 
 132 



  

 

Note: Work fast and avoid unnecessary O2 contact. 133 
 134 
1.4. Rehydrate the formed lipid film with 1 mL of nuclease-free water and vortex the suspension 135 
for 15 min (Figure 2A). Afterward, place the suspension into a sonication bath for 1 h (Figure 2B).  136 
 137 
Note: The suspension will be slightly cloudy. 138 
 139 
1.5. Assemble the mini extruder according to the manufacturer's instructions, fill a syringe with 140 
the lipid suspension, and place the filled syringe and an empty syringe on both sides of the 141 
extruder. Press the lipid suspension through the membrane from one syringe to the other, 20x – 142 
25x, to extrude the suspension (Figure 2C).  143 
 144 
Note: The size of the NLps is determined by the pore size of the membrane used.  145 
 146 
1.6. Store the NLps in a glass flask at 4 °C until further use.  147 
 148 
Note: After prolonged storage time, the NLps should be placed in the sonication bath again for 149 
15 min by 35 kHz to circumvent complex formation.  150 
 151 
2. In Vitro Transcription of Synthetic mRNA 152 
 153 
2.1. Prepare the eGFP-encoding mRNA following the protocol published earlier34.  154 
 155 
2.2. Amplify the eGFP sequence from the plasmid with 0.7 µM of the forward (5’-TTG GAC CCT 156 
CGT ACA GAA GCT AAT ACG-3’) and reverse (5’-T120 CTT CTT ACT CAG GCT TTA TTC AAA GAC CA-157 
3’) primers and the polymerase kit with PCR.  158 
 159 
2.2.1. Mix 20 µL of a commercial buffer solution which changes the melting behavior of DNA 160 
(Table of Materials), as well as 20 µL of the 5x mix from the polymerase kit. Add 7 µL of each 161 
(forward and reverse) primer. 162 
 163 
2.2.2. Add 25 ng of the eGFP plasmid to the mixture and 2 µL of polymerase from the polymerase 164 
kit.  165 
 166 
Note: Keep the polymerase on ice before pipetting it to the solution. 167 
 168 
2.2.3. Add nuclease-free H2O to the mixture, up to a volume of 100 µL. 169 
 170 
2.2.4. Run the PCR cycles in the thermocycler following the protocol in Table 1. 171 
 172 
2.3. Purify the eGFP-encoding DNA sequence with the PCR purification kit.  173 
 174 
2.3.1. Therefore, mix the PCR solution with 500 µL of binding buffer from the kit and use it to fill 175 
purification columns. 176 



  

 

 177 
2.3.2. Centrifuge the columns at maximum speed for 1 min and discard the filtrate. 178 
 179 
2.3.4. Add 750 µL of wash buffer I to the column, centrifuge again at the maximum speed for 1 180 
min, and discard the filtrate. 181 
 182 
2.3.5. Repeat the centrifuge step 1x to remove the buffer from the column filter. 183 
 184 
2.3.6. Transfer the column to a fresh 1.5-mL tube. 185 
 186 
2.3.7. Add 20 µL of nuclease-free H2O to the column, incubate for 1 min, and centrifuge for 1 min 187 
at maximum speed. Repeat this step 1x. 188 
 189 
2.3.8. Measure the concentration of the DNA with a photometer and store it at -20 °C. 190 
 191 
2.3.9. Perform the DNA quality analyses using gel electrophoresis. Add 0.5 g of agarose in Tris-192 
Borate-EDTA (TBE) buffer and heat it up in the microwave on high heat until the agarose is 193 
completely dissolved. 194 
 195 
2.3.10. Add 5 µL of gel-staining solution to the liquid agarose, fill the solution into the gel 196 
chamber, and wait until the gel is polymerized. 197 
 198 
2.3.11. Mix 200 ng of DNA with 2 µL of 6x loading dye and fill it up to an end volume of 12 µL. 199 
Pipette a DNA ladder, as well as the DNA sample, into the gel wells and run the electrophoresis 200 
for 1 h at 100 V. 201 
 202 
2.3.12. Analyze the gel using a gel-analyzing station under UV light. 203 
 204 
2.4. Run the in vitro transcription to generate mRNA from the DNA sequence with an in vitro 205 
transcription kit containing T7-polymerase and substitute the modified nucleotides of UTP and 206 
CTP with Ψ-UTP and methyl-CTP. 207 
 208 
2.4.1. For the in vitro transcription, mix the ingredients following Table 2. 209 
 210 
Note: Replace 1.5 µL of methyl-CTP with 1:10 Cy3-CTP diluted in nuclease-free H2O during the in 211 
vitro transcription of eGFP mRNA to achieve Cy3-labeling of the mRNA. 212 
 213 
2.4.2. Incubate the IVT reaction mix for 4 h at 37 °C.  214 
 215 
2.4.3. Add 1 µL of DNase I from the T7 polymerase kit and incubate it for 15 min by 37 °C to digest 216 
the DNA template. 217 
 218 
2.5. To purify the mRNA, use the RNA clean-up kit.  219 
 220 



  

 

2.5.1. Fill up the IVT mix to the volume of 100 µL with nuclease-free H2O. 221 
 222 
2.5.2. Add 350 µL of lysis buffer and mix by pipetting up and down. 223 
 224 
2.5.3. Add 250 µL of 100% ethanol and mix again for 1x. Pipette the mix into the cleanup columns. 225 
 226 
2.5.4. Centrifuge for 15 s at 8,000 x g and discard the filtrate. 227 
 228 
2.5.5. Add 500 µL of the washing buffer into a column, centrifuge again for 15 s at 8,000 x g, and 229 
remove the filtrate. 230 
 231 
2.5.6. Wash the column 1x with 500 µL of wash buffer and centrifuge for 2 min at 8,000 x g.  232 
 233 
2.5.7. Move the column into a fresh 1.5-mL reaction tube. Elute the mRNA 2x by a 1-min 234 
incubation of 20 µL of nuclease-free H2O on the column membrane, followed by a 1-min 235 
centrifugation at maximum speed. 236 
 237 
2.6. Remove the phosphate groups from the mRNA using a dephosphorylation kit. Add 4.5 µL of 238 
10x phosphatase buffer and 1 µL of phosphatase to the mRNA and incubate for 1 h at 37 °C.  239 
 240 
2.7. Purify the mRNA again, following steps 2.5.1 - 2.5.7. 241 
 242 
2.8. Measure the mRNA concertation with a photometer. 243 
 244 
2.9. Use gel electrophoresis to analyze the purity and the size of the mRNA. Therefore, prepare 245 
an agarose gel as described in steps 2.3.9 - 2.3.10. 246 
 247 
2.9.1. Mix 3.3 µL of formamide, 1 µL of 37% formaldehyde, 1 µL of 10x MEN, and 1.7 µL of 6x 248 
loading dye with 200 ng of mRNA and fill it up to 10 µL with nuclease-free H2O for each sample 249 
and RNA marker. 250 
 251 
2.9.2. Incubate the mix for 10 min at 65 °C for mRNA denaturation. Load the wells of the gel with 252 
the mRNA and RNA marker and run the gel for 1 h at 100 V. 253 
 254 
2.9.3. Analyze the gel using a gel doc station with UV light. 255 
 256 
3. Complexation of Synthetic mRNA 257 
 258 
3.1. Thaw the synthetic mRNA on ice, vortex it, and centrifuge shortly before opening the tube.  259 
 260 
3.2. Mix 10 µL of synthetic mRNA (mRNA concentration is 100 ng/µL) with 1 µL, 2.5 µL, 5 µL, 261 
10 µL, or 20 µL of NLp suspension (NLp concentration is 3 mg/mL). Centrifuge briefly and incubate 262 
for 20 min at room temperature (RT) for nanolipoplex formation.  263 
 264 



  

 

Note: Do not mix by pipetting. This can lead to the loss of volume. Vortex shortly for a thorough 265 
mixing. 266 
 267 
3.3. Add 1 mL of regular cell medium to the nanolipoplexes and mix them by pipetting up and 268 
down. 269 
 270 
4. Analysis of the Encapsulation Efficiency of Nanoliposomes  271 
 272 
4.1. To perform the encapsulation experiments, use the RNA quantification kit. 273 
 274 
4.2. Prepare the working solution by diluting the fluorescent dye 1:200 for a high-range and 275 
1:2,000 for a low-range assay.  276 
 277 
Note: Thaw the fluorescent dye on ice. Prepare the working solution directly before use. 278 
 279 
4.3. Prepare the high-range and low-range standard curves using 1 mL of a 2 µg/mL stock solution 280 
of eGFP mRNA in nuclease-free H2O. 281 
 282 
Note: For the standard curves, use the mRNA that will be used in the encapsulation experiments. 283 
 284 
4.4. Use Table 3 for the preparation of high-range standard (20 ng/mL - 1 µg/mL). 285 
 286 
4.5. For the low-range standard, dilute the 2 µg/mL eGFP mRNA stock solution 1:20 to achieve a 287 
final concentration of 100 ng/mL. Prepare a low-range standard (1 ng/mL - 50 ng/mL) as 288 
described in Table 4. 289 
 290 
4.6. Combine 1 µg of eGFP mRNA (10 µL) and 7.5 µg of NLps (2.5 µL) and incubate for 20 min at 291 
RT.  292 
 293 
Note: Keep the mRNA on ice to avoid degradation.  294 
 295 
4.7. Add 1 mL of nuclease-free H2O to form nanolipoplexes and mix by pipetting up and down. 296 
 297 
4.8. Add 1 mL of 1:200 or 1:2,000 RNA fluorescent dye working solution to the encapsulated 298 
samples and standards and incubate for 5 min at RT in the dark.  299 
 300 
4.9. Pipette the standards and samples in duplicates into a black 96-well plate and measure the 301 
fluorescence at 530 nm on a microplate reader (Figure 3). 302 
 303 
5. Preparation of the Cells for Transfection 304 
 305 
5.1. Plate 1.5 x 105 A549 cells/well of a 12-well plate 1 d prior to transfection. 306 
 307 
5.2. Incubate the cells at 37 °C and 5% CO2 in regular cell medium (DMEM/high glucose with 10% 308 



  

 

fetal bovine serum [FBS], 2 mM L-glutamine, 1% penicillin/streptomycin) for 24 h before 309 
transfection. 310 
 311 
6. Transfection of the Cells 312 
 313 
6.1. Wash the prepared cells 1x with 1 mL/well PBS (without Ca2+/Mg2+). 314 
 315 
6.2. Add 1 mL of prepared nanolipoplex mixture, containing 1 µg of eGFP mRNA encapsulated 316 
into 1-µL, 2.5-µL, 5-µL, 10-µL, or 20-µL NLps, to one well of the prepared plate with A549 cells. 317 
 318 
6.3. Add the nanolipoplex suspension to the cells and incubate at regular conditions for 24 h to 319 
analyze transfection efficacy, or for 24 h and 72 h to analyze the cell viability after transfection. 320 
 321 
Note: Transfection with NLps does not require a medium change. 322 
 323 
7. Analysis of Cell Transfection Efficacy Using Flow Cytometry and Fluorescence Microscopy  324 
 325 
7.1. Remove the supernatant and wash the cells with 1 mL/well PBS (without Ca2+/Mg2+) to 326 
remove the remaining NLps. 327 
 328 
7.2. Prepare the cells for flow cytometry. 329 
 330 
7.2.1. Trypsinize the cells with 500 µL/well trypsin/EDTA (0.05%) at 37 °C for 3 min. Stop the 331 
process and inactivate the trypsin by adding the same amount (500 µL/well) of regular FBS-332 
containing medium.  333 
 334 
7.2.2. Centrifuge the cells for 5 min at 400 x g and carefully remove the supernatant without 335 
touching the cell pellet. 336 
 337 
7.2.3. Wash the cells with 1 mL of PBS (without Ca2+/Mg2+). 338 
 339 
7.2.4. Resuspend the cells in 300 µL of 1x fixation solution and transfer the cells into flow 340 
cytometry tubes. 341 
 342 
7.2.5. Analyze the cells at 488 nm in a flow cytometer (Figure 4A). 343 
 344 
Note: Vortex the cells 1x directly before measuring. 345 
 346 
7.3. Prepare the cells for fluorescence microscopy. 347 
 348 
7.3.1. Fix the cells with 1 mL/well 100% methanol, which was previously stored at -20 °C. 349 
 350 
7.3.2. Add 500 µL/well 300 nM DAPI (4′,6-diamidino-2-phenylindole) dissolved in PBS (without 351 
Ca2+/Mg2+) and incubate for 5 min in the dark. 352 



  

 

 353 
7.3.3. Remove the DAPI solution and wash the cells again with 100% methanol stored at -20 °C. 354 
 355 
7.3.4. Analyze the cells using a fluorescence microscope (Figure 4B). 356 
 357 
Note: Use the following excitation/emission wavelengths: eGFP 488/509 nm, DAPI 358/461 nm, 358 
and Cy3 550/570 nm. 359 
 360 
8. Cell Viability Assay 361 
 362 
8.1. Dissolve 5 mg of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in 1 mL 363 
of RPMI (without phenol red).  364 
 365 
Note: The dissolved MTT must be further diluted 1:10 (final concentration: 0.5 mg/mL) in RPMI 366 
before use. 367 
  368 
8.2. Wash the transfected cells 3x with 1 mL/well PBS (without Ca2+/Mg2).  369 
 370 
Note: The remains of the regular cell medium should be completely removed. 371 
 372 
8.3. Add 500 µL/well of 1:10 diluted MTT solution to the cells and incubate for 4 h at 37 °C. 373 
 374 
8.4. Remove the MTT solution from the cells after incubation and add 500 µL/well DMSO 375 
(dimethyl sulfoxide). Incubate again for 10 min at 37 °C.  376 
 377 
8.5. Pipette the DMSO solution in triplets into a clear-bottom 96-well plate and measure the 378 
adsorption at 540 nm using a microplate reader. 379 
 380 
8.6. Set the viability of the untreated cell on 100% and calculate the cell viability of the other 381 
groups in comparison to the untreated control cells (Figure 5). 382 
 383 
REPRESENTATIVE RESULTS:  384 
Using the protocol as described, NLps consisting of the lipids DC-cholesterol and DOPE were 385 
prepared using the dry-film method (Figure 1). During the preparation, the nanoliposome 386 
solution shows different stages in turbidity (Figure 2).  387 
 388 
The encapsulation efficacy of the NLps can then be analyzed after the encapsulation of 1 µg of 389 
eGFP-encoding mRNA by analyzing the free amount of mRNA, which was not encapsulated, using 390 
the RNA quantification kit (Figure 3).  391 
 392 
After the encapsulation of eGFP mRNA in different amounts of NLps, the formed nanolipoplexes 393 
can be incubated with cells in vitro and the percentage of eGFP-expressing cells can be analyzed 394 
using flow cytometry 24 h posttransfection (Figure 4A). Even 1 µL of the nanoliposome solution 395 
is sufficient to achieve a high transfection of the cells in vitro. When the cells are transfected with 396 



  

 

NLps containing Cy3-labelled eGFP mRNA, the presence of the eGFP mRNA in the cytoplasm (red 397 
fluorescence), as well as the already produced eGFP protein (green fluorescence) can be 398 
visualized (Figure 4B). 399 
 400 
Since the transfection of cells using nanolipoplexes can have adverse effects on cells, the viability 401 
of the cells was tested 24 h (Figure 5A) and 72 h (Figure 5B) posttransfection. No effects on cell 402 
viability could be detected when the cells were treated with 2.5 or 5 µL of NLps or nanolipoplexes, 403 
respectively.  404 
 405 
FIGURE AND TABLE LEGENDS:  406 
 407 
Figure 1: Schematic overview of the manufacturing process of cationic nanoliposomes. First, 408 
the dissolved lipids DC-cholesterol and DOPE should be mixed together in a glass flask. Second, 409 
the visible chloroform liquid should be evaporated under argon or nitrogen gas flow and the 410 
chloroform leftovers should be allowed to evaporate overnight in vacuum. Third, the formed lipid 411 
film on the bottom of the glass flask should be rehydrated with nuclease-free H2O, followed by 412 
vortexing to form multilamellar liposomes. Through the sonication and extrusion of the liposome 413 
solution, the ready-to-use unilamellar NLps are produced. 414 
 415 
Figure 2: The nanoliposome solution in different stages during manufacturing. (A) This figure 416 
shows the liposome solution directly after rehydration of the lipid film and vortexing for 15 min, 417 
as well as (B) after 1 h in a sonication bath (C) followed by 25 cycles of extrusion. 418 
 419 
Figure 3: Encapsulation efficacy of the nanoliposomes. This panel shows the quantification of 420 
free eGFP mRNA after encapsulation in NLps. The results are presented as means ± SEM (n = 3). 421 
 422 
Figure 4: Transfection efficacy of the nanolipoplexes. (A) This panel shows the determination of 423 
the best mRNA/nanoliposome ratio for transfection using different amounts of NLps to 424 
encapsulate 1 µg of eGFP mRNA 24 h posttransfection. (B) This panel shows the detection of Cy3-425 
labeled synthetic mRNA encapsulated in 2.5 µL NLps and the eGFP expression in the cells 24 h 426 
posttransfection (the scale bar = 50 µm). The results are presented as means ± SEM (n = 3). 427 
 428 
Figure 5: Cell viability after the transfection with nanoliposomes and encapsulated mRNA. This 429 
panel shows the measurement of cell viability using an MTT assay (A) 24 h and (B) 72 h 430 
posttransfection. The results are presented as means ± SEM (n = 3). 431 
 432 
Table 1: PCR cycle protocol for DNA amplification. 433 
 434 
Table 2: Mix for the in vitro transcription of DNA to mRNA. 435 
 436 
Table 3: Protocol for a high-range standard curve. 437 
 438 
Table 4: Protocol for a low-range standard curve. 439 
 440 



  

 

 441 
DISCUSSION:  442 
The presented protocol describes the generation of NLps with high encapsulation efficacy for 443 
synthetically modified mRNA, as well as the reliable transfection of cells in vitro. Moreover, the 444 
NLps guarantee the release of mRNA, which in turn, is translated into a functional protein inside 445 
the cells. Additionally, the transfections using NLps can be performed in regular cell medium, 446 
resulting in high cell viabilities during transfection, and last up to three days after transfection. 447 
 448 
To use mRNA as a therapeutic, self-assembling system for its delivery is preferred. The most 449 
common transfection reagents include cationic lipids, including liposomes. As liposomes are 450 
positively charged, negatively charged nucleic acids can be encapsulated in them, thereby 451 
allowing the electrostatic repulsion of cell membranes to be overcome35. The cationic lipid DC-452 
cholesterol has already been described in earlier studies as a stable and biocompatible vehicle36. 453 
The addition of the neutral lipid DOPE leads to an enhanced transfection efficacy37. Considering 454 
the outlined advantages mentioned above, these lipids were chosen for the preparation of NLps. 455 
In addition, previous studies have demonstrated that the use of these two lipids is preferable 456 
over others due to an increased cellular transfection rate with negatively charged nucleic acids38. 457 
 458 
For the successful generation of NLps and nanolipoplexes, it is critical to pay extra attention to 459 
some of the steps. The procedure of nanoliposome generation should be carried out under O2-460 
free conditions. The presence of O2 during the NLp generation can lead to the degradation of 461 
phospholipids and reduced reproducibility39. Moreover, despite modifications, mRNA is very 462 
sensitive with regard to degradation through nucleases. Hence, for the rehydration of the lipid 463 
film, the use of RNase-free H2O is strongly recommended to prevent mRNA degradation during 464 
the complexation. Also, RNase-free conditions should be ensured for the storage of 465 
nanolipoplexes. 466 
 467 
Furthermore, NLps can form aggregates over time because of the unstable thermodynamic 468 
system. The influence parameters include storage temperature and surface charge of the 469 
liposomes40. NLp aggregation may result in the destabilization of the liposome membrane and 470 
the risk of undesirable mRNA release41, leading to poor transfection efficacy and mRNA 471 
degradation in the extracellular space. However, as previously shown, nanolipoplexes can be 472 
stored at 4 °C for up to six months without aggregation or loss of transfection efficacy35. 473 
 474 
By using liposomes as a drug carrier system, two of the key problems of drug delivery can be 475 
solved. Liposomes protect the encapsulated drug from degradation and are able to passively 476 
target tissues that have a discontinuous endothelium, such as the liver or bone marrow16. For the 477 
delivery of therapeutic nucleic acids, parameters such as particle size and encapsulation capacity 478 
are critical for the evaluation and cellular uptake of liposomal vehicles. Particularly, the size of 479 
the liposomes in the nanometer scale allows an interaction with the cell membrane42 and is, 480 
thereby, important for the in vivo use later. First, the liposomes should be small enough to avoid 481 
clearance through the renal and hepatic system43. Second, the liposome size should help to 482 
overcome the blood vessels’ barrier to target the cells of the desired organ. It was reported that 483 
liposomes in the size range of 100 - 300 nm were able to efficiently transfect hepatocytes44; 484 



  

 

however, large-sized liposomes (e.g., 400 nm) were not able to overcome the endothelial 485 
barrier45.  486 
 487 
Although the described method has been established for mRNA delivery, it can also be 488 
implemented for other nucleic acid therapeutics, such as microRNA. In a recent study, we 489 
demonstrated that microRNA 126 can be selectively targeted and, therefore, the development 490 
of abdominal aortic aneurysms could be effectively prevented46. As DNA/RNA therapeutics can 491 
cause side effects, such as platelet activation, when they come into direct contact with cells, 492 
packaging within liposomes can avoid this, thus rendering it further advantageous47. Therefore, 493 
the method presented here is highly versatile and can be used for designing drug delivery for 494 
many diseases. The established protocol not only allows the fast and cost-effective generation of 495 
an efficient mRNA carrier with a defined size but also offers the possibility to customize the lipid 496 
formulation according to the needs of a particular application: (1) the size of the liposomes can 497 
easily be altered by changing the filters; (2) the surface of the positively charged liposomes could 498 
be modified by using, for example, polyethylene glycol, to increase stability and delay blood 499 
clearance during in vivo application48. The binding of specific antibodies to the liposomes allows 500 
the targeted delivery of the encapsulated drug49. With further examination and a more detailed 501 
insight into the physical properties, the protocol might still be improved upon. 502 
 503 
For the generation of liposomes, three common methods are available: the dry-film, the ethanol 504 
injection, and the reverse-phase evaporation. In the Yang et al. study, these three manufacturing 505 
techniques were compared35. It was found that liposomes with a defined size and an equal 506 
distribution in the solution can be generated using the dry-film method. Furthermore, the dry-507 
film procedure conducted in this study resulted in the production of NLps with a defined size of 508 
200 nm, a homogeneous distribution, and a high encapsulation capacity.  509 
 510 
On one hand, the positive charge of the liposomes leads to an increased encapsulation capacity 511 
and better cell surface fusion50-52, but on the other hand, it may destabilize the cell membrane 512 
and activate different immune activation pathways and cell death27,53. However, the apoptotic 513 
properties of cationic lipids can be minimized by using the helper lipid DOPE54,55. In the study by 514 
Zhang et al., it was found that a 1:2 ratio of DC-cholesterol and DOPE during liposome generation 515 
leads to the most efficient cellular transfection using nucleic acids38. In the method implemented 516 
in the present study, the lipid ratio of 1:2 DC-cholesterol and DOPE was used in the mixed lipid 517 
suspension during the lipid film preparation, and the prepared liposomes led to high transfection 518 
efficacy and, simultaneously, high cell viability. Similar results were also found by other 519 
researchers, such as Ciani56 and Farhood37. 520 
 521 
Overall, liposomes have been used for years in clinical trials, showing great biocompatibility and 522 
low toxicity in vivo. In combination with mRNA, NLps could be used for the efficient delivery of 523 
mRNA to cells or organs in vitro and in vivo, to induce de novo synthesis of a desired protein. With 524 
regard to therapeutic applications, nanolipoplexes could be used, for example, in wound healing 525 
patches for transdermal mRNA delivery57 to activate cell regeneration, or as a spray for the 526 
nebulization of mRNA58 for the cure of lung diseases59,60 such as cystic fibrosis.  527 
 528 



  

 

The presented protocol guarantees an easy and accessible way for the generation of NLps using 529 
the dry-film method, which can then be used for the efficient encapsulation of in vitro transcribed 530 
mRNA and the safe transfection of cells. 531 
 532 
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Step Temperature in °C Duration

1 95 5 min

2 94 15 s

3 55 1 min

4 72 1 min

5

6 72 10 min

7 4 hold

Go to 2 30 x
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Concentration Amount

ATP 7,5 mM 4 µL

GTP 1,875 mM 1 µL

5‘-Methylcytidin 7,5 mM 3 µL

Ψ 7,5 mM 3 µL

ARCA 2,5 mM 10 µL

DNA Template

Buffer mix 1x 4 µL

T7 enzyme mix 4µL

RNase-Inhibitor 1 µL

Nuclease-free water fill up to 40 µL

1.5 µg

Table 2 Click here to access/download;Table;Table 2.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=870946&guid=88178fdf-dedc-46f9-8b41-0436e5972f5d&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=870946&guid=88178fdf-dedc-46f9-8b41-0436e5972f5d&scheme=1


Volume of

nuclease-free H2 O 

(µL)

Volume of eGFP

mRNA high-range

stock solution (µL)

Volume of 1:200

fluorescent dye

(µL)

Final 

concentration 

(ng/mL)

0 100 100 1000

50 50 100 500

90 10 100 100

98 2 100 20

100 0 100 blank
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Volume of nuclease-

free H2O (µL)

Volume of eGFP

mRNA low-range

stock solution (µL)

Volume of 1:2000

fluorescent dye (µL)

Final concentration

(ng/mL)

0 100 100 50

50 50 100 25

90 10 100 5

98 2 100 1

100 0 100 blank
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Name of Material/ Equipment Company

(3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT)

AppliChem, 

Darmstadt, Germany

(3β-[N-(N′,N′-dimethylaminoethane)-

carbamoyl]cholesterol hydrochloride 

Avanti, Alabama, 

USA

4 ′,6-diamidino-2-phenylindole (DAPI)

Thermo Fisher 

Scientific, 

Darmstadt, Germany

BD FACScan system

BD Biosciences, 

Heidelberg, 

Germany

Cell Fix (10x) 

BD Biosciences, 

Heidelberg, 

Germany

Chloroform

Merck, Darmstadt, 

Germany

Dimethyl sulfoxid (DMSO)

Serva 

Electrophoresis 

GmbH, Heidelberg, 

Germany

Dioleoyl phosphatidylethanolamine 

(DOPE)

Avanti, Alabama, 

USA

Fluorescence microscope

Zeiss Axio, 

Oberkochen, 

Germany

Lipofectamine 2000

Thermo Fisher 

Scientific, 

Mini extruder

Avanti, Alabama, 

USA

Nuclease-free water 

Qiagen, Hilden, 

Germany

Opti-Mem

Thermo Fisher 

Scientific, 

Darmstadt, Germany

PBS buffer (w/o Ca2+/Mg2+)

Thermo Fisher 

Scientific, 

Quant-iT Ribo Green RNA reagent kit 

Thermo Fisher 

Scientific, 
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RPMI (w/o phenol red) 

Thermo Fisher 

Scientific, 

Darmstadt, Germany

Silica gel 

Carl Roth, Karlsruhe, 

Germany

Trypsin/EDTA (0.05%)

Thermo Fisher 

Scientific, 

Darmstadt, Germany

HotStar HiFidelity Polymerase Kit

Qiagen, Hilden, 

Germany

QIAquick PCR Purification Kit

Qiagen, Hilden, 

Germany

Pseudouridine-5'-Triphosphate (Ψ-

UTP)

TriLink 

Biotechnologies, San 

Diego, USA

5-Methylcytidine-5'-Triphosphate 

(Methyl-CTP)

TriLink 

Biotechnologies, San 

Diego, USA

Cyanine 3-CTP

PerkinElmer, 

Baesweiler, 

Germany

RNeasy Mini Kit

Qiagen, Hilden, 

Germany

MEGAscript T7 Transcription Kit
Thermo Fisher 

Scientific, 

Darmstadt, Germany

3´-O-Me-m7G(5')ppp(5')G RNA Cap 

Structure Analog

New England 

Biolabs, Ipswich, 

USA

Antarctic Phosphatase

New England 

Biolabs, Ipswich, 

USA

Agarose

Thermo Fisher 

Scientific, 

Darmstadt, Germany

GelRed

Biotium, Fremont, 

USA

peqGOLD DNA ladder mix

VWR, Pennsylvania, 

USA



Invitrogen 0.5-10kb RNA ladder

Fisher Scientific, 

Göteborg, 

Sweden



Catalog Number Comments/Description

A2231

700001

D1306
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102445
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11668019
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11058021

70011044
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202602
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signatory to this Agreement; “Collective Work” means a work,

such as a periodical issue, anthology or encyclopedia, in which

the Materials in their entirety in unmodified form, along with a

number of other contributions, constituting separate and

independent works in themselves, are assembled into a

collective whole; “CRC License” means the Creative Commons

Attribution-Non Commercial-No Derivs 3.0 Unported

Agreement, the terms and conditions of which can be found

at: http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based

upon the Materials or upon the Materials and other pre-

existing works, such as a translation, musical arrangement,

dramatization, fictionalization, motion picture version, sound

recording, art reproduction, abridgment, condensation, or any

other form in which the Materials may be recast, transformed,

or adapted; “Institution” means the institution, listed on the

last page of this Agreement, by which the Author was

employed at the time of the creation of the Materials; “JoVE”

means MyJove Corporation, a Massachusetts corporation and

the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 

means the Author and JoVE; “Video” means any video(s) made

by the Author, alone or in conjunction with any other parties,

or by JoVE or its affiliates or agents, individually or in

collaboration with the Author or any other parties,

incorporating all or any portion of the Article, and in which the

Author may or may not appear.

2. Background.  The Author, who is the author of the Article,

in order to ensure the dissemination and protection of the

Article, desires to have the JoVE publish the Article and create

and transmit videos based on the Article.  In furtherance of

such goals, the Parties desire to memorialize in this Agreement

the respective rights of each Party in and to the Article and the

Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing

to publish the Article, the Author hereby grants to JoVE,

subject to Sections 4 and 7 below, the exclusive, royalty-free,

perpetual (for the full term of copyright in the Article,

including any extensions thereto) license (a) to publish,

reproduce, distribute, display and store the Article in all forms,

formats and media whether now known or hereafter

developed (including without limitation in print, digital and

electronic form) throughout the world, (b) to translate the

Article into other languages, create adaptations, summaries or

extracts of the Article or other Derivative Works (including,

without limitation, the Video) or Collective Works based on all

or any portion of the Article and exercise all of the rights set

forth in (a) above in such translations, adaptations,

summaries, extracts, Derivative Works or Collective Works and

(c) to license others to do any or all of the above.  The

foregoing rights may be exercised in all media and formats,

whether now known or hereafter devised, and include the

right to make such modifications as are technically necessary

to exercise the rights in other media and formats.  If the “Open

Access” box has been checked in Item 1 above, JoVE and the

Author hereby grant to the public all such rights in the Article

as provided in, but subject to all limitations and requirements

set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the

exclusive license granted to JoVE in Section 3 above, the

Author shall, with respect to the Article, retain the non-

exclusive right to use all or part of the Article for the non-

commercial purpose of giving lectures, presentations or

teaching classes, and to post a copy of the Article on the

Institution’s website or the Author’s personal website, in each

case provided that a link to the Article on the JoVE website is

provided and notice of JoVE’s copyright in the Article is

included.  All non-copyright intellectual property rights in and

to the Article, such as patent rights, shall remain with the

Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In

consideration of JoVE agreeing to produce, display or

otherwise assist with the Video, the Author hereby

acknowledges and agrees that, Subject to Section 7 below,

JoVE is and shall be the sole and exclusive owner of all rights of

any nature, including, without limitation, all copyrights, in and

to the Video.  To the extent that, by law, the Author is

deemed, now or at any time in the future, to have any rights

of any nature in or to the Video, the Author hereby disclaims

all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in

Item 1 above.  In consideration of JoVE agreeing to produce,

display or otherwise assist with the Video, the Author hereby

grants to JoVE, subject to Section 7 below, the exclusive,

royalty-free, perpetual (for the full term of copyright in the

Article, including any extensions thereto) license (a) to publish,

reproduce, distribute, display and store the Video in all forms,

formats and media whether now known or hereafter

developed (including without limitation in print, digital and

electronic form) throughout the world, (b) to translate the

Video into other languages, create adaptations, summaries or

extracts of the Video or other Derivative Works or Collective

Works based on all or any portion of the Video and exercise all

of the rights set forth in (a) above in such translations,

adaptations, summaries, extracts, Derivative Works or

Collective Works and (c) to license others to do any or all of

the above.  The foregoing rights may be exercised in all media

and formats, whether now known or hereafter devised, and

include the right to make such modifications as are technically

necessary to exercise the rights in other media and formats.

For any Video to which this Section 6 is applicable, JoVE and 

the Author hereby grant to the public all such rights in the

Video as provided in, but subject to all limitations and

requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States

government employee and the Article was prepared in the

course of his or her duties as a United States government

employee, as indicated in Item 2 above, and any of the

licenses or grants granted by the Author hereunder exceed the

scope of the 17 U.S.C. 403, then the rights granted hereunder

shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 

not in conflict with such statute shall remain in full force and 

effect, and all provisions contained herein that do so conflict 

shall be deemed to be amended so as to provide to JoVE the 

maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants

JoVE the right to use the Author’s name, voice, likeness,

picture, photograph, image, biography and performance in any

way, commercial or otherwise, in connection with the

Materials and the sale, promotion and distribution thereof.

The Author hereby waives any and all rights he or she may

have, relating to his or her appearance in the Video or

otherwise relating to the Materials, under all applicable

privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants

that the Article is original, that it has not been published, that

the copyright interest is owned by the Author (or, if more than

one author is listed at the beginning of this Agreement, by

such authors collectively) and has not been assigned, licensed,

or otherwise transferred to any other party. The Author

represents and warrants that the author(s) listed at the top of

this Agreement are the only authors of the Materials.  If more

than one author is listed at the top of this Agreement and if

any such author has not entered into a separate Article and

Video License Agreement with JoVE relating to the Materials,

the Author represents and warrants that the Author has been

authorized by each of the other such authors to execute this

Agreement on his or her behalf and to bind him or her with

respect to the terms of this Agreement as if each of them had

been a party hereto as an Author. The Author warrants that

the use, reproduction, distribution, public or private

performance or display, and/or modification of all or any

portion of the Materials does not and will not violate, infringe

and/or misappropriate the patent, trademark, intellectual

property or other rights of any third party.  The Author

represents and warrants that it has and will continue to

comply with all government, institutional and other

regulations, including, without limitation all institutional,

laboratory, hospital, ethical, human and animal treatment,

privacy, and all other rules, regulations, laws, procedures or

guidelines, applicable to the Materials, and that all research

involving human and animal subjects has been approved by

the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of

JoVE in producing the Video in the Author’s facility, the Author

shall ensure that the presence of JoVE employees, agents or

independent contractors is in accordance with the relevant

regulations of the Author's institution.  If more than one

author is listed at the beginning of this Agreement, JoVE may, 

in its sole discretion, elect not take any action with respect to

the Article until such time as it has received complete,

executed Article and Video License Agreements from each

such author.  JoVE reserves the right, in its absolute and sole

discretion and without giving any reason therefore, to accept

or decline any work submitted to JoVE.  JoVE and its

employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 

Author’s institution as necessary to make the Video, whether 

actually published or not.  JoVE has sole discretion as to the 

method of making and publishing the Materials, including, 

without limitation, to all decisions regarding editing, lighting, 

filming, timing of publication, if any, length, quality, content 

and the like. 

 

11.  Indemnification.  The Author agrees to indemnify JoVE 

and/or its successors and assigns from and against any and all 

claims, costs, and expenses, including attorney’s fees, arising 

out of any breach of any warranty or other representations 

contained herein.  The Author further agrees to indemnify and 

hold harmless JoVE from and against any and all claims, costs, 

and expenses, including attorney’s fees, resulting from the 

breach by the Author of any representation or warranty 

contained herein or from allegations or instances of violation 

of intellectual property rights, damage to the Author’s or the 

Author’s institution’s facilities, fraud, libel, defamation, 

research, equipment, experiments, property damage, personal 

injury, violations of institutional, laboratory, hospital, ethical, 

human and animal treatment, privacy or other rules, 

regulations, laws, procedures or guidelines, liabilities and 

other losses or damages related in any way to the submission 

of work to JoVE, making of videos by JoVE, or publication in 

JoVE or elsewhere by JoVE.  The Author shall be responsible 

for, and shall hold JoVE harmless from, damages caused by 

lack of sterilization, lack of cleanliness or by contamination 

due to the making of a video by JoVE its employees, agents or 

independent contractors.  All sterilization, cleanliness or 

decontamination procedures shall be solely the responsibility 

of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 

JoVE’s attorney’s fees and costs related to said losses or 

damages.  Such indemnification and holding harmless shall 

include such losses or damages incurred by, or in connection 

with, acts or omissions of JoVE, its employees, agents or 

independent contractors. 

 

12.  Fees.  To cover the cost incurred for publication, JoVE 

must receive payment before production and publication the 

Materials. Payment is due in 21 days of invoice. Should the 

Materials not be published due to an editorial or production 

decision, these funds will be returned to the Author. 

Withdrawal by the Author of any submitted Materials after 

final peer review approval will result in a US$1,200 fee to 

cover pre-production expenses incurred by JoVE.  If payment is 

not received by the completion of filming, production and 

publication of the Materials will be suspended until payment is 

received. 

 

13.  Transfer, Governing Law.  This Agreement may be 

assigned by JoVE and shall inure to the benefits of any of 

JoVE’s successors and assignees.  This Agreement shall be 

governed and construed by the internal laws of the 

Commonwealth of Massachusetts without giving effect to any 

conflict of law provision thereunder.  This Agreement may be 

executed in counterparts, each of which shall be deemed an 

original, but all of which together shall be deemed to me one 

and the same agreement.  A signed copy of this Agreement 

delivered by facsimile, e-mail or other means of electronic 

transmission shall be deemed to have the same legal effect as 

delivery of an original signed copy of this Agreement.   

 

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 

CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  

 

Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 

2) Fax the document to +1.866.381.2236; 

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 

For questions, please email submissions@jove.com or call +1.617.945.9051 
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           July 24th 2018 

RE: Resubmission JoVE58444  

Dear Dr. Myers, 

 

please find enclosed our manuscript entitled “Generation of Cationic Nanoliposomes for 

Efficient Delivery of in vitro transcribed messenger RNA” for resubmission in the Journal of 

Visualized Experiments. 

 

All changes made during this revision process are highlighted in the revised version of the 

manuscript. Also, please see our comments in the manuscript. 

 

 

Yours sincerely,   

Dr. Stefanie Krajewski 

 

Department of Thoracic, Cardiac and Vascular Surgery,  

Clinical Research Laboratory, 

University Hospital Tuebingen,  

Germany 
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