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SUMMARY: 30 
Here, a simple protocol is presented for producing mRNA nanoparticles based on poly(beta 31 
aminoester) polymers, easy to be tailored by changing the encapsulated mRNA. The workflow 32 
for synthesizing the polymers, the nanoparticles, and their in vitro essential characterization are 33 
also described. A proof-of-concept regarding immunization is also added. 34 
 35 
ABSTRACT: 36 
Vaccination has been one of the major successes of modern society and is indispensable in 37 
controlling and preventing disease. Traditional vaccines were composed of entire or fractions of 38 
the infectious agent. However, challenges remain, and new vaccine technologies are mandatory. 39 
In this context, the use of mRNA for immunizing purposes has shown an enhanced performance, 40 
as demonstrated by the speedy approval of two mRNA vaccines preventing SARS-CoV-2 infection. 41 
Beyond success in preventing viral infections, mRNA vaccines can also be used for therapeutic 42 
cancer applications. 43 
 44 
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Nevertheless, the instability of mRNA and its fast clearance from the body due to the presence 45 
of nucleases makes its naked delivery not possible. In this context, nanomedicines, and 46 
specifically polymeric nanoparticles, are critical mRNA delivery systems. Thus, the aim is to 47 
describe the protocol for the formulation and test of an mRNA vaccine candidate based on the 48 
proprietary polymeric nanoparticles. The synthesis and chemical characterization of the 49 
poly(beta aminoesters) polymers used, their complexation with mRNA to form nanoparticles, and 50 
their lyophilization methodology will be discussed here. This is a crucial step for decreasing 51 
storage and distribution costs. Finally, the required tests to demonstrate their capacity to in vitro 52 
transfect and mature model dendritic cells will be indicated. This protocol will benefit the 53 
scientific community working on vaccination because of its high versatility that enables these 54 
vaccines to prevent or cure a wide variety of diseases. 55 
 56 
INTRODUCTION: 57 
Infectious diseases have represented a severe threat to millions of human beings around the 58 
globe and are still one of the leading causes of death in some developing countries. Prophylactic 59 
vaccination has been one of the most effective interventions of modern society to prevent and 60 
control infectious diseases1,2. These critical milestones of science in 20th-century relevance have 61 
been remarked by the recent worldwide Covid-19 pandemic caused by the SARS-CoV-2 virus3. 62 
Recognizing the importance of having efficient vaccines to curtail the dissemination of the 63 
disease, cooperative efforts from all biomedical communities have successfully resulted in many 64 
prophylactic vaccines in the market in less than a year4. 65 
 66 
Traditionally, vaccines were composed of attenuate (live, reduced virulence) or inactivated 67 
(death particles) viruses. However, for some diseases with no margin for safety errors, viral 68 
particles are not possible, and protein subunits are used instead. Nevertheless, subunits usually 69 
do not enable the combination of more than one epitope/antigen, and adjuvants are required to 70 
enhance vaccination potency5,6. Therefore, the need for novel vaccine types stands clear. 71 
 72 
As demonstrated during the current pandemic, novel vaccine candidates based on 73 
oligonucleotides can be advantageous in terms of avoiding long development processes and 74 
providing high versatility while producing, at the same time, a vital patient immunization. This is 75 
the case of mRNA vaccines, which were initially designed as experimental cancer vaccines. Thanks 76 
to their natural capacity to produce antigen-specific T-cell responses3,5–7. Being mRNA the 77 
molecule that encodes the antigenic protein, only changing the same, the vaccine can be rapidly 78 
tailored to immunize other variants of the same microorganism, different strains, other infectious 79 
microorganisms, or even become a cancer immunotherapeutic treatment. In addition, they are 80 
advantageous in terms of large-scale production costs. However, mRNA has a significant hurdle 81 
that hampers their naked administration: its stability and integrity are compromised in 82 
physiological media, full of nucleases. For this reason, the use of a nanometric carrier that 83 
protects it and vectorizes mRNA to the antigen-presenting cells is required2,8. 84 
 85 
In this context, poly(beta aminoesters) (pBAE) are a class of biocompatible and biodegradable 86 
polymers that demonstrated a remarkable ability to complex mRNA in nanometric particles, 87 
thanks to their cationic charges9–11. These polymers are composed of ester bonds, which makes 88 



 

their degradation easy by esterases in physiological conditions. Among the pBAE library 89 
candidates, those functionalized with end cationic oligopeptides showed a higher capacity to 90 
form small nanoparticles to efficiently penetrate cells through endocytosis and transfect the 91 
encapsulated gene material. Furthermore, thanks to their buffering capacity, the acidification of 92 
the endosome compartment allows endosomal escape12,13. Namely, a specific kind of pBAE, 93 
including hydrophobic moieties on their backbone (the so-named C6 pBAE) to enhance their 94 
stability and end-oligopeptide combination (60% of polymer modified with a tri-lysine and 40% 95 
of the polymer with a tri-histidine) that selectively transfects antigen-presenting cells after 96 
parenteral administration and produce the mRNA encoded antigen presentation followed by 97 
mice immunization has been recently published14. In addition, it has also been demonstrated that 98 
these formulations could circumvent one of the main bottleneck steps of nanomedicine 99 
formulations: the possibility to freeze-dry them without losing their functionality, which enables 100 
long-term stability in soft dry environments15. 101 
 102 
In this context, the objective of the current protocol is to make the procedure for the formation 103 
of the mRNA nanoparticles available to the scientific community by giving a description of the 104 
critical steps in the protocol and enabling the production of efficient vaccines for infectious 105 
diseases prevention and tumor treatment applications. 106 
 107 
The following protocol describes the complete workout to synthesize oligopeptide end-modified 108 
poly(beta aminoesters) - OM-pBAE polymers that will further be used for nanoparticle synthesis. 109 
In the protocol, nanoparticles formulation is also included. In addition, critical steps for the 110 
success of the procedure and representative results are also provided to ensure that the resulting 111 
formulations accomplish the required quality control characterization features to define a 112 
positive or negative result. This protocol is summarized in Figure 1. 113 
 114 
PROTOCOL: 115 
 116 
1. Synthesis of pBAE polymer with end oligopeptides (OM-pBAE) 117 
 118 
1.1. Polymerization of C6-pBAE 119 
 120 
1.1.1. Add 5-amino-1-pentanol (38 mmol; MW = 103.16 Da) 1-hexylamine (38 mmol; MW = 121 
101.19 Da) into a round-bottom glass flask (100 mL). Then, add 1,4-butanediol diacrylate (82 122 
mmol; MW = 198.22 Da). 123 
 124 
1.1.2. Pre-heat the silicone oil bath at 90 °C, place the round-bottom flask into the oil bath and 125 
stir the mixture with the aid of a magnetic stir bar overnight (~18 h). Then, take the product from 126 
the round-bottom flask and place it in the freezer at -20 °C. 127 
 128 
NOTE: The product is in the form of a sticky powder and is taken out from the flask with the help 129 
of a spatula. It is essential to validate the structure of the obtained polymer through 1H-NMR. 130 
NMR spectra were recorded in a 400 MHz instrument (see Table of Materials) using chloroform-131 
d and D2O as solvents. Around 10 mg of each poly(β-amino ester) were taken and dissolved in 1 132 



 

mL of the deuterated solvent. 133 
 134 
1.2. Reaction with peptides to obtain OM-pBAE 135 
 136 
1.2.1. Add 25 mL of 0.1 M HCl to selected peptides, e.g., peptide Cys-His-His-His with 137 
Trifluoroacetic acid (TFA, 200 mg), into a previously weighed 50 mL centrifuge tube that can stand 138 
freeze-drying and manually stir overnight to obtain a clear solution. 139 
 140 
1.2.2. Freeze the solution at -80 °C for 1 h and freeze-dry the resulting peptide hydrochloride. 141 
 142 
NOTE: Check whether the final weight corresponds to the theoretical value. 143 
 144 
1.2.3. Make a solution of C6-pBAE (0.031 mmol) in dimethyl sulfoxide. Also, make a solution of 145 
the peptide hydrochloride (0.078 mmol) in dimethyl sulfoxide. 146 
 147 
1.2.4. Mix the two solutions in a screw cap tube and screw on the cap. Stir the mixture solution 148 
in a water bath with a controlled temperature of 25 °C for 20 h with a magnetic stir bar. 149 
 150 
1.2.5. Add the mixture to 7:3 (v/v) diethyl ether/acetone. Centrifuge the resulting suspension at 151 
25,000 x g at 4 °C to remove the solvent. Next, wash the solid with 7:3 (v/v) diethyl ether/acetone 152 
twice. Then, dry the product under a vacuum (<0.2 atm). 153 
 154 
1.2.6. Make a solution of 100 mg/mL of the product in dimethyl sulfoxide. The resulting product 155 
is named C6-peptide-pBAE. It is essential to validate the structure of the obtained polymer 156 
through 1H-NMR to confirm the disappearance of the olefin signals associated with terminal 157 
acrylates. If not used, the polymer can be frozen at -20 °C. 158 
 159 
2. Polyplexes formation 160 
 161 
NOTE: All the procedures should be performed inside a conditioned room to maintain a constant 162 
temperature. 163 
 164 
2.1. Thaw the polymers C6-peptide-pBAE and vortex the solution. 165 
 166 
2.2. Pipette the polymer mix up and down and prepare a solution of 12.5 mM (V1) in sodium 167 
acetate (NaAc). Then, vortex the mixture and wait for 10 min. 168 
 169 
2.3. Prepare the mRNA at 0.5 mg/mL and mix by pipetting (V2). 170 
 171 
NOTE: It is crucial to avoid vortexing the mRNA. 172 
 173 
2.4. Vortex the polymer mixture at the final concentration to achieve a homogeneous solution 174 
between the polymer stock in DMSO and the acetate buffer. 175 
 176 



 

NOTE: The final polymer concentration depends on the N/P (nitrogen to phosphate groups) ratio 177 
selected. The N/P ratio depends on each specific mRNA to be used. For eGFP encapsulation, for 178 
example, a 25:1 ratio was used, as previously reported14. 179 
 180 
2.5. Mix the genetic material solution and C6-peptidepBAE solution (25x of the mRNA 181 
concentration) in a ratio of 1:1 (Vi = V1 + V2). 182 
 183 
NOTE: C6-peptide-pBAE is loaded in a microcentrifuge tube where the mRNA is added by 184 
pipetting up and down for mixing. Once prepared, the polyplex, the nucleic acid, and C6-peptide-185 
pBAE concentrations are half diluted. 186 
 187 
2.6. Incubate at 25 °C for 30 min in a thermoblock. Precipitate with 1:2 RNase free water by 188 
adding the sample to a pre-loaded microcentrifuge tube with water. 189 
 190 
2.7. Include the excipients. Add the same volume as the mixture of mRNA and pBAE (Vi) in 191 
HEPES 20 mM and sucrose 4% by pipetting up and down. At this point, the sample has been 192 
diluted 3x. 193 
 194 
3. Polyplexes lyophilization 195 
 196 
3.1. Instantaneously, freeze at -80 °C freezer of the previous polyplex solution for 1 h. 197 
 198 
3.2. Perform the primary drying by following the steps: (1) 1 h at -60 °C and 0.001 hPa; (2) 1 h 199 
at -40 °C and 0.0001 hPa; (3) 4 h at -20 °C and 0.0001 hPa; (4) 12 h at 5 °C and 0.0001 hPa. 200 
 201 
3.3. Store at -20 °C immediately to avoid rehydration until use. 202 
 203 
4. Polyplex resuspension 204 
 205 
NOTE: This protocol describes the process used to reconstruct the lyophilized C6-peptide-pBAE 206 
nanoparticles for their further use either for characterization, in vitro, or in vivo analysis. 207 
 208 
4.1. Take the lyophilized nanoparticles from -20 °C just at the moment of use and rapidly add 209 
the corresponding amount of depyrogenated (DEPC) water to redisperse the solid to achieve the 210 
desired concentration. 211 
 212 
NOTE: The volume will be the same as the initial volume of the nanoparticles if the same 213 
concentration is envisaged, but it will be indicated for each experiment. 214 
 215 
4.2. Pipette gently until total resuspension, accompanying the liquid with the pipette. 216 
 217 
NOTE: Assure that no material remains on the wall of the vial. 218 
 219 
4.3. Once dissolved, pipette up and down vigorously, avoiding bubbles. 220 



 

 221 
NOTE: The sample should have a transparent to translucent aspect, which is more evident at 222 
higher concentrations 223 
 224 
4.4. Store the samples on ice or at 4 °C for a maximum period of 24 h once reconstituted. 225 
Avoid freezing. 226 
 227 
5. Polyplex characterization 228 
 229 
5.1. Dynamic light scattering 230 
 231 
NOTE: Hydrodynamic diameter (nm), polydispersity index (PDI), and surface charge of 232 
nanoparticles were measured at 25 °C, 633 nm laser wavelength, and 173° signal detector, using 233 
a Zeta potential analyzer (see Table of Materials). 234 
 235 
5.1.1. Hydrodynamic diameter (nm) 236 
 237 
5.1.1.1. Prepare the nanoparticles mixing mRNA and pBAE thoroughly by pipetting the 238 
gene material to the polymer fraction to a final concentration of mRNA of 0.25 mg/mL as 239 
previously described above (step 2). 240 
 241 
5.1.1.2. Pre-rinse a microcuvette with filtered dilution media to completely clean it from 242 
impurities. Then, fill the cuvette with at least 50 µL of the sample solution and cap it. Next, 243 
introduce the sample inside the DLS instrument, ensure that the cell is correctly inserted. 244 
 245 
NOTE: The dilution media is filtered using a 0.22 µm syringe filter. 246 
 247 
5.1.1.3. Open the Standard Operation Procedure (SOP) file created and introduce the 248 
desired Sample Name. Select Size Measurement. 249 
 250 
NOTE: All the parameters to create an SOP for size measurements are provided in Table 1. 251 
 252 
5.1.1.4. Run the particle size measurement using DLS by clicking on Play. 253 
 254 
NOTE: After the triple beep sounds, the analysis is complete. 255 
 256 
5.1.1.5. Select the results corresponding to the sample on the measurement sheet to 257 
obtain the average particle size, average PDI, standard deviation, and graphics. Once done, 258 
remove the cell from DLS equipment. 259 
 260 
5.1.1.6. Remove the sample, keep it for zeta-potential analysis, and clean and rinse the 261 
cell with deionized water. Finally, dry the cleaned cuvette under a compressed air gas stream. 262 
 263 
5.1.2  Surface charge (mV) 264 



 

 265 
5.1.2.1. Prepare the nanoparticles mixing mRNA and pBAE thoroughly by pipetting the 266 
gene material to the polymer fraction to a final concentration of mRNA of 0.25 mg/mL as 267 
previously described above (step 2, Polyplex formation). Next, freeze and dry the solution. 268 
 269 
NOTE: In this case, for the measurement of surface charge, the freeze-drying of the sample is 270 
strongly recommended before performing the measures to redisperse the sample in the 271 
appropriate buffer, simulating body conditions of pH and electrolyte concentration. 272 
 273 
5.1.2.2. Resuspend the lyophilized sample using water. Dilute the sample 1/10 in water 274 
(final concentration 0.025 mg/mL). 275 
 276 
5.1.2.3. Pre-rinse a disposable folded capillary cell (zeta potential cuvette) with filtered 277 
dilution media to completely clean it from impurities. Then, fill the cuvette with diluted 278 
nanoparticles, using a 1 mL syringe, and cap both sides of the fillers. 279 
 280 
NOTE: The nanoparticle dispersion has to fill the volume available in the cuvette (~1 mL), taking 281 
special attention to the bubble’s formation, which could perturb measures. 282 
 283 
5.1.2.4. Introduce the sample inside DLS; ensure that the cell is correctly inserted. 284 
 285 
5.1.2.5. Open the SOP file created for zeta potential analysis and introduce the desired 286 
Sample Name. Select Zeta-Potential Measurement. 287 
 288 
NOTE: Parameters to create an SOP for zeta potential measurements are given in Table 2. 289 
 290 
5.1.2.6. Run zeta-potential measurement using DLS by clicking on Play. 291 
 292 
NOTE: After the triple beep sound, the analysis is complete. 293 
 294 
5.1.2.7. Select the results corresponding to the sample on the measurement sheet to 295 
obtain the average zeta-potential, standard deviation, and graphics. Once done, remove the cell 296 
from the DLS equipment. 297 
 298 
5.1.2.8. Remove the sample and keep it if it is necessary. Next, clean and rinse the cuvette 299 
cell with deionized water, followed by ethanol and water again. Finally, dry the cleaned cuvette 300 
under a compressed air gas stream. 301 
 302 
NOTE: To analyze the data, use the recommended software. 303 
 304 
5.2. Nanoparticle Tracking Analysis (NTA) 305 
 306 
NOTE: Hydrodynamic diameter (nm) and concentration of nanoparticles were measured at 25 °C, 307 
488 nm laser wavelength using a Nanoparticle Tracking Analyzer (see Table of Materials). 308 



 

 309 
5.2.1 NTA and sample preparation 310 
 311 
5.2.1.1 Switch on the computer and the equipment. First, check whether all the components are 312 
plugged in correctly. Next, open the recommended software. The software will check whether all 313 
the accessories are correctly connected. 314 
 315 
5.2.1.2 Connect the Top plate, here, the O-ring cell, into the laser module. 316 
 317 
NOTE: Do not overscrew this part. 318 
 319 
5.2.1.3 First load the chamber with buffer and/or deionized water with a 1 mL syringe. Repeat 320 
the procedure at least two times. Avoid introducing bubbles in the chamber. 321 
 322 
5.2.1.4 Prepare the sample by diluting 1/1000 in deionized water from the concentration used in 323 
DLS size measurement. Prepare at least 1 mL and load it into a 1 mL syringe, avoiding introducing 324 
bubbles. 325 
 326 
5.2.1.5 Load the samples into the chamber using a syringe. Then, plug the laser module 327 
into the NTA big chamber. 328 
 329 
NOTE: Big chamber denotes the space where the chamber is placed for the measurement. 330 
 331 
5.2.2 Image optimization 332 
 333 
5.2.2.1 First, in the Hardware, check whether the Camera and the proper laser are selected.  334 
 335 
NOTE: Here, there is only one camera and the Blue Laser 488 nm.  336 
 337 
5.2.5.2 Start with the camera level at 0 and press Start Camera on the Capture window. 338 
 339 
NOTE: At this point, adjust the following parameters. Beam position (it can be moved up and 340 
down on the screen). Camera Level: avoid oversaturated pixels. Focus (lateral wheel): try to 341 
focus as better as possible. It is better to have particles with a halo instead of unfocused particles. 342 
Concentration: Adjust the concentration to have between 10 to 100 particles per field. 343 
 344 
5.2.3 Video recording 345 
 346 
5.2.3.1 In the software, go to the Measurement Selection – SOP window (down left) and select 347 
Standard Measurement. 348 
 349 
NOTE: Program to perform three measures of 30 s each (to enable the software to perform mean 350 
and standard deviation calculations). Provide a name and a folder path (on Base filename) to save 351 
the records of the sample. When the SOP parameters are correctly set up, press Create and Run 352 



 

Script. Once the first replicate is measured, the program will ask to add a new sample. Then, 353 
another fraction of the sample must be introduced in the chamber by pushing the syringe's 354 
plunger. Finally, repeat a third time to analyze the third replicate. 355 
 356 
5.2.4 Video processing 357 
 358 
5.2.4.1 Readjust the Screen Gain and Detection Threshold once the three measures are finished 359 
to analyze the measured particles. At this moment, around 100 particles should appear in each 360 
frame to perform the analysis (high red crosses and low blue crosses are expected). 361 
 362 
5.2.4.2 Export the results in a pdf file after the analysis is completed. In addition, it is possible to 363 
export as videos and excel files. 364 
 365 
5.2.5 Cleaning the NTA 366 
 367 
NOTE: Close all the opened measurements before studying the following sample; since the 368 
generated files are enormous and depending on the computer, it isn't easy to maintain more 369 
than one open. 370 
 371 
5.2.5.1 Clean the NTA chamber by repeatedly flushing water before performing the subsequent 372 
measurement until no particles are observed; subsequently, flush the buffer used (PBS) to 373 
continue with the measures. 374 
 375 
5.2.5.2 Flush air inside the chamber and dry it with microscopic grade paper once the last 376 
measurement of the day is completed. 377 
 378 
5.2.5.3 Characterize the size and shape by Transmission Electronic Microscopy (TEM). Prepare 379 
the samples. 30 µL of the final volume is enough for TEM characterization. 380 
 381 
NOTE: Both fresh and lyophilized – after resuspension- nanoparticles can be measured. 382 
 383 
5.2.5.4 Drop 10 µL of sample on a carbon-coated copper grid. Let it dry for 10 min. Remove the 384 
excess liquid, if necessary, by softly tapping on filter paper. 385 
 386 
5.2.5.5 Drop 10 µL of uranyl acetate (2% w/v) solution for negative staining. Let it dry for 1 min. 387 
Remove the liquid excess, if necessary, by softly tapping on filter paper. 388 
 389 
5.2.5.6 Introduce the sample in the microscope and scan (voltage operation 80 kV). 390 
 391 
NOTE: Appropriate software can be used for further analysis of the images. 392 
 393 
5.3. Encapsulation efficiency 394 
 395 
5.3.1 Sample preparation 396 



 

 397 
5.3.1.1 Prepare the nanoparticles at the desired concentration and freeze and dry them. Then, 398 
resuspend the nanoparticles and dilute them at a final concentration of 6 µg/mL. 399 
 400 
5.3.1.2 Prepare 1x TE buffer from the 20x stock solution. 401 
 402 
NOTE: Vt (Total volume) = (number of samples x 100 µL x 4) (number of samples x 290 µL) + 2 403 
mL. 404 
 405 
5.3.1.3 Prepare TE buffer with 3 µg/µL of Heparin from the stock of 100 µg/µL. 406 
 407 
NOTE: Vt = Number of samples x 50 µL x 2. 408 
 409 
5.3.1.4 Prepare the standards 410 
 411 
5.3.1.5 Prepare an RNA standard ranging from 0.2 µg/mL to 0.025 µg/mL in 1x Tris-EDTA (TE) 412 
buffer (Table S1A). 413 
 414 
NOTE: Use mRNA in the RNA standard in case that differs from the Ribosomal RNA. 415 
 416 
5.3.1.6 Prepare RNA:pBAE standard with Heparin (Table S1B). Prepare Heparin standard (Table 417 
S1C). 418 
 419 
5.3.1.7 Prepare a 96-well plate as follows. 420 
 421 
5.3.1.7.1 Load 295 µL of TE buffer in the first lane of a 96-well plate (as many wells as 422 
samples to analyze). Then, load 50 µL of 1x TE buffer into lanes B and C (duplicates for each 423 
sample). 424 
 425 
5.3.1.7.2 Load 50 µL of 1x TBE buffer with 3 µg/µL of Heparin into lanes D and E (duplicates 426 
for each sample). Next, load 100 µL of each standard in lanes F, G, and H (duplicates for each 427 
standard). 428 
 429 
5.3.1.7.3 Load 5 µL of each sample in lane A (concentration in each well is 0.1 µg/mL). Mix 430 
properly by pipetting and load 50 µL of each sample on the four wells below (two of them 431 
containing 50 µL of buffer 1x TE and two more containing 1x TE buffer with 3 µg/µL of Heparin). 432 
 433 
5.3.1.8 Incubate the sample for 30 min at 37 °C. Prepare RiboGreen reagent as per the 434 
manufacturer’s protocol (see Table of Materials) in 1x TE buffer. 435 
 436 
NOTE: Dilute 1:200 and vortex. Protect from light. Vt = Number of full wells x 100 µL. 437 
 438 
5.3.1.9 Load 100 µL of RiboGreen solution into each well. Detect fluorescence using the 439 
microplate reader with an excitation wavelength of 500 nm and an emission wavelength of 525 440 



 

nm. 441 
 442 
5.3.1. Results analysis 443 
 444 
5.3.1.1. Prepare the three calibration curves 445 
 446 
NOTE: First, Ribosomal RNA standard. Interpolate in this calibration curve the samples that do 447 
not contain Heparin. Second, mRNA:pBAE with Heparin. Interpolate in this calibration curve the 448 
sample that has Heparin. Third, Heparin. Used to assure the working concentration is in the linear 449 
range. 450 
 451 
5.3.1.2. Calculate encapsulation efficiency (EE%) as follows: 452 

EE % = (1 − (
mRNA free

mRNA total
)) ∗ 100 453 

 454 
6. In vitro characterization 455 
 456 
6.1. Fluorescence microscopy for qualitative assessment 457 
 458 
6.1.1. Place the 96-well plate onto the microscope after 24 h of transfection. Start visualizing 459 
cells with the 10x objective. 460 
 461 
NOTE: HeLa cells are used in this case. Cells are localized using the transmission mode (bright 462 
field), and the focus must be adjusted at this time. 463 
 464 
6.1.1.1 First, apply a white balance to reference the software about the background of the 465 
samples. Then, acquire an image to overlay it with the fluorescence image during the analysis. 466 
 467 
6.1.2. Change the microscope mode to reflection mode (fluorescence) and move the filter wheel 468 
to the blue laser (488 nm) to visualize eGFP. 469 
 470 
NOTE: At this point, the Exposure time and Gain must be adjusted. Gain must be adjusted in 471 
values between 3 and 5 to avoid artifacts and excess on background signal. The adjustment of 472 
the exposure time depends on the transfection efficiency (from ms to 1 s). 473 
 474 
6.1.3. Acquire images for all the conditions or wells employing the same exposure time to 475 
compare all the samples. 476 
 477 
6.2. Flow cytometry (FC) for quantitative assessment 478 
 479 
6.2.1. Use a multichannel pipette to prepare the 96-well plate for the flow cytometry 480 
experiment. 481 
 482 



 

NOTE: When working with semi-adherent cells, such as in the JAWSII cell line, recover all the 483 
media volume and store it into another 96-well plate. Do not aspire to this media since it might 484 
contain a significant number of transfected cells. 485 
 486 
6.2.2. Clean the cells (HeLa cells are used here) with 100 μL/well of 1x PBS and aspire it. Next, 487 
add 25 μL/well of trypsin and incubate it at 37 °C for 5 min. 488 
 489 
6.2.3. Once the cells are detached, add previously recovered media to stop the trypsin action 490 
and fix the cells, adding 31.25 μL/well of formalin 10% for 20 min (final concentration 2.5%). 491 
 492 
NOTE: At this point, it is crucial to visualize the state of the cells by microscopy to ensure the 493 
detachment of the cells. It is highly recommended to pipette up and down several times to help 494 
the cells detach and avoid their agglomeration. This will produce a reliable result. 495 
 496 
6.2.4. Turn on the flow cytometer and the software. In the software, set up the proper 497 
conditions for the experiment (type of plate, sample volume, and other parameters such as 498 
shaking, rinsing between samples. 499 
 500 
NOTE: For step 6.2.5, the flow rate should be 120 μL/min. Mix one cycle every 1 min and rinse 501 
one cycle every one well. Mixing is essential to maintain the cells dispersed in the media and 502 
permit a better analysis of individual cells. In addition, rinsing is necessary to clean the 503 
microfluidics of the cytometer between samples. Finally, check whether there are enough buffers 504 
and whether all components are correctly connected. 505 
 506 
6.2.5. Set up the appropriate parameters to quantify the percentage of positively transfected 507 
cells. 508 
 509 
6.2.5.1 First, view the flow data on (Forward scattered light) FSC versus SCC (Side scattered light) 510 
scatter plot to distinguish the cells from the debris. Then, another scatter plot comparing the 511 
amplitude (FSC-A) versus height (FSC-H) is plotted to gate and discriminate individual cells. 512 
 513 
NOTE: The untreated population allows to gate the populations corresponding to positively 514 
transfected cells. Then, quantification of the positively transfected cells is performed on the 515 
proper channel on a histogram plot. Therefore, the positively transfected cells must be 516 
represented as a continuum of events on the histogram. 517 
 518 
7. In vitro functionality tests: capacity to activate model immune cells by using ovalbumin 519 
(OVA) as antigenic model mRNA 520 
 521 
7.1. Plate 10,000 cells/well (JAWSII cells are used here) in a 96-well plate the day before 522 
transfection. 523 
 524 
NOTE: Plate as many wells as required to have triplicates for each condition. Let the cells attach 525 
to the plate at least for 12 h (an overnight incubation is recommended). 526 



 

 527 
7.2. Prepare pBAEs NPs as described in the NOTE below to transfect 0.6 μg mRNA per well. 528 
 529 
NOTE: As a positive control, transfect the cells using a transfection reagent. Here, we used 0.1 μg 530 
mRNA per well and 0.25 μL of the transfection reagent per well. mRNA codifying for OVA was 531 
purchased (see Table of Materials). It is polyadenylated, modified with 5-methoxyuridine, and 532 
optimized for mammalian systems, and is protected through an end-capping with Cap1 structure, 533 
a proprietary method from the supplier. 534 
 535 
7.3. Incubate the 96-well plate for 24 h in a dry air incubator at 37 °C and 5% CO2. 536 
 537 
NOTE: After this time, do not aspire the media since it might contain a certain number of cells. 538 
Recover the cells and save them in another well or plate. 539 
 540 
7.4. Wash the cells remaining on the well with 25 μL of 1x PBS. Next, aspire it and add 25 μL 541 
of trypsin and incubate the plate for 5 min at 37 °C to detach the cells. Stop the trypsin reaction 542 
by adding the previously recovered media onto the correspondent well. 543 
 544 
7.5. Centrifuge the plate at 400 x g for 5 min at 4 °C. Aspire the media. Add 50 μL/well of a 1x 545 
PBS and 2.5% of formalin. Incubate it at 4 °C for 20 min to fix cells. 546 
 547 
7.6. Repeat steps 7.5 and 7.5.1. Then, add 50 μL/well of 1x PBS and 3% BSA (Blocking buffer) 548 
and incubate for 30 min at 4 °C. Again, repeat steps 7.5 and 7.5.1, and then add 50 μL/well of the 549 
primary antibody (mouse α-OVA) in 1x PBS and 3% BSA and incubate for 30 min at 4 °C. 550 
 551 
7.7. Repeat steps 7.5 and 7.5.1, and then wash the cells with 50 μL/well of 1x PBS. Aspire 552 
media, and then add secondary antibodies solution (α-mouse-AlexaFluor488/PerCP and Cy5.5-553 
CD11b/APC-CD86) in 1x PBS and 3% BSA. Incubate it for 1 h at 4 °C. 554 
 555 
7.8. Centrifuge the plate at 400 x g for 5 min. Then, wash the cells with 50 μL/well of 1x PBS. 556 
Next, centrifuge (400 x g for 5 min), aspire, and then resuspend the cells in 100 μL/well of 1x PBS 557 
and 2.5% Formalin. 558 
 559 
7.9. Analyze it by flow cytometry, as described above (step 6.2). 560 
 561 
REPRESENTATIVE RESULTS: 562 
 563 
Polymer synthesis and characterization 564 
The OM-pBAE synthesis procedure is given in Figure 2. As Figure 2A shows, the first step to obtain 565 
the OM-pBAE is to synthesize the C6-pBAE by adding the amines (1-hexylamine and 5-amino-1-566 
pentanol, ratio 1:1) to the diacrylate (1,4-butanediol diacrylate). This reaction is carried out at 90 567 
°C for 20 h and with constant stirring. Afterward, a solution of oligopeptides is added to a solution 568 
of C6 polymer obtained from the previous reaction (Figure 2B). Finally, the synthesis is carried 569 
out using DMSO as a solvent at 25 °C with continuous stirring for 20 h. Figure 2C shows the 570 



 

structure of the OM-pBAE, which is the resulting product of polymerization. The resulting 571 
polymers are characterized by 1H-NMR (see Supplementary Figure S2). In the characterization, a 572 
positive result is the one with several monomer units (n + m in the figures) comprised between 573 
7–10; distributed half one unit type and half the other; while any other number outside this range 574 
is a negative result. 575 
 576 
Nanoparticle synthesis and physicochemical characterization 577 
Table 3 shows the results of the physicochemical characterization of the GFP mRNA 578 
encapsulating nanoparticles as a proof of concept. It was previously demonstrated that size and 579 
surface charge do not show significant differences regardless of the mRNA type encapsulated14. 580 
Characterization has been performed both in freshly prepared and lyophilized nanoparticles to 581 
prove the stability of their physicochemical properties and to demonstrate that, as previously 582 
published, the freeze-drying process was adjusted to these formulations15. The hydrodynamic 583 
radius of the polyplexes is considered correct when it ranges around 150–220 nm. Besides, the 584 
PDI must be constant, approximately 0.2, but it is accepted up to 0.3. Therefore, neither size nor 585 
PDI showed significant differences before and after lyophilization, as shown here using 586 
representative results. Also, nanoparticle sizing was performed with NTA, to confirm the 587 
previously obtained results. Any value outside the ranges specified above is considered a 588 
negative result, and particles should be discarded for further use. 589 
 590 
During the physicochemical characterization of this type of sample, it is convenient to compare 591 
the results obtained by DLS with the results obtained by NTA. Both techniques determine the 592 
hydrodynamic radius of the particles by measuring the diffusion coefficient. The number of 593 
nanoparticles counted per frame in NTA is between 80 and 100 to accurately track the particles. 594 
Surface charge was also characterized to ensure the positive charge of the nanoparticles, 595 
facilitating electrostatic interaction with the cell membrane. Finally, the morphology of the 596 
polyplexes was characterized by Transmission Electronic Microscopy (TEM). Figure 3 confirms 597 
the formation of spherical and monodisperse nanoparticles of an approximate size of 50 nm 598 
diameter. Smaller diameters were obtained by analyzing TEM images as both NTA and DLS 599 
measure the hydrodynamic diameters. Although a smaller size is always expected when 600 
performing electron microscopy measurements16,17, as compared to scattering measurements, 601 
it is essential to highlight here that the difference is almost 100 nm, which is usually not expected. 602 
This is attributed to the high hygroscopic character of these nanoparticles, given by both the 603 
encapsulated mRNA and the end terminal oligopeptides composing the polymer. 604 
 605 
mRNA encapsulation efficiency determination 606 
Another critical parameter to measure is the ability of the nanoparticles to encapsulate the 607 
mRNA, which is the active principle and needs to be encapsulated to achieve its protection from 608 
nucelases18–20. The protocol has been developed to analyze the encapsulation efficiency (EE; in 609 
%) of nucleic acid entrapment following the supplier’s instructions. The obtained value gives an 610 
idea about the nucleic acid percentage that is successfully entrapped into the nanoparticles. 611 
RiboGreen dye, a fluorescent nucleic acid stain, is used for this purpose. The protocol consists of 612 
quantifying any RNA that remains accessible to the fluorescent dye. To quantify the total RNA, 613 
the nanoparticles need to be disassembled, and Heparin is used for this purpose. 614 



 

 615 
Table 4 shows the encapsulation efficiency (EE%) of the OM-pBAE polyplexes encapsulating both 616 
GFP and OVA mRNA, as proof of concept. RiboGreen fluorescence assay allows calculating the 617 
amount of mRNA entrapped in the nanoparticles after disassembly by heparin addition to release 618 
their content. The efficiency values obtained must be higher than 80% and, as demonstrated 619 
here, do not show significant differences depending on the type of mRNA. Lower encapsulation 620 
efficiency values represent a negative result and constitute a signal for discarding these 621 
formulations. These results confirm the high encapsulation capacity of the mRNA of OM-pBAE, 622 
its versatility, and its promising application in gene delivery. 623 
 624 
In vitro representative results 625 
It is essential to determine the capacity of pBAEs polyplexes. First, to transfect and, second, to 626 
activate immune cells14. Transfection efficiency is assessed by two different techniques, using 627 
eGFP as the reporter mRNA: fluorescence microscopy to visually determine the reporter protein 628 
and flow cytometry expression to quantify the transfection efficiency. A fluorescent microscope 629 
equipped with a CCD camera, 5x, 10x, 20x, and 40x objectives and UV, blue and green filter lasers 630 
were employed to qualitatively determine the expression of eGFP protein in JAWSII cell line, a 631 
murine dendritic cell line. eGFP protein has an excitation maximum at 488 nm, corresponding to 632 
blue laser, and an emission maximum around 510 nm, corresponding to green color. To quantify 633 
the transfection efficiency expression of the target protein, flow cytometry analysis of the 634 
transfected cells is performed after 24 h of the transfection with pBAEs polyplexes with eGFP 635 
mRNA. A fixation step is helpful when cells have been transfected with fluorescent reporters such 636 
as GFP or RFP. 637 
 638 
Figure 4 shows the qualitative analysis of the eGFP expression after 24 h of transfection in JAWSII 639 
cell line. Again, compared to the negative control, the eGFP reporter signal is significatively 640 
higher. Also, Table 5 shows the transfection efficiency displayed by OM-pBAE nanoparticles in 641 
JAWSII cell line. Again, the efficiency values are comparable to positive control performed with a 642 
classical transfection reagent. 643 
 644 
The capacity of pBAEs NPs loaded with OVA mRNA to activate model immune cells has been 645 
assessed transfecting JAWSII cell line, a murine immature dendritic cell line. To determine the 646 
activation of the immune cells, two different markers: CD11b and CD86 were employed. First, 647 
select the proper fluorophores for the flow cytometer configuration. Here, PerCP-Cy5.5 (CD11b) 648 
and PE (CD86) are used. Immature and non-activated cell lines must show a CD11b-/CD86- 649 
profile, whereas activated cells must present a CD11b+/CD86+ profile. The blue laser at 488 nm 650 
is used to determine the target protein expression, and an anti-OVA antibody plus a secondary 651 
anti-mouse-Alexa488 antibody was employed. Table 6 shows the final panel employed in this 652 
experiment. Figure 5 shows the capacity of OVA mRNA-loaded OM-pBAE nanoparticles to 653 
activate DCs, which is indicative of the activation of the cellular immune response. Non-654 
transfected cells show a low number of cells expressing the CD11b and CD86 membrane markers, 655 
whereas the mRNA OVA OM-pBAEs treated cells show a significatively increased expression of 656 
the CD11b and CD86 markers. This result suggests that OM-pBAE nanoparticles promote 657 
maturation. Altogether, these results confirm the capacity of OM-pBAEs nanoparticles to 658 



 

efficiently transfect dendritic cells and mediate the activation of the immune response promoting 659 
the maturation of immature DCs. 660 
 661 
FIGURE AND TABLE LEGENDS: 662 
 663 
Figure 1: Schematic representation of the whole synthetic protocol. In this figure, the mRNA 664 
vaccine synthesis steps are detailed, including the critical characterization parameters. 665 
 666 
Figure 2: Synthesis of C6-pBAE oligopeptide end-modified (OM-pBAE). (A) Raw chemicals to 667 
perform the Michael addition. (B) pBAE + oligopeptide. (C) OM-pBAE. R can be Histidine (H) or 668 
Lysine (K). 669 
 670 
Figure 3: TEM images of fresh GFP mRNA encapsulating OM-pBAE nanoparticles. Polyplexes 671 
were negatively stained for electronic microscopy characterization. Monodisperse particles of 672 
approximately 60 nm diameter are shown. (A) and (B) images represent two different 673 
microscopies of the same sample. 674 
 675 
Figure 4: Fluorescence microscopy imaging of JAWSII transfected cells with OM-pBAE/eGFP 676 
mRNA nanoparticles. (A) Bright field image. (B) GFP fluorescence (in green). (C) Composite of the 677 
previous two images. Scale bars = 100 mm. 678 
 679 
Figure 5: Activation of JAWSII after transfection with OM-pBAE/OVA mRNA nanoparticles. 680 
Negative control (CN) values correspond to the black label. Transfected cells correspond to the 681 
gray label. Bars correspond to the standard deviation (SD) of three replicates. 682 
 683 
Table 1: Parameters to create an SOP for size measurements. 684 
 685 
Table 2: Parameters to create an SOP for zeta potential measurements. 686 
 687 
Table 3: Physicochemical characterization of mRNA encapsulating OM-pBAE nanoparticles. GFP 688 
mRNA encapsulating OM-pBAE polyplexes were characterized immediately after preparation – 689 
fresh- and after lyophilization process to ensure the stability of the particles. DLS and NTA sizing, 690 
and surface charge data are shown. 691 
 692 
Table 4: Encapsulation efficiency (EE%) data of mRNA encapsulating OM-pBAE nanoparticles. 693 
Encapsulation efficiency percentages of GFP and OVA mRNA encapsulating OM-pBAE 694 
nanoparticles. RiboGreen fluorescence assay was performed on lyophilized samples to assess the 695 
amount of mRNA entrapped in the polyplexes. 696 
 697 
Table 5: Transfection efficiency of OM-pBAE/eGFP mRNA nanoparticles in JAWSII cell line. 698 
Transfection efficiency was tracked by flow cytometry. 699 
 700 
Table 6: Flow cytometry panel. This panel was used for flow cytometry studies to determine the 701 
in vitro functionality of the mRNA vaccine. 702 



 

 703 
Table S1A: Ribosomal RNA standard. 704 
 705 
Table S1B: RNA:pBAE with heparin standard. 706 
 707 
Table S1C: Heparin standard. 708 
 709 
Figure S2: 1H-NMR proton spectra of C6-pBAE and OM-pBAE. (A) 1H-NMR from the C6-pBAE. 710 

Chloroform-d was used as solvent ( = 7.25 ppm). (B) 1H-NMR from the C6CH3. D2O was used as 711 

solvent ( = 4.64 ppm). 712 
 713 
Supplementary information: See the Supplemental File with all Supplementary information 714 
included. 715 
 716 
DISCUSSION: 717 
After the outbreak of the Covid-19 pandemic last year, the importance of vaccines in terms of 718 
infectious disease control has manifested as a critical component8. Efforts from scientists 719 
worldwide have enabled the release to the market of many vaccines, and, for the first time in 720 
history, mRNA vaccines have demonstrated their previously hypothesized success. Thanks to 721 
their rapid design because of their capacity to adapt to any novel antigen within some 722 
months5,6,21. mRNA, or messenger ribonucleic acid, refers to the nucleic acids that drive protein 723 
synthesis from encoded information in the DNA. In here, for vaccination purposes, the mRNA 724 
codifies for an antigenic protein belonging to the infectious microorganism (or to a tumor antigen 725 
in case of therapeutic tumor vaccination)8,22. In this context, it is critical for the scientific 726 
community to have clear protocols for synthesizing mRNA vaccines. 727 
 728 
With this idea in mind, a straightforward procedure for synthesizing mRNA vaccines based on the 729 
proprietary polymeric nanoparticles was aimed to be described26. As described in the protocol 730 
section, first, the polymers are synthesized using a two-step procedure based on a Michael 731 
addition of primary amines to acrylate groups to synthesize polymer backbones, followed by the 732 
addition of terminal oligopeptides to give the enhanced cationic character and capacity to escape 733 
from endosomes to the resulting polymers12–14. Then, in a further step, nanoparticles are 734 
prepared by mixing the polymers with the mRNA to achieve their electrostatic interaction to form 735 
small nanometric particles. 736 
 737 
Although the synthesis of the polymers is a straightforward protocol, the same cannot be said for 738 
the nanoparticle formulation. Many collaborators worldwide have used these polymers and have 739 
found common critical steps when referring to the preparation and use of the particles. Taking 740 
into account that the synthesis is by manual mixing, the user abilities play a crucial role. The 741 
trickiest step is mixing the polymer and the mRNA, which must take place in a controlled way, as 742 
it must be done for the further precipitation step of the mixture to the water and the buffer 743 
addition. Any modification on the mechanics of mixing the two components will result in 744 
microparticles (instead of nanoparticles), which cannot be used for humans. Therefore, mixing is 745 
one of the troubleshooting steps that needs some practice to be achieved correctly. 746 



 

 747 
Another striking point is freeze-drying. As it is widely known, it represents one of the bottleneck 748 
steps of nanoformulations. In this specific case, it took some years to adjust all the parameters 749 
and describe a protocol that succeeded15. Even having that adjusted, another critical step of the 750 
protocol is the redispersion of the formulations, which, if not performed correctly, bring 751 
nanoparticles’ aggregation and they lose their functionality. In this case, it is a must to rapidly 752 
place the formulations in a dry, slightly cold environment to avoid their uncontrolled rehydration. 753 
Due to their high hygroscopic nature, special attention must be put to rehydrate them in a 754 
controlled way by carefully pipetting up and down all the sticky powder formed by lyophilization. 755 
If the samples rehydrate in a non-controlled way, they will immediately aggregate forming a 756 
translucid to opaque dispersion. 757 
 758 
Although the critical steps are mentioned here, the protocol for synthesizing pBAE polyplexes is 759 
easy and rapid, which is advantageous among other synthesis methods of the gene delivery 760 
systems. Here, the specific application of mRNA vaccination has been provided in detail. 761 
However, it represents a versatile methodology that can also be applied to encapsulate other 762 
types of nucleic acids and non-vaccine use, such as in oncology and cardiovascular fields, as 763 
published previously13,23,24. 764 
 765 
In conclusion, this protocol will enable these proprietary polymers to be available to the scientific 766 
community to design novel mRNA vaccines while avoiding all this troubleshooting. These 767 
polymers are advantageous compared to other mRNA lipid formulations regarding the possibility 768 
of freeze-drying, long-term stability, and decrease of storage and distribution costs by not 769 
requiring ultra-cold temperatures. Therefore, it is expected that OM-pBAE vaccines play a vital 770 
role in the vaccination field for prophylactic and therapeutic applications. 771 
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Material Microvesicles

Refractive index 1.4

Absortion 0.01

Dispersant Water

Temperature (°C) 25

Viscosity (cP) 0.8872

Refractive index 1.33

Temperature (°C) 25

Equilibration time 10

Cell Cell type DTS1070

Material
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Temperature
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NTA

GFP mRNA/OM-pBAE T (oC)
Hydrodinamic diameter (nm)

Lyophilized 25 135 ± 35

Fresh 25 124 ± 32
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DLS

Hydrodinamic diameter (nm)
PDI

Surface charge 

(mV)

32 ± 0.7

34 ± 0.7138 ± 2 0.17 ± 0.02

134 ± 8 0.2 ± 0.04



EE%

GFP mRNA/OM-pBAE 82.3 ± 1.5

OVA mRNA/OM-pBAE 83.1 ± 1.5
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Sample % GFP positive cells SD

Negative Control 1.85% 0.21%

OM-pBAE/eGFP mRNA 

transfected cells
57.79% 5.28%
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Antibody Cells stained Fluorescent label

CD11b Activated DCs PerCP-Cy 5.5

CD86 Activated DCs PE

α-mouse AlexaFluor488 OVA positive cells AlexaFluor 488
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Editorial comments: 
 
 

Changes to be made by the Author(s): 
 

1. Please thoroughly proofread the manuscript. 
As indicated, we have proofread the hole manuscript 
 

2. The manuscript is formatted to match the journal style. Please review. 
We have revised the manuscript format and we agree with its current form. 
 

3. Please avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). This 
has been taken care of as far as possible. 
OK 
 

4. Upto 3 pages of the Protocol can be highlighted for filming, including headings 
and spacings. Also, the highlighted part must be in line with the title of the 
manuscript. Hence, some characterization sections should be included in the 
video. I have highlighted some characterization sections (Steps 6 and 7). Please 
review to make sure whether they can be filmed or not. However, you can 
include/exclude any sections from highlighting; please ensure that the 
highlighting does not exceed the 3-page limit, and is making a cohesive story for 
the script. 
We agree with the highlighted part to be filmed. 
 

5. In the software, please ensure that all button clicks and user inputs are provided 
throughout. Also, please ensure that the button clicks are bolded. 
We checked it. 
 

6. Figure 1: Please modify the degree symbol—for example, 25 °C, 90 °C, etc. 
Done. 
 

7. Please ensure that the references appear as the following: [Lastname, F.I., 
LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – 
LastPage (YEAR).] 

For more than 6 authors, list only the first author then et al. I have formatted 
Reference 1; please follow the same for all. 
Done. 
 

8. Additional comments are in the attached manuscript. 
All them revised. 
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Supplementary information S1: Encapsulation efficiency methodological details 
 

Table S1A. Ribosomal RNA standard. 

Final mRNA 
(µg/mL) 

Ribosomal RNA 
standard 

TE buffer 
1X 

Solution 

0.2 2 µL stock 998 µL A 

0.15 187.5 µL solutionA 62.5 µL B 

0.1 250 µL solutionA 250 µL C 

0.05 250 µL solutionC 250 µL D 

0.025 250 µL solutionD 250 µL E 

 
Table S1B. RNA:pBAE with heparin standard 

Final mRNA 
(µg/mL) 

RNA:PBAE stock 
(6 µg/mL) 

Heparin               
(100 µg/µL) 

TE buffer 1X 

0.2 8 µL 45 µL 197 µL 

0.15 6 µL 33.75 µL 210.25 µL 

0.1 4 µL 22.5 µL 223.5 µL 

0.05 20.75 µL * 11.25 µL 218 µL 

0.025 10.5 µL* 5.62 µL 233.8 µL 

 
Table S1C. Heparin standard 

Final heparin (µg/µL) Heparin  (100 µg/µL) TE buffer 1X 

18 45 µL 205 µL 

13.5 33.75 µL 216.25 µL 

9 22.5 µL 227.5 µL 

4.5 11.25 µL 238.75 µL 

2.25 5.62 µL 244.38 µL 
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Supplementary information S2: Polymers characterization 
Figure S2A shows the NMR proton spectra of the C6-pBAE. Chloroform-d was used as 

solvent (=7.25 ppm). Peaks between 5.7 ppm and 7.4 ppm correspond to the olefins’ 
signals associated to terminal acrylates of C6-pBAE. Once the peptides are added to the 
C6-pBAE, the resulting OM-pBAE is also characterized using 1H-NMR. Figure S2B shows 
the NMR proton spectra of an example C6-peptide using Cys-His-His-His. D2O was used 

as solvent ( =4.64 ppm). The disappearance of the olefins’ signals associated to terminal 
acrylates (between 5 and 7 ppm) indicate the reaction of the CH3 oligopeptides since it 
is done by the acrylates of the polymer. Furthermore, the presence of peaks between 7 
and 8.5 ppm indicates the presence of the histidine oligopeptide (-N(=CH)-NH-C(=CH)-).  
 

C6-pBAE  
1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 6.40 (d, CH2=CH-), 6.10 (d, CH2=CH-), 5.83 
(d, CH2=CH-), 4.18 (br, CH2-O-C(=O)-CH-CH2), 4.09 (t, -CH2-CH2-O-), 3.62 (t, CH2-CH2-OH), 
2.78 (br, -CH2-CH2-N-), 2.45 (br, -N-CH2-CH2-C(=O)-O), 1.83–1.60 (br, -O-CH2-CH2-CH2-
CH2-O), 1.40-1.18 (br, -CH2-CH2-CH2-CH2-OH, N-(CH2)2-CH2-(CH2)2-OH), 0.88 (t, CH2-CH2-
CH3). 
 
CH3-C6  
1H-NMR (400 MHz, D2O, TMS) (ppm): δ = 8.0-7.0 (br -N(=CH)-NH-C(=CH)-) 4.61-4.36 (br, 
-CH2-CH-), 4.16 (t, CH2-CH2-O-), 3.55 (t, CH2-CH2-OH), 3.18 (t, CH2-CH2-N-), 3.06 (dd, -CH2- 
CH-), 2.88 (br, OH-(CH2)4-CH2-N-), 2.82 (dd, -CH2-S-CH2-), 2.72 (br, -N-CH2-CH2-C(=O)-O), 
1.75 (br, -O-CH2-CH2-CH2-CH2-O), 1.65 (m, NH2-CH2-CH2-(CH2)2 -CH-), 1.58 (br, -CH2-CH2-
CH2-CH2-OH), 1.40 (br, -N-(CH2)2-CH2-(CH2)2-OH), 0.88 (t, CH2-CH2-CH3). 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S2 1H-NMR proton spectra of C6-pBAE and OM-pBAE. A. 1H-NMR from the C6-
pBAE. B. 1H-NMR from the C6CH3.  
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