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Table s1. Preparation of hybrid lipid/polymer particles varying the N/P ratio and the manufacturing method. The 

sum of the N/P ratio is equal to 2. The weight ratio is given in percent Protamine:DOTAP:RNA (P:D:R.) 

 Name/Remark Overall N/P ratio: 2 Conc. 

Protamine 

Conc. 

DOTAP 

Conc. 

RNA 

Weight 

ratio 

(P:D:R) 

   N/P ratio 

Protamin

e 

N/P ratio 

DOTAP 

[mg/ml] [mg/ml] [mg/ml] [%] 

 DOTAP/mRNA (0%) 0 2 0 1 0.25 (0/80/20) 

 PCLOW (15%) 0.3 1.7 0.06 0.85 0.25 (5/73/22) 

I PCMID (45%) 0.9 1.1 0.18 0.55 0.25 (18/56/26) 

 PCHIGH (85%) 1.7 0.3 0.35 0.15 0.25 (47/20/33) 

 PSLOW (15%) 0.3 1.7 0.6 0.85 0.25 (5/73/22) 

II PSMID (55%) 1.1 0.9 0.22 0.44 0.25 (24/48/27) 

 PSHIGH (85%) 1.7 0.3 0.35 0.15 0.25 (47/20/33) 

 MPLOW (15%) 0.3 1.7 0.06 0.85 0.25 (5/73/22) 

III MPMID (45%) 0.9 1.1 0.18 0.55 0.25 (18/56/26) 

 MPHIGH (85%) 1.7 0.3 0.35 0.15 0.25 (47/20/33) 

 Protamine/mRNA 

(100%) 

2 0 0.41 0.00 0.25 (62/0/38) 

 

Table s2. Physicochemical evaluation / characterization results from the three different systems, each with three 

different Protamine concentrations. ZAverage, PDI and Zeta potential was obtained from DLS/ELS. Free mRNA 

in H2O and FBS was obtained from the Quant-iT™ Ribogreen® RNA reagent kit. Data are shown as mean ± S.D. 

for each experiment. 



Name  

Protamine 

contribution to 

overall positive 

charge [%] 

ZAverage [nm] PDI Zeta Pot. [mV] 

Accessible 

mRNA in TE-

buffer [%] 

DOTAP/mRNA 0 154±13 0.23±0.005 67±4 6.3±4 

PCLOW 15 148±48 0.21±0.06 48±27 3.8±1.6 

PCMID 45 146±21 0.20±0.04 39±19 3.3±1.8 

PCHIGH 85 160±43 0.26±0.13 35±20 4±1 

PSLOW 15 166±10 0.25±0.04 38±24 4.6±1.8 

PSMID 55 202±46 0.26±0.11 28±14 4.3±0.7 

PSHIGH 85 234±75 0.26±0.07 27±9 5±1.8 

MPLOW 15 217±41 0.21±0.03 47±18 9.8±5.5 

MPMID 45 182±27 0.19±0.02 44±12 9.8±5.4 

MPHIGH 85 147±38 0.18±0.04 34±17 6.8±4.1 

Protamine/mRNA 100 305±47 0.31±0.06 29±6 5.7±4.4 

PCMID intermediate 151±35 0.15±0.05 -24±5 n.a. 

PSMID intermediate 188±5 0.31±0.04 -14±8 n.a. 

MPMID intermediate 211±39 0.36±0.02 79±3 n.a. 

 

Figure s1. Contrast matching point analysis. I0 was obtained by extrapolating the scattering curve at low q values. 

The square root of I0 plotted against the D2O concentration in buffer yield the D2O matching point and scattering 

length densities of protamine. 

 



 

Figure s2. Contrast matching point analysis. I0 was obtained by extrapolating the scattering curve at low q values. 

The square root of I0 plotted against the D2O concentration in buffer yield the D2O matching point and scattering 

length densities of DOTAP. 

 

Figure s3. Contrast matching point analysis. I0 was obtained by extrapolating the scattering curve at low q values. 

The square root of I0 plotted against the D2O concentration in buffer yield the D2O matching point and scattering 

length densities of RNA. 

 



 

Figure s4. Contrast matching point analysis. I0 was obtained by extrapolating the scattering curve at low q values. 

The square root of I0 plotted against the D2O concentration in buffer yield the D2O matching point and scattering 

length densities of PSMID. 

 

Figure s5. Contrast matching point analysis. I0 was obtained by extrapolating the scattering curve at low q values. 

The square root of I0 plotted against the D2O concentration in buffer yield the D2O matching point and scattering 

length densities of PCLOW. 

 



 

Figure s6. Contrast matching point analysis. I0 was obtained by extrapolating the scattering curve at low q values. 

The square root of I0 plotted against the D2O concentration in buffer yield the D2O matching point and scattering 

length densities of PSHIGH. 

 

Figure s7. CMP analysis of the peak at a q-range from 0.077-0.14 Å -1. √(Σ(I(sample) - I(blank))) was plotted against 

the D2O concentration in buffer to yield the D2O matching point and scattering length densities of the PCLOW peak. 

For DOTAP the contrast matching is approx. ~10 %, for protamine ~36 % and for mRNA ~67 %. 

Considering the mass ratio and the theoretical contrast matching values from the single components, a 

theoretical D2O amount in medium can be estimated for which the scattering of the particles is matched. In 



general, all obtained contrast matching points are comparably lower than those expected, indicating a 

systemic error in the results. Nonspecific aggregation results in an increase at low q values and 

overestimation of both ,radius of gyration (Rg) and I(0), and therefore can result in lower overall contrast 

matching points [1]  

 

Table s3: Theoretical and measured contrast matching points of the single components and the respective 

particle systems [2,3]. 

Sample Weight ratio (P:D:R) 

[%] 

Estimated D2O matching 

point[%] 

Obtained D2O contrast matching 

point [%] 

DOTAP (0:100:0) 10-15 [3] 10 

Protamine (100:0:0) 45-50 [3] 36 

mRNA (0:0:100) 65-70 [3] 65 

PCLOW (5/73/22) 22-26 20 

PSMID (24/48/27) 29-33 29 

PSHIGH (47/20/33) 42-46 40 

 

 

 

 

Figure s8. HEK293 cell viability of Protamine/DOTAP hybrid core/shell nanoparticles at different concentrations 

in comparison to sole Protamine/mRNA and DOTAP/mRNA particles. 
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Figure s9. C2C12 cell transfection of different Protamine/DOTAP hybrid core/shell nanoparticles at different 

concentrations in comparison to sole Protamine/mRNA and DOTAP/mRNA particles. 

 

Figure s10. C2C12 cell viability of Protamine/DOTAP hybrid core/shell nanoparticles at different concentrations 

in comparison to sole Protamine/mRNA and DOTAP/mRNA particles. 
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