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Molecular Chameleon Carriers for Nucleic Acid Delivery:
The Sweet Spot between Lipoplexes and Polyplexes

Sophie Thalmayr, Melina Grau, Lun Peng, Jana Pöhmerer, Ulrich Wilk, Paul Folda,
Mina Yazdi, Eric Weidinger, Tobias Burghardt, Miriam Höhn, Ernst Wagner,*
and Simone Berger*

Taking advantage of effective intracellular delivery mechanisms of both
cationizable lipids and polymers, highly potent double pH-responsive nucleic
acid carriers are generated by combining at least two lipo amino fatty acids
(LAFs) as hydrophobic cationizable motifs with hydrophilic cationizable
aminoethylene units into novel sequence-defined molecules. The
pH-dependent tunable polarity of the LAF is successfully implemented by
inserting a central tertiary amine, which disrupts the hydrophobic character
once protonated, resulting in pH-dependent structural and physical changes.
This “molecular chameleon character” turns out to be advantageous for
dynamic nucleic acid delivery via lipopolyplexes. By screening different
topologies (blocks, bundles, T-shapes, U-shapes), LAF types, and
LAF/aminoethylene ratios, highly potent pDNA, mRNA, and siRNA carriers
are identified, which are up to several 100-fold more efficient than previous
carrier generations and characterized by very fast transfection kinetics. mRNA
lipopolyplexes maintain high transfection activity in cell culture even in the
presence of ≥90% serum at an ultra-low mRNA dose of 3 picogram (≈2
nanoparticles/cell), and thus are comparable in potency to viral nanoparticles.
Importantly, they show great in vivo performance with high expression levels
especially in spleen, tumor, lungs, and liver upon intravenous administration
of 1–3 μg luciferase-encoding mRNA in mice.

1. Introduction

Cationic transfection agents comprise cationic lipids as well
as cationic polymers and peptides for the complexation of

S. Thalmayr, M. Grau, L. Peng, J. Pöhmerer, U. Wilk, P. Folda, M. Yazdi,
E. Weidinger, T. Burghardt, M. Höhn, E. Wagner, S. Berger
Pharmaceutical Biotechnology
Center for Nanoscience
Ludwig-Maximilians-Universität Munich
Butenandtstrasse 5–13, 81377 Munich, Germany
E-mail: ernst.wagner@cup.uni-muenchen.de; simone.berger@cup.uni-
muenchen.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202211105

© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202211105

negatively charged nucleic acids into
lipoplexes or polyplexes, respectively.[1]

The cationic carriers support attach-
ment of positively charged nucleic acid
nanoparticles to cells and endocytosis
via various intracellular routes.[2] With
regard to crossing cellular lipid mem-
branes into the cytosol, lipoplexes take
advantage of the fusion of cationic lipids
with anionic lipids of the endosome host
membrane.[2a,3] In contrast, endosomal
escape of polyplexes appears mechanis-
tically not completely clarified.[4] Various
mechanisms are considered, including
host membrane rupture after cationic poly-
mer interactions with negatively charged
endosomal membrane components such
as bis(monoacylglycero)phosphate.[5]

In several cases, inclusion of endoso-
molytic peptides or hydrophobic domains
was found to strongly enhance carrier
efficiencies.[6] Cationizable polymers (“pro-
ton sponges”) such as polyethylenimine
(PEI)[4a,7] or histidine-lysine peptides[8]

display favorable transfection properties
for several reasons. Endosomal protonation

enhances their positive charge density for localized phospholipid
membrane disruption, which has been postulated to be addi-
tionally promoted by osmotic swelling of endosomes.[4b,9] Impor-
tantly, endosomal pH-specific protonation is considered to avoid
a direct damage to the cytosolic membrane and thus to reduce
cytotoxic side effects. Indeed, the endosomal protonation strat-
egy was also successfully applied in the development of cationiz-
able lipids, lipidoids, and corresponding lipid nanoparticle (LNP)
formulations.[10] Nevertheless, even for effective LNP formula-
tions the endosomal barrier is still significant. For initial LNP ver-
sions, a limited escape of only 1%–2% of cargo was reported.[11]

Our previous work incorporated the cationizable polyethylen-
imine motif into artificial oligoamino acids such as succinoyl
tetraethylene pentamine (Stp).[12] Using solid-phase synthetic
technology and these artificial oligoamino acids, small libraries
of sequence-defined artificial oligoaminoamide (OAA) peptides
with precise chemical structure and topology were designed and
evaluated for the delivery of various nucleic acid cargos.[12,13]

Apart from cationizable amino acids, libraries included also ad-
ditional hydrophilic or lipophilic domains and residues as well
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Scheme 1. Design strategy of double pH-responsive lipo amino fatty acid (LAF) – Stp oligoaminoamide (OAA) carriers by combining previously estab-
lished highly effective delivery modules. Left, lipo-oligoaminoamides with polar cationizable succinoyl tetraethylene pentamine (Stp) units and perma-
nently lipidic residues.[17b,18b,19b,c] Right, apolar cationizable lipids containing tertiary amines.[10a,20] Center, novel LAF carriers with both apolar (LAF)
and polar (Stp) cationizable units. FA, fatty acid; LinA, linoleic acid; NonOcA, 8-nonanamido octanoic acid; OHSteA, hydroxystearic acid (hydroxyl group
at position C9 or C10); OleA, oleic acid.

as different topologies based on branching points. Notably, upon
such chemical evolution of nanocarrier libraries[14] distinct ex-
pected differences in cargo requirements[15] were observed. Plas-
mid DNA (pDNA) polyplexes containing only hydrophilic cation-
izable domains and optionally polyethylene glycol (PEG) shield-
ing and receptor targeting domains were found suitable for
pDNA compaction, intravenous delivery, and tumor-specific ther-
apeutic gene transfer in vivo.[16] For the far smaller double-
stranded small-interfering RNA (siRNA), lipidic residues and
additional stabilizing measures were important for the forma-
tion of stable siRNA lipopolyplexes and efficient in vivo gene
silencing.[17] Also for Cas9/single guide RNA (sgRNA) ribonucle-
oprotein (RNP) polyplexes and phosphorodiamidate morpholino
oligomers (PMO) conjugates, incorporation of hydrophobic fatty
acid residues was required.[18] For larger nucleic acid chains,
such as pDNA and messenger RNA (mRNA), stabilization by hy-
drophobic residues presents a double-edged sword; high stabil-
ity may be useful during the delivery process, but also hamper
release at the intracellular target site of action.[19] For example,
in a library of T-shaped lipo-OAAs containing two saturated fatty
acids with chain lengths between C2 and C18, the carriers con-
taining short C6 to C10 fatty acids displayed lower polyplex stabil-
ity, but a higher endosomolytic activity and a 500-fold higher gene
expression than the polyplex-stabilizing C18 carrier analogs.[19b]

For mRNA lipopolyplexes the balancing act between stability and
cargo release was even more difficult and was handled best by
placing a bioreducible disulfide bond between the cationizable
hydrophilic polycationic backbone and the hydrophobic domain
for dynamic mRNA release after reductive removal of the fatty
acids in the cytosol.[19c]

The aim of the current study was to introduce a dynamic
protonation-triggered change in lipophilicity of the lipidic car-

rier subdomain. In our previous carriers, polar cationizable OAA
backbones were modified with standard non-cationizable, per-
manently lipidic residues. In contrast, we now combined estab-
lished cationizable OAAs with one or several novel lipidic do-
mains which can switch polarity like a chameleon by reversible
protonation. This new approach of combined reversible cation-
ization of both hydrophilic and lipophilic domains was consid-
ered to i) enable host / endosomal membrane destabilization by
both cationic and lipidic mechanisms, and ii) result in dynamic
binding, protection, and release of the cargo nucleic acid. As
demonstrated in the following, this strategy results in novel carri-
ers for pDNA, mRNA, and siRNA transfer with up to several 100-
fold higher efficiency than the previous carrier generation even at
extremely low dosages. Notably, the novel carriers turned out to
be as potent as viruses on nanoparticle basis in terms of mRNA
delivery in cell culture and showed great performance in vivo.

2. Results and Discussion

2.1. Design and Synthesis of Novel Carriers

The current library of novel nucleic acid carriers was developed
based on several considerations as outlined in the following
(Scheme 1).

The OAA-based polyplex delivery benefits from endosomal es-
cape by the protonatable Stp unit (Scheme 1, left). Incorpora-
tion of fatty acids promotes chain-length dependent nanoparti-
cle stabilization due to hydrophobic interactions.[13a,19b,c,21] The
longer the fatty acid chain length, the more stable the nanopar-
ticles. However, shorter fatty acids with lengths around C6
to C10 were figured out to be more beneficial for transfec-
tion efficiency,[19b] suggesting that an optimal balance between
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extracellular nanoparticle stability and sufficient intracellular
cargo release has to be found. A polar amide bond in the cen-
ter of a C18 chain (modified fatty acid NonOcA, 8-nonanamido
octanoic acid, see Scheme 1, left, bottom) completely disrupted
the characteristics of the long aliphatic chain and resulted in sim-
ilar behavior of the nanocarrier like shorter C9 fatty acid analogs
in terms of nanoparticle stability and transfection efficiency.[19c]

In addition, the chain length of saturated fatty acids was also ob-
served to modulate the lytic activity.[19b,c,21a] The highest mem-
branolytic activity was found for carbon chain lengths of C8 to
C14, the lowest for fully saturated C18 chains. Introduction of
double bonds or hydroxylation in the center of C18 chains fa-
vorably changed the fusogenic potential of carriers.[18,21a,22] Hy-
droxystearic acid (OHSteA; hydroxyl group at position C9 or C10,
see Scheme 1, left, bottom), for example, was found to be far
superior to stearic acid regarding the delivery of Cas9/sgRNA
ribonucleoprotein.[18b] Also for the modified fatty acid NonOcA,
the central polar amide enhanced lytic activity to similar levels as
a short C9/C9 chain.[19c,22] Based on this, we considered that in-
troducing a cationizable tertiary amine into the center of a longer
hydrocarbon fatty acid (Scheme 1, center) might prevent too high
stability as well as drastically and transiently change the lytic ac-
tivity upon reversible cationization.

Isolated tertiary amino groups have a high pKa value far
above neutrality, but this is strongly dependent on the surround-
ing microenvironment.[23] Notably, LNPs known as highly ef-
fective nucleic acid carriers (Scheme 1, right) contain tertiary
amines that are protonated in their apolar lipid formulation en-
vironment at rather low physiological pH only (apparent pKa
≈6–7).[10a,20a,23,24] Other examples include coblock polymers con-
taining polymer blocks with tertiary amino groups such as di-
isopropylamino (DIPA) or di-butylamino side chains that have al-
ready been used to modulate polymer micelle stability in physio-
logical environment in a highly pH-specific manner,[25] including
pH-responsive siRNA micelleplexes.[26] Furthermore, the endo-
somal pH-responsiveness of a hydrophobic DIPA polymer block
was utilized by Pun and colleagues in the tri-block copolymer
VIPER (virus-inspired polymer for endosomal release) for pDNA
and siRNA delivery.[6a,b]

In our current work, the concept of reversible protona-
tion/deprotonation of tertiary amines in a hydrophobic environ-
ment was applied to alter the hydrophobic character of the lipidic
domain within the carriers in a dynamic pH-dependent manner.
This dynamic lipophilic domain was combined with the previ-
ously reported, cationizable polar aminoethylene motif Stp[13a]

(Scheme 1, center). By this, the double pH-responsive carriers
and corresponding nucleic acid nanoparticles may adapt to the
microenvironment like chameleons, switching between water-
solubility and -insolubility in dependence on their protonation
state and lipidic surrounding. Additionally, nanoparticle stability
might be reduced upon protonation of the tertiary amines due to
less hydrophobic interactions. All of this, together with the en-
hanced membranolytic activity upon protonation, could be help-
ful in terms of membrane transfer and effective cargo release at
its site of action.

Scheme 2 displays the synthetic design of the novel carri-
ers. The polar cationizable OAA domain assembled from Stp
units[12] and an apolar cationizable domain consisting of novel
lipo amino fatty acids (LAFs) are covalently connected via branch-

ing lysines in order to form different topologies with varying po-
sitions of the responsive domains. These arrangements result
in hydrophilic/lipophilic diblocks (i.e., combs and bundles), T-
shapes with lipophilic center, and U-shapes with lipophilic ends.
An important consideration was to vary the ratio of Stp to LAF
units and thus the hydrophilic/lipophilic balance. Standard Fmoc
solid-phase assisted peptide synthesis (SPPS) was utilized to gen-
erate this library of sequence-defined carriers. All 47 structures
with indicated identity (ID) numbers are listed in Tables S1–
S3, Supporting Information. The identity of the carriers was
proved via MALDI (matrix-assisted laser desorption/ionization)
mass spectrometry (Tables S1–S3, Supporting Information) and
1H-NMR (nuclear magnetic resonance) spectroscopy (for ana-
lytical data see Experimental Section). The novel LAF building
blocks were obtained by reductive amination of different amino
fatty acids with fatty aldehydes of various lengths and were ana-
lyzed via ESI (electron spray ionization) mass spectrometry and
1H-NMR spectroscopy (for analytical data see Experimental Sec-
tion). Special attention on reductive conditions had to be taken
to avoid side products by enamine-catalyzed aldol reaction. Com-
mercially non-available fatty aldehydes (i.e., tetradecanal, hex-
adecanal) were generated from corresponding alcohols and con-
firmed by EI (electron ionization) mass spectrometry, 1H-NMR,
and 13C-NMR spectroscopy (for analytical data see Experimen-
tal Section). Upon variation of the carbon chain lengths of both
amino fatty acids and fatty aldehydes, the position of the tertiary
amine within the LAFs is altered, which might have an impact on
the activity of the corresponding carriers. Regarding the nomen-
clature of LAFs, the digit (8, 10, 12, 14, 16) expresses the number
of C-atoms of the terminal alkyl chains, and the two letters repre-
sent the used amino fatty acid (“Oc”, 8-aminooctanoic acid; “He”,
6-aminohexanoic acid; “Bu”, 4-aminobutanoic acid). LAF carriers
are also named with a self-explanatory code, “LAF type–topology–
Stp/LAF ratio” (e.g., carrier ID 1611 = 12Oc–U1–1:2).

In the following, the novel LAF carriers were evaluated in
terms of physicochemical properties and their ability to efficiently
complex and deliver different nucleic acid cargos (pDNA, mRNA,
and siRNA). By this, the most beneficial LAFs, topologies as well
as Stp/LAF ratios should be figured out for the different cargos.

2.2. Formulation and Physicochemical Characterization of
Polyplexes

Nanoparticle formation was performed in HBG buffer (20 mm
HEPES, 5% (w/v) glucose; pH 7.4) by mixing equal volumes of
carrier and nucleic acid solutions at distinct nitrogen/phosphate
(N/P) ratios, followed by incubation for 40 min at room tempera-
ture (RT), as illustrated in Scheme 3. Hereby, the novel cation-
izable LAF carriers were used to complex different negatively
charged nucleic acid cargos (i.e., pDNA, mRNA, and siRNA) into
polyplexes. This self-assembly process is driven by electrostatic
and hydrophobic interactions. The N/P ratio represents the mo-
lar ratio of all protonatable nitrogens of the carrier (Stp, LAF,
terminal amine) as listed in Tables S1–S3, Supporting Informa-
tion, to phosphates of the nucleic acid and defines the nanopar-
ticle composition. Noteworthy, the N/P ratio is not equal to a
charge ratio, as not all protonatable amines are protonated at
pH 7.4 (tertiary amines of the LAFs are not protonated; not all
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Scheme 2. Library design of novel lipo amino fatty acid (LAF) containing carriers. a) Building blocks (shown in non-protected form) are used to synthesize
nucleic acid carriers with b) both apolar and polar cationizable domains, c) connected via lysines into different topologies. d) Chemical structures of
LAF carriers exemplarily shown for B2 and U1 topologies. LAF, lipo amino fatty acid; (L)-K, lysine; Stp, succinoyl tetraethylene pentamine. Nomenclature
of LAFs: The digit (8, 10, 12, 14, and 16) expresses the number of C-atoms of the terminal alkyl chains, and the two letters represent the used amino
fatty acid (“Oc”, 8-aminooctanoic acid; “He”, 6-aminohexanoic acid; “Bu”, 4-aminobutanoic acid). For combs, m = 1, 2, and 4 and n = 2, 4, and 6; for
bundles, m = 1, 2; for U-shapes, m = 1, 2 and n = 1, 2 (U1).

secondary amines of Stp protonated). Moreover, not all cationic
carriers are necessarily incorporated into the polyplexes. At least
at higher N/P ratios, some free carriers are expected to be also
present.[27]

The formed polyplexes were characterized regarding
size, polydispersity, surface charge, and nucleic acid com-
paction/encapsulation, in order to figure out if the different
nucleic acid cargos place different requirements on the LAF
carriers in terms of particle formation. Moreover, general conclu-
sions should be drawn about the relation between the structure
of the LAF carriers (e.g., topology, Stp/LAF ratio) and their ability
to form stable nanoparticles.

Scheme 3. Polyplex formation process, exemplarily illustrated for mRNA
lipopolyplexes. Addition of mRNA to LAF carrier solution at equal volumes
and distinct N/P ratio. Turbulent mixing by rapid pipetting, followed by
incubation at room temperature (RT) for 40 min, results in self-assembly
of mRNA lipopolyplexes.

2.2.1. pDNA Polyplexes

Size and zeta-potential measurements (dynamic light scattering,
DLS; electric light scattering, ELS) of pDNA polyplexes (Table S4,
Supporting Information) revealed for 12Oc carriers an N/P
ratio > 6 as suitable for polyplex formation, resulting in parti-
cles with sizes (z-average) ranging from around 65–255 nm and
zeta-potentials from around + 10–45 mV. However, combs with
only 1 Stp unit were not able to form pDNA polyplexes with a
clearly positive zeta-potential at any N/P ratio. In the case of bun-
dle structures, B1 structures were better fitting for the formation
of defined nanoparticles (≈95–255 nm, + 15–25 mV) than B2
bundles, most probably due to less sterical hindrance by the LAF
domains. Moreover, carriers (combs, bundles, U-shapes) with a
Stp/LAF ratio of 1:4 were problematic in terms of polyplex forma-
tion, resulting in nanoparticles with aggregation tendency into
μm-dimension. This suggests that a more balanced Stp/LAF ratio
(e.g., 1:2 or 2:2) might be favorable. All these findings were con-
firmed in an ethidium bromide compaction assay (Figure S1a,
Supporting Information). As expected, the pDNA compaction
improved at higher N/P ratios. Interestingly, 12Oc–U3–1:4 (1612)
polyplexes showed good compaction at all N/P ratios while aggre-
gates were determined via DLS.

In addition, carriers of the same topology but with different
LAFs were evaluated via DLS and ELS (Table S4, Supporting
Information) and the results were supported by an ethidium
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bromide assay (Figure S1b, Supporting Information). In the case
of B2–1:4 analogs, the bulky topology especially in combination
with longer LAFs (10Oc, 12He, 12Oc, 14He, 16Bu) hindered
pDNA compaction (up to ≈75% free pDNA, Figure S1b, Support-
ing Information) and thus stable polyplex formation. In contrast,
the shorter LAFs (8Oc, 12Bu) seemed to be beneficial for parti-
cle formation, leading to polyplexes with good pDNA compaction
ability (<12% free pDNA, Figure S1b, Supporting Information),
sizes ≈110–220 nm and a positive zeta-potential of + 15–20 mV
(Table S4, Supporting Information). For carriers with U1 topol-
ogy, a higher amount of Stp and LAF units per carrier in the case
of U1–2:4 analogs was beneficial for pDNA complexation and
compaction compared to U1–1:2 analogs.

2.2.2. mRNA Polyplexes

Based on the results obtained in the pDNA screening (see above)
and an agarose gel-shift assay of mRNA polyplexes (Figure S2,
Supporting Information), the N/P ratio of 6 was excluded from
the physicochemical characterization of mRNA polyplexes via
DLS and ELS (Table S5, Supporting Information). In the case
of 12Oc combs, the Stp/LAF ratio played an important role. A
higher Stp amount as well as balanced Stp/LAF ratios (i.e., 2:2
or 4:4) seemed to be more preferable for combs most probably
because of increased electrostatic and hydrophobic interactions
between cargo and carrier, leading to small-sized (≈50–100 nm),
positively charged (+ 15–25 mV) polyplexes. In the case of 12Oc
bundles, B2–1:4 (1613) performed worst and was not able to
form positively charged mRNA polyplexes with complete mRNA
binding at any N/P ratio. For the other bundles, stable particles
(≈55–180 nm) were obtained at N/P ≥ 18, indicating that a rel-
atively balanced Stp/LAF ratio (i.e., 1:2 or 2:2) might be bene-
ficial here as well. In the case of U-shapes, the tendencies were
almost the same as already observed for pDNA polyplexes. Again,
the Stp/LAF ratio of 1:4 was disadvantageous; corresponding U-
shapes formed defined particles only at higher N/P ratios (N/P 18
and 24) or not at all. Agarose gel shift assays supported the DLS
and ELS data (Figure S2, Supporting Information).

Comparing carriers of the same topology but with different
LAFs, similar results as for pDNA polyplexes were obtained
(Table S5, Supporting Information). In the case of B2–1:4
analogs, aggregation was a severe issue, especially for longer
LAFs. Yet, B2 bundles 1621 and 1752 with the short LAFs 8Oc
and 12Bu, respectively, showed favorable characteristics with par-
ticle sizes around 100–130 nm and zeta-potentials in the range
of around + 20–25 mV. For carriers with U1 topology, U1–2:4
analogs resulted in small-sized polyplexes (≈50–100 nm) with
positive zeta-potential between + 30 and + 40 mV at any tested
N/P ratio. In contrast, carriers of the U1–1:2 topology required
higher N/P ratios to form defined particles with sizes in the range
of around 70–150 nm. This suggests once more that more Stp
and LAFs per carrier were beneficial for nucleic acid compaction.
The results of the performed gel-shift assays (Figures S2 and S3,
Supporting Information) matched well with the obtained DLS
and ELS data. Also, a performed RiboGreen assay proved the find-
ings obtained from DLS and ELS measurements. Good mRNA
encapsulation efficiency was recognized for most of the tested
formulations (Table S6, Supporting Information). The U-shapes

(U1 carriers 1611 and 1719) as well as the positive controls (suc-
cPEI and 1218) incorporated mRNA to almost 100%, whereas the
tested B2 bundles with short LAFs (i.e., 1621 – 8Oc, and 1752 –
12Bu) complexed slightly less effective with around 10% of non-
compacted mRNA. B2 bundle with 12Oc (1613), which was al-
ready figured out to be problematic for nanoparticle formation
in DLS measurements (Table S5, Supporting Information), en-
capsulated only around 20%–30% of mRNA. The high amount
of free mRNA might explain the observed negative zeta-potential
of 1613 mRNA polyplexes.

In addition, stability of mRNA polyplexes over 24 h was eval-
uated via DLS and ELS measurements (Table S7, Supporting In-
formation). While U-shape carriers (exemplarily shown for 1611,
1745, and 1719) formed stable particles with no considerable size
changes over 24 h at RT, bundles (exemplarily shown for 1621 and
1752) did not. Here, a strong increase in size and polydispersity
index (PdI) was recognized. These results suggest once more that
bundles due to their bulkiness form less stable polyplexes.

2.2.3. siRNA Polyplexes

Also, for siRNA polyplexes, an N/P ratio > 6 turned out to be the
most suitable (Table S8, Supporting Information). Again, 12Oc
carriers with comb topology and only 1 Stp unit as well as 12Oc–
B2–1:4 (1613) were less promising, showing a tendency towards
aggregation or forming negatively charged polyplexes at all N/P
ratios. All LAF carriers with U-shape topology, however, were
able to form defined and homogenous siRNA complexes (≈135–
315 nm) with positive zeta-potential (+ 10–45 mV) at N/P > 6.
Only exemptions were 12Oc–U3–1:4 (1612) and 12Oc–U4–1:4
(1716). Here, a higher N/P ratio of 18 or 24 was required for
the formation of defined nanoparticles (≈150–300 nm). Over-
all, a far lower aggregation tendency was observed for siRNA
polyplexes compared to pDNA and mRNA polyplexes. This is in
line with previous work, where hydrophobic stabilization by fatty
acids was found to be important for stable and effective siRNA
lipopolyplexes.[13a,17b,21]

To sum up the findings of the physicochemical character-
ization, distinct LAF carriers could be identified for effective
complexation of the three examined cargos pDNA, mRNA, and
siRNA. For all three nucleic acids, the U-shape topology seemed
to be most promising, whereas an aggregation tendency was ob-
served for the sterically more hindered bundle structures. In the
case of bulky carriers like B2 bundles, shorter LAFs (8Oc, 12Bu)
were more beneficial for polyplex formation than longer LAFs
(such as 12Oc), leading to defined nanoparticles with positive sur-
face charge. In general, a Stp/LAF ratio of 1:4 was more challeng-
ing for nanoparticle formation, especially for pDNA and mRNA
polyplexes. This was the case for all investigated topologies, that
is, combs, bundles, and U-shapes. For many LAF carriers, an N/P
ratio of 6 was not enough to sufficiently form defined polyplexes.
However, increasing the N/P ratio often led to homogenous parti-
cle formation with N/P 12 and 18 turning out to be most suitable
for most of the LAF carriers. U-shapes of the 1 Stp series required
higher N/P ratios than those with 2 Stp units for stable polyplex
formation. For subsequent biological evaluation, the most rea-
sonable N/P ratios for the distinct LAF carriers and nucleic acids
were chosen.
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Figure 1. Dose titration of pDNA polyplexes formed with different 12Oc carriers. Luciferase expression in N2a cells at 24 h after transfection with
pCMVLuc polyplexes formed at N/P 12 in comparison to positive control LPEI (N/P 6). Evaluation of 200, 100, 50, 26, and 14 ng pDNA/well (n = 3,
mean ± SD). Significance levels: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

2.3. Biological Evaluation of Novel 12Oc Carriers

The library of novel 12Oc carriers was screened for their ability
to deliver different nucleic acid cargos (i.e., pDNA, mRNA, and
siRNA) to different tumor cell lines. For this purpose, biological
testing was conducted via luciferase reporter assay and toxicity
was assessed by MTT assay, determining the metabolic activity
of cells upon transfection.

2.3.1. pDNA Polyplexes

The whole set of novel 12Oc carriers was tested on N2a cells as
pDNA polyplexes containing reporter plasmid pCMVLuc. High
effectiveness was recognized for U1 carriers 1611 and 1719 even
at a low pDNA dose (14 ng pDNA/well) compared to standard
high dose of 200 ng pDNA per well (Figure 1). In contrast, carri-
ers of other topologies (T2–1715; B1–1710) as well as gold stan-
dard linear polyethylenimine (LPEI)[4a,16a,19b] showed a strong
pDNA dose-dependent reduction in efficiency and only moder-
ate activity at lower pDNA doses. The carriers shown in Figure 1
were selected due to good performance in a previous screening of
a variety of 12Oc carriers with different topologies at the standard
high pDNA dose of 200 ng/well (Figure S4, Supporting Informa-
tion). Comb structures exhibited lowest efficacy; similar trans-
fection efficiency like LPEI was obtained for T-shape structures
1714 and 1715, and B1 structure 1710. All these carriers have a
Stp/LAF ratio of 2:2 in common. However, U-shape structures
turned out to be the most potent pDNA carriers, especially those
with a Stp/LAF ratio of 1:2 (1611) and 2:4 (1719, 1722, 1717).
U1 structure 1611 was the best performer and outperformed
LPEI by ninefold at the highest and by more than 100-fold at the
lowest tested pDNA dose. Dose reduction of polyplexes formed
with U1 carriers resulted not only in maintaining high transfec-
tion efficiency but could also decrease toxicity observed at high
doses (Figure S5, Supporting Information). This underlines the
great potential of LAF carriers of the U-shape topology for pDNA
delivery.

2.3.2. mRNA Polyplexes

The 12Oc carrier topologies were further tested for mRNA deliv-
ery. High luciferase expression levels in N2a cells were observed
for several carriers of the U-shape topology (Figure 2). In con-
trast to previously published positive control succPEI (succiny-
lated branched polyethylenimine 25 kDa; succinylation degree of
10%),[19c] these carriers maintained high transfection efficiency
at very low mRNA doses. They could outperform the positive con-
trols succPEI and oleic acid-based lipo-OAA 1218[19c] by far, es-
pecially at the lower mRNA doses per well. Moreover, the N/P
ratio had minor to no impact on the transfection efficiency of
mRNA polyplexes formed with U-shapes (Figure S6b, Support-
ing Information). U1–1:2 (1611) and U1–2:4 (1719) as well as
U3–2:4 (1722) and U4–2:4 (1717) worked best, also with regard
to particle formation (Table S5, Supporting Information) and bio-
compatibility on cells (Figures S6d and S7, Supporting Informa-
tion). Most of the 12Oc bundle structures showed only moderate
transfection efficiency and did not reach the range of the posi-
tive controls or U-shapes (Figure 2, Figure S6b, Supporting Infor-
mation). Only B2–1:4 (1613) behaved differently, leading to RLU
(relative light unit) values almost as high as those of the posi-
tive controls and U-shapes (Figure S6b, Supporting Information).
However, 1613 was not able to sufficiently incorporate mRNA
into defined, positively charged mRNA polyplexes (Tables S5 and
S6, Supporting Information). All LAF carriers with bundle and
U-shape topology were well tolerated in N2a cells (metabolic ac-
tivity > 80%), especially at the lowest tested mRNA dose of 16 ng
per well (Figure S7, Supporting Information). The only exception
was U1–1:4 (1718), which exhibited rather high toxicity. How-
ever, dose reduction (Figure 2, Figure S7, Supporting Informa-
tion), as well as lower N/P ratios (Figure S6, Supporting Infor-
mation), led to increased metabolic activity of N2a cells (Figures
S6d and S7, Supporting Information) and slightly higher trans-
fection efficiency of this carrier (Figure 2, Figure S6b, Supporting
Information). Representatives of the comb and T-shape topology
were evaluated in a pre-screening as well. They could not exceed
the efficiency of succPEI even at the high dose of 250 ng mRNA
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Figure 2. Dose titration of mRNA polyplexes formed with different 12Oc carriers. Luciferase expression in N2a cells at 24 h after transfection with mRNA-
luc polyplexes formed at indicated N/P ratios in comparison to positive controls succPEI (w/w 4) and 1218 (N/P 12). Evaluation of 63, 31, and 16 ng
mRNA/well (n = 3, mean ± SD). Positive controls were also transfected at a higher dose of 250 ng mRNA/well. Luciferase expression was evaluated
after 1:100-dilution. Significance levels: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

per well (Figure S6a, Supporting Information), and thus were
excluded from further screening. Finally, highly effective, well-
tolerated U-shapes could be identified (i.e., 1611, 1719, 1722).

The potency of 12Oc carriers as mRNA delivery systems was
demonstrated in two additional cell lines (i.e., DU145 and HeLa
cells). Bundles were again less effective, whereas the tested U-
shapes were very potent (Figure S8, Supporting Information).
The best performers in N2a cells (1611, 1719, 1722) were also
highly active in DU145 and in HeLa cells, proving the transfer-
ability of the outstanding performance to other cell lines.

2.3.3. siRNA Polyplexes

Finally, siRNA delivery via the novel 12Oc structures was
investigated. 12Oc carriers with U-shape topology mediated
potent gene silencing efficiency in three different cell lines
(DU145/eGFPLuc, KB/eGFPLuc, N2a/eGFPLuc) at very low
siRNA doses of 16 ng per well (Figure 3a–c). In contrast, in the
case of positive controls succPEI[28] and oleic acid-based T-shape
lipo-OAA 1214,[17b] much higher siRNA doses of 500 ng per well
were required for sufficient gene silencing (Figure 3, Figure S9b,
Supporting Information). Nevertheless, the positive controls at
this high siRNA dose were still outperformed by most of the
novel LAF carriers, which were highly effective at the 30-fold
lower siRNA dose. Also, higher siRNA doses (63 and 31 ng/well)
were tested in N2a/eGFPLuc cells, confirming once more the
promising gene silencing efficiency of the U-shape carriers (Fig-
ure S9a, Supporting Information). For some LAF carriers, unspe-
cific reporter silencing by siCtrl formulations was recognized at
higher doses, presumably as a result of cytotoxicity. Nevertheless,
by lowering the siRNA dose, the unspecific effects could be solved
without reducing the specific siGFP-mediated gene silencing.

In order to identify the best candidates for siRNA delivery,
gene silencing efficiency was calculated as the difference in lu-

ciferase activity between siCtrl and siGFP (Table S9, Support-
ing Information). By this, both specific and unspecific gene si-
lencing were considered and differences in carrier activity could
be seen clearer. 1716 (U4–1:4) showed great performance in
all three tested cell lines, especially at the lowest siRNA dose
(16 ng/well). Also, 1717 (U4–2:4), as well as 1721 (U2–2:4), were
particularly efficient in DU145/eGFPLuc and KB/eGFPLuc cells.
1611 (U1–1:2) and 1612 (U2–1:4) led to effective gene silencing
in N2a/eGFPLuc cells, and 1718 (U1–1:2) in KB/eGFPLuc cells.
By further dose reduction down to 0.31 ng siRNA/well, the differ-
ence in gene silencing efficacy in N2a/eGFPLuc cells of selected
carriers (i.e., best performers 1716 and 1611, and 1717 as 1716
analog with 2 Stp) was even more visible (Figure 3d). All three car-
riers showed dose-dependent activity with low (1611, 1716) or no
activity (1717) at the lowest dose (0.31 ng siRNA/well). Notably,
1716 was still very efficient at the dose of 3.1 ng siRNA/well, me-
diating around 80% gene silencing, followed by 1611 with around
75%. 1717 was less potent at this dose, promoting only around
45% gene silencing. The ranking in gene silencing (1716 > 1611
> 1717) fits well with the data presented in Table S9, Supporting
Information. LAF carriers with other topologies than U-shapes
(i.e., comb, T-shape, or bundle structures) did not lead to con-
siderable gene silencing (data not shown). All in all, it could be
demonstrated that the U-shapes have great potential for siRNA
delivery to various cell lines. Even if best performers differ be-
tween cell lines, highly potent structures such as 1716 are suit-
able to mediate efficient gene silencing in various cell lines at very
low siRNA doses.

To sum up Section 2.3, the most important finding of the initial
screening of the 12Oc library was that the topology has a tremen-
dous impact on transfection efficiency. For pDNA and mRNA,
the transfection results in N2a cells correlated well and especially
U1 carriers (1611, 1719) were identified as best performers. U-
shapes worked best, while T-shapes and combs were less effec-
tive. A 2D plot of pDNA versus mRNA transfection efficiency
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Figure 3. Gene silencing activity of siRNA polyplexes. Evaluation in three different cell lines (DU145/eGFPLuc, a; KB/eGFPLuc, b; N2a/eGFPLuc, c, d).
a–c) siRNA polyplexes were formed with different 12Oc U-shape carriers at N/P 18 and tested at a dose of 16 ng siRNA/well in comparison to positive
controls succPEI (w/w 4) and 1214 (N/P 12), which were tested at a far higher dose of 500 ng siRNA/well. d) siRNA polyplexes (25 μg mL−1 siRNA)
were formed with different 12Oc carriers at N/P 18 and tested at doses of 31, 16, 3.1, and 0.31 ng siRNA/well. The polyplexes containing the lowest two
siRNA doses were prepared by dilution of polyplexes with HBG buffer. As siRNAs, eGFP-targeted siRNA (siGFP) and control siRNA (siCtrl) were used.
Luciferase expression was measured 48 h after transfection without change of the medium. Luciferase activity presented as percentage of the luciferase
gene expression in HBG-treated control cells (n = 3, mean ± SD).
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highlights this visually (Figure S10, Supporting Information).
For siRNA, U-shapes showed great gene silencing performance
in various cell lines, whereas all other topologies were completely
inactive.

2.4. Evaluation of LAF Control Lipid and Different LAFs

2.4.1. LAF Control DodOc

The library screening of novel 12Oc carriers yielded very encour-
aging candidates for nucleic acid delivery. Especially structures
with U-shape topology were highly effective. In order to verify
the advantage of the novel cationizable apolar building block,
a control motif was introduced instead of the LAF 12Oc. The
8-dodecanamido-octanoic acid (DodOc) block exhibits a similar
chain length and a polar motif at the same position within the
chain where 12Oc contains a protonable tertiary amine. Both
DodOc and protonated 12Oc disrupt the hydrophobic character
at the center of the lipidic domain. In DodOc, however, the polar
amide bond disrupts the lipidic domain permanently. In contrast,
the tertiary amine of the LAF motif is cationizable, altering the
hydrophobic character of the lipidic domain in a pH-dependent
manner. This might be favorable in terms of polyplex stability at
neutral pH and cargo release from acidic endosomes. A potent
12Oc carrier with U3 topology (1722) was exemplarily selected
and evaluated against its DodOc analog (1725). DLS measure-
ment revealed that mRNA polyplexes formed with the DodOc
control sequence were not stable and tended to aggregate at any
N/P ratio (Table S5, Supporting Information). In contrast, the
corresponding 12Oc carrier formed defined, small-sized mRNA
polyplexes. Moreover, the LAF motif was highly advantageous in
terms of transfection efficiency of both pDNA and mRNA poly-
plexes, as exemplarily demonstrated in N2a cells (Figure 4). In
contrast to the high efficiency of the LAF carrier, the DodOc ana-
log was completely inactive in the case of pDNA and only moder-
ately effective in the case of mRNA (1100-fold lower RLU values).
The ineffectiveness of the DodOc analog was not due to toxic-
ity as it was well tolerated in N2a cells (Figure S11, Supporting
Information).

2.4.2. LAF Analogs

Biological evaluation in Section 2.3 was conducted with 12Oc car-
riers. However, the combined length of two aliphatic chains of
the LAF, the position of the tertiary amine and different carbon
chain lengths within the LAF (“nitrogen catwalk”) might have an
impact on the properties of the corresponding carriers and poly-
plexes. To investigate this, three interesting different topologies
from the 12Oc screen (B2–1:4; U1–1:2; U1–2:4) were chosen for
variations in the LAF side chains. The influence on physicochem-
ical properties has already been discussed in Section 2.2. In the
following, the effect of the different LAF analogs of the three se-
lected topologies on the pDNA and mRNA transfer performance
in N2a cells was evaluated (Figure 5).

Overall, longer terminal alkyl chain lengths (tetradecyl, hex-
adecyl) were less favorable for transfection efficiency. This ap-
plied particularly for the B2–1:4 (Figure 5a, b) and U1–2:4 car-
riers (Figure 5e, f). 14He (B2 – 1755; U1 – 1761) and 16Bu (B2

Figure 4. Transfection efficiency in N2a cells of 12Oc carrier 1722 in com-
parison to its DodOc analog 1725. Carriers were tested at N/P 12 as a)
pDNA polyplexes at a dose of 200 ng pCMVLuc/well, and as b) mRNA
polyplexes at a dose of 63 ng mRNA-luc/well. Luciferase expression was
measured 24 h after transfection (n = 3; mean ± SD). Luciferase expres-
sion in mRNA-treated cells was evaluated after 1:100-dilution. Significance
levels: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

– 1753; U1 – 1759) analogs led, especially in the case of mRNA,
to drastically reduced RLU values (Figure 5b, f). In the case of
U1–1:2 analogs (Figure 5c, d), also longer LAFs mediated high
transfection efficiency with only a slight decrease recognized for
mRNA polyplexes.

12Oc bundle 1613, which was not able to form stable mRNA
and pDNA polyplexes (Tables S4 and S5, Supporting Informa-
tion), was only moderately (in the case of mRNA, Figure 5b)
to not efficient (in the case of pDNA, Figure S4a, Supporting
Information). Shorter LAFs than 12Oc were advantageous here
(Figure 5a, b).

On the contrary, no relevant benefit of shorter LAFs was ob-
served for U-shapes (Figure 5c – f). Carrier 8Oc–U1–1:2 even per-
formed worse than the other analogs, resulting in around 30- to
70-fold lower pDNA expression (Figure 5c), and in around 200-
to 2000-fold reduced mRNA expression compared to the well-
performing other analogs (Figure 5d).

All in all, the LAF variations affected nucleic acid complexa-
tion ability (see Section 2.2), transfection efficiency (Figure 5),
and toxicity (Figure S12, Supporting Information) of correspond-
ing pDNA and mRNA polyplexes. However, 12Oc, which was
used in the initial screening (see Section 2.3), was already a good
choice for carriers with U-shape topology (U1–1:2, U1–2:4). The
other LAF analogs did not lead to distinct improvement for this
topology (Figure 5c – f). For the bundles, shorter LAFs (i.e., 8Oc,
10Oc, 12Bu) were beneficial over 12Oc in terms of polyplex for-
mation (see Section 2.2) and performance on cells. This referred
in particular to mRNA (Figure 5b). 2D plots of pDNA versus
mRNA transfection efficiency of the LAF analogs with differ-
ent topologies nicely illustrate these findings (Figure S13, Sup-
porting Information). Interestingly, structures with higher trans-
fection potency largely showed also higher toxicity compared
to structures of moderate efficiency (Figure S12, Supporting
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Figure 5. Influence of LAF variations on transfection results of pDNA and mRNA polyplexes in N2a cells. Polyplexes formed with carriers of different
topologies containing various LAFs at indicated N/P ratios (a and b, B2–1:4, N/P 18; c and d, U1–1:2, N/P 18; e and f, U1–2:4, N/P 12). Luciferase
expression at 24 h after transfection of N2a cells. a, c, e) pDNA polyplexes applied at a dose of 200 ng pCMVLuc/well (n = 3; mean ± SD). LPEI (N/P
6) was used as positive control. b ,d, f) mRNA polyplexes applied at a dose of 31 ng mRNA-luc/well (n = 3; mean ± SD). The positive control succPEI
(w/w 4) was transfected at a high dose of 250 ng mRNA/well. Luciferase expression in mRNA-treated cells evaluated after 1:100-dilution. Significance
levels: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

Information). Presumably, mechanisms of efficient delivery
(such as lipid membrane destabilization) trigger some cytotox-
icity, which however can be handled by reducing the dose.

The transfection efficiency in N2a cells of a selection of carri-
ers with different LAFs and topologies was further evaluated via
flow cytometry (Figure 6). For this purpose, mRNA encoding flu-
orescent mCherry protein was used as a reporter. The results con-
firmed the findings of the luciferase expression assay (Figures 2;
4b; and 5b,d,f; Figure S6b, Supporting Information). Carriers that

promoted high luciferase expression were found to mediate also
high mCherry expression and transfected nearly 100% of cells
even at low dose. The structures that were identified as best per-
formers in the luciferase expression assay were also the most po-
tent ones in the flow cytometry experiments. Altogether, the best
performers were B2–1:4 bundles 1621 (8Oc) and 1752 (12Bu),
U1 carriers 1611 (12Oc-U1-1:2), 1719 (12Oc-U1-2:4), and 1760
(12He-U1-2:4) as well as U3 carrier 1722 (12Oc–U3-2:4). Note-
worthy, 12Oc carrier 1722 was highly active with almost 100%

Adv. Mater. 2023, 35, 2211105 2211105 (10 of 22) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Evaluation of the a) percentage of transfected N2a cells and b) mean fluorescence intensity (MFI) after treatment with mRNA polyplexes. Flow
cytometry at 24 h after transfection with mRNA-mCherry polyplexes formed with different LAF carriers at indicated N/P ratios (B2–1:4 and U1–1:2, N/P
18; U1–2:2, U1–2:4, and U3–2:4, N/P 12) in comparison to positive controls succPEI (w/w 4) and 1218 (N/P 12). Evaluation of 31 ng mRNA/well (n =
3; mean ± SD). Positive controls were also tested at 250 ng mRNA/well. MFI values refer to the mCherry positive cell populations.

transfected cells, whereas its DodOc analog 1725 transfected al-
most no cells (< 2.5%). This underlines again the advantage of
the cationizable LAF domain for efficient nucleic acid delivery
and fits well with the luciferase expression data (Figure 4b). In
contrast to the polyplexes consisting of LAF carriers, for succPEI
and 1218 polyplexes a discrepancy between the mean fluores-
cence intensity (MFI) and the results of the luciferase expression
assay was observed. A pronounced dose-dependent effect was
recognized. At the higher dose of 250 ng mRNA/well, succPEI
was able to transfect nearly 100% of cells, 1218 around 60%. Only
at this dose, the percentage of transfected cells matched with the
MFIs. At the lower mRNA dose (31 ng/well), both controls trans-
fected only a very small number of cells, however with rather high
MFI. This was already observed previously.[19c]

All in all, the great potential of the novel LAF carriers at low
doses was demonstrated also in the percentage of transfected
cells with high mCherry expression.

2.5. Mechanistic Studies

The rationale behind the library design was to combine pro-
tonatable hydrophilic aminoethylene units and also protonat-
able lipophilic domains within the novel double pH-responsive
LAF-Stp carriers. This should promote membrane destabiliza-
tion by both cationic and lipid mechanisms, as well as dynamic
cargo release upon protonation. This pH-dependent tunable hy-

drophilic/lipophilic balance was meant to enable the novel LAF
carriers to act like chameleons by switching polarity upon re-
versible cationization. This was confirmed with an evaluation
of the logarithmic (octanol/water) distribution coefficient logD
at different biological relevant pH values (i.e., pH 5.5, 6.5, and
7.4), exemplarily conducted for representative carriers of differ-
ent topologies containing various LAFs (Table 1). The C-terminal
modification of the carriers with tyrosine (Y) for detection via
UV/Vis was assumed to not interfere with the overall interpreta-
tion, as this modification was identical in all tested carriers. Com-
parison of the LAF carriers and their tyrosine analogs in terms of
polyplex formation (Tables S5 and S10, Supporting Information)
and transfection efficiency (Figure S14, Supporting Information)
did not show considerable differences in the absence/presence of
tyrosine.

Importantly, all five tested LAF carriers displayed a dramatic
change from lipophilic characteristics (logD ≈ +1) at physiologi-
cal pH to hydrophilic properties (logD ≈ −1) at lower, endosomal
pH values. The individual logD was dependent on the LAF type
as well as on the Stp/LAF ratio. Longer LAF units and longer
terminal alkyl chains promoted slightly higher lipophilicity than
shorter ones (compare 1621-Y (8Oc) vs 1752-Y (12Bu); see 16Bu
carrier 1759-Y), and a higher amount of LAFs per carrier led also
to higher lipophilicity (compare 1611-Y with 2 LAFs with LAF
carriers containing 4 LAFs). This pH-dependent change in po-
larity was considered to be essential for dynamic cargo deliv-
ery into cells. Indeed, the examined LAF carriers were highly
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Table 1. LogD evaluation of different LAF-Stp carriers and control struc-
tures in dependence of the pH value.

ID code logD
[pH 7.4]

logD
[pH 6.5]

logD
[pH 5.5]

1796 1621-Y (8Oc–B2–1:4) 0.83 −0.28 −1.14

1820 1752-Y (12Bu–B2–1:4) 1.08 −0.17 −0.82

1797 1611-Y (12Oc–U1–1:2) 0.61 −0.66 −1.16

1798 1759-Y (16Bu–U1–2:4) 0.99 −0.56 −0.90

1817 1722-Y (12Oc–U3–2:4) 0.81 −0.63 −0.91

1818a) 1725-Y (DodOc–U3–2:4) 0.66 0.62 0.61

1819a) 1722(SteA)-Y (SteA–U3–2:4) 0.73 0.69 0.66

1218a) OleA-based T-Shape −0.87 −1.01 −1.14

LogD (octanol/water) coefficient of C-terminal tyrosine-modified LAF carriers, deter-
mined via UV–vis photometric concentration measurement.

a)
control structures (no

LAF carriers). Sequence of 1218 (control; OleA-based T-shape lipo-OAA):[19c] K(N3)-
Y3-(H-Stp)2-H-K(G-ssbb-K(OleA)2)-H-(Stp-H)2-Y3; K(N3), azidolysine; H, histidine;
K, lysine; Y, tyrosine; G, glycine; Stp, succinoyl tetraethylene pentamine; ssbb, cys-
tamine disulfide building block; OleA, oleic acid.

efficient in cell culture (Figures 4 and 5, Figure S14, Support-
ing Information). In contrast, three control Stp-based lipo-OAAs
(1218, 1818, 1819) containing standard non-protonatable lipids
showed no considerable change in the logD at the different pH
values and only moderate to low transfection efficiency. 12Oc car-
rier 1722-Y, highly potent in cell culture, showed a pH-dependent
switch in polarity, whereas its analogous structures with DodOc
and SteA remained hydrophobic at all tested pH values (change
in logD <0.1 log units). Solubility and particle formation were
critical issues (Table S10, Supporting Information), and the trans-
fection efficiency of these controls was very low (Figure S14,
Supporting Information). Furthermore, oleic acid-based T-shape
1218, used as a positive control in the mRNA transfections, was
evaluated as another control. It remained hydrophilic over the
tested pH range with a minor decrease in the logD value at acidic
pH (only ≈0.3 log units) due to the cationizable Stp units and his-
tidines. 1218 was outperformed by the LAF carriers in terms of
transfection efficiency (Figures 2 and 6), once more confirming
the beneficial effect of the pH-tunable polarity of the LAF carri-
ers.

Usually, nanoparticle uptake mostly takes place via
endocytosis.[2a,4f,29] Thus, efficient endosomal escape is very
important in the delivery process. Depending on the nanocarrier
structure, different mechanisms are possible such as membrane
fusion processes, membrane destabilization and disruption by
direct and indirect mechanisms, or endosomal buffering and
osmotic swelling.[2a,4f] The hypothetical mechanism of cellular
internalization mediated by the novel LAF carriers (exemplarily
shown for U1–1:2 carriers) is displayed in Scheme 4. The LAF
carrier may appear in various protonation stages in dependence
on the pH due to the cationizable Stp and LAF units (different
pKa values of secondary and tertiary amines) (Scheme 4a).
At neutral/physiological pH, the LAF carrier is amphiphilic
with unprotonated tertiary amines of the LAFs and moderately
protonated Stp (secondary amines). This enables the formation
of a cationic lipid bilayer in aqueous phase like in classical
liposomes and lipoplexes. The inner cationic layer interacts
with the negatively charged nucleic acid, the outer cationic layer

promotes water-solubility. Protonation of the tertiary amines at
acidic pH (like it is present within endosomes) may lead to the
dissociation of the outer layer as the LAF carrier changes into a
bipolar cationic state itself (bolaform amphiphilic characteris-
tics), forming now a cationic monolayer. Similar to lipoplexes,
membrane pore formation and/or membrane fusion can be
possible processes for membrane crossing and endosomal
escape.[2a,30] Here, the LAF carrier might act as real chameleon,
as illustrated in Scheme 4b. The outer positive LAF layer of the
nanoparticle may attach to the host membrane (Scheme 4b, left).

After endocytosis, the outer part of the LAF bilayer may dis-
sociate upon LAF protonation in the acidic milieu of the endo-
somes (Scheme 4b, right). This may result in the exposure of
the inner partly protonated, partly unprotonated LAF layer, which
could mediate the crossing through the host membrane onto
the cytosol by pore formation. How this process could possibly
take place is depicted in the lower right box of Scheme 4b. The
free bipolar cationic LAF carriers of the dissociated outer layer
may also help in the membrane transition of the nanoparticles,
as already observed previously for cationic polymers.[4e,27] Once
reached the cytosol, the LAF carrier may switch to the less pro-
tonated form, facilitating cargo release due to weaker binding
ability.

The successful implementation of this idea could be shown in
the subsequent physicochemical and biological screening, bring-
ing forth some highly potent candidates for efficient delivery of
pDNA, mRNA, and siRNA at very low doses. Amongst others,
U1-carriers 1611 (12Oc–U1–1:2) and 1719 (12Oc–U1–2:4) as well
as B2 bundle 1621 (8Oc–B2–1:4) turned out to be particularly ef-
fective in mRNA and pDNA delivery. In the following, mechanis-
tic studies were conducted to comprehend the great performance
of the LAF carriers in more detail (Figure 7).

From previous work using polyplexes it is known that pH-
dependent lytic potential of nucleic acid carriers is favorable
in terms of endosomal escape, transfection efficiency, and
biocompatibility.[7b,19b,31] pH-independent, high lytic activity
may cause toxicity due to unspecific membrane interactions.
Thus, lytic effects only at lower pH around 5.5 like it is present
in endosomes/lysosomes is preferable. Therefore, the pH-
dependent lytic activity of LAF carriers was evaluated in an
erythrocyte leakage assay at biologically relevant pH values
(i.e., pH 7.4 as physiological pH; pH 6.5 and 5.5 representing
endosomal/lysosomal pH values) (Figure 7a). 12Oc carrier
1722, for instance, exhibited a preferable pH-dependent lytic
profile with low lytic activity at physiological pH, but high lytic
activity at endosomal pH values. In contrast, its negative control
(DodOc analog 1725) was not lytic at all. This fits well with the
transfection results, where 1722 was outperforming 1725 by far
(Figure 4; Figure S15a, Supporting Information). Also, for 12Oc
carriers containing the same motifs but in different topologies
(i.e., C–2:2, 1708 vs B1–2:2, 1710 vs U1–2:2, 1681), the ranking in
the lytic activity (1681 > 1708 > 1710) (Figure 7a) was consistent
with the transfection efficiency of mRNA polyplexes (Figures
S6b and S15a, Supporting Information). Interestingly, this was
not the case for the corresponding pDNA polyplexes (Figure S4,
Supporting Information). Obviously, pH-dependent lytic po-
tential alone is not the only explanation for the transfection
performance of different LAF carriers. This observation applied
to the three best performers of the current study (i.e., 1611, 1719,
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Scheme 4. Hypothetical mechanism of cellular internalization of polyplexes mediated by the novel LAF carriers (exemplarily shown for U1–1:2 carriers).
a) Different protonation stages of the LAF carrier in dependence on the pH lead to the formation of a cationic bilayer at neutral pH and cationic
bolaamphiphilic layer at acidic pH. b) Membrane interaction of LAF carriers mediates endocytosis and endosomal escape.

1621) as well (Figure S15a, Supporting Information). All three
carriers promoted high pDNA and mRNA expression levels in
a similar magnitude (Figure 5) but differed in their lytic profiles
(Figure 7a). Highest lytic activity was observed for 1719 with a
pH-dependent increase from around 50% (pH 7.4) to 90% (pH
5.5), followed by 1611 and finally 1621. The latter two showed
considerable lytic potential only at pH 5.5 (1611 approx. 75%;
1621 approx. 60%). Comparing 1719 (12Oc–U1–2:4) and 1611
(12Oc–U1–1:2), the obtained results were not surprising, as 1719
contains double the amount of Stp and LAF than 1611. The bun-
dle structure with only 1 Stp and 4 LAF was less lytic than the U1
carriers.

2D plots of mRNA transfection efficiency versus lytic activity
at pH 5.5 for different 12Oc carriers (Figure S15a, Support-
ing Information) as well as other LAF analogs (Figure S15b,
Supporting Information) were unable to demonstrate a clear
linear relation between lytic activity of carriers and transfection
efficiency. For example, some carriers display low lysis activity
and low transfection activity, and some carriers show high lytic
activity and high transfection activity; but a different subclass
(U1–1:2) contains several members with high transfection
activity despite low lytic activity. Obviously, the erythrocyte lysis
assay at endosomal pH is far less authentic for disruption than
the Galectin 8 (Gal8) assay (see below and Figure 7b), which
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Figure 7. Mechanistic studies. a) Lytic potential of free LAF carriers evaluated in an erythrocyte leakage assay (n = 4; mean ± SD) at a concentration
of 1.25 μm LAF carrier at three different physiological relevant pH values (pH 7.4, 6.5, 5.5). b) Endosomal disruption evaluated in HeLa-Gal8-mRuby3
cells with mRNA-luc polyplexes (i.e., 1621 N/P 24, 1611 N/P 18, 1719 N/P 12) in comparison to positive controls succPEI (w/w 4) and 1218 (N/P
12) at indicated doses. Gal8 fluorescence (green) representing the rupture of the endosomal membrane. c) Evaluation of the influence of endosomal
protonation on transfection efficiency of mRNA polyplexes via the v-ATPase inhibitor bafilomycin A1 (BafA1). N2a and DU145 cells were pre-incubated
with 200 nm BafA1 for 2 h and transfected with different LAF polyplexes at indicated N/P ratios (i.e., 1621 N/P 24, 1611 N/P 18, 1719 N/P 12) containing
mRNA-luc at a dose of 31 ng mRNA/well in comparison to positive controls succPEI (w/w 4) and 1218 (N/P 12) at a higher dose of 250 ng mRNA/well.
Read-out after 4 h via luciferase expression assay (n = 3; mean ± SD). Luciferase expression in mRNA-treated cells was evaluated after 1:10-dilution.
Significance levels: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

directly detects disrupted endosomes. In addition, maximum
endosomolytic activity might be cytotoxic and thus not optimal.
Also, other favorable mechanisms such as membrane fusion
events might be involved in effective intracellular uptake, as was
demonstrated for lipoplexes in other work.[2a,32] This needs to be
clarified in subsequent investigations.

The LAF carriers mediated cellular uptake of corresponding
mRNA polyplexes mostly via endocytosis as shown by confocal
laser scanning microscopy (CLSM) in the HeLa-Gal8-mRuby3
cell line (Figure 7b) as well as in wild-type N2a cells (Figure S16a,
Supporting Information) at 4 h after transfection. The uptake
of the positive controls succPEI and 1218 was highest for the
simple reason that they were applied at eightfold higher doses
(375 ng mRNA) than the novel carriers (applied at 47 ng mRNA).
Corresponding quantitative analysis of cellular uptake of mRNA

polyplexes at equal mRNA dose (31 μg/well) via flow cytometry
(Figure S16b, Supporting Information) confirmed a two- to three-
fold superior internalization of the LAF carriers over the positive
succPEI control in N2a cells. In direct comparison of LAF carri-
ers, U1 carriers 1611 and 1719 mediated a 1.3-fold and 1.5-fold
higher mRNA uptake, respectively, over bundle 1621, which also
promoted high internalization and mRNA and pDNA transfec-
tion (Figure 5).

HeLa-Gal8-mRuby3 cells stably express a galectin-8 mRuby3
fusion protein within the cytosol. Only in the case of endosome
disruption, Gal8 is able to reach and interact with glycans on the
inner surface of endosomal membranes, resulting in punctuate
mRuby3-fluorescent spots.[33] Therefore, endosomal membrane
destabilization and disruption can be directly examined. CLSM
imaging after polyplex transfection (Figure 7b) revealed almost
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no endosomal damage for positive controls succPEI and 1218,
despite application at high doses (375 ng mRNA) and high endo-
somal mRNA uptake (as visualized by using Cy5-labeled mRNA).
The LAF carriers were applied at a far lower (47 ng) but highly
effective mRNA dose. For 12Oc–U1–1:2 (1611), moderate endo-
somolytic effects were recognized at this low dose, with both en-
dosomal and cytosolic mRNA present. Higher endosomal disrup-
tion was mediated by 12Oc–U1–2:4 (1719). Also here, endosomal
as well as cytosolic mRNA was present. In the case of 8Oc–B2–
1:4 (1621), highest endosomal damage was observed with less
endosomal but much cytosolic mRNA. Additionally, especially
for 1621 and 1719 (less for 1611), large, partly overlapping Gal8
and mRNA-positive areas were recognized, maybe indicating a
combination of membrane lysis plus residual vesicle aggregation
and/or fusion events. For 1611 and 1719, the data matched well
with those obtained in the erythrocyte leakage assay. Whereas,
in the case of the bundle structure 1621 the membranolytic ef-
fect seemed to be membrane type-dependent and was more pro-
nounced for HeLa-Gal8-mRuby3 cells than for erythrocytes (com-
pare Figure 7a,b). Another explanation could be a different be-
havior of free carriers as used in the erythrocyte leakage assay
as opposed to the evaluation in the Gal8 assay when formed as
polyplexes.

Moreover, a transfection of mRNA and pDNA polyplexes in the
presence of bafilomycin A1 (BafA1) was performed (Figure 7c,
Figure S17a, Supporting Information). BafA1 specifically inhibits
the vacuolar-type of H+-ATPases (i.e., endo-/lysosomal proton
pump) and consequently endosomal acidification. It has been
identified as a strong inhibitor of polyplex transfection.[31b,34]

With this experiment, the pH-dependent endosomolytic activity
was evaluated on a functional level. In the case of 1719, BafA1
had a great impact on the transfection efficiency of both mRNA
and pDNA polyplexes, leading to a strong decrease in the RLU
values (for mRNA, 59-fold in N2a and 50-fold in DU145 cells;
for pDNA, 14-fold in N2a cells). Also, for the other U1 carrier
1611, a BafA1 effect was observable, but less pronounced than
for 1719. The RLU values decreased by 22-fold (N2a cells) and
threefold (DU145 cells) in the case of mRNA, and by 18-fold (N2a
cells) in the case of pDNA. The bundle 1621 was almost not influ-
enced by BafA1 (only ≤ threefold decrease of the RLU values for
both mRNA and pDNA). Overall, higher Stp content within the
LAF carriers resulted in higher sensitivity to BafA1, suggesting
that such structures have higher buffer capacity, and are there-
fore more dependent on endosomal acidification for sufficient
cytosolic cargo delivery. These findings matched well with the re-
sults obtained in the erythrocyte leakage assay (Figure 7a). The
positive control succPEI (mRNA, Figure 7c) showed only a mi-
nor BafA1 effect at the applied higher mRNA dose, whereas LPEI
(pDNA, Figure S17a, Supporting Information) was strongly in-
hibited by BafA1. This is in line with the literature, where gene
transfer ability of LPEI was found to be highly dependent on en-
dosomal acidification, promoting endosomal buffering and os-
motic swelling.[34b]

To sum up the findings so far, for some LAF carriers (as
shown for U1 carriers 1611 and 1719), pH-dependent lytic ef-
fects as well as endosomal acidification played an important role
in the efficient cellular nucleic acid delivery, whereas for oth-
ers (B2 carrier 1621) this was less relevant. Nevertheless, all
three carriers mediated effective cellular uptake of mRNA poly-

plexes (Figure 7b, Figure S16, Supporting Information), suggest-
ing that—especially for 1621—there might be additional other
uptake mechanisms than standard endocytosis (e.g., direct pas-
sage through cell/vesicle membranes by early fusion).[2a,35] The
hypothesis of at least partly direct membrane passage[2a] might
be supported by the fast kinetic of pDNA and mRNA expres-
sion, which could be already recognized 4 h after transfection
(Figure 7c, Figure S17b, Supporting Information). The Gal8
assay displayed high endosomal damage in the case of 1621
(Figure 7b), but the endosomes could be also lysed from the cy-
tosolic side after free 1621 entered the cell via direct membrane
passage. Another possibility could be that 1621 mediated a faster
endosomal escape (independent from endosomal acidification)
than the U1 carriers. Thus, less endosomal mRNA could be rec-
ognized, as it already entered the cytosol. The high level of endo-
somal damage mediated by 1621 including endocytic vesicle fu-
sion could be indicative of this assumption (Figure 7b). With its
high lipidic content (Stp/LAF = 1:4) and its dendron-like struc-
ture (crowded lipidic part and cationic Stp head group), the B2
bundle 1621 differs from the U-shapes.

2.6. In Vitro – In Vivo Translation of mRNA Polyplexes

2.6.1. Maintained High mRNA Polyplex Activity In Vitro in Full
Serum

A huge discrepancy exists between the in vitro (cell culture) and
in vivo situation (animal model).[19b,36] The interaction with blood
components upon intravenous application is highly relevant, re-
sulting in the formation of a so-called protein corona around the
nanoparticles. Therefore, the stability, as well as transfection effi-
ciency of mRNA polyplexes in N2a cells in the presence of full
serum were evaluated via a gel-shift (Figure S18a, Supporting
Information) as well as a luciferase assay (Figure S18b–d, Sup-
porting Information) after pre-incubation of the polyplexes in full
(i.e., 90% v/v) serum at 37 °C for 2 h.

In full serum, controls of free mRNA were degraded to mRNA
fragments by serum RNases (Figure S18a, Supporting Informa-
tion, left). Polyplex samples showing similar bands in the gel (i.e.,
bundle 8Oc–B2–2:4, all carriers of the topology U1–1:2, and U-
shapes with a Stp/LAF ratio 2:4 and short LAFs) were considered
to be less stable in serum than those showing no mRNA release
(i.e., B2–1:4 bundles and U-shapes (Stp/LAF 2:4) with 12He and
12Oc) (Figure S18a, Supporting Information, right bottom). De-
spite a partial mRNA release, carriers 1730 (8Oc-B2-2:4; Figure
S18c, Supporting Information) and 1611 (12Oc-U1-1:2; Figure
S18d, Supporting Information) maintained their high trans-
fection activity in serum (RLU values in the range of 5×106 to
7×107/10 000 cells), even at the low mRNA dose of 8 ng/well. On
the contrary, positive controls succPEI and 1218 were strongly
inhibited by serum, although no mRNA release was observed
in the gel (Figure S18a, Supporting Information). They showed
drastically reduced RLU values at all tested mRNA doses with
≤5% efficiency compared to the serum-free transfection (Figure
S18b, Supporting Information). Regarding the overall transfec-
tion efficiency, the tested B2 bundles (all containing short LAFs,
that is, 8Oc, 12Bu, 10Oc) especially with a Stp/LAF ratio of 1:4
seemed to be most beneficial, maintaining high RLU values in
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Figure 8. Serum dilution assay. Transfection efficiency of lipopolyplexes (B2–1:4, N/P 18; U1–1:2, N/P 18; U1–2:4, N/P 12) in N2a cells in the presence
of full serum in comparison to positive controls succPEI (w/w 4) and 1218 (N/P 12). Samples were diluted in full serum (3.1 ng, 90% serum; 0.31 ng
– 3.1 pg, ≥99% serum) and transfected at indicated low doses. Samples with the starting dose of 31 ng were undiluted and thus contained no serum.
Luciferase expression at 24 h after transfection was evaluated after 1:100-dilution (n = 3; mean ± SD). n.d., not detectable.

the presence of full serum over all tested mRNA doses without
mRNA release (Figure S18a,c, Supporting Information). Also,
U-shapes 1611, 1760, 1719, and 1722 were promising candidates,
showing high activity in full serum even at the lowest tested
mRNA dose of 8 ng/well (Figure S18d, Supporting Information).

2.6.2. Towards Potency of Viral Nanoparticles

Based on the encouraging performance of the LAF carriers in
the presence of full serum (see Section 2.6.1.) even at the low
mRNA dose of 8 ng/well, further dose reduction down to the
picogram range was done by dilution of mRNA polyplexes in full
serum. A selection of top candidates (i.e., B2 bundles 1621 and
1752 as well as U1 carriers 1611 and 1719) was tested for their
transfection efficiency in N2a cells (Figure 8). In this ultra-low
dose range, a dose-dependent effect was observable, which was
more pronounced for the U-shapes than for the bundles. How-
ever, all LAF carriers were superior to the positive controls suc-
cPEI and 1218. Particularly, the bundles were very potent and
showed still high activity even at the extremely low mRNA dose of
3.1 picogram. The size (z-average) of mRNA polyplexes formed
with these two bundle structures at an N/P ratio of 18 was around
100 nm (Table S5, Supporting Information). Assuming that a
nanoparticle with a size of around 100 nm compacts nucleic acid
of approximately 160 kbp (320 kb),[37] the amount of nanoparti-
cles per cell representing 3.1 pg mRNA can be roughly calculated

as follows:
3.1×10−12 g

346 g mol−1 ×(6.02214×1023 mol−1)

320 000
≈ 17 000 nanoparticles/well

(10 000 cells), or ≈ 2 nanoparticles/cell, respectively (346 g mol−1,
average molecular weight of an RNA nucleotide; 6.02214 ×
1023 mol−1, Avogadro constant NA). The particle per infectious
unit (particle-to-plaque ratio, P/PFU) of natural viruses ranges be-
tween ≈10 and ≈1000.[38] This, in turn, suggests that these novel
LAF carriers are similarly potent as viruses on nanoparticle basis,
and by far better than our previous synthetic carrier generations,
where around 80 000-fold higher mRNA doses had to be applied
for efficient transfection.[19c]

2.6.3. In Vivo Performance of mRNA Polyplexes in an N2a Tumor
Model

Based on the in vitro pre-experiments in the presence of full
serum, most promising carriers with different topologies were

selected for intravenous application of mRNA polyplexes in
N2a tumor-bearing A/J mice (Figure 9a). These were bundles
1621 (8Oc–B2–1:4) and 1752 (12Bu–B2–1:4) as well as U-shape
structures 1611 (12Oc–U1–1:2), 1719 (12Oc–U1–2:4), and 1760
(12He–U1–2:4). First, corresponding polyplexes were tested at a
dose of 10 μg mRNA per animal. These formulations were di-
alyzed for 1 h at 4 °C against HBG to remove residual ethanol
from the used stock solutions. The polyplexes tolerated dialy-
sis well. Homogeneous 100–150 nm, still highly active nanopar-
ticles were obtained after dialysis as determined via DLS and
ELS measurements (Table S11, Supporting Information) and lu-
ciferase expression assay (Figure S19, Supporting Information).
To find the most suitable positive control for the in vivo study,
succPEI, 1218, and commercially available mRNA transfection
agent Lipofectamine MessengerMAX (Lipo MMAX) were tested
alongside the best performers in N2a cells (Figure S20, Support-
ing Information). Again, the LAF carriers outperformed succPEI
(around 100-fold) and 1218 (around 15-fold) by far. Lipo MMAX,
optimized for mRNA delivery in cell culture and formulated
in medium according to manufacturer’s instruction, surpassed
the LAF carriers in efficiency, but was also forming 1.05 μm
large mRNA microparticles (Table S12, Supporting Information).
Therefore, it was not considered to be suitable for systemic in
vivo administration. In contrast, succPEI and 1218 formed poly-
plexes in dimensions comparable to those of the LAF carriers
(Tables S5, S11, and S12, Supporting Information). Finally, suc-
cPEI was selected based on preliminary encouraging in vivo per-
formance after systemic administration of mRNA-luc polyplexes
(data not shown).

Comparing positive control succPEI and U1 carrier 1611 at
two different points in time (i.e., 6 h vs 24 h), overall high lu-
ciferase expression could be detected in the different tested or-
gans/tissues with particularly high levels in tumor, lungs, liver,
and spleen (Figure 9b). In the case of succPEI, RLU values, espe-
cially in tumor and spleen, increased slightly over time (tumor,
sixfold increase; spleen, twofold increase). Whereas for 1611, it
was vice versa, and higher luciferase expression levels were rec-
ognized at 6 h compared to 24 h (tumor, fivefold higher RLU val-
ues; spleen, 13-fold higher RLU values), indicating a fast kinetic.
U1 carriers with double the amount of Stp and LAFs compared
to 1611 (i.e., 1719, 1760) were considered to form more stable
mRNA polyplexes, which might be beneficial for in vivo appli-
cation. However, these carriers were inferior to 1611, especially
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Figure 9. In vivo performance of mRNA polyplexes in an N2a tumor model. a) Performance of intravenously applied mRNA-luc lipopolyplexes at dif-
ferent mRNA doses was evaluated via an ex vivo luciferase assay of the organs of N2a neuroblastoma tumor-bearing A/J mice (n = 5; mean + SD).
b) Comparison of succPEI (w/w 2) and 1611 (N/P 18) at two different time points (6 h, 24 h) at a dose of 10 μg mRNA/animal. c) Evaluation of succPEI
(w/w 2) and 1611 (N/P 18) at a dose of 3 μg mRNA/animal as well as 1752 (N/P 18) at a dose of 1 μg mRNA/animal at 6 h after polyplex application.
n.d., not detectable. Significance levels: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

in tumor and spleen (Figure S21, Supporting Information). In
the next step, different mRNA doses (3 vs 10 μg mRNA/animal)
were compared at the 6 h time-point (Figure 9c). For both suc-
cPEI as well as 1611, a dose-dependent effect could be observed,
which was, however, more pronounced for succPEI. For example,
a 200-fold (succPEI) versus 15-fold decrease (1611) in the RLU
values in tumor tissue and a 70-fold (succPEI) versus 45-fold de-
crease (1611) in the spleen were detected in comparison to the
high dose. B2 bundles (1621 and 1752) showed high toxicity in
preliminary studies, especially with 1621 resulting in lethality at
10 μg mRNA/mouse (data not shown). Nevertheless, by lower-
ing the dose of the less toxic 1752 to 1 μg mRNA/animal, toxi-
city could be handled in this case. Standard serum parameters
(ALT, AST, BUN, CREA) did not show a significant difference
over treatment with HBG buffer (preliminary data not shown).
Noteworthy, 1752 showed very encouraging results at this very
low dose with particularly high RLU values of around 109 in the
spleen (Figure 9c).

To conclude, the bundles were identified to be highly potent
in vivo, yet also toxic at standard doses. Considering both high
efficiency and good tolerability, U-shape carrier 1611 turned out
to be the most promising candidate for in vivo over a broad range
of mRNA doses. Interestingly, 1611 mediated very high luciferase
expression in the spleen as a central immune organ (Figure 9),
suggesting a potential therapeutic indication field.

3. Conclusion

The current study supports our expectation that an innovative
combination of already highly successful transfer domains of
polyplex and lipoplex/LNP carriers can generate novel nucleic
acid delivery carriers with outstanding characteristics. On the
one hand, most effective polyplexes based on PEI and analo-
gous oligo(aminoethylene) units benefit from strong nucleic acid
binding and compaction, aqueous solubility, cation-mediated
cellular uptake, and “proton-sponge” pH-dependent endosomal
escape.[4] Their macromolecular nature requires special chem-
istry efforts for translation into precisely defined medical prod-
ucts. On the other hand, lipoplexes and their recent optimiza-
tion into already medically applied LNPs[20a] are based on precise
low-molecular weight cationizable lipids or lipidoids formulated
in combination with standard helper lipids.[10] Optimizing the
cationizable lipid structure with protonation in the endosomal
pH range (pH ≈6)[10a,20a] was key for their efficacy; lipoplexes and
LNPs may take advantage of the fusion of cationic lipids with an-
ionic lipids of the endosome host membrane for crossing cellular
lipid membranes into the cytosol.[2a,3]

For the combination of the best of both lipoplex and polyplex
worlds, we applied solid-phase supported synthesis of monodis-
perse xenopeptide-like medium-small macromolecules in our
work. This synthesis approach[13a] avoids the polydispersity
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complication of classical large macromolecular polymer synthe-
sis. In our previous work, we focused on PEI-type endosomal
escape-facilitating Stp units triggered by endosomal pH. In the
current work, we successfully combine this with a pH-dependent
tunable polarity of an endosomal pH-triggered cationizable li-
pidic domain. In the new mini-library of 47 sequence-defined
double pH-responsive carriers, precise sequences of medium-
low molecular weight carriers were obtained in a few synthetic
steps (e.g., MW 1373 Da after only three coupling steps, up to
MW 3209 Da after only seven coupling steps). Incorporation of
the pH-responsive lipo amino fatty acid (LAF) was essential for
high activity. The reversibly protonatable tertiary amine of the
LAF in neutral and weakly acidic milieu provides a molecular
chameleon character to the lipidic domain, which in combina-
tion with the PEI-like protonatable aminoethylene units of the po-
lar Stp backbone resulted in strongly enhanced intracellular nu-
cleic acid delivery with fast kinetics. Transfection was detectable
at ultra-low dose (2 nanoparticles per cell) in full serum, resem-
bling infection potencies of real viruses.[38] Among the different
tested topologies, bundles, and U-shapes turned out to be most
potent for pDNA and mRNA delivery. For bundles, a Stp/LAF ra-
tio of 1:4 and shorter LAFs (8Oc, 12Bu) were advantageous (i.e.,
carriers 1621 and 1752), whereas for U-shapes a Stp/LAF ratio of
1:2 or 2:4 and 12Oc were beneficial (i.e., carriers 1611 and 1719).
In the case of siRNA as smaller nucleic acid, bundles were not
suitable, but U-shapes promoted great gene silencing at very low
siRNA doses, with 12Oc-U4-1:4 (1716) being the best carrier. In
vivo systemic application of mRNA lipopolyplexes led to favor-
able mRNA expression in tumor and spleen already after 6 h at
low mRNA doses (1–3 μg mRNA/mouse).

Our carriers contain the apolar ionizable LAFs (tertiary
amines) in combination with the polar cationizable building
block Stp (secondary amines) for efficient nucleic acid binding
and improved solubility in aqueous environment. This makes
the LAF carriers suitable for simple lipopolyplex formation, but
also enables mRNA lipid nanoparticle (LNP) formulations with
high potency in vitro and in vivo (our unpublished data). We
noted a recent interesting and highly relevant study by James
Dahlman and co-workers;[39] piperazine-derived ionizable lipids
were synthesized via reductive amination with fatty aldehydes in
solution, in situ generating LAF-containing structures related to
our U1-shape LAF carriers. In contrast to our carriers, they con-
tain a central piperazine unit instead of a polar cationizable sec-
ondary amine-containing aminoethylene domain. They success-
fully applied the novel carriers in LNP formulations and medi-
ated also high activity in the spleen.[39] Apparently, the LAF motif
might have a preference for spleen targeting. Other researchers
incorporated related lipidic tertiary amine motifs in highly effec-
tive ionizable lipidoids.[10c–f,40] The synthesis routes differ com-
pared to the one presented in the current study. They used ei-
ther conjugation of alkyl amines to alkyl acrylamide/acrylate,
by this varying the alkyl chain lengths,[10f,41] or epoxide cou-
pling, resulting in lipidoids with tertiary amines and 𝛽-hydroxyl
groups.[40a,b] Notably, our current data refer to plain lipopoly-
plexes. Additional shielding and targeting measures could be fur-
ther improvements. Further chemical evolution of our sequence-
defined libraries in this interesting chemical lipoamino space,
and a better rational understanding of the ultrastructure (by
Cryo-TEM, SAXS, or other methods) and molecular cell entry

mechanisms[32,42] will contribute to finding the sweet spot be-
tween lipoplexes and polyplexes.

4. Experimental Section
Further information regarding materials and methods is provided in the

Supporting Information.
Materials: mRNA-luc, that is, CleanCap FLuc mRNA (5moU), and

mRNA-mCherry, that is, CleanCap mCherry mRNA (5moU), were pur-
chased from Trilink Biotechnologies (San Diego, CA, USA). Cy5-
labeled mRNA-luc, namely EZ Cap Cy5 Firefly Luciferase mRNA (5-
moUTP), was ordered from Apexbt Technology LLC (Houston, USA).
Plasmid pCMVLuc[6d] (encoding Photinus pyralis firefly luciferase un-
der control of cytomegalovirus promotor and enhancer) was ob-
tained from Plasmid Factory GmbH (Bielefeld, Germany). siRNA
duplexes[13a] were obtained from Axolabs GmbH (Kulmbach, Germany):
eGFP (enhanced green fluorescent protein)-targeting siRNA (siGFP)
(sense strand: 5’-AuAucAuGGccGAcAAGcAdTsdT-3’; antisense strand: 5’-
UGCUUGUCGGCcAUGAuAUdTsdT-3’) for silencing of eGFPLuc; control
siRNA (siCtrl) (sense strand: 5’-AuGuAuuGGccuGuAuuAGdTsdT-3’; an-
tisense strand: 5’-CuAAuAcAGGCcAAuAcAUdTsdT-3’); small letters indi-
cate 2′methoxy modifications; “s” indicates phosphorothioate linkages.

Synthesis of Lipo Amino Fatty Acids (LAFs): 200 mg of indicated
amino fatty acid (1 eq.; 4-aminobutyric acid, 6-aminohexanoic acid, or 8-
aminooctanoic acid) were dissolved in 25 mL methanol (MeOH), added
to a 100 mL round bottom flask, and stirred for 15 min at RT. Af-
terwards, 2.5 eq. of indicated fatty aldehyde (octanal, decanal, dode-
canal, tetradecanal, or hexadecanal; the latter two pre-dissolved in 5 mL
tetrahydrofuran), 2.5 eq. of sodium cyanoborohydride (NaBH3CN), and
0.8 eq. of acetic acid were added. The mixture was stirred for 24 h at
RT and monitored by thin-layer chromatography using dichloromethane
(DCM)/MeOH 9:1 (v/v) as mobile phase. Consumption of educts was
detected by using basic potassium permanganate (KMnO4) solution. Af-
ter 24 h, 1 eq. of fatty aldehyde and 1 eq. of NaBH3CN were added,
and the reaction was conducted for additional 24 h (8Oc, 10Oc, 12Oc,
12Bu, 12He) or 48 h (14He, 16Bu). The solvent was then evaporated
under reduced pressure. To remove excess reducing agent, the dry mix-
ture was redissolved in pure DCM and filtered. After concentrating the
filtrate to 5 mL, the crude product was purified by silica gel chromatogra-
phy (DCM/MeOH; 10:0 to 15:1 (v/v) for 12Bu, 12He, and 14He; 10:0 to
20:1 (v/v) for 16Bu; 50:1 to 20:1 (v/v) for 8Oc, 10Oc, and 12Oc). The prod-
uct was confirmed by ESI-MS (electrospray ionization mass spectrometry)
and 1H-NMR (nuclear magnetic resonance) spectroscopy.

Note: Acetic acid should be added at last and only in small/catalytic
amounts (< 1 eq.) to avoid byproducts due to side-reactions such as
imine-catalyzed aldol addition.

with y = 12 (12Bu), 16 (16Bu)

with y = 12 (12He), 14 (14He)

with y = 8 (8Oc), 10 (10Oc), 12 (12Oc)

12Bu (C28H57NO2): Yield: 83%; white solid. ESI-MS: 439.77 Da (cal-
culated), 440.45 Da (found, [M+H]+). 1H-NMR (400 MHz, CDCl3) 𝛿
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(ppm) = 0.88 – 0.92 (m, 6H, -CH3, dodecanal), 1.24 – 1.35 (m, 40H, -
CH2-), 1.60 – 1.68 (m, 2H, -CH2-N-), 1.82 – 1.89 (m, 2H, -CH2-CO), and
2.60 – 2.84 (m, 6H, -CH2-N-).

16Bu (C36H73NO2): Yield: 85%, white solid. ESI-MS: 551.99 Da (cal-
culated), 552.57 Da (found, [M+H]+). 1H-NMR (400 MHz, CDCl3) 𝛿

(ppm) = 0.87 – 0.93 (m, 6H, -CH3, hexadecanal), 1.22 – 1.37 (m, 56H,
-CH2-), 1.60 – 1.69 (m, 2H, -CH2-), 1.83 – 1.90 (m, 2H, -CH2-CO), and
2.59 –2.90 (m, 6H, -CH2-N-).

12He (C30H61NO2): Yield: 79%; colorless oil. ESI-MS: 467.82 Da (cal-
culated), 468.48 Da (found, [M+H]+). 1H-NMR (400 MHz, CDCl3) 𝛿

(ppm) = 0.61 – 0.70 (m, 6H, -CH3, dodecanal), 0.98 – 1.18 (m, 44H, -
CH2-), 1.40 – 1.58 (m, 2H, -CH2-), 2.12 – 2.22 (m, 2H, -CH2-CO), and
2.70 – 2.88 (m, 6H, -CH2-N-).

14He (C34H69NO2): Yield: 85%; colorless oil. ESI-MS: 523.93 Da (cal-
culated), 524.54 Da (found, [M+H]+). 1H-NMR (400 MHz, CDCl3) 𝛿

(ppm) = 0.87 – 0.94 (m, 6H, -CH3, tetradecanal), 1.21 – 1.41 (m, 52H,
-CH2-), 1.65 – 1.77 (m, 2H, -CH2-), 2.38 – 2.44 (m, 2H, -CH2-CO), and
2.96 – 3.05 (m, 6H, -CH2-N-).

8Oc (C24H49NO2): Yield: 72%; colorless oil. ESI-MS: 383.66 Da (cal-
culated), 384.38 Da (found, [M+H]+). 1H-NMR (400 MHz, CDCl3) 𝛿

(ppm) = 0.65 – 0.95 (m, 6H, -CH3, octanal), 1.15 – 1.53 (m, 26H, -CH2-
CH2-), 1.55 – 1.88 (m, 8H, -CH2-), 2.24 – 2.44 (m, 2H, -CH2-CO-), and
2.28 –3.12 (m, 6H, -CH2-N-).

10Oc (C28H57NO2): Yield: 68%; colorless oil. ESI-MS: 439.77 Da (cal-
culated), 440.45 Da (found, [M+H]+). 1H-NMR (400 MHz, CDCl3) 𝛿

(ppm) = 0.65 – 0.95 (m, 6H, -CH3, decanal), 1.15 – 1.53 (m, 34H, -CH2-
CH2-), 1.55 – 1.88 (m, 8H, -CH2-), 2.24 – 2.44 (m, 2H, -CH2-CO-), and
2.28 –3.12 (m, 6H, -CH2-N-).

12Oc (C32H65NO2): Yield: 71%; colorless oil. ESI-MS: 495.88 Da (cal-
culated), 496.51 Da (found, [M+H]+). 1H-NMR (400 MHz, CDCl3) 𝛿

(ppm) = 0.65 – 0.95 (m, 6H, -CH3, dodecanal), 1.15 – 1.53 (m, 42H, -
CH2-CH2-), 1.55 – 1.88 (m, 8H, -CH2-), 2.24 – 2.44 (m, 2H, -CH2-CO),
and 2.28 – 3.12 (m, 6H, -CH2-N-).

pDNA, mRNA, and siRNA Polyplex Formation: The nucleic acid and
calculated amounts of LAF carrier at indicated N/P (nitrogen/phosphate)
ratios were diluted in separate tubes of HBG (20 mm of HEPES, 5% (w/v)
glucose, pH 7.4). All secondary amines of the Stp (succinoyl tetraethylene
pentamine) units, terminal amines, and the tertiary amines of the LAFs
were considered in the N/P ratio calculations. Equal volumes of nucleic
acid solution and LAF carrier solution were mixed by rapid pipetting and
incubated for 40 min at RT in a closed Eppendorf reaction tube. The final
concentration of nucleic acid in the polyplex solution was 12.5 μg mL−1 for
mRNA, 10 μg mL−1 for pDNA, and 25 μg mL−1 for siRNA, if not otherwise
stated.

Cellular Transfection Efficiency of pDNA, mRNA, and siRNA Polyplexes by
Luciferase Expression Assay: For pDNA and mRNA transfections, 10 000
N2a, 10 000 DU145, or 5000 HeLa cells per well were seeded in 96-well
plates one day prior to transfection. Before the treatment, the cell culture
medium was replaced by 80 μL of fresh medium containing 10% (v/v)
FBS (fetal bovine serum). Transfection efficiency of polyplexes was evalu-
ated for different doses of nucleic acid per well. For mRNA, the volumes of
20, 5, 2.5, or 1.25 μL of polyplex solution (12.5 μg mL−1 mRNA-luc) were
added to the corresponding wells in triplicate as well as HBG to reach a
final volume of 100 μL per well. For pDNA, volumes of 20, 10, 5, 2.6, and
1.4 μL of polyplex solution (10 μg mL−1 pCMVLuc) and the correspond-
ing HBG volumes were added in the same way to the wells. HBG buffer
was used as negative control. SuccPEI at a w/w (weight/weight) ratio of
4 as well as previously published oleic acid-based T-shape lipo-OAA 1218
at N/P 12 were used as positive controls for mRNA.[19c] For pDNA, LPEI
was used at N/P 6 as positive control.[16a,19b,43] After 24 h incubation at
37 °C, the medium was removed, cells were treated with 100 μL of cell
culture 0.5× lysis buffer, and frozen at −80 °C at least overnight. Prior to
the measurement of luciferase activity, plates were incubated for 1 h at RT.
For mRNA experiments, the cell lysate was diluted in PBS at an indicated,
suitable ratio and mixed thoroughly. Luciferase activity in 35 μL of the cell
lysate was measured for 10 s by a Centro LB 960 plate reader luminometer
(Berthold Technologies, Bad Wildbad, Germany) after addition of 100 μL
LAR buffer (20 mm glycylglycine; 1 mm MgCl2; 0.1 mm ethylenediaminete-

traacetic acid; 3.3 mm dithiothreitol; 0.55 mm adenosine 5′-triphosphate;
0.27 mm coenzyme A, pH 8–8.5) supplemented with 5% (v/v) of a mixture
of 10 mm luciferin and 29 mm glycylglycine. Transfection efficiency was
calculated for the seeded number of cells and presented as relative light
units (RLU) per well. In the case of mRNA, a background (i.e., RLU values
of HBG-treated cells) subtraction was done. For siRNA, the same transfec-
tion protocol was used with minor adaptions. An initial number of 5000
cells/well was plated in 96-well plates. The volumes of 20, 10, 5 (only for
positive controls), 2.5, 1.25, and 0.62 μL of polyplex solution (25 μg mL−1

siRNA), as well as corresponding volumes of HBG (final volume of 100 μL
per well), were applied to the cells for 48 h without medium change. For
further dose reduction (3.1 and 0.31 ng siRNA/well), the polyplex solution
(25 μg mL−1 siRNA) was diluted 1:10 and 1:100 with HBG and 1.25 μL of
this dilution was added to the cells. SuccPEI (w/w 4)[28] and oleic acid-
based T-shape lipo-OAA 1214 (N/P 12)[17b] were considered as positive
controls. The cell lysate was subjected to the measurement after 45 min
incubation of the lysis buffer-treated cells at RT. RLU was presented as
a percentage of the luciferase gene expression of the HBG buffer-treated
cells. Experiments were carried out in triplicates.

Assessment of the Percentage of Transfected Cells and the Mean Fluores-
cence Intensity (MFI) of mRNA-Treated Cells via Flow Cytometry: One day
prior to transfection, N2a cells (10 000 cells/well) were seeded in a 96-well
plate. Polyplexes were mixed following the same protocol as mentioned
before using mRNA-mCherry as cargo. LAF containing polyplexes were
transfected in the same manner as for luciferase expression assay at a
dose of 31 ng mRNA/well in comparison to positive controls succPEI and
1218 with 31 ng and 250 ng mRNA per well. Transfection was performed
in triplicates. After 24 h incubation at 37 °C, medium was removed, cells
were detached with trypsin/EDTA, and suspended in 100 μL of phosphate-
buffered saline (PBS, 136.9 mm NaCl, 2.7 mm KCl, 8.1 mm Na2HPO4,
1.5 mm KH2PO4; pH 7.4) containing 10% (v/v) FBS (FACS buffer). The cell
suspension was transferred to a V-bottom plate (Ratiolab GmbH, Dreie-
ich, Germany) and centrifuged (1600 rpm, 5 min, RT). The cell pellet was
re-suspended in 110 μL FACS buffer containing 1 μg mL−1 of DAPI to stain
dead cells. Measurement was carried out at a CytoFLEX S flow cytometer
(Beckman Coulter, Brea, CA, USA) with excitation of mCherry at 561 nm
and detection of emission at 610 nm. Cells were appropriately gated based
on the forward- and side-scatter profile. At least 1000 events were recorded
for each sample. FlowJo7.6.5 flow cytometric analysis software (FlowJo,
Ashland, OR, USA) was used for data analysis. MFI values were calculated
from the mCherry positive cell population.

Determination of logD: Selected OAAs were synthesized via SPPS as
described in the methods part of the Supporting Information, incorporat-
ing one C-terminal tyrosine to enable detection via UV–vis (wavelength
𝜆 = 280 nm). A standard curve of each carrier was prepared with con-
centrations ranging from 0.1 to 1 mg mL−1. For 1218, concentrations
ranged from 0.045 to 0.45 mg mL−1 to obtain absorption values below 1.
For the dilutions and blank, the same solvent was used as in the stock
solutions (i.e., ethanol/water 9:1 (v/v) for 1796, 1798, 1817, and 1820;
ethanol/water 1:1 (v/v) for 1797; ethanol/dimethylsulfoxide 1:1 (v/v) for
1818, and 1819; and water for 1218). Samples were prepared by 1:10 (v/v)-
dilution of 100 μL of a 10 mg mL−1 stock solution with 20 mm HEPES
buffer at different pH values (pH 7.4, 6.5, 5.5). 1218 was evaluated at a con-
centration of 0.45 mg mL−1. After adding 1 mL of 1-octanol, the mixture
was incubated under constant shaking (45 rpm) for 24 h. Subsequently,
samples were centrifuged (4000 rpm, 20 °C, 4 min) and stored at 4 °C
for 1 h for phase separation. Due to the occurrence of opalescence in the
aqueous phase, only the 1-octanol phase was measured at wavelength 𝜆

= 280 nm against 1-octanol as blank using a Cary 3500 UV–vis Multicell
Peltier spectrophotometer (Agilent Technologies, Waldbronn, Germany).
The calculated concentration of OAA in 1-octanol was subtracted from
1 mg mL−1 to obtain the concentrations in the aqueous layer. logD values
were calculated as log(coctanol / cwater).

Erythrocyte Leakage Assay[19b] of LAF Carriers: Fresh human blood,
buffered with 25 mm citrate, was washed with PBS until a clear super-
natant was obtained. After centrifugation (2000 rpm, 4 °C, 10 min), the
cell pellet was diluted to 5 × 107 erythrocytes per mL with different PBS
buffers (pH 7.4, 6.5, and 5.5). A volume of 75 μL of LAF carrier solution,
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previously diluted with PBS of the respective pH value, was pipetted into
each well of a V-bottom 96-well plate (NUNC, Denmark). The same vol-
ume of erythrocyte suspension at the same pH value was added to each
well. The final concentration of LAF carrier per well was 1.25 μm. The plates
were incubated at 37 °C under constant shaking for 60 min. After centrifu-
gation, 100 μL of the supernatant was analyzed for hemoglobin release at
the wavelength 𝜆 = 405 nm using a microplate reader (Spectrafluor Plus,
Tecan, Männedorf, Switzerland). PBS at the indicated pH values served as
a negative control (0% value), whereas Triton X-100 at the indicated pH
values was used as a positive control (100% value). Data were presented
as mean value (±SD) of quadruplicates.

Confocal Laser Scanning Microscopy (CLSM) of Cells after Treatment with
mRNA Polyplexes: 15 000 HeLa-Gal8-mRuby3 cells,[33c] or 20 000 N2a
cells per well were seeded into ibidi μ-slide 8-well chamber slides (Ibidi
GmbH, Germany) and cultured overnight at 37 °C. Medium was changed
before transfection. Polyplexes were mixed as described above at a total
mRNA concentration of 12.5 μg mL−1, whereby 80% of mRNA-luc and
20% of Cy5-labeled mRNA-luc were used. Indicated doses of polyplexes
were subjected to the cells and incubated for 4 h at 37 °C. The final volume
of medium plus polyplex solution in the well was 300 μL. Cells were washed
twice with PBS, fixed with 4% (w/v) paraformaldehyde in PBS for 45 min
at RT in the dark, and washed with PBS again. In the case of N2a cells,
filamentous actin was stained with rhodamine-phalloidin (2 units μL−1;
1:500-diluted in PBS) overnight. Nuclei of both cell lines were stained with
DAPI (1 μg mL−1 in PBS) for 20 min at RT in the dark. After removal of the
staining solution, cells were washed twice with PBS and stored in 300 μL
fresh PBS. Imaging was performed with a Leica-TCS-SP8 CLSM equipped
with an HC PL APO 63×1.4 objective and images were processed with the
LAS X software from Leica.

Bafilomycin A1 Assay with pDNA and mRNA Polyplexes: One day prior
to transfection, cells were seeded in 96-well plates as described above.
Medium was changed to either fresh medium or medium supplemented
with bafilomycin A1 (BafA1) (0.1 μg μL−1 in DMSO) to reach a final concen-
tration of 200 nm BafA1 after polyplex addition. Polyplexes were formed as
described previously at a concentration of 12.5 (mRNA-luc) or 10 μg mL−1

(pCMVLuc). After two hours of incubation with BafA1, cells were trans-
fected with 20 μL of pDNA polyplexes, 2.5 μL of mRNA polyplexes consist-
ing of LAF carriers, or 20 μL of mRNA polyplexes formed with succPEI and
1218. Cells were incubated for 4 h. This incubation time was chosen to
avoid possible cytotoxicity of BafA1. Afterwards, mRNA-treated cells were
lysed and luciferase expression was assessed as described above. In the
case of pDNA, medium was replaced by 100 μL fresh medium, and cells
were incubated for further 20 h before the read-out via a luciferase expres-
sion assay as described above. Transfections were performed in triplicates.

Serum Dilution Assay: N2a cells (10 000 cells/well) were seeded in 96-
well plates one day prior to transfection as described above. Before the
treatment, medium was replaced with 97.5 μL fresh medium containing
10% (v/v) FBS. Polyplex formation was performed as described above at
a final mRNA-luc concentration of 12.5 μg mL−1. After polyplex formation
for 40 min at RT, polyplexes were diluted appropriately in FBS and 2.5 μL of
each dilution were subjected to the cells at indicated doses reaching from
3.1 ng to 3.1 pg of mRNA per well. As a control, undiluted polyplexes were
transfected at an mRNA-luc dose of 31 ng per well. Read-out was done
at 24 h after transfection via a luciferase expression assay as described
above. Experiments were carried out in triplicates.

In Vivo Performance of mRNA Polyplexes in Tumor-Bearing Mice: In vivo
experiments were performed according to the guidelines of the German
Animal Welfare Act and were approved by the animal experiments ethical
committee of the Government of Upper Bavaria (accreditation number
Gz. ROB-55.2-2532.Vet_02-19-20). N2a cells (106 cells/150 μL PBS) were
inoculated subcutaneously into the left flank of 6-week-old female A/J mice
(Envigo RMS GmbH, Düsseldorf, Germany). Mice were randomly divided
into groups of five and were housed in isolated ventilated cages under spe-
cific pathogen-free conditions with a 12 h day/night interval, and food and
water ad libitum. Weight and general well-being were monitored contin-
uously. Tumor size was measured with a caliper and determined by the

formula: a∗b2

2
(a = longest side of the tumor; b = widest side vertical to

a). When tumors reached a size of 250–500 mm3, the experiments were
performed by intravenous tail vein injection of polyplexes formed at indi-
cated N/P ratio as described in the Supporting Information, containing
1, 3, or 10 μg of mRNA-luc in 150 μL HBG. Mice were euthanized either
6 or 24 h after injection. The organs (tumor, lungs, liver, kidneys, spleen,
brain, heart, muscle, i.e., hamstring muscles and calves) were dissected
and washed carefully with PBS, followed by analysis via ex vivo luciferase
gene expression assay. The luciferase expression was determined as de-
scribed below and presented as relative light units per gram organ after
background subtraction (lysis buffer).

Ex Vivo Luciferase Expression Assay of Organs and Tumors: Organ and
tumor tissues were homogenized in Luciferase Cell Culture Lysis Reagent
1×, supplemented with 1% (v/v) protease and phosphatase inhibitor cock-
tail using a tissue and cell homogenizer (FastPrep-24, MP Biomedicals,
USA). Then, the samples were frozen overnight at −80 °C to ensure full
lysis. In the next step, the samples were thawed and centrifuged for 10 min
at maximum speed (≈13 000 rpm) and 4 °C. Luciferase activity in 25 μL
supernatant was measured in a Centro LB 960 plate reader luminometer
(Berthold Technologies, Bad Wildbad, Germany) for 10 s after addition
of 100 μL/well of a LAR buffer solution (composition see above) supple-
mented with 5% (v/v) of a mixture of 10 mm luciferin and 29 mm glycyl-
glycine.

Statistics: Results were presented as arithmetic mean ± standard de-
viation (SD) out of at least triplicates, if not otherwise stated. Unpaired
Student’s two-tailed t-test with Welch’s correction was performed using
GraphPad Prism in order to analyze statistical significances. Significance
levels were indicated with symbols: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001; ****p ≤ 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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