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Synthesis of nucleobase-functionalized peptides and investigation on their
self-assembly properties with mRNA as cargo

Jan Zimmer 2, Jakob Nassauer?, Elena Hoffmann?, Raphael Thiermann? and Regina Bleul?*

Non-covalent interactions are crucial in biological systems, e.g. during cell division process, assembly and desassembly of
double stranded DNA. Furthermore, interactions between proteins and nucleoacids play important roles during various cell
processes. This study focuses on the synthesis and characterization of thymine and lysine-bearing PEG-peptide conjugates,
which leverage these interactions for nanoparticle formation. Using solid-phase peptide synthesis (SPPS), we successfully
incorporated nucleobases into peptides, enabling complementary base pairing with nucleic acids. The resulting
nanoparticles were characterized using transmission electron microscopy (TEM) and dynamic light scattering (DLS),
confirming their uniform size and low polydispersity. We investigated the interaction of these nanoparticles with polyA-tail
of mMRNA. We demonstrated with the example of eGFP-mRNA, effective cellular uptake and transfection capabilities.
PEGylated peptide functionalized with 6 Thymine bases, exhibited enhanced stability and transfection efficiency compared
to the other variants tested. Cytotoxicity assays indicated favorable biocompatibility across various cell lines. Overall, our
findings underscore the potential of nucleopeptides in developing novel gene delivery systems and advancing

biotechnological applications.

Introduction

Non-covalent interactions play an important role in biological
systems, particularly concerning the stability of secondary,
tertiary, and quaternary structures of proteins, as well as the
molecular self-assembly of nucleic acids, which is driven by
complementary base pairing. Base pairing is induced through
the formation of hydrogen bonds. In the context of Watson-
Crick base pairing, the nucleobases adenine (A) and thymine (T)
(or uracil in RNA) interact alongside guanine (G) and cytosine
(C). Between A and T two hydrogen bonds are formed, while G
and C engage through three hydrogen bonds, leading to a
stronger interaction between G-C compared to A-T.%2

The versatile properties of nucleic acids (storage of genetic
information, replication, catalytic activity, formation of diverse
structures, sequence-specific recognition, regulation of gene
expression, and chemical modifiability) like deoxyribonucleic
acid (DNA) or ribonucleic acid (RNA) have motivated the
synthesis of nucleobase-bearing compounds.?™* Peptides or
polymers containing DNA/RNA-like motifs are able to form
controlled self-assembled structures, which can exhibit
thermoresponsive behaviour like DNA.>6

Therapeutic nucleic acids can be applied in various fields such
as gene editing,

development. For example, in COVID-19 vaccines, the mRNA

protein replacement, and vaccine
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encodes an antigen, specifically a modified version of the SARS-
CoV-2 spike protein, that triggers an immune response,
including the production of neutralizing antibodies.*! If nucleic
acids are injected into the body, they are rapidly degraded by
nucleases, which strongly limits the efficiency of the
treatment.’”® Additionally, nucleic acids have a high molar mass
and are charged negatively, which prevents them from passing
the negatively charged cell membrane. Therefore, the effective
transportation of therapeutic nucleic acids into target cells and
efficient expression are essential. Nanocarriers encapsulating
nucleic acids have to show a high transfection efficiency, low
toxicity, specific targeting and good stability.>*?

Nucleobases can be incorporated into peptide sequences
following several strategies. It is possible to integrate only the
nucleobase or even nucleosides or nucleotides into the peptide.
Nucleopeptides are mainly synthetic compounds that are
developed for biological applications 12, e. g. for the interaction
with proteins or enzymes such as serum albumin '3 or the
reverse-transcriptase of HIV.1* Besides that, nucleoamino acids
can be found in nature in the form of the nucleoamino acid
willardiine. Willardiine is an amino acid that contains an uracil
residue and occurs naturally in the seeds of Mariosousa
willardiana and Acacia sensu lato.*®

Nucleopeptides are molecules in which the peptide backbone is
modified with nucleobases via side chain functionalities like
amino or carboxy groups. They can bind to nucleic acids by
complementary base pairing via watson-crick or hogsteen base
pairing.1®
Functionalized nucleobases can be conjugated to
Fmoc-protected amino acids for the usage in solid phase
peptide synthesis (SPPS). The SPPS is an elegant and well-
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established method to obtain nucleopeptides of a defined
sequence in high yields.

Nucleopeptides can be conjugated to polyethylene glycol (PEG)
to form stable nanoparticles in combination with nucleic acids.
Furthermore, PEG is forming a stealth layer to mask the surface
charge of the nanoparticles and prevent recognition of the
reticuloendothelial system (RES) by inhibiting albumin-induced
aggregation in the bloodstream.~1° Even with the stealth
properties of PEG, the remaining positive charge on PEGylated
DNA nanoparticles still facilitates protein binding in the
bloodstream.20-22

Peptides and nucleobases can self-assemble under a variety of
conditions. Therefore, nucleopeptides can show diverse
self-organisation behaviour. This behaviour can be used to
develop new properties and applications 23, like tuneable or
functional supramolecular architectures 24-%7, fluorescence 2%~
31 to selectively sequestrate ATP in cells 32 or to deliver RNA into
cells. >33

In this work, we describe the synthesis and characterization of
thymine and lysine bearing PEG-peptide-conjugates via SPPS,
which should encapsulate nucleic acids efficiently and enable
their cellular uptake. Therefore, the o-amino group of
H-Lys(Fmoc)-OH was coupled with the carboxyl group of
thymine-1-acetic acid to obtain the building block for the
subsequent SPPS. Two different PEG-Peptides were synthesized
and compared containing three or six thymine moieties.

We investigated the formation of nanoparticles based on the
interactions of thymine and the polyA-tail of GFP-mRNA and
additionally the ionic interactions between the negatively
charged nucleic acid backbone and the positively charged
amino group of lysine. The nanoparticles were characterized
using agarose gel electrophoresis (AGE), transmission electron
microscopy (TEM) and dynamic light scattering (DLS).
Furthermore, the cellular uptake towards HEK-293 and
cytotoxicity towards HEK-293, SCL-1 and dTHP-1 cell lines were
investigated.

Results and Discussion
Synthesis of amino acid building block and nucleopeptides.

The a-amino group of H-Lys(Fmoc)-OH was coupled with the
carboxyl group of thymine-1-acetic acid to obtain the building
block for the subsequent SPPS (Fig. 1). Therefore, a simple
amidation reaction using DCC/NHS as the coupling reagents was
utilized. Preactivating thymine-1-acetic acid with the coupling
reagents greatly improved the product yield by reducing the
likelihood of self-reaction of the amino acid. The product was
characterized using *H-NMR and ESI-LC-MS. Subsequently, two
peptides, containing 3 or 6 thymine-lysine derivatives (T), were
successfully synthesized via SPPS following the Fmoc-protocol
using Rink Amide AM resin. The amino acid lysine (K) was
incorporated alternately with T. The coupling reagents were
HBTU, HOBT and DIPEA. DMF was used as the solvent.
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Fig. 1: Lysine-thymine-derivative as a building block for SPPS.

The corresponding amino acids were used in 3.8 equivalents,
HBTU and HOBT in 4 equivalents and DIPEA in an 8 equivalents
excess. The amino acids were used in an excess compared to the
coupling reagents to prevent guanidation, which leads to the
termination of the peptide chain and minimizes the yield.3* The
deprotection of the Fmoc-group was carried out with 20%
piperidine in DMF. The peptides were coupled with a N-terminal
cysteine to enable them for a thiol-en reaction with maleimide
functionalized polyethylene glycol monomethyl ether
(mPEG-Mal) with molecular weights of 1000, 2000, 5000 or
10000 g/mol, respectively. Finally, acetyl capping was
performed to prevent side reactions during PEGylation, such as
thiazine formation.3% The peptides were cleaved from the resin
using a cleavage cocktail that consisted of 90% TFA, 2.5 %TIPS,
5% EDT and 2.5% water. The resin was filtered off and washed
several times with TFA. The filtrate was precipitated in ice-cold
diethyl ether, centrifuged and decanted to obtain the solid. This
procedure was repeated twice. The solid was lyophilised and
analyzed via ESI-LC-MS. The coupling of the thiol containing
peptide and mPEG-Mal was carried out in 1X PBS pH7.4
overnight. The progress of the reaction was monitored by
ESI-LC-MS. The crude product was purified using preparative
HPLC and characterized via HPLC and ESI-LC-MS. The obtained
peptide sequences were PEG-CKKKTKKKTKKKT (PEG-3T) and
PEG-CKTKTKTKTKTKT (PEG-6T) with cysteine C, lysine K and the
thymine-lysine derivative T. The peptides are shown in Fig. 2.
The two peptide motifs were specifically designed to investigate
the role of lysine and lysine-thymine patterning in peptide
structure and function, particularly in the context of charge
distribution, and potential interactions with nucleic acids for
nanoparticle formation. Linking the nucleobase to the &-NH,
group extends the peptide backbone, thereby increasing the
spacing between nucleobases to more closely resemble the
structure of nucleic acids, especially for PEG-6T.

characterization of

Synthesis and physicochemical

PEG-peptide/PolyA nanoparticles.

The incorporated thymine should allow the peptides to form
nanoparticles, through hydrogen bonds via Watson-Crick base
pairing, with adenine containing molecules, like the polyA-tail
of mRNA. Furthermore, lysine as a cationic residue, should
interact via ionic interactions with the negatively-charged
nucleic acid backbone. To observe this behaviour, initial
experiments were carried out with the single stranded RNA
homopolymer polyA. To determine the necessary molecular
weight of PEG to form small nanoparticles, the respective
peptides were dissolved in 1X PBS pH 7.4 and mixed with polyA.
The solution was heated to 85 °C for 10 minutes and slowly

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2: Peptides synthesized via SPPS. PEG-CKKKTKKKTKKKT (PEG-3T, left) and
PEG-CKTKTKTKTKTKT (PEG-6T, right).

cooled to room temperature with 1°C/min. The solution
showed a significant turbidity after cooling, indicating the
formation of nanoparticles. The resulting nanoparticles were
investigated using DLS. It was observed for both peptides, that
the size and PDI decreased with increasing molecular weight of
PEG. This could be induced through a better shielding to the
outside and therefore reduced aggregation. For both peptides
containing 10000 g/mol PEG a small size and PDI of the
nanoparticles could be observed with 117 nm, PDI 0.04 for 10K-
PEG-3T/PolyA and 242 nm, PDI 0.03 for 10K-PEG-6T/PolyA (Fig.
3 a, b). To investigate the structural nature of the nanoparticles,
cryo-transmission electron microscopy (TEM) measurements
were carried out. TEM measurements of the mixture 5K-PEG-
3T/PolyA (Fig. 3 ¢, d) showed vesicles, which corroborate the
DLS measurements indicating an average size of approximately
250nm for the nanoparticles. The consistent size
measurements obtained from both TEM and DLS suggest the
successful formation of uniform nanoparticles within this
specific formulation.

Agarose gel electrophoresis of PEG-peptide/EGFP nanoparticles.

After experiments with polyA confirmed the possibility to form
peptide/mRNA nanoparticles, further experiments were carried

(a) (b)
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Fig. 3: DLS measurements to investigate the influence of PEG chain length on the
nanoparticle formation of PEG-3T/PolyA (a), and PEG-6T/PolyA (b). The concentrations
of PEG-3T and PEG-6T were 80 uM and the polyA concentration was 720 puM. The solvent
used was 1X PBS. The table shows the mean value of the Z-average and the PDI of three
individual measurements. Cryo-TEM images of 5K-PEG-3T/PolyA. The sizes of the scale
bars are 1 um (c) and 500 nm (d).
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out using a functional GFP-mRNA. GFP-mRNA shoujd enable the
possibility to observe cellular uptake BPtHelGIASPHIRTEIES.
Therefore, the peptides with a molecular PEG weight of
10000 g/mol, that showed the smallest size and PDI in the
previous experiments were mixed in different molar ratios with
EGFP-mRNA. Agarose gel electrophoresis was carried out for
10K-PEG-3T/EGFP and 10K-PEG-6T/EGFP to determine the
N:P-ratio which was necessary for complete charge
compensation of the mRNA. Therefore, the RNA concentration
was kept constant at 0.6 mg/ml, while the concentration of
10K-PEG-3T and 10K-PEG-6T was varied (Fig. 4 a, b). The RNA
ladder and free EGFP-mRNA were used for comparison. The
EGFP-mRNA was applied to check its integrity. It was observed
that a complete compensation of the negative charge could be
achieved at an N:P-ratio of 1.8:1 for 10K-PEG-3T/EGFP. Due to
the compensated charge, the mRNA no longer penetrated the
gel and remained in the pocket.3” In addition, free EGFP-mRNA
was applied, which was heated to 85 °C for 10 minutes (GFP T)
to investigate whether it was stable under the conditions
required for particle formation of the EGFP-mRNA mixtures. A
complete compensation of the charge could already be
observed at an N:P-ratio of 0.4:1. The differences in the
observed N:P-ratios of the two peptide/EGFP mixtures can
probably be attributed to the different number of thymine
bases in the peptides and their interaction with the mRNA.
While the peptide 10K-PEG-3T contained only three thymines,
10K-PEG-6T had six thymines. However, the latter showed a
lower N:P-ratio, which was necessary to compensate for the
negative charge of the mRNA. This suggests that the nucleobase
interaction has a major influence on the complexation of the
mMRNA and supports it significantly.
Synthesis and physicochemical characterisation of
PEG-peptide/EGFP nanoparticles.

Peptides with 3 or 6 thymine residues were analysed in different
mixing ratios concerning hydrodynamic size and size
distribution with DLS (Fig. 4). For the N:P-ratio 1:1 a small size
and PDI could be observed for both peptide mixtures. The size
of the nanoparticles of 10K-PEG-3T/EGFP was 155 nm with a
PDI of 0.06 and for the 10K-PEG-6T/EGFP nanoparticles 74 nm
with a PDIl of 0.11. The size of the nanoparticles in both mixtures
was between 70 and 200 nm, and therefore they were of a size
that, according to the literature, should facilitate effective
endocytosis.3®3° The nanoparticles of the mixtures
10K-PEG-3T/EGFP and 10K-PEG-6T/EGFP in a N:P-ratio of 1:1
were also examined using cryo-TEM (Fig. 5). The images of the
10K-PEG-3T/EGFP nanoparticles showed small spherical
particles with a faintly visible membrane in the range of
70-80 nm, but also larger ones, which had a size of 120-130 nm.
The images of 10K-PEG-6T/EGFP showed larger particles in the
60-70 nm range, but also some smaller ones in the 40-50 nm
range. The individual particles were well separated from each
other. The slightly smaller size could be explained by the fact
that the DLS measurements determined the hydrodynamic
diameter of the nanoparticles, which included not only the
actual nanoparticle but also its solvate shell. Due to the low

J. Name., 2013, 00, 1-3 | 3
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Fig. 4: Agarose gel electrophoresis to determine the N:P-ratio for complete charge
compensation of the mRNA of 10K-PEG-3T/EGFP (a) and 10K-PEG-6T/EGFP (b). The
concentration of EGFP-mRNA was 0.6 mg/ml in each case and that of the peptide was
varied. The solvent used was 1X PBS. DLS measurements to analyse the N:P-ratios of
10K-PEG-3T/EGFP (c), and 10K-PEG-6T/EGFP (d). The concentrations of 10K-PEG-3T and
10K-PEG-6T were kept constant at 200 uM and the EGFP concentration was varied. The
solvent used was 1X PBS. The table shows the mean value of the Z-average and the PDI
of three individual measurements.

electron density of the solvate shell, it could not be observed in
the cryo-TEM images. In addition, even a small number of large
particles affects the average size in DLS measurements more
strongly than smaller ones, which means that the significantly
detected in

smaller nanoparticles cannot be DLS

measurements.36

200 nm
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Fig. 5: TEM images of 10K-PEG-3T/EGFP (a) and 10K-PEG-6T/EGFP (b), both N:P-ratio 1:1
in 1X PBS pH 7.4. Cell viability of HEK-293 (turquoise), dTHP-1 (dark blue) and SCL-1 cells
(light blue) relative to the negative control (NC, brown). Cells were treated with different
ratios (undiluted (UV), 1:1-1:4) of 10K-PEG-3T/EGFP (c) or 10K-PEG-6T /EGFP (d) for 24 h.
The error bars represent the standard deviation of the mean. Experiments were carried
out as duplicates.
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Cytotoxicity studies of PEG-peptide/EGFP nanoparticles, Aicic onine

. — DOI: 10.1039/D5NR04017
To evaluate the biocompatibility o? t%e synthesize

nanoparticles for further use in therapeutic applications, the
cytotoxicity was investigated following the CCK8-assay.
10K-PEG-3T/EGFP and 10K-PEG-6T/EGFP nanoparticles were
applied to HEK-293, SCL-1 and dTHP-1 cell lines in different
dilutions (undiluted (UV), 1:1, 1:2 and 1:4). While HEK-293 cells
were investigated due to their relevance in transfection studies,
dTHP-1 and SCL-1 cells were used to demonstrate that, at a
specific concentration, the carrier peptide and its associated
nanoparticles did not cause any direct damage to healthy
immune or cancer cells. The HEK-293 cells showed a high
viability for both nucleopeptides relative to the untreated cells
(NC) in all dilutions. The viability was at least 90% or higher. In
addition, the results show that the viability of SCL-1 cells was at
around 80% for 10K-PEG-3T/EGFP and 10K-PEG-6T/EGFP
nanoparticles in every dilution. This indicated that the viability
was still very high, and no concentration dependent toxic
effects could be observed in the investigated concentration
range. For dTHP-1 cells the viability was lower after the
treatment with both nanoparticles. For 10K-PEG-3T/EGFP the
viability remained at 60% for all dilutions, while the viability was
higher for the 1:2 dilution with 10K-PEG-6T/EGFP nanoparticles
at around 75%. Therefore, the results demonstrate that the
nanoparticles meet the basic criteria of cellular applications.

Fig. 6: Cellular uptake of nanoparticles in HEK-293 cells. Fluorescence images of
10K-PEG-6T/EGFP  N:P-ratio 1:1 in 1XPBSpH7.4 (a), positive control:
lipofectamine/EGFP (c), negative control: EGFP-mRNA in 1XPBS pH7.4 (e) and
corresponding overlays (b, d, f).

This journal is © The Royal Society of Chemistry 20xx
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Transfection studies of PEG-peptide/EGFP nanoparticles.

After the physicochemical characterization of PEG-peptide/GFP
nanoparticles, further experiments were performed to test the
ability of 10K-PEG-3T/EGFP 10K-PEG-6T/EGFP in
nanoparticle transfection and translation of the encapsulated
mRNA. Following the successful delivery into the cells and
EGFP-mRNA is into the
corresponding green fluorescent protein. The fluorescence can

and

endosomal escape, translated
be observed under a fluorescence microscope.
10K-PEG-3T/EGFP and 10K-PEG-6T/EGFP Nanoparticles were
applied to HEK-293 cells to investigate their GFP expression (Fig.
6). While 10K-PEG-3T/EGFP showed no GFP expression,
10K-PEG-6T/EGFP nanoparticles
transfection and subsequent GFP expression in HEK-293 cells
24 h after treatment. As a negative control EGFP-mRNA in PBS
was used and as a positive control lipofectamine/EGFP
nanoparticles were used. While the negative control showed no

showed successful

GFP expression, the positive control showed significantly higher
GFP expression compared to the 10K-PEG-6T/EGFP
nanoparticles. However, the enhanced GFP Expression for 10K-
PEG-6T/EGFP compared to 10K-PEG-3T/EGFP nanoparticles
could be explained by the larger size of 10K-PEG-3T/EGFP
nanoparticles with around 150 nm compared to 10K-PEG-
6T/EGFP nanoparticles with around 75 nm. Therefore, a
nucleobase count of 6 is necessary to ensure targeted
transfection. Furthermore, this shows, that the 10K-PEG-
6T/EGFP nanoparticles physiological
conditions and can release their cargo efficient following the

are stable under
cellular uptake. The cellular uptake is promoted by the cationic
lysine residues, which can interact with the cell membrane and
condensate EGFP-mRNA efficient in combination with the
thymine residues. This effect is typical for cell penetrating
peptides, that are usually highly charged like the HIV-TAT-
peptide.*® Furthermore the cationic part can promote
endosomal escape by the proton sponge effect. The attached
PEG-chain prevents aggregation and reduces the nanoparticle

size for efficient transfection.17.18

Conclusion

In this study, we successfully synthesized and characterized
thymine and lysine-bearing PEG-peptide conjugates,
demonstrating their potential for nanoparticle formation
through specific interactions with nucleic acids. The
incorporation of thymine facilitated Watson-Crick base pairing
with adenine, while lysine contributed ionic interactions with
negatively charged nucleic acids, leading to effective self-
assembly. Characterization techniques such as DLS and TEM
confirmed the formation of uniform nanoparticles, with optimal
sizes and low polydispersity indexes, particularly at higher PEG
molecular weights. Furthermore, cytotoxicity studies indicated
good biocompatibility of the nanoparticles across different cell
lines, while transfection experiments illustrated the ability of
10K-PEG-6T/EGFP nanoparticles to efficiently deliver RNA and

This journal is © The Royal Society of Chemistry 20xx
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express the corresponding fluorescent protein in;cels.Jbgse
findings highlight the promising applicatidd: 6% Hiiele6peptidés
in gene delivery and other biotechnological

applications.

systems

Experimental Section

The solvents Acetonitrile (ACN), dimethylformamide (DMF),
methanol, pyridine and diethyl ether were obtained from
Omnilab. Fmoc-protected amino acids were purchased from
Carbolution Chemicals GmbH (Fmoc-Lys(boc)-OH,
H-Lys(Fmoc)-OH) and BLD Pharmtech Ltd. (Fmoc-Cys(Trt)-OH).
Rink-Amide-AM resin (100-200 mesh, loading: 0.62 mmol/g)
was obtained from Merck Millipore. Piperidine, trifluoroacetic
acid (TFA), N,N-Diisopropylethylamine (DIPEA), acetic
anhydride and Formic Acid (FA) were purchased from Carl Roth
GmbH + Co. KG. Ethane-1,2-dithiol (EDT), Triisopropylsilane
(TIPS), 1-Hydroxybenzotriazole (HOBT) monohydrate, and
2,4,6-Trinitrobenzenesulfonic acid (TNBS) were obtained from
TCl Deutschland GmbH. Hexafluorophosphate Benzotriazole
Tetramethyl Uronium (HBTU), thymine-1-acetic acid and
N-hydroxysuccinimide (NHS) were purchased from Carbolution
Chemicals GmbH. GFP-mRNA was received from Fraunhofer
ITEM. Water was deionized before usage using a GenPure
UV/UF xCAD system from Thermo Fisher Scientific.

Coupling of thymine to the amino acid

In a round bottom flask, thymine-1l-acetic acid (3.00g,
16.29 mmol, 1.0 eq.) and NHS (2.81 g, 24.4 mmol, 1.5 eq.) were
dissolved in 50 ml DMF. DCC (3.70 g, 17.9 mmol, 1.1 eq.) was
added and stirred overnight at room temperature. The DCC-
urea was filtered off and the filtrate was collected in a round
bottom flask. H-Lys(Fmoc)-OH (4.72 g, 12.8 mmol, 0.8 eq.) was
added and DIPEA (7.44 ml, 5.52 g, 42.7 mmol, 2.6 eq.) was
added dropwise. After stirring again overnight, the solution was
slightly concentrated in vacuo and then poured into water pH 2.
The colourless solid was filtered and washed several times with
water. The crude product was lyophilised and purified via
column chromatography with DCM/MeOH 9:1 with 1% AcOH.
Yield: 3.02 g (5.65 mmol, 35%), colourless powder

1H-NMR (300 MHz, DMSO-ds, 296 K): & = 11.27 (s, 1H, NHThymine).
8.43-8.36 (m, 1H, NHUnker): 7.89 (d, J = 7.4 Hz, 2H, CH™°<): 7.69
(d, J = 7.4 Hz, 2H, CHFmoc); 7.66-7.42 (m, 6H, CHF™°¢, CH@,
CHThymine). 4 39-4.11 (m, 6H, CH-CH,fmoc, CH®, CH,linker); 3.01-
2.91 (m, 2H, CH»-NH); 1.74 (s, 3H, CH5™vmine): 1.71-1.10 (m, 6H,
CHzLySine).

ESI-HRMS (ACN+FA) (m/z): calculated [CagH3iN4O7]*: 535.3212;
found: 535.3189.

Nucleopeptide synthesis

The synthesis was carried out using the Fmoc-protocol. The
peptides were synthesized using Rink-Amid resin (loading:
0.62 mmol/g) in a peptide synthesis apparatus. The resin was
swelled in DMF. To deblock the amino group of the resin, 20%
piperidine in DMF v/v (10 ml/g resin) was added (3x15 min). The
resin was washed 5-6 times with DMF. For preactivation of the
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Fmoc-protected amino acid, the corresponding amino acid
(3.8 eq.), HBTU (4 eq.), HOBT (4 eq.) and DIPEA (8 eq.) were
dissolved in DMF (10 ml/g resin) and kept in an ultrasonic bath
for 10 min. The preactivated amino acid was added to the
reaction solution and shaken for 2 to 2.5 hours. The reaction
was monitored using the Kaiser and TNBS test. The resin was
washed 5-6 times with DMF. Free amino groups were saturated
with acetic anhydride (8 eq.) and pyridine (8 eq.) in DMF
(10 ml/g resin) (1x15 min). It was washed 5-6 times with DMF
and the procedure was repeated as often as desired, starting
with deblocking of the amino group of the peptide chain on the
resin. Afterwards, the peptide was cleaved from the resin. The
resin was washed 5-6 times with DMF, methanol and diethyl
ether and then a cleavage cocktail containing 90% TFA, 5% EDT,
2.5% TIPS and 2.5% water (v/v) (10 ml/g resin, 1x2 h) was
added. The resin was filtered off and washed 5-6 times with
TFA. The filtrate was precipitated in ice-cold diethyl ether,
centrifuged and decanted to obtain the solid. This procedure
was repeated twice. The solid was lyophilised and analyzed via
analytical LC-MS (Fig. S2).

PEG-conjugation

Peptide-SH (1 eq.) was dissolved in 1XPBS pH 7.4 (1.5 ml).
mPEG-Mal (1.1 eq) was also dissolved in 1X PBS pH 7.4 (0.8 ml)
and added to the peptide. The solution was stirred overnight.
The solution was taken up in a syringe and injected into the
preparative HPLC. The purified peptides were characterized by
analytical LC-MS (Fig. S3, S4).

RP-HPLC

The analytical HPLC was performed on an Agilent 1260 Infinity
Il system from Agilent Technologies. The system consisted of a
quaternary pump, an in-line degasser, a multisampler, a column
oven and a diode array detector (DAD). The system was
controlled with the MassHunter Workstation LC/MS Data
Acquisition v.10.1 software. The MassHunter Workstation
Qualitative Analysis v.10.0 software was used for analysis.
InfinityLab Poroshell column (120 EC-C18 3.0x150 mm, 2.7 um)
from Agilent Technologies was used as stationary phases and
water and ACN with 0.1% FA each were used as mobile phases.
Typical gradients were run from 5% to 100% ACN. The
separations were carried out at 40 °C.

The preparative HPLC was carried out on a puriFlash 5250P from
Advion Interchim Scientific. The system consisted of a
quaternary pump, an in-line degasser, a UV/VIS detector, a
single quadrupole mass spectrometer, a light scattering
detector (ELSD) and a fraction collector. The sample was
injected through a 2.5 ml or 5.0 ml sample loop. The InterSoft X
software was used for control and data evaluation. The columns
Uptisphere Strategy C18-HQ 10um 250x21.2 mm and
Utisphere Strategy C18-HQ 5 pum 150x10 mm from Interchim
were used as stationary phases and water and ACN with 0.1%
TFA each were used as mobile phases. Typical gradients were
run from 5% to 100% ACN over one hour. The separations were
carried out at room temperature.
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The mass spectrometry measurements were carried out on an

Agilent 6530 QTOF-MS from Agilent Technologies. Electrospray
ionisation (ESI) was used. The system was controlled with the
software MassHunter Workstation LC-MS Data Acquisition
v.10.1. The MassHunter Workstation Qualitative Analysis v.10.0
software was used for evaluation.

DLS measurements

To investigate the hydrodynamic particle size and the
polydispersity index (PDI) of nanoparticles, DLS measurements
were carried out using a Zetasizer Ultra from Malvern
Panalytical. The measurements were performed at 25 °C and an
equilibration time of 120 seconds. The measurements were
carried out undiluted. The measurements were analysed and
exported using the software ZS Xplorer v.3.3.1.5.

Self-assembly of PEG-peptide/EGFP-mRNA nanoparticles

The self-assembly of PEG-peptide/EGFP-mRNA nanoparticles
was performed by pipette mixing of 50 pl of PEG-peptide
(400 uM) in 1X PBS pH 7.4 with 50 pl of EGFP-mRNA (2.4 mM,
1.2 mM or 400 uM) in 1X PBS pH 7.4. The solution was heated
at 85 °C for 10 minutes and slowly cooled to room temperature.
A turbid solution indicated nanoparticle formation.

TEM measurements

Cryogenic TEM imaging was performed on lacey carbon-coated
copper grids using a Zeiss Libra 120 under cryogenic conditions.
Before use, the grids were made hydrophilic via oxygen plasma
treatment. A5 pL droplet of the sample suspension was applied
to each grid, excess liquid was removed with filter paper, and
the grid was then immediately vitrified in liquid ethane at
—-180 °C using a Leica EM GP. The grids were stored in liquid
nitrogen before being transferred to the electron microscope.
Imaging was carried out at 120 kV using a Gatan UltraScan® CCD
camera. Vitrified grids were loaded into the microscope via a
Gatan cryostage, which maintained temperatures below
—-170 °C. Images were acquired across multiple magnifications
to assess the specimen’s overall distribution.

Cellular uptake

Human Embryonic Kidney (HEK-293) cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% FBS + 1% Pen/Strep. All cells were cultured in a
humidified incubator, containing 5% CO; at 37 °C. HEK-293 cells
growing in 96 well plates at the density of 10* cells/well for 24 h
were treated with Nucleopeptide/GFP-mRNA nanoparticles for
24 h by culture media change and direct addition of NPs to the
media. The cells were analysed by a Keyence confocal
microscope (BZ-X-800).

Cytotoxicity-assay

HEK-293 cells were cultured according to the procedure
described above. Squamous Cell Carcinoma (SCL-1), kindly
provided by Dr. Petra Boukamp (DKFZ, Heidelberg, DE) were

This journal is © The Royal Society of Chemistry 20xx
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cultivated in DMEM low glucose (Gibco), 10% (v/v) fetal calf
serum and 1% Penicillin/Streptomycin. THP-1 cells were kindly
provided by Dr. Nico Lachmann (Fraunhofer Institute for
Toxicology and Experimental Medicine ITEM, DE) and cultured
in RPMI 1640 medium (Capricorn Scientific, Ebsdorfergrund,
DE) with 10% (v/v) fetal calf serum and 1%
Penicillin/Streptomycin. THP-1 cells were stimulated to dTHP-1
with 7.5 ng/mL phorbol 12-myristate 13-acetate (Fischer
Scientific) 24 h prior treatment. For cytotoxicity testing, 10000
HEK-293 cells, 12000 SCL-1 cells and 100000 THP-1 cells per well
were added to a 96 well plate and cultivated and stimulated
(dTHP-1) for 24 h at 37 °C and 5% CO,. Samples were analysed
in duplicates with a final concentration of 10% (v/v) in 100 pL
per well. A 10% PBS solution was added as a control. After 24 h
the medium was removed and a 10% (v/v) working solution of
a Cell Counting kit-8 (Sigma Aldrich) added according to
manufacturer’s specifications. Cells were incubated for 2 h at
37 °C and absorbance was measured at 450 nm using a Spark
Plate Reader (Tecan).

Agarose gel electrophoresis

A 1.2% agarose gel was prepared by dissolving 1.2 g agarose in
100 ml TBE buffer (Tris-Borate-EDTA). The solution was heated
in a microwave until the agarose was completely dissolved. The
gel was then poured into the gel chamber with 8 pockets and
cooled to room temperature. To analyse the peptide/EGFP
samples, 3 ul of the peptide/EGFP sample was mixed with 3 pl
of 2X RNA Loading Dye. The samples were adjusted to an EGFP
concentration of 0.6 mg/ml. A Riboruler High Range RNA ladder
with 200 to 6000 bases from Thermo Scientific was used. For
this, 6 pl of the ladder was mixed with 6 pl of 2X RNA Loading
Dye. The mixtures were heated at 70 °C for 10 minutes and then
placed on ice to prevent renaturation. 5 pl of the peptide/EGFP
samples and 10 pl of the ladder were applied. Electrophoresis
was performed under an applied voltage of 120V for a period
of 45 minutes. The agarose gel was then viewed under UV light
to analyse the bands of the peptide/EGFP samples.
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