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ABSTRACT: The formation of noncovalent complexes by mixing of
positively charged polymers with negatively charged oligonucleotides
(ONs) is a widely explored concept in nanomedicine to achieve
cellular delivery of ONs. Uptake of ON complexes occurs through
endocytosis, which then requires release of ON from endosomes. As
one type of polymer, cell-penetrating peptides (CPPs) are being used
which are peptides of about 8−30 amino acids in length. However,
only a few CPPs yield effective cytosolic ON delivery and activity.
Several strategies have been devised to increase cellular uptake and
enhance endosomal release, among which an increase of osmotic
pressure through the so-called proton sponge effect, disruption of
membrane integrity through membrane activity, and disulfide-
mediated polymerization. Here, we address the relevance of these
concepts for mRNA delivery by incorporating structural features into the human lactoferrin-derived CPP, which shows uptake but
not delivery. The incorporation of histidines was explored to address osmotic pressure and structural motifs of the delivery-active
CPP PepFect14 (PF14) to address membrane disturbance, and finally, the impact of polymerization was explored. Whereas
oligomerization increased the stability of polyplexes against heparin-induced decomplexation, neither this approach nor the
incorporation of histidine residues to promote a proton-sponge effect yielded activity. Also, the replacement of arginine residues with
lysine or ornithine residues, as in PF14, was without effect, even though all polyplexes showed cellular uptake. Ultimately, sufficient
activity could only be achieved by transferring amphipathic sequence motifs from PF14 into the hLF context with some benefit of
oligomerization demonstrating overarching principles of delivery for CPPs, lipid nanoparticles, and other types of delivery polymers.

■ INTRODUCTION
Cell-penetrating peptides (CPPs) are widely explored as
vehicles to enhance the cellular delivery of associated cargos
that do not enter cells unaided.1,2 Ideally, uptake occurs by
direct permeation through the plasma membrane. However,
this uptake mechanism has only been observed for
amphipathic peptides with membrane activity,3,4 and for
arginine-rich peptides either at high concentration5 or upon
the incorporation of additional conformational constraints,6,7

change of lipid composition of the plasma membrane,8 or
inclusion of functional groups that most likely enhance the
association with the plasma membrane.9 Nevertheless, all of
these import strategies are restricted to proteins and small
molecular weight cargo. For oligonucleotides (ONs), delivery
occurs through endocytosis in all cases reported so far.
Delivery of ONs, ranging from antisense ON to plasmid DNA,
is a further important application of CPPs.
CPPs thus are a highly interesting modality within the

spectrum of materials for oligonucleotide delivery, belonging to
the wider group of polymer-based delivery systems.10 At
present, lipid nanoparticles (LNPs) are the most widely used

and explored delivery vehicles. The SARS-Cov-2 vaccines are
LNP formulations, and also mRNA formulations in clinical
studies for protein replacement therapy are based on
LNPs.11,12 However, LNPs suffer from limited stability,
contain multiple different lipids, and require microfluidic
mixing devices and separation of organic solvent. Thus, there is
still an unmet need for new formulation modalities that are
simpler in structure, biodegradable into endogenous com-
pounds, and easier to formulate. Peptide-based biomaterials are
promising candidates to fulfill these requirements.
For CPPs, the formulation can be through direct covalent

conjugation with the CPP for ON analogs that do not have a
negative charge in their backbone.13 For all negatively charged
ONs, formulation occurs through noncovalent complexation of
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the ONs with the positively charged peptides. Uptake of these
polycationic complexes (polyplexes) is a multistep process that
occurs through association with the negatively charged
glycocalyx on the cell surface, followed by induction of
endocytosis, capture inside endosomal vesicles, and ultimately
endosomal release.14 Alternatively, scavenger receptor-medi-
ated endocytosis has been proposed.15 Whereas basically all
positively charged CPPs possess the capacity to form
nanoparticles with negatively charged ONs, the resulting
polyplexes vary substantially in inducing endosomal uptake.
Endosomal release is the critical last step for successful
delivery, and only a few peptides induce this process
efficiently.16

PepFect14 (PF14) is a peptide that yields efficient cytosolic
delivery for various ONs in vitro and in vivo.17−21 The peptide
is amphipathic in nature and is N-terminally stearylated. PF14
is derived from PepFect3 (PF3), an analog of Transportan 10
(TP10),22,23 with four out of five lysine residues replaced by
the nonproteinogenic amino acid ornithine. Polyornithines
outperform polylysines in transfection efficiency, which was
attributed to a tighter association with the ON.24 Moreover, in
PF14, all isoleucines present in PF3 were replaced with
leucines to reduce steric repulsion between the cargo (ON)
and peptide.25 At higher concentrations, however, PF14 is also
cytotoxic through its membrane-active nature, which results
from its amphipathic character.
Next to membrane activity, the proton-sponge effect is the

most widely employed concept to enhance endosomal
escape.26 This concept is based on the acidification-dependent

protonation of slightly basic groups, which leads to a further
import of protons with a concomitant influx of chloride ions
resulting in an increased osmotic pressure ultimately causing
rupture of the endosomal membrane and thus the cytosolic
release of the ON. For peptides, histidine side chains are
incorporated for this purpose. For oligoarginines and other
CPPs, linkage into longer polymers via disulfide linkage has
also been shown to increase delivery activity.27,28 This result
aligns with other polycationic polymers, such as polyethyleni-
mine, for which polymer length correlates with activity.29 Also,
reducible linkages have been demonstrated to benefit both
pDNA30 and messenger RNA (mRNA)31−33 delivery. Several
mechanisms have been attributed to the enhanced transfection
efficiency of cysteine/disulfide-polymerized carriers, such as
rapid disulfide cleavage by cytoplasmic thioredoxin reductases
and glutathione,34,35 which results in rapid release of nucleic
acid from its carrier, and increased uptake via disulfide
exchange on the cell surface.36

We are unaware that the capacity of these various structural
concepts to yield cellular uptake and cytosolic delivery of ON
has been explored in one common structural framework. The
21-amino-acid CPP, derived from the N-terminal domain of
human lactoferrin (hLF), shares characteristics of arginine-rich
CPPs and fails to deliver ONs into the cytosol.16,37 The
peptide shows an interesting structure−activity relationship,
requiring cyclization by an intramolecular disulfide bond for
activity.37 We have shown before that the peptide provides an
interesting scaffold to investigate structural principles of CPP
activity.38

Figure 1. (A) Structures of PepFect14 and (B) Mono-hLF-WT and comparison of (C) uptake (top) and transfection efficiencies (bottom). As a
positive control, transfection with Lipofectamine MessengerMAX (LMM) is included. LMM eGFP was acquired with a 10-fold lower gain. Cellular
uptake was detected with Cy5-labeled mRNA and protein expression with unlabeled mRNA because of higher expression efficiency. Data are
representative of five independent experiments. Scale bars represent 50 μm. O denotes the nonproteinogenic amino acid ornithine. Brightness and
contrast were equally adjusted across conditions per fluorophore, according to the calibrated look-up table (right) where the values reflect pixel
intensities.
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Here, we used the hLF peptide to implement the above-
mentioned structural principles in a stepwise manner. First, we
generated linear peptide oligomers through intermolecular
disulfide bonds instead of intramolecular disulfide bond
formation. Second, we introduced histidine and ornithine
residues to explore the relevance of the proton sponge effect
and ornithine residues for activity. Finally, the membrane
activity was enhanced through the incorporation of amphi-
pathic structural motifs from PF14. Ultimately, membrane
activity was the only structural principle conferring a significant
delivery benefit.

■ RESULTS
Cellular Uptake of hLF and PF14 mRNA Polyplexes.

We have demonstrated before that PF14-mRNA polyplexes
show efficient cellular uptake and cytosolic delivery, thereby
yielding protein expression.20,39,40 For hLF, we have previously
addressed delivery of siRNA and antisense oligonucleotides for
which the peptide failed to yield down-regulation of the target
mRNA.16,21 Therefore, we first compared both peptides with
respect to cellular uptake and delivery of mRNA. At an N/P
ratio of 3, PF14 and the monomeric wild-type hLF (Mono-

hLF-WT), which was oxidized at conditions that favor
intramolecular disulfide bond formation, readily formed
monodisperse nanoparticles with mRNA with diameters of
47.9 ± 1.18 nm and 115 ± 1.03 nm (Table S2), respectively.
Polyplexes were formed either with Cy5-labeled enhanced
green fluorescent protein (eGFP) mRNA to monitor cellular
uptake 2 h post-transfection or with eGFP mRNA to detect
protein expression 24 h post-transfection. Whereas PF14
(Figure 1A) yielded strong cellular uptake and also protein
expression across all cells, for hLF (Figure 1B), only little
uptake and no expression were present (Figure 1C). We also
included Lipofectamine MessengerMAX (LMM) as a further
reference. Compared to PF14, mRNA fluorescence was
homogeneously distributed throughout the cytosol with no
signals present in nuclei, consistent with previous observa-
tions.41 This result demonstrates that also for PF14, a
significant fraction of material remains associated with
vesicular structures. In addition, the sparing of the nuclei
from fluorescence also demonstrates that the mRNA reaches
the cytosol in an intact form.42

Design of Structural hLF Variants to Delineate
Relevant Characteristics of the Structure−Activity
Relationship. After demonstrating the considerable differ-

Figure 2. Variants to identify the relevant structural characteristics that are decisive for the activity of peptide-mediated mRNA delivery. (A)
Structure of PF14, (B) structure of hLF with intramolecular disulfide bond (Mono-hLF-x), (C) oligomerization of hLF via intermolecular disulfide
bond formation (Poly hLF-x)�oligomerization can occur head to tail, tail to tail, or head to head with no directionality. (D) hLF analogs with
replacement of positively charged residues for ornithines and histidines, (E) hLF analogs with amphipathic PF14 structural motifs (delineated in
orange). O denotes the nonproteinogenic amino acid ornithine.
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ences in uptake and cytosolic delivery, we considered the
peptides PF14 (Figure 2A) and the monomeric-hLF-WT
(Figure 2B) at the two ends of the structure−activity space of
good uptake and delivery and poor uptake and delivery. This
starting point allowed us to incorporate structural features into
the hLF peptide, which have all been associated with enhanced
delivery activity, and assess their potency in one coherent
context. These structural features are comprised of oligome-
rization through intermolecular disulfide bonds (poly hLF-x;
Figure 2C), exchange of positively charged residues for
ornithines (Figure 2D), and incorporation of histidines for
endosomal release via the proton sponge effect and finally the
incorporation of amphipathic structural motifs from PF14
(Figure 2E).

Impact of Oligomerization on mRNA Uptake and
Delivery. Various methods have been described for disulfide-
mediated oligomerization of peptides, including dimethyl
sulfoxide-driven oxidation28 and substrate-initiated polymer-
ization starting from intramolecular disulfides.43 We opted for
pH- and concentration-dependent polymerization in an
aqueous buffer. Disulfide formation requires a slightly basic
pH, and disulfide exchange is strongly reduced at acidic
pH.44,45 Disulfide bond formation was carried out at either pH
8 or pH 9 with a peptide concentration of 5 mM for
intramolecular disulfide bond formation or 50 mM for
intermolecular disulfide bond formation. After incubation,
mono-hLF samples were diluted in MQ water. Notably, all
poly-hLF species formed insoluble gels over 24 h of incubation
at 37 °C, supporting oligomer formation. These gels were
redissolved and diluted using a citrate buffer of pH 5.0 to a
concentration of approximately 25 mM. The oligomerized
species had a length of >10 monomers (i.e., >25 kDa; Figure
3). There was no difference between pH 8 and pH 9. However,
all subsequent 24 h polymerizations were performed at pH 9 to
ensure robust conditions.

For the ornithine and the histidine/ornithine-substituted
analogs, oligomerization significantly increased uptake efficien-
cies by factors of 1.2−3 (Figure 4A,B). For the wild-type
sequence, the difference did not reach significance due to
larger variations between the individual images. For the
histidine-substituted variant, poor uptake was only slightly
improved (∼25%) by oligomerization. We attribute this lack of
activity to poor stability of the polyplexes due to weak
complexation with the weakly basic histidine residues. By
comparison, uptake of the ornithine-substituted variant
exceeded the one of the wild-type peptide by about a factor
of 20, followed by the histidine/ornithine-substituted variant.
Furthermore, more oligomerization occurred at low concen-
trations for the ornithine variant, whereas the histidine variant
showed a reduced oligomerization propensity (Figure S2).

Incorporation of PF14 Structural Elements into the
hLF Backbone. Next, we explored the incorporation of
amphipathic features into the hLF backbone. At the same time,
we asked whether, in the amphipathic context, the nature of
the positively charged residue influenced activity. Whereas in
hLF, arginine is the prominent charge carrier, in PF14, this is
ornithine. For CPPs, the bidentate nature of the guanidino
group of arginines has been associated with increased cellular
uptake.14

We used helical wheel projections and average hydrophilicity
calculations46 to aid the rational design of amphipathic hLF
variants (Figure S3). Considering the ratio of hydrophobic
residues as a percentage of total residues, PF14 has 24% with a
hydrophilicity score of −0.20, whereas hLF-WT has 50% and
0.36, respectively. Ultimately, the hLF-WT sequence was
altered by changing one glutamine, methionine, two prolines,
and one isoleucine to leucines and one glycine to alanine.
Although the hydrophobic residue to total residue ratio only
decreased by 5% for the amphipathic hLF variants compared
to hLF-WT, the hydrophilicity score was 6-fold lower (0.06).
The amphipathic hLF variants also showed oligomerization,

however, for variants v2 and v3 no clear pattern of individual
bands was visible (Figure S4). Surprisingly, of all three variants,
hLF-v1, which has the same cationic amino acids as hLF-WT,
performed the worst and tended to aggregate upon polymer-
ization (Figure 5). It should be noted that this aggregation was
only revealed by confocal microscopy, as particle character-
ization with dynamic light scattering (DLS) indicated a
monodisperse particle size of 72 ± 2.1 nm (Table S2). The
discrepancies between these particle sizes are most likely due
to the presence of serum in the microscopy experiment. For
the lysine-substituted peptide (hLF-v2), oligomerization
yielded a pronounced increase in uptake, as was the case for
the ornithine-substituted (hLF-v3) one. The uptake of the
polymerized ornithine-substituted peptide was comparable to
the one of PF14. By comparison, hLF-v1 polymerization
showed no benefit for uptake (Figure S5).

Delivery of mRNA by hLF Variants. Cellular uptake is
insufficient as a predictor for cytosolic delivery.47 Therefore,
we formulated mRNA coding for luciferase with the different
hLF variants and determined reporter protein expression. We
opted for luciferase instead of eGFP as it allows more robust
quantitative comparisons across a larger dynamic range.
Polyplexes were formulated at N/P ratios of 3 and 5, as
higher N/P ratios may promote increased polyplex formation,
stability, and uptake efficiency.
At an N/P ratio of 3, significant activity was observed for the

polymeric arginine-containing variant (poly hLF-v1), albeit 6-

Figure 3. Oligomerization of hLF-WT peptides into higher-order
oligomers. In the left four lanes, peptides were incubated at a
concentration of 5 mM, for the right four lanes at 50 mM for the
indicated times and pH, followed by dilution in deionized water or
citrate buffer pH 5. Protein concentrations were equalized across
conditions, and samples were run on a stain-free gel for direct
visualization. PPU: Precision Plus Protein Unstained Protein
Standards. Data are representative of three independent experiments.
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fold lower than PF14 (Figure 6A). Interestingly, at an N/P of
5, activity was also observed for the monomeric (mono-hLF-
v1) as well as for the polymeric species (poly hLF-v1; Figure
6B), with the former yielding an expression ∼10% higher than
PF14, while the latter only reached approximately half of PF14-
induced luciferase expression. Interestingly, despite the
tendency to aggregate, hLF-v1 outperformed the other two
variants with amphipathic motifs, which showed only about 1%
of the activity, independent of polymerization. By comparison,
the hLF-WT and the histidine and ornithine variants showed
no activity. Luciferase activity was even lower than those for
cells incubated with naked mRNA, indicating that complex-
ation with these peptides shielded the mRNA from uptake and

intracellular delivery. These observations were independent of
the N/P ratio.
Additionally, we gauged the impact of different mRNA

polyplexes on the metabolic activity of cells. For MC3T3 cells,
no significant negative impact of mRNA transfection was
found at an N/P of 3 with all conditions ranging between 95
and 110% relative metabolic activity, except for Mono-hLF-
WT and Mono-hLF-v3, which both had an activity of 125%
(Figure S6A). At an N/P of 5, mono-hLF-v2 and poly hLF-v3
reached ∼125% metabolic activity, whereas the higher charge
ratio of PF14 significantly decreased metabolic activity to 64%
(Figure S6B).

Figure 4. Impact of oligomerization and ornithine/histidine exchange on uptake efficiency. (A) Live-cell confocal microscopy of MC3T3 cells
incubated with Cy5-eGFP mRNA polyplexes formed from either monomeric or polymerized peptides 2 h post-transfection. (B) Quantification of
Cy5 signal, n = 5 (field of view) per condition. Data are representative of three independent experiments. Data represent the mean + SD. Scale bars
represent 50 μm. ns: nonsignificant; ****p ≤ 0.0001. The numbers above bars indicate the ratio of Poly hLF-x vs Mono-hLF-x. Brightness and
contrast of Cy5 were equally adjusted across conditions, according to the calibrated look-up table (right) where the values reflect pixel intensities.
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Figure 5. Incorporation of PF14 structural elements into hLF improves uptake efficiency in a polymerization-dependent manner. Cells were
incubated with polyplexes containing Cy5-labeled mRNA for 2 h, followed by live-cell confocal microscopy. Data are representative of four
independent experiments. Scale bars represent 50 μm. Brightness and contrast of Cy5 were equally adjusted across conditions, according to the
calibrated look-up table (right) where the values reflect pixel intensities. Quantifications of uptake are shown in Figure S6.

Figure 6. Activity of monomeric and polymeric hLF variants in mRNA delivery as measured by luciferase expression at nitrogen over phosphate
ratios (N/P) of 3 or 5. (A) Luciferase expression in MC3T3 cells at an N/P of 3 (B) and an N/P of 5. (C) Luciferase expression in HeLa cells at an
N/P of 3 (D) and an N/P of 5. Data represented as mean ± SD of technical quadruplicates. Note that the untreated and free mRNA conditions are
identical for an N/P of 3 and an N/P of 5. All conditions were compared to untreated, and only significant differences are depicted. *p ≤ 0.05, **p
≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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To validate the robustness of our results, we also transfected
HeLa cells. At an N/P of 3, transfections with either poly hLF-
v1 or PF14 resulted in significant luciferase expression, with
PF14 resulting in ∼2.5 times higher expression (Figure 6C).
Once again, at an N/P of 5, the poly hLF-v1 yielded slightly
higher expression (∼5%) than PF14 (Figure 6D). The same
observations were made for the other peptides, as for MC3T3
cells. Regarding metabolic activity, Hela cells were more
sensitive to PF14 than MC3T3 cells, with a significant decrease
of activity to 72% (Figure S6C). This increased sensitivity
became even more apparent at an N/P of 5, where PF14
transfections reduced the metabolic activity to 13% and mono-
HLF-WT to 83% (Figure S6D). Crucially, it should be noted
that all conditions still had intact, confluent monolayers
without clear indications of massive cell death.
Overall, hLF polyplexes formed at an N/P of 5 tended to

show higher activity than polyplexes formed at an N/P of 3.
Moreover, hLF variants with high N/P ratios did not show
reduced metabolic activity. Conversely, a higher charge ratio
negatively impacted both cell lines’ mRNA expression and
metabolic activity for PF14. As an orthogonal line of evidence,
we formed polyplexes with (Cy5-) eGFP mRNA at an N/P of
3. We confirmed the successful delivery of both eGFP-coding
mRNAs with poly-hLF-v1 with live-cell confocal microscopy
(Figure S7).

Resistance of Polyplexes against Heparin-Driven
Decomplexation. Following the demonstration of enhanced
cellular uptake, we finally aimed to clarify the structural
differences of the various polyplexes. For this purpose, we
performed heparin-driven decomplexation assays. Heparin is a
negatively charged polysaccharide that can competitively
displace the mRNA from the polyplex. Structurally, heparin

is similar to the negatively charged proteoglycans on the cell
surface. Whereas these molecules have also been discussed as
receptors for the uptake of polyplexes,48 they could also induce
polyplex dissociation before cell entry.
For conditions without heparin-mediated decomplexation,

only the mono-hLF-WT showed a significantly (p = 0.0252)
worse encapsulation efficiency than PF14 (Figure 7). Addi-
tionally, heparin decomplexation of mono-hLF-WT NPs
revealed significantly lower stability of these polyplexes
compared to PF14, except for the highest heparin dose.
Disulfide-mediated polymerization of hLF-WT increased the
heparin resistance of polyplexes, as evidenced by the
significantly lower release of mRNA of polymeric hLF-WT as
opposed to its monomeric counterpart (mono-hLF-WT).
Incorporating amphipathic features into the hLF sequence
stabilized the polyplexes regardless of polymerization state
(monomeric vs polymeric). Overall, integrating the structural
features of PF14 into hLF or the disulfide-mediated polymer-
ization of hLF yielded polyplexes significantly more resistant to
heparin-mediated decomplexation than PF14.
As the luciferase experiments revealed a role of the N/P

ratio on transfection efficiency (Figure 6), we opted to test a
range of N/P ratios with three different peptides, with either
low or high doses of heparin (Figure S8). At an N/P of 1 and
3, no difference was present between poly-hLF-Orn or poly-
hLF-v1 when coincubated with either low or high heparin
amounts. However, at an N/P of 5, both hLF species displayed
more resistance to heparin-mediated decomplexation than
PF14. When increasing the charge ratio to an N/P of 7, at a
low heparin dose, PF14 was least stable. In contrast, at a high
heparin dose, PF14 displayed similar decomplexation behavior
as both poly-hLF-Orn and poly-hLF-v1. The conditions

Figure 7. Introduction of hydrophobic residues and polymerization stabilizes polyplexes against heparin-induced decomplexation. All nanoparticles
were formed at an N/P of 5. Data representative of three independent experiments and represented as the mean ± SD of three technical replicates.
Statistics were performed per heparin condition, and except for the conditions without heparin, only nonsignificant differences are depicted. All
significant differences had p values ≤ 0.0147, except for Mono-hLF-WT vs PF14 without heparin conditions, which had a p value of 0.0252.
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without heparin revealed differences in the complexation
behavior of the different peptides. For PF14, over 90% of the
initial mRNA dose was complexed regardless of charge ratio.
For hLF peptides, encapsulation efficiencies over 60% were
only observed at an N/P of 5 or higher.

■ DISCUSSION
Despite intense research, only a few CPPs efficiently deliver
ONs into the cytosol at a favorable activity/toxicity balance.
PF14 is one such peptide. The peptide features an N-terminal
stearylation, ornithine residues as positive charge carriers, and
an amphipathic character through the distribution of positively
charged and leucine residues. The stearylation confers
increased stability of polyplexes compared to the non-
stearylated analog TP10.16 Other features that have been
associated with the increased delivery activity of peptides are
histidines,49−51 which act via the proton sponge effect and
polymerization through disulfides. Next to the stabilization,28

disulfides can increase uptake via disulfide exchange on the cell
surface.36

Using the human lactoferrin-derived CPP hLF as a scaffold,
we explored the stepwise incorporation of structural features
associated with an enhanced delivery activity. Incorporating
histidines as positive charge carriers alone did not yield stable
polyplexes, most likely because protonation is insufficient at
neutral pH. By comparison, hLF analogs that contained both
histidines and ornithines yielded uptake that outperformed the
wild-type peptides. The enhanced uptake of the ornithine-
substituted variants is consistent with earlier reports that
ornithines yield a tighter association of the carrier with the
ONs.24 Only when aliphatic residues or ornithines were
integrated into the hLF structural scaffold was the uptake
comparable to the one of PF14. Nevertheless, the resulting
hLF analog was still far from a structural mimetic of PF14.
Eight out of 21 amino acids still corresponded to the original
hLF sequence, and the distribution and pattern of leucine
residues differed for the two peptides. Thus, our results clearly
demonstrate that the specific functional characteristics of
ornithine as a positive charge carrier and of an amphipathic
structure are also operational within a different structural
context. Notably, ornithines and amphipathic structure yielded
more cellular uptake and endosomal release of polyplexes
compared to hLF.
Interestingly, protein expression did not fully correlate with

mRNA uptake. The lysine- and ornithine-substituted variants
showed little activity, and the arginine-substituted one, hLF-v1,
showed the highest activity. This activity was accompanied by
aggregation of the polyplexes when in contact with cells.
Apparently, the membrane-active hLF variants still required
high local doses to yield sufficient mRNA delivery. This
hypothesis is supported by the fact that, for hLF-v1, fewer cells
were positive for eGFP expression than for PF14 (Figure S7).
As a technical note, it is remarkable that for cells treated with
naked mRNA, activity was up to 100 times higher than the
background. These data indicate that, when using highly active
mRNA, this condition needs to be included as an additional
control. We can only speculate that protein expression results
from a few cells with compromised membrane integrity.
However, we observe that variation between conditions
yielding only low protein expression is higher between
technical replicates than for conditions yielding high protein
expression.

The combination of positive charge next to aliphatic residues
is also present in a series of antimicrobial histidine-rich
peptides that showed DNA delivery activity.52 Unfortunately,
this study did not address the importance of the histidine
residues for activity. The heparin displacement assay indicated
that the stability of polyplexes against dissociation by
negatively charged polymers is an important determinant of
uptake efficiency. Interestingly, incorporating amphipathic
sequence motives into hLF stabilized hLF-v1 polyplexes
regardless of polymerization state (inter- vs intramolecular
disulfides). PF14 is a stearylated analog of the CPP TP10.53

Stearylation yields micelle formation, and polyplexes formed
from stearylated TP10 analogs are more stable against
decomplexation than TP10 itself.16 Our data clearly demon-
strate disulfide-mediated polymerization as an alternative
means for stabilization.
We should note that the incorporation of histidines and

disulfide-mediated polymerization were successful in the hands
of others. Lo and Wang introduced histidine residues and
cysteines into the Tat peptide, which strongly increased
activity.49 However, in their case, transfections were performed
in serum-free conditions, which is a very different environment
with respect to polyplex stability and uptake, usually yielding
stronger uptake than for serum-containing conditions. Also, N/
P ratios were tested that far exceeded the ones we used. Using
super-resolution microscopy, we have shown that at N/P ratios
>3 most material is only loosely associated with polyplexes or
present as free peptide.54 These results are corroborated by
DLS characterization, where polyplexes formed at an N/P of 5
consistently show larger hydrodynamic radii and higher
polydispersity (Table S2).

■ CONCLUSION
Our data underline the presence of overarching principles for
delivery vehicles to show activity. Importantly, membrane
activity is an indispensable ingredient for delivery. The CPP
polyplexes achieve this membrane activity by virtue of the
amphipathic structural motifs, lipid nanoparticles by disinte-
gration within the endosomal compartment and membrane
activity of the incorporated ionizable lipids.55 And also for
polymer-based systems, lipophilicity enhanced activity.55,56

Simultaneously, nanoparticles must be sufficiently stable to
withstand serum and dissociation by the glycocalyx on the cell
surface. In the case of the peptides investigated in this study,
stability can be achieved either through micelle formation or
through linkage into polymers. However, as PF14 still
outperformed also the most polymeric hLF variants, we
conclude that micelle formation is superior as observed for
other polymeric systems.57 Moreover, the lack of delivery
activity for polymeric hLF-WT for which polyplexes are as
stable as for PF14 demonstrates that stability is a necessary but
not sufficient characteristic. So far, we have not been able to
demonstrate delivery activity for any delivery vehicle that has
arginine residues in a nonmembrane-active context, such as
nona-arginine, hLF, and Tat, even if additional features such as
oligomerization were included.
Importantly, this conclusion means that peptide-mediated

delivery obeys very similar structural principles as delivery
through lipid-based nanoparticles, for which partial disintegra-
tion along the endolysosomal pathway also yields membrane-
disrupting activity.58
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■ MATERIALS AND METHODS
Cell Culture. Subconfluent cultures of the MC3T3-E1

subclone 4 (CRL-2593, American Type Culture Collection;
ATCC, Manassas, VA, USA) preosteoblastic murine cell line
were maintained in Minimal Essential Medium α (MEM-α;
Gibco, Waltham, MA, USA, Cat. No. A10490-01), supple-
mented with 10% v/v fetal bovine serum (FBS; Gibco, Cat.
No. 10270-106), which will be referred to as complete
medium. All experiments were performed with MC3T3 cells
with a passage number lower than 25.
Subconfluent cultures of the HeLa human cervical

adenocarcinoma cell line (DSMZ no. ACC57, Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany) were maintained in
RPMI 1640 Medium (Dutch modification, Gibco Cat. No.
22409031) supplemented with 10% v/v FBS and GlutaMAX
(Thermo Fisher Scientific, Waltham, MA, USA, Cat. No.
35050038). All experiments were performed with HeLa cells
with a passage number lower than 15.

Messenger RNA (mRNA). Enhanced green fluorescent
protein (eGFP) mRNA (L-7601) and 5-methoxyuridine-
substituted cyanine 5 (Cy5)-labeled eGFP mRNA (L-7701)
were purchased from Trilink Biotechnologies (San Diego, CA,
USA). mRNA coding for secreted nanoluciferase (SecNLuc)
and uncapped SecNLuc mRNA, used for heparin decom-
plexation assays, were purchased from RIBOPRO (Oss, The
Netherlands). All mRNA was aliquoted at 100 ng μL−1 in
nuclease-free water (Thermo Fisher Scientific) in DNA
LoBind tubes (Eppendorf, Hamburg, Germany), snap-frozen
in liquid nitrogen and stored at −80 °C until use. Before use,
the mRNA solutions were thawed and kept on ice.

Cell-Penetrating Peptides. Peptides were purchased from
EMC microcollections (Tübingen, Germany). The identity
and purity of the peptides were determined by mass
spectrometry and reversed-phase high-performance liquid
chromatography by EMC microcollections. An overview of
all peptide sequences, molecular weights, and modifications is
provided in Table S1 and Figure S1. All peptides were
dissolved in Milli-Q (MQ) water, stored in Protein LoBind
tubes (Eppendorf, Hamburg, Germany), and incubated at
room temperature (RT) for 20 min under gentle agitation
before aliquots were snap-frozen in liquid nitrogen and stored
at −20 °C.

Oxidation of hLF Peptides. For the intramolecular
oxidation of hLF peptides, peptides were dissolved to 5 mM
in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; Cat No. H4034, Sigma-Aldrich, St. Louis, MO,
USA) buffer, at pH 8.0. For intermolecular disulfide bond
formation, peptides were dissolved in 50 mM HEPES at pH
9.0 at a final peptide concentration of 50 mM. After
dissolution, the pH was adjusted with 0.1 M NaOH. In either
case, 30 μL of peptide solution was added to polypropylene
tubes (Greiner Bio-One, Kremsmünster, Austria, Cat No.
673210) and incubated in a T300 thermocycler (Biometra,
Göttingen, Germany) for 2 h at 37 °C for the formation of
intramolecular disulfide bonds (mono-hLF), and for 24 h at 37
°C for the formation of intermolecular disulfide bonds (poly
hLF). Samples were diluted in 20 mM citrate buffer at pH 5.0
or MQ water to stabilize the formed disulfide bonds.

Sodium Dodecyl-Sulfate Polyacrylamide Gel Electro-
phoresis (SDS-PAGE). Four microliters of 5 mM solutions of
hLF species were mixed with 10 μL of 4x Laemmli buffer (Bio-

Rad, Hercules, California, USA) and 26 μL of MQ water to
assess the oxidation of hLF peptides. Without a boiling step,
samples were added to a 4−15% Mini-PROTEAN TGX Stain-
Free Protein Gel (Bio-Rad, Cat. No. 4568084 or 4568086).
The outer buffer chamber was filled with tris(hydroxymethyl)-
aminomethane (tris)-glycine buffer at pH 8.5, with final
concentrations of 25 mM of Tris and 200 mM of glycine. The
tris-glycine buffer was supplemented with 1% w/v SDS for the
inner buffer chamber. As a reference for molecular weight, 2
μL of Precision Plus Protein Unstained Protein Standards,
Strep-tagged recombinant (Bio-Rad, Cat No. 1610363), was
included for each gel. Gels were run at a constant voltage of
200 V for approximately 30 min using a Bio-Rad electro-
phoresis unit (PowerPac 3000). Stain-free protein detection
was performed with the Gel Doc EZ system and Stain-Free
sample tray (BioRad, Cat No. 1708274). Gels were activated
by UV light while using the default settings for best sensitivity.

mRNA Nanoparticle Formation. Peptide-mRNA poly-
plexes were formulated as previously described.40,41 In short,
two separate stock solutions of mRNA and peptide were
prepared in MQ and simultaneously dispensed with electroni-
cally dispensing pipettes (E4 Electronic Pipette, LTS E4-
100XLS+, Mettler-Toledo Rainin, LLC, Oakland, CA, USA) at
a flow rate of 11 mL min−1. All polyplexes were formed at a
concentration of at least 10-fold the final intended concen-
tration for transfections.
For the formation of cationic lipid-based complexes

(lipoplexes), Lipofectamine MessengerMAX (LMM; Thermo
Fisher Scientific) was used according to the manufacturer’s
instructions. In short, LMM was incubated in Opti-MEM
(Gibco, Cat. No. 11058021) for 10 min at room temperature
(RT). The appropriate amount of mRNA solution was diluted
in Opti-MEM and incubated with LMM for at least 5 min at
RT.
The hydrodynamic diameter of the nanoparticles was

measured at 25 °C by dynamic light scattering (DLS) using
a Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
UK) equipped with a 4 mW He−Ne laser (633 nm) with a
backscatter detection angle of 173°. At least 40 μL of 10 times
concentrated nanoparticle solution was measured in a UV-
cuvette (BrandTech Scientific, Essex, CT, USA, Cat. No.
759200).

mRNA Transfections. One day before mRNA trans-
fections, 10 000 MC3T3 cells in 100 μL were seeded in 96-well
plates (Greiner Bio-One Cat. No. 655180) or 20 000 cells in
200 μL in μ-slide eight-well chambers (Ibidi, Graf̈elfing,
Germany). These seeding densities ensured confluency
between ∼70 and 90% on the day of transfection. mRNA
transfections were performed by removing the complete
medium from the wells and replacing it with mRNA
nanoparticles diluted 10 times in complete medium. Cells
were exposed to mRNA nanoparticles for 2 h at 37 °C, 5%
CO2, in a humidified incubator. For some experiments, cells
were stained with 200 μL of 1 μM CellTrace yellow (Thermo
Fisher Scientific, Cat. No. C34567) directly after the
nanoparticle incubation, according to the manufacturer’s
instructions. Regardless of the tested N/P ratio or type of
nanoparticle, mRNA inputs were equalized across conditions,
resulting in 107 ng/well for luciferase assays in 96-well plate
formats and 214 ng/well for confocal microscopy experiments.
Notably, these amounts of mRNA ensured equal doses (pg
mRNA/cell) regardless of the format used for transfection. For
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untreated controls, complete cell culture medium was added
and refreshed as often as in the experimental conditions.

Live-Cell Confocal Laser Scanning Microscopy. Before
microscopy, complete medium containing phenol red was
replaced with an equal volume of phenol red-free and HEPES-
formulated Opti-MEM (Gibco). The uptake of Cy5-eGFP
mRNA-formulated nanoparticles was assessed 2 h post-
transfection, and eGFP expression was assessed 24 h post-
transfection. Live-cell imaging was performed using a Leica
TCS SP8 SMD (Leica Microsystems, Mannheim, Germany)
with an HC PL APO CS2 63×/1.20 water objective and a
temperature-controlled stage at 36.5 °C. eGFP was excited at
488 nm (emission: 500−550 nm). CellTrace yellow was
excited at 555 nm (emission: 570−620 nm), and Cy5 was
excited at 633 nm (emission: 650−690 nm). All laser lines
were generated by a white-light laser, and emissions were
detected with hybrid detectors. All channels were sequentially
acquired to avoid crosstalk at a bit depth of 12. Except for the
LMM eGFP conditions (reduced gain), equal acquisition
settings (pixel size, pinhole, laser power, and gain) per
fluorophore were used within the experiments.

Quantification of Fluorescence. Quantification of the
Cy5 fluorescence was performed as previously described.59,60

In brief, five separate images (unless stated otherwise)
containing approximately 10 cells per image were analyzed
using ImageJ (version 1.53f51). A square mask of 184.52 μm2

was used to quantify the raw integrated density (sum of all
pixels in a region of interest). Importantly, cell confluencies
ranged from ∼80−95%, ensuring minimal impact of cell
density on total fluorescence values. The brightness and
contrast of the images were adjusted to find a cell-free region
to determine background fluorescence. Then, a circle was
drawn to measure the background fluorescence. To obtain the
corrected total cellular fluorescence (CTCF), the area (in
pixels) was multiplied by the mean gray value of the
background and subsequently subtracted from the raw
integrated density.

Detection of Luciferase Expression. The extent of
luciferase production was determined using the Nano-Glo
Luciferase Assay (Promega, Madison, WI, USA, Cat No.
N1130) according to the manufacturer’s instructions. Briefly,
50 μL of the sample was mixed with a 1:50 dilution of Nano-
Glo luciferase assay substrate in Nano-Glo luciferase assay
buffer. The resulting mixture was incubated at room temper-
ature, hidden from light, for at least 3 min in a black, clear, flat-
bottom 96-well plate (Corning Inc., Corning, NY, USA, Cat
No. 3631). An intersample distance in the 96-well plate of at
least two columns ensured no signal crosstalk between
experimental conditions. Luminescence was measured after
briefly shaking the plate using the VICTOR X3Multilabel Plate
Reader (PerkinElmer, Waltham, MA, USA).

Effect of mRNA Polyplexes on Metabolic Activity. The
resazurin-based assay was performed essentially as described
previously.61,62 In brief, the effect of different peptide-mRNA
complexes on the metabolic activity of cells was measured 24 h
post-transfection. Resazurin sodium salt (Sigma-Aldrich, Cat
No. R7017) was dissolved in PBS and diluted 100 times to a
final concentration of 100 μg/mL in complete medium. After 2
h of incubation with cells at 37 °C, fluorescence was measured
using the VICTOR X3Multilabel Plate Reader (PerkinElmer,
Waltham, MA, USA). After briefly shaking the plate, resazurin
was excited at 485 nm, and emission was collected from 570 to
620 nm. All samples were blanked by the average signal of cell-

free wells. Blanked data were normalized to untreated
conditions per cell type.

Heparin-Mediated Polyplex Decomplexation Assay.
For testing the stability of mRNA polyplexes, a polyanion
decomplexation assay, mediated by the polyanionic heparin
(heparin sodium salt from porcine intestinal mucosa, Cat. No.
H3149-100 KU, Sigma-Aldrich) was performed. mRNA
polyplexes were freshly prepared with uncapped SecNLuc
mRNA (RIBOPRO), as described in the section mRNA
Nanoparticle Formation. Following polyplex formation, all
samples were incubated for at least 30 min at room
temperature. Importantly, separate stock solutions of heparin
were made to ensure an equal volume across conditions
regardless of heparin concentration. For decomplexation, 5 μL
of 10× polyplexes were diluted in RNase-free TE-buffer at pH
7.5 (Promega, Cat. No. E260A) supplemented with an equal
volume of heparin across conditions to a total volume of 50 μL
in a 384-well plate (Greiner Bio-One, Cat. No. 781101). All
samples were quickly spun down before incubation at 37 °C
for 90 min. The QuantiFluor RNA System (Promega, Cat. No.
E3310) was used with a 1:2000 dilution of RNA-binding dye
for all tested conditions to detect released mRNA. For
quantification, a calibration curve with uncapped SecNLuc
mRNA was made, spanning from 0.19 ng mRNA/well to 50 ng
mRNA/well. For detection of released mRNA, the dye was
excited at 485 nm, and emission was collected at 535 nm using
the VICTOR X3Multilabel Plate Reader (PerkinElmer)

Data Analysis and Statistics. Data analysis was
performed using GraphPad Prism (GraphPad Software,
version 8.4.2, San Diego, CA, USA). Data are presented as
means ± standard deviation (SD) unless stated otherwise.
Means were calculated by first averaging the technical
replicates, for which outliers were identified using Grubbs’
test, followed by averaging the biological replicates. Before
statistical analysis, all data were checked for normal
distribution with a Shapiro−Wilk test. Statistical analysis was
done using one- or two-way analysis of variance (ANOVA).
Multiple comparisons were corrected using Tukey’s test with
95% confidence intervals. For the mRNA standard curve used
in heparin decomplexation assays, the coefficient of variation
was determined both in the standards and in samples and was
≤20%. The standard curve was fitted using a sigmoidal four-
parameter logistic curve. The standard curve was back fitted
with ±10% accuracy to verify the correctness of the fit. The
signals from samples were blanked with the appropriate
solution (TE buffer) before calculating interpolations. p > 0.05
was considered not significant, and p values were reported
using the GraphPad Prism style (*p ≤ 0.05, **p ≤ 0.01, ***p
≤ 0.001, and ****p ≤ 0.0001).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.3c00346.

CPP amino acid sequences (Table S1), DLS character-
ization of mRNA nanoparticles (Table S2), chemical
characterization of CPPs by RP-HPLC and ESI-MS
(Figure S1), SDS-PAGE of ornithine- and histidine-
substituted hLF CPPs (Figure S2), helical wheel
projections of CPPs (Figure S3), SDS-PAGE of
ornithine- and leucine-substituted hLF CPPs (Figure
S4), quantification of fluorescently labeled mRNA
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cellular uptake (Figure S5), effect of mRNA trans-
fections at different N/P ratios on metabolic activity
(Figure S6), confocal microscopy of (Cy5-) eGFP
mRNA 24 h post-transfection (Figure S7), heparin-
mediated decomplexation of CPPs at different N/P
ratios (Figure S8) (PDF)
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