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Extracellular synthetic nucleic acids, such as siRNAs, are unable to reach their intended targets efficiently.
Therefore, delivery methods such as cell-penetrating peptides (CPP), which increase their transport,
could enhance the potency of siRNA as therapeutic agents. The CPP NickFect55 (NF55) is an efficient
peptide-based delivery vector, which has been previously used to deliver plasmid DNA into cells in vivo.
To achieve higher intracellular delivery and bioactivity from the delivered cargo, we designed a series of
histidine-containing peptides by optimizing pH-sensitivity, net charge, hydrophobicity, and charge distri-
bution in the sequence of the CPP NF55. In the current work, we have applied a strategy where we have
replaced amino acids in the C-terminus of the peptide in order to distribute hydrophobic and hydrophilic
amino acids into distinct regions along the alpha-helical projection, including histidine amino acids into
the sequence at the N-terminus, and optimizing the N-terminal fatty acid modification to suit the specific
peptide sequence. We tested the CPPs based on the transfection efficacy, CPP/siRNA complex stability,
and the properties of the CPPs, such as hemolytic activity, buffering capability and cell toxicity. As a result,
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we have introduced a new peptide with a completely redesigned N-terminus that displays adaptive
response to its physical environment. This peptide — NickFect70 (NF70) — efficiently condenses siRNA,
protects the cargo against degradation and effectively mediates target gene knockdown both in mamma-
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1. Introduction

Small interfering RNA (siRNA) molecules are able to regulate
the expression of specific genes in cells through a process
called RNA interference (RNAi)." Use of an unmodified extra-
cellular siRNA molecule is limited due to its native properties
such as high density of negative charges, inadequate per-
meability through the cell membrane and high susceptibility
to degradation in both intra- and extra-cellular environments.>
These RNA molecules have great therapeutic potential,
although their use could significantly be enhanced by the
application of a suitable delivery method.?

Cell-penetrating peptides (CPPs) are relatively short pep-
tides with the ability to gain access into the cell and mediate
the delivery of cargo that is covalently or non-covalently
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lian cell culture and in vivo, in a mouse model.

attached to them.® CPPs containing several positively charged
amino acids (arginine, lysine, histidine and the non-proteo-
genic amino acid ornithine - O) in their sequence are ade-
quately able to non-covalently associate with the negatively
charged nucleic acid backbone. Complex formation occurs
mainly via electrostatic interactions, and this strategy can be
used to deliver a multitude of different molecules, including
siRNAs.>® While this strategy is highly advantageous, the ade-
quate stability and dissociation of the CPP/siRNA complexes
need to be optimized.”®* The CPP/cargo complexes mainly
enter cells via endosomal pathways, and end up in the acidic
endosomal compartments or in the lysosomes. Histidine-rich
peptides are considered to be endosomolytic and have been
exploited in the delivery of drugs, and also for different nano-
medical applications.’

Designing delivery vectors with pH-dependent amphiphili-
city and environmentally sensitive cargo release may offer an
advantage in obtaining efficient delivery.'® Several amphipathic
CPPs have been used to efficiently deliver siRNAs into mamma-
lian cells," therefore we based our design on the amphipathic
CPP NickFect55 (NF55). NF55 is a CPP and is a plasmid DNA
delivery vector that has applications both in vitro and in vivo."?
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It was initially designed for the delivery of plasmid DNA with
optimal CPP/DNA complex stability and positive charges posi-
tioned along a theoretical alpha-helix. It has a relatively low +3
net charge, a fatty acid modification and a non-proteinogenic
amino acid, ornithine, in the CPP sequence."?

Here, we have designed a series of CPPs with several dis-
tinct modifications, with the aim of increasing the charge, pH
sensitivity, and delivery efficiency of NF55. Histidine is an
amino acid that has a side chain pkK, value of 6.0. Its side
chain has a lower pK, than that of lysine (pK, 10.53) or argi-
nine (pK, 12.48), and at a physiologic pH of 7.4 only a small
fraction of the histidine molecules are protonated and donate
to the hydrophobicity of the N-terminal. The difference in the
side chain pK, can make peptides containing histidines
tunable to the acidic conditions that are found intracellularly
in endosomes and in lysosomes.'® The addition of a fatty acid
tail and histidines to the peptide sequence creates two
different regions in the CPP: a hydrophobic and a hydrophilic
region. These regions support complex formation and stability,
and they also prompt interactions with the cell membrane,® as
well as alternate the equilibrium between the cargo and the
CPP in the complexes, depending on the environment.

We aimed to rationally design an efficient pH sensitive siRNA
delivery vector that could transport cargo molecules into cells
both in vitro and in vive. For this, we modified (a) the peptide
C-terminus with amino acid substitutions, (b) pH-sensitivity by
the addition of histidines, (c) the lipophilicty of the peptide by the
addition of histidines and a fatty acid, and (d) the distribution of
histidines. We investigated how implementing these modifi-
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cations affects the physico-chemical properties of the formed
nanoparticles that are able to yield a high transfection efficacy.

2. Results and discussion

2.1. Design of pH-sensitive histidine containing NickFect
peptides

In this study a series of NickFect (NF) peptides was designed
for the delivery of siRNA (Table 1). To achieve this, the
sequence of the CPP NF55 was modified (a) to make it pH sen-
sitive, (b) to increase its positive net charge, (c) to maintain the
theoretical alpha-helical structure in the C-terminal part of the
peptide and to distribute the positive charges of the lysine
molecules on one side of the theoretical alpha-helix, and (d) to
optimize the hydrophobicity of the peptide.

Several studies have used histidine-containing peptides or
liposomes modified with histidine-containing peptides pre-
viously, for the delivery of cargo into cells."**® Histidine resi-
dues have been included in the peptide sequence to increase
their efficacy in the delivery of nucleic acids and to potentiate
their endosomal escape.”"? At physiologic pH the histidines are
relatively uncharged and contribute to the hydrophobicity of the
N-terminus. At low pH values the sidechain of the histidine
becomes cationic upon protonation and increases the net posi-
tive charge of the peptide.'” Accordingly, at the pH found in the
endosomal structures, the net charge of the histidine-contain-
ing peptides increases,"> making these delivery vectors respon-
sive to acidic conditions as the interaction equilibrium between

Table 1 Designed CPPs, their calculated charge, and efficiency of siRNA delivery. All peptides are C-terminally amidated

Charge® log D° Gene
knock-down?
CPP ct FA? Peptide sequence pH 7.4 PH 6.0 pH 7.4 pH 6.0 (%)
NF55 — 18 AGYLLGOINLKALAALAKAIL 3.1 3.8 0.4 -2 75
PF6 — 18 AGYLLGK/INLKALAALAKKIL 8.9 10.9 nd nd 84
NF71 H4 18 HHYHHGO‘TLLKALKALAKAIL 4.6 7.8 -3.5 -8 88
NF712 20 -2.5 -7 83
NF713 22 -1.5 -6 47
NF700 H6 0 HHHHYHHGO‘ILLKALKALAKAIL 5.2 9.3 -12.5 -17.5 6
NF701 10 -8.5 -14 20
NF702 18 =5.5 -10 70
NF70 20 —4.5 -9 92
NF703 22 -3.5 -8 73
NF704 H6' 18 HHHHHHGOTLLKALKALAKAIL 5.3 9.4 -7 -12 82
NF705 20 -8 -11 52
NF706 22 —4 -9 59
NF707 H6” 18 HHHHHHYLLGO‘TLLKALKALAKAIL 5.1 9.0 -2 -5 70
NF708 20 0 —-4.5 71
NF709 22 +1 -3 55
NF721 HS8 18 HHHHHHYHHGOILLKALKALAKAIL 59 10.8 -7.5 -11 55
NF72 20 —-6.5 -10 80
NF722 22 -5.5 -9 45

“peptide sequence. ” The length of the saturated fatty acid added to the N-terminus of the peptide sequence (0 - w/o fatty acid; 10 - decanoyl; 18
- stearoyl; 20 — arachidyl; 22 - behaoyl). © Calculated with MarvinSketch, Chemaxon. ¢ Maximum knock-down of luciferase gene, 25 nM siRNA,
based on Fig. 1 and ESI Fig. 3.1 ° Synthesis continued from the sidechain amino group instead of a-amino group.”/ Lysine tree added to the Lys7

of the peptide.
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the CPP and the nucleic acid cargo changes.'®"® The location of
the histidine-rich domain in the peptide sequence was shown
to be critical for enhancing the transfection efficacy.>

In our design, to create defined hydrophobic and hydro-
philic regions in the peptide NF55 C-terminus, one positive
charge was added by replacing Ala14 with Lys along a theo-
retical a-helix, and the hydrophobicity was increased by the
replacement of Asn9 with Leu. In the preliminary experi-
ments we analyzed the impact of the histidine modification
location, so histidines were added in either the NF55
C-terminal or the N-terminal part of the sequence. The
Transportan10 (TP10) based histidine containing pH-sensi-
tive peptides has been developed by other groups.>' > When
choosing the strategy for modifying the TP10 derived third
generation peptide NF55, we tested both C-terminal and
N-terminal modifications. In our case, the histidine modifi-
cations in the C-terminal part of NF55 led to a decrease in
the delivery efficiency (ESI Fig. 1}). Therefore, 4, 6, and 8 histi-
dine containing modifications in the N-terminus were
included in the following design. The designed peptide con-
tained three functional segments: an N-terminal fatty acid
moiety, which is important for non-covalently formed nano-
particle formation and stabilization; an N-terminal hydro-
phobic/protonatable polyhistidine pH-sensitive switch; a
C-terminal cationic peptide part with lysine molecules
aligned on one side of a theoretical alpha-helix. Similar
designs containing three functional parts in the same vector
have been used in other works.">"®

In order to validate the position of the histidines and the
importance of the tyrosine molecule, the H6-C20 peptide, a
peptide with six histidines placed only on one side of the tyro-
sine (H6°-C20), and one without Tyr (H6'-C20), were included.
Tyrosine can be considered to be an isosteric analogue to the
uncharged form of histidine,>* and could stabilize the hydro-
phobicity of N-terminal peptide part.

Our experiments confirmed the importance and influence
on transfection efficacy of Tyr in the H6 peptide (H6 vs. H6" vs.
H6?) (ESI Fig. 37). Interestingly, the H6” peptides were drasti-
cally less efficient and therefore excluded from the following
experiments. This may be related to the significantly more
positive log D values of the H6> analogs (Table 1).

We have shown earlier that a highly positive net charge and
the presence of a fatty acid are important in complex for-
mation between Transportan analogs and siRNA.'® Several
groups have used a stearic acid modification in histidine con-
taining peptides,'®>>° but it has been shown that the length
of the fatty acid chain plays a role in the transfection efficacy
of nucleic acids by CPPs.*” Therefore, in order to optimize the
hydrophobicity with the fatty acid tail, and to test the optimal
conditions for each peptide sequence, saturated fatty acid
modifications of C18, C20 or C22 were tested.

Additionally, in the H6 series, C10 and a peptide without a
fatty acid (C0) modification were added. In the CPP PepFect14
the longest tested carbon chain of the fatty acid increased the
bioavailability of splice correction oligonucleotides (SCO) in
PF14/SCO complexes in the cells when compared with shorter

This journal is © The Royal Society of Chemistry 2019
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chain modifications.?” In this work, however, an optimal fatty
acid length had to be chosen for each corresponding histidine
modified peptide (ESI Fig. 37).

To model the pH sensitivity, lipophilicity and theoretical
net charge of the peptide, pH vs. charge, and the calculated
lipophilicity (log D) were recorded (Table 1). In addition, the
buffering ability was tested by titration (ESI Fig. 21). There was
a correlation between the pH-dependent increase of the net
charge and the buffering ability, depending on the number of
the histidines in the sequence (ESI Fig. 2A and Bf). However,
we did not find a straightforward correlation between the log D
values and the transfection efficacy, rather simply indications
of the possible optimal range for each peptide sequence for
nanoparticle formation (Table 1).

2.2. Gene knockdown by NF/siRNA complexes

In initial experiments all the new CPPs were compared for
their efficacy to deliver siRNA into the U87-Luc cells and
knockdown the reporter gene (ESI Fig. 31). Accordingly, the
best peptide was chosen for further experiments.

In the down-regulation experiments, three CPPs, PF6,
H4-C18 and H6-C20, were equally efficient at the CPP to siRNA
molar ratio 30:1 (MR30). At MR40, H6-C20 slightly over per-
formed the others. The CPP/siLuc complexes with PF6 and
H4-C18 already achieved their maximum knockdown at MR20
(Fig. 1A). The 50% inhibition concentration (IC50) values at
MR30 were lowest for the complexes formed with H4-C18, with
an average of ~7 nM siRNA concentration (Fig. 1B). The IC50
for the PF6/siRNA complexes were 1.5 times higher, with an
average of ~10 nM, and for the H6-C20 complexes the values
were 2.2 times higher, with an average of ~15 nM (Fig. 1B).
The H4-C18 complexes had similar IC50 values of ~11 nM to
those of the PF6 complexes at the lower MR20 (ESI Fig. 4AfY).
In the case of the H6-C20 complexes, the increase in MR did
not lead to a significant decrease in IC50 value (ESI Fig. 4B¥).
The H8-C20 complexes did not show any advantages over the
H6-C20 or H4-C18 peptides (ESI Fig. 4Ct). The difference in
transfection efficacies of the H8-C20 and H6-C20 complexes
may be related to the dissimilar self-assembly potential. The
two histidines change the calculated logD value at pH 7.4
from —4.5 in H6-C20 to —6.5 in H8-C20 (Table 1).

As indicated by the decrease in the size of the majority of
nanoparticles from 284 nm to 175 nm, measured by DLS,
when MR is increased from 30 to 40, the H8-C20 complexes
may need a higher CPP to cargo ratio to form optimal self-
assemblies that could lead to a higher transfection efficacy.
This is also indicated by the increase of transfection efficacy in
the H6-C20 and H8-C20 complexes when MR is increased
(Fig. 1A). The H4-C18/siRNA nanoparticles may have reached
their optimal self-assemblies already at lower MRs, as the
transfection efficacy does not increase when the MR is higher.
This shows that for each peptide, an optimal nanoparticle for-
mation condition may be needed in order for it to achieve its
maximal efficacy.®

The knockdown is probably pH-dependent, as indicated by
the transfection in the buffers at pH 6.0 and 7.4 (ESI Fig. 4DT).

Biomater. Sci., 2019, 7, 4363-4374 | 4365
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CHO-GFP, 100 nM siGFP

Fig. 1 CPP/siRNA transfection efficacy and percentage of transfected cells. Experiments were done in serum (10% FBS) containing media.
Luminescence from U87-Luc cells (A, B) form reaction with cell lysate 24 h post-transfection. (A) CPP to siRNA molar ratios (MRs) 1-40 were used
with 25 nM siRNA final concentration in cell culture media. (B) CPP/siRNA complexes were formed at MR30 and siRNA final concentration was
varied from 0.3 nM-100 nM. Fluorescence from CHO-GFP (C and D) cells was measured or detected 48 h post-treatment. Final concentration of
siGFP on cells was 100 nM. (C) FACS analysis (GFP* cell population) of transfected cells. FACS threshold was set at a very strict 0.1% of untreated
cells, considered as GFP~, meaning that cells with downregulation but at least some remaining GFP were still considered GFP*. (D) Confocal
microscopy images of live cells treated with CPP/siGFP complexes. Scale bars 100 pm.

Alternatively, it could be that the change of transfection
efficiency is the result of changes in the nanoparticle size and
shape, as well as due to interactions between the cell mem-
brane and the nanoparticle.

In confocal microscopy images, the detected green fluo-
rescent protein (GFP) signal was the lowest in cells treated with
H4-C18/siRNA, H6-C20/siRNA and PF6/siRNA complexes
(Fig. 1D). The FACS analysis revealed that the PF6/siRNA com-
plexes were able to transfect and induce knockdown in approxi-
mately 70% of the cells. Complexes with NF55, H4-C18 and H6-
C20 led to downregulation in 55-60% of the cells. H6'-C18 and

4366 | Biomater. Sci, 2019, 7, 4363-4374

H8-C20 had the lowest GFP™ cell population, with 40% (Fig. 1C)
of the cells with the GFP signal below the given threshold.

An MTS toxicity assay on cells showed that most of the used
CPP/siRNA complexes were not toxic to cells (ESI Fig. 5BT).
The H4-C18 complexes were only more toxic from concen-
trations above 5 uM, and the H6'-C18 complexes were toxic at
10 uM concentrations (ESI Fig. 5A%).

According to the obtained results, from the series two pep-
tides stood-out. H6-C20 (NF70) was considered to be the most
efficient, as it led to an efficient down-regulation of the repor-
ter gene and did not show any significant toxic effects to the

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9bm00688e

Open Access Article. Published on 14 August 2019. Downloaded on 4/20/2026 2:24:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

cells even at high concentrations. The second best was
H4-C18, which had a significantly lower IC50 value, but was
also toxic at higher peptide concentrations.

2.3. Characterization of CPP and CPP/siRNA nanoparticles

The positive charges in the used sequence of the CPPs drives
complex formation with negatively charged nucleic acids,
including siRNAs, and hydrophobic regions contribute to the
interaction and formation of nanocomplexes with a specific
size, shape and stability. The ability to form stable complexes
depends on the peptide sequence, its net charge, its hydro-
philicity/hydrophobicity profile, as well as the type of nucleic
acid cargo molecule (DNA vs. RNA) and its molecular
weight.”®?° 1t has been shown that the size, aspect ratio and
dimensions of the particle influence both the cellular uptake
and intracellular fate of the particles.*°

2.3.1 Nanoparticle shape and size. In order to characterize
the nanoparticle-forming potential of the Hé6-series transfec-
tion peptides, the morphology of their complexes with siRNA
was assessed using negative staining transmission electron
microscopy (TEM). All peptides that yielded strong down-
regulation of targeted luciferase by siLuc (Fig. 1) condensed
SiRNA to regular and homogeneous nanoparticles (NP) (Fig. 2).
Remarkably, the most efficient peptide, NF70, formed mostly
spherical NPs with siRNA with 30-40 nm diameter that were
highly similar to the particles obtained with PF6 (Fig. 2A and
D). Only a fraction of the H6-C20/siRNA complexes had an
elongated (40-80 nm) shape that was characteristic to the NF1
and PF14 complexes with different types of nucleic acids.*® In
the DLS analysis, at MR40, the H6-C20 had almost all particles
with a similar ~200 nm size (ESI Table 1), compared to a
lower percentage of particles in this range at MR30. This may
be connected to the higher transfection efficiency in U87-Luc

Fig. 2 Shape and size of CPP/siRNA nanoparticles assessed by TEM.
Negative staining tem images of CPP/siRNA nanoparticles. The nano-
particles were formed at MR30 in water and stained with aqueous uranyl
acetate solution, and imaged at 13000x magnification. Scale bars:
200 nm. Nanoparticles formed with (a) H6-C20, (b) H4-C18, (c) H8-C20,
and (d) PF6.

This journal is © The Royal Society of Chemistry 2019
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cells at MR40 compared to MR30 (Fig. 1A). When comparing
the methods of TEM and DLS, the differences in the measured
particle size are well known.*" In DLS, the size of the com-
plexes is measured in the hydrated form and it might be
difficult to distinguish between aggregates and the individual
particles, especially if the concentration of the sample is high.
The complexes were diluted to similar concentrations that
were used for the in vitro cell experiments, although at these
concentrations aggregates may still be present. This may lead
to the differences in particle sizes measured in DLS and TEM,
which also confirms the presence of aggregates.

In the absence of the fatty acid modification, H6-CO, the
NPs did not reveal any significant luciferase silencing activity
(ESI Fig. 31). Upon increasing the length of the fatty acid on
the peptide N-terminus, the acquired siRNA effect increased
up to 95% of gene knockdown in the case of H6-C20. After
exceeding the optimal fatty acid length, the RNA interference
effect decreased, as observed with the H6-C22/siRNA nano-
complexes. TEM analysis corroborated a good correlation of
activity with the morphology of the respective NPs. The H6-CO
peptide formed very few stable particles and detectable nano-
particles with siRNA. The observed particles were elongated, at
>500 nm in length, and seemed to be loosely packed, as
suggested by the high diameter of the complexes (ESI
Fig. 6AT). The number of formed stable NPs was substantially
higher in the H6-C10 and H6-C18 complexes. Furthermore,
these were remarkably shorter/smaller (200-400 nm) and had
a lower diameter (15-20 nm), suggesting a tighter packing and
higher stability of the nanoparticles (ESI Fig. 6B and Ct) that
is in very good accordance with their biological effect (ESI
Fig. 11). H6-C22 packed siRNA mostly into very small particles
that may have associated to form larger conglomerates of
10-20 nm (ESI Fig. 6D7). Analogous small nanoparticles and
their conglomerates also formed upon condensation of siRNA
with H8-C20 (Fig. 2C). Although the fatty acid in this peptide
has the same length as in the most efficient peptide of this
series, NF70, the formed particles were remarkably different,
implying that two additional histidine residues in the former
might add more hydrophobicity/charge to the N-terminal of
the peptide than is required for optimal siRNA delivery. In the
DLS of the H6 series with the fatty acid C10 to C22, nano-
particles with average sizes between ~100-300 nm were
formed (ESI Table 17).

The second best CPP, H4-C18 (NF71), condensed siRNA to
rather similar particles to H6-C20; however, their complexes
were slightly less regular/spherical and homogeneous, ranging
from about 20 to 60 nm in diameter in the TEM (Fig. 2) and
with an average size of ~180 nm in the DLS (ESI Table 17).
This implies a lower condensing capacity the shorter the chain
of the fatty acid (C18 vs. C20) and that less histidine moieties
are present in this peptide compared to H6-C20.

The predecessor of the histidine-rich series of peptides,
NF55," which is a very efficient cellular delivery vehicle for
pDNA, mostly formed spherical NPs at varying sizes of
10-50 nm and also elongated conglomerates of up to 100 nm
in length (ESI Fig. 6ET). The association of NP morphology
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with their gene silencing effect suggests that more homo-
geneous particles of about 30-50 nm in size enabled the most
efficient downregulation of the target gene, and either too
small or too large NPs, or highly heterogeneous ones, lead to a
moderate or poor siRNA effect in cell culture conditions.

2.3.2 Stability of the nanoparticles. NF/siRNA complexes
face different enzymes in the extracellular and intracellular
environments. The terminal overhangs of an unmodified
siRNA make them very susceptible to degradation by
nucleases. Therefore, the carrier peptide has to be able to
protect it and maintain its integrity in complexes until reach-
ing the intracellular destination.**** Protease lability is one of
the main drawbacks of CPPs,** therefore a proteolytic degra-
dation assay was applied to assess the resistance of the pre-
formed complexes to enzymatic degradation. In our previous
work, we showed that an increase in the net charge of the
peptide enhances the binding ability of the peptide to an
siRNA molecule'® and also influences the stability of the
formed particle. In this study, the addition of histidines to the
backbone of the parental peptide NF55 and modifying the
fatty acid length increased the stability of the CPP/siRNA com-
plexes against enzymatic degradation and their packing ability
(Fig. 3).

Interestingly, H4-C18 had 17% of siRNA in the complexes
accessible already at 0.5 mg ml™" heparin concentration com-
pared to 10% in the NF55/siRNA complex samples (Fig. 3A).
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The stability of the complexes containing H4-C18, NF70 and
H8-C20 showed an increase in stability depending on the
number of histidines included in the peptide sequence
(Fig. 3A). Furthermore, the complexes formed with H6'-C20
lacking the tyrosine in the N-terminal peptide part (Table 1)
had significantly higher stability to heparin displacement than
the H6-C20 peptide and even the H8-C20 peptide. The stability
may be caused by the higher affinity of uninterrupted histidine
span to siRNA compared to the tyrosine containing motif. It
has also been shown earlier that the uninterrupted histidine
sequence in the stearyl-TP10 sequence significantly increases
the affinity between the peptide and the splice correcting
oligonucleotide.”®

When comparing the H6 peptide series with different fatty
acid modifications, there was a correlation between the stabi-
lity of the complex and the fatty acid length. Longer fatty acids
packed the siRNA into NPs with a higher stability in the
heparin displacement assay (Fig. 3C) and against enzymatic
degradation (Fig. 3D). The peptide analogue with C22 was the
most resistant to heparin, and even 3 mg ml~" heparin concen-
tration resulted in only 60% siRNA displacement (Fig. 3C).
Still, as indicated by lower transfection efficacy, an optimal
hydrophobic/hydrophilic ratio might have been exceeded.

The complexes with PF6 had a significantly lower stability
to longer exposure to the enzyme (Fig. 3B), than complexes
containing H6-C20 and H8-C20 peptides. The H4-C18/siRNA
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Fig. 3 Analysis of CPP/siRNA complex stability and packing. (A) Heparin displacement assay. CPP/siRNA complexes formed at MR30. Heparin solu-
tion co-incubated with the complexes at 37 °C for 30 min. Results are shown as % to free siRNA at the same concentration as used in the complex
solution. (B) Stability of complexes to proteinase K degradation (>14.4 U per well) measured as binding of fluorescent dye PG to nucleic acid over a
time-period of 180 min. Results are normalized to free siRNA. (C) Heparin displacement of H6 series peptides with different fatty acid length.

(D) Stability of H6 series to proteinase K.
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complexes were only slightly more resistant than the NF55/
siRNA complexes to proteinase K. Intriguingly, the complexes
with H6'-C18 that had higher transfection efficacy had
a similar stability to complexes formed with H6-C20. The
H6'-C18 analogue was less stable, but also achieved a higher
transfection efficacy than H6'-C20. This indicates once again
that the histidine sequence vs. fatty acid length has to be opti-
mized accordingly. The uninterrupted histidine sequence in
the H6' analogue may stabilize or strengthen the interactions
with the cargo (H6'-C20 vs. H6-C20), whereas the shorter fatty
acid may result in more dynamic particles (H6'-C18 vs.
H6'-C20) (Fig. 3B).

When comparing stability and transfection efficacy, there is
an optimal range of stability that the nanoparticle has to fall
into. The CPP has to be able to pack and protect the siRNA
from the degradation, however it also has to be able to release
the cargo at the target site. Interestingly, both H4-C18 and
NF70 have similar theoretical log D values (Table 1), but as
indicated by the lower efficacy of H6-C22, there might be a
slight variation in the range for each sequence.

NPs with the H8-C20 peptide may be too stable in order
for the siRNA to be released, as indicated by the lower trans-
fection efficacy (Fig. 1 and 3). NF70/siRNA nanoparticles have
a stability profile between that of the H4-C18/siRNA and
HB8-C20/siRNA nanoparticles, and the highest gene knock-
down (Fig. 1 and 3). The increase in the number of histidines
increases the pH-buffering ability of the peptide, although for
delivery purposes there might be a cutoff for the histidine
chain length, as H8 peptides were not as efficient as H6 or H4
peptides (Fig. 1). For the tested histidine-rich peptides, there
was a pH-dependent efficiency in knockdown (ESI Fig. 4Dt),
as for the complexes formed with PF6, a known pH-depen-
dent delivery CPP.

The H4-C18/siLuc complexes led to efficient knockdown
even at MR20 and had a low IC50, but the complexes formed
with this peptide were significantly less stable than those with
H6-C20 (Fig. 1A, 3A, and B). NF70 probably has an optimal
stability profile, as the peptides with higher stability show
lower transfection efficacy (Fig. 1 and 3B).

Membrane activity model

100-{

Hemolysis (%)

CPP (uM)
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2.3.2 Membrane activity of histidine-rich NFs and nano-
particles. Interactions with the cell membrane are essential for
the peptide and peptide/cargo nanoparticles to internalize into
the cell. High membrane activity on the other hand may be
toxic to cells. Histidine rich peptides may have an advantage if
their activity can be increased at low pH-conditions in order
for them to escape from endosomes, but is restricted at physio-
logic pH. Although several types of lytic peptides have been
developed, their toxicity remains the main issue.*> However,
surfactants (or lytic peptides) with low amphiphilicity at
physiologic pH could minimize the non-specific cell mem-
brane disruption.'®

Red blood cells have been used for assessing ex vivo the
membrane activity and also the endosomolytic properties of
pH-responsive delivery agents.*® Interestingly in H6-C20 com-
plexes, the hemolytic IC50 concentration was 2.5 times higher
than that of NF55. A comparison of the H6-C20 and H6'-C20
complexes that both have six histidines showed a significantly
lower IC50 for H6'-C20, probably due to the difference of histi-
dine distribution in the sequence. H8-C20 was drastically less
hemolytic than other peptides and did not show any signifi-
cant membrane activity even at 10 uM peptide concentration
(Fig. 4A). The addition of siRNA to the peptide solution and
formation of the respective complexes decreased the hemolytic
activity approximately two fold (ESI Table 27}), suggesting that
the membrane activity could be mediated by the free or acces-
sible CPP that has not been neutralized by the interaction with
the negatively charged siRNA.

A modified version of the protocol was used to analyze the
endosomolytic activity of the NFs at a peptide concentration of
0.75 pM (corresponding to the CPP concentration in com-
plexes formed at MR20). As expected, NF55 was the least influ-
enced by the pH decrease and the hemolytic activity only
increased at pH 5.5 by 25% (Fig. 4B). The highest pH depen-
dent increase of hemolytic activity was exhibited by H8-C20. It
had almost no effect at physiologic pH, but lysed almost all
cells at pH 5.5, and its hemolytic activity started to increase at
pH 6.0. A similar tendency was also detected for H6-C20, but
the increase was less drastic. It should be noted that the

B
-o— PF6 1004
-o- NF55
- H4Cc18 = 807
- He-C20 @ o]
- HgC20 =
- He'cis 5 407
=
20-
0

Buffer pH

Fig. 4 Membrane activity of nickfect peptides. Hemolytic activity of peptides was measured after 1 h-incubation of murine red blood cells with
peptide solutions at 37 °C. After incubation released hemoglobin was quantified in the supernatant by measuring absorbance at 540 nm. (a) Cells in
PBS pH 7.5 supplemented with 5% glucose at 37 °C. as controls RBC in 2x PBS treated with 0.1% Triton X-100 with 5% glucose (100% hemolysis) and
mQ with 5% glucose (0% hemolysis) were used. (b) Modeling of endosomolytic activity of CPPs using buffer solutions with different pH. Peptides
were used at 0.75 pm concentrations. Hemolytic activity was assessed in PBS buffer at pH 5.5-7.5.
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damage of RBC membranes was significantly higher in a lower
pH buffer even in the case of a negative control, i.e. peptide-
free solution (1x PBS and glucose, pH 5.5) (Fig. 4B).

Out of the tested peptides, NF70 had an advantageous pH
dependent membrane activity profile. It had a low membrane
activity at physiologic pH and increased in activity at low pH
(Fig. 4) accompanied with an efficient gene knockdown
(Fig. 1). In H4-C18 complexes, the high transfection efficiency
may be caused mainly by the membrane activity of the peptide
(Fig. 4) or the negative effect on the cell proliferation at higher
concentrations (ESI Fig. 51), as the formed complexes are not
as stable as the H6-C20/siRNA particles (Fig. 3A and B).

The authors note that although the hemolytic assay has
been used as a viability assay, it is used in our context as a
membrane activity model only. The hemolytic activity is totally
abolished in cell media and especially if serum is added as a
media supplement (data not shown). Furthermore, the hemo-
lytic activity does not correlate with the toxicity measurement
results (Fig. 4 and ESI Fig. 57).

2.4 Invivo gene knockdown with NF70/siFVII

As a target blood coagulation factor, VII mRNA was chosen.
This vitamin K dependent enzyme belongs to the blood coagu-
lation cascade and is mainly synthesized in the liver cells. It
has a relatively short half-life compared to other clotting
factors. H6-C20 was able to deliver siFVII to the mouse liver
in vivo and a single injection resulted in an almost 60% knock-
down (Fig. 5). Compared to siRNA delivery with nanogel nano-
particles found in other work by another group,®” 30% knock-
down was achieved, compared to the siRNA treated group,
with a significantly lower siRNA dose (1.6 mg kg™ vs.
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Fig. 5 Supression of blood coagulation factor VIl expression by H6-
C20/siFVIl complexes in vivo. The downregulation was assessed by
qRT-PCR from liver tissues of Balb/c mice 48 h post-injection of NF70/
SiRNA (H6-C20) complexes with siRNA 1.6 mg kg~ dose and MR30.
NF70/siRNA, siRNA and UT n > 4, JetPEI/siRNA and hydrodynamic (HD)
n = 2. Statistical analysis one way ANOVA, p < 0.05, control groups
untreated or siRNA.
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4 mg kg "). Compared to the free siRNA, and commercially
available in vivo transfection reagent In vivo JetPEI (Polyplus,
Germany) at N/P 6, the NF70/siFVII complexes were able to
mediate higher knockdown at the same dose.

3. Conclusions

Delivery vectors that are pH-sensitive may enhance nano-
particle accumulation to lower pH regions in vivo, and the
release of nanoparticles or siRNA from entrapment in endo-
somal compartments. In this work we have demonstrated an
appealing, simple and efficient strategy to enhance and opti-
mize the delivery efficacy and pH-sensitivity of a CPP-based
delivery vector. We designed and tested pH-sensitive histidine-
rich analogs of CPP NF55 with the ability to non-covalently
associate a cargo of siRNA to form stable nanoparticles that
are able to efficiently transfect cells.

We showed the effect and importance of amino acid histi-
dine number, their position and distribution in the peptide
sequence and also the significance of a fatty acid modification
and its length to the assembly and characteristics of the
formed CPP/siRNA nanoparticles. We accomplished the design
of a highly potent delivery vector for nucleic acid delivery, CPP
NF70. NF70 is a pH-activated, histidine-rich CPP that has low
cell toxicity, low membrane activity at physiologic pH, and
forms stable nanoparticles. It successfully achieves gene
knockdown both in vitro and in vivo.

4 Materials and methods
4.1 Peptide modelling

All peptide sequences were modelled and the charge or log D
calculations were performed using MarvinSketch 15.9.14,
ChemAxon Ltd, USA.

4.2 Cell culture maintenance

U87 MG-luc2 human glioma cells, stably expressing luciferase
and U87 cells were grown on gelatinized (0.1% gelatine, Naxo,
Estonia) dishes at 37 °C and 5% CO, in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Sigma, Germany), and CHO stably
expressing GFP were grown at 37 °C with 5% CO, in Ham’s
F12 nutrient mixture (Capricorn, Thermo Fisher Scientific,
USA). Cell media were supplemented with 0.1 mM non-essen-
tial amino acids, 1.0 mM sodium pyruvate, 10% fetal bovine
serum (FBS) (Sigma, Germany), 100 U ml™" penicillin and
100 mg ml~" streptomycin (Invitrogen, Sweden).

4.3 Solid phase peptide synthesis

Peptides were synthesized on an automated peptide synthesi-
zer (Biotage Initiator™ Alstra) using the fluorenylmethyl-
oxycarbonyl (Fmoc) solid phase peptide synthesis strategy with
Rink-amide ChemMatrix resin (0.45 mmol g~ loading) to
obtain C-terminally amidated peptides. The fatty acid was
coupled manually to the N-terminus of the peptide overnight,
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at room temperature with 5 eq. fatty acid. For the synthesis of
the ornithine containing peptides, Boc-L-Orn(Fmoc)-OH (Iris
Biotech, Germany) was used. The reaction was carried out
using HOBT/HBTU as coupling reagents in DMF, with DIEA as
an activator base. For the synthesis of PF6, chloroquine
analogs (trifluoromethyl quinoline derivative) were coupled to
the lysine tree over succinic anhydride (Sigma-Aldrich) added
to the Lys, (with Mtt sidechain protecting group removed with
0.1%TFA and 3%TIS in DCM. Fmoc-Lys (Fmoc)(Iris Biotech))
of the peptide.

Cleavage was performed with trifluoroacetic acid, 2.5%
triisopropylsilane and 2.5% water for 2 h at room temperature.
Peptides were purified by reversed-phase high-performance
liquid chromatography on a C4 column (Phenomenex Jupiter
C4, 5 pm, 300 A, 250 x 10 mm) using a gradient of acetonitrile/
water containing 0.1% TFA. The molecular weight of the pep-
tides was analyzed by matrix-assisted laser desorption-ioniza-
tion/time of flight mass spectrometry (Brucker Microflex LT/
SH, USA). The concentration of the peptides was determined
based on dilutions of accurately weighed substances and
absorption of tyrosine, where applicable.

4.4 Peptide environment pH maintenance assay by titration

To assess the ability of the peptides to maintain the pH of the
solution in a certain range (due to the histidines being added
to the sequence), 5 ml of a 200 uM peptide solution in mQ
water was prepared and 1 M TFA was added to achieve the
same pH 2.5 for all peptide solutions. 0.5 M NaOH (5 pl) solu-
tion was added while stirring and the pH was measured after
each step. The change in pH was documented and the titration
curve is shown as a graph (pH vs. added NaOH solution).

4.5 The formation of peptide/siRNA complexes and
experiments in cells: downregulation of the reporter gene,
fluorescence-assisted cell sorting (FACS), and confocal
microscopy

For assessing the siRNA mediated RNAi, CHO-GFP or U87-luc2
cells (5 x 10° cells per well) were seeded on a 24-well plate a
day prior to the experiment and grown in serum containing
media. On the experiment day, prior to adding pre-formed
complexes (1/10™ of the final volume per well), the media was
replaced with fresh serum containing medium.

For complex formation, the peptide was mixed with luc2
SiRNA (sense 5-GGACGAGGACGAGCACUUCTT-3/, antisense
5-GAAGUGCUCGUCCUCGUCCUU 3', Metabion, Germany) or
with siRNA against GFP (5-GGCUACGUCCAGGAGCGCACC,
3-UGCGCUCCUGGACGUAGCCUU) in mQ water (pH 5.3-6.3)
using the peptide to siRNA molar ratios (MR CPP: siRNA) up
to 40: 1 and incubated at RT for 1 h. For siLuc2, the final con-
centration in the media was 25 nM and for siGFP it was 100
nM. The cells were co-incubated with complexes for 4 h (37 °C
and 5% CO,), and thereafter fresh serum containing media
was added and followed by further incubation (20 h for siLuc2
or 44 h for siGFP complexes). Luciferase gene downregulation
was measured from cell lysates with the Promega luciferase
assay system (Promega, Sweden) in combination with a
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GLOMAX 96 microplate luminometer equipped with GLOMAX
1.9.2 software (Promega). The results were normalized to the
protein content of each sample (DC Protein Assay, BioRad,
USA).

For the determination of IC50, complexes were formed at
MR30 and diluted before addition on cells to the final siRNA
concentrations of 100, 50, 25, 12.5, 6.25, 3.13, 1.6, 0.7 and 0.3
nM in wells. Luciferase activity was determined as described
in the previous paragraph.

For analyzing the effect of pH on the transfection efficiency
the complexes were formed at MR30, incubated and diluted
before addition to the U87-luc cells to obtain an siRNA final
concentration of 10 nM in transfection media. HEPES buffer
supplemented with 10% FBS was used as the transfection
media. The complexes were co-incubated with cells for 4 h and
then the media was replaced with cell culture media. After a
further 20 h, the incubated cells were lysed and analyzed as
described previously.

For flow cytometry analysis (FACS), the CHO-GFP cells were
seeded and treated as described previously. After incubation,
the cells were washed with 1x PBS and detached from the plates
with trypsin-EDTA (0.25%), and re-suspended in PBS sup-
plemented with FBS (5%) and transferred to transparent
U-bottom 96-well plates. FACS was carried out with a BD LSR II
flow cytometer (BD Biosciences, San Jose, CA, USA) equipped
with a 488 nm argon laser. The population of viable cells was
determined from a scatter plot: forward scattered plot (FSC) vs.
side scattered light (SSC) plot. A minimum of 10000 events
from the viable cell population per sample were analyzed using
the BD FACS Diva software. Results are shown as the population
with GFP signal lower than that of 0.1% of untreated cells.

For confocal microscopy, 2 x 10° cells per chamber were
seeded on chambered coverglass (NUNC 8-chamber plates).
After treatment with the complexes (25 pl of pre-formed CPP/
siRNA complexes added to cells in 225 pl serum containing
media) and incubation (48 h), GFP fluorescence images of the
cells were captured using the confocal microscope Zeiss LSM
710 with the excitation at 488 nm (493-616 filter).

4.6 Negative staining and visualisation of complexes by TEM

For the morphological analysis the CPP/siRNA complexes were
assembled as described above at MR30. For negative staining,
copper grids were covered with a Formvar film and a carbon
layer using a Leica EM ACE600 carbon coater (Leica
Microsystems, Germany). Then, 10 pL of each sample was
absorbed onto the grids for 2 min and any excess of the solu-
tion was gently removed. The samples were then exposed to
2% aqueous uranyl acetate solution for 1 min. After removing
the excess stain with filter paper, the samples were allowed to
air-dry. The samples were examined at 120 kV accelerating
voltage on an FEI Tecnai G2 Spirit electron microscope (FEI,
The Netherlands).

4.7 Dynamic light scattering (DLS) measurements

The hydrodynamic mean diameter of the nanocomplexes was
determined by dynamic light scattering studies using a
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Zetasizer Nano ZS apparatus (Malvern Instruments, UK). The
peptide/siRNA complexes were prepared in milli-q water, as
described for transfection. All results were based on three
measurements from four independent samples. All data was
converted to “relative by intensity” plots from where the mean
hydrodynamic diameter was derived. The complex solutions
were formed in 1/10™ of final volume and diluted before
measurements.

4.8 Membrane activity assay on murine red blood cells:
hemolysis

For evaluation of the membrane activity of the peptides, a
hemolysis assay was used. For this, whole blood was collected
from a mouse (adult, BALB/c) saphenous vein into a hepari-
nized collection tube. The blood was centrifuged (2300g,
15 min) to separate the cells (red blood cells - RBC) from the
plasma. The RBCs were washed according to the following
procedure.

The RBCs were washed 3x with 10 ml 0.9% NaCl saline.
After each step, the cells were centrifuged (600g, 15 min) and
the supernatant was discarded. The RBCs were re-suspended
in 5 ml saline and centrifuged (600g, 15 min). The cells were
washed and re-suspended in 2x PBS with the needed pH (pH
5.5-7.5). To each 100 pl of peptide solution, 100 ul of 10%
glucose was added, mixed, and an equal volume (200 pl) of
RBC in 2x PBS was added and gently mixed. The peptide solu-
tion with RBC-s was incubated at 37 °C for 1 h with gentle
mixing (max 300 rpm) and after that, the samples were centri-
fuged to pellet intact cells from the solution. Hemoglobin
from the lysed cells was determined from each sample from
the supernatant on transparent 96-well plates by measuring
the absorbance at 540 nm.

Controls were incubated in a similar manner to the
samples. As a non-hemolysis control, mQ supplemented with
glucose (0%) was used and for the hemolytic control and 0.1%
TritonX-100 with glucose (100%) was used (cells are suspended
in 2x PBS before addition). Final percent was calculated as
follows:

A(sample) — A(0%)

Hemolysis = 100 .
Crmoysls " "A(100%) — A(0%)

For hemolytic concentration determination, 2x PBS at pH
7.5 was used for incubation and 1x PBS at pH 7.5 was used for
washing. Everything else is as described
paragraph.

in previous

4.9 MTS toxicity assay

Cell proliferation was analyzed with the CellTiter 96® Aqueous
Non-Radioactive Cell Proliferation Assay (MTS) (Promega
Biotech AB, Sweden) according to the manufacturer’s instruc-
tions. For this 1 x 10° U87 cells were seeded 1 day prior to
experiment on transparent 96-well plates. On experiment day,
media was replaced with 90 pl of fresh media and to the cell
complexes formed at MR30 (100 nM final siRNA concen-
trations) or free peptides at the range of 0.5-4 uM, final con-
centrations were added. Cells were treated with complexes for
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20 h. The absorbance of formazan product was measured at
490 nm with Tecan Sunrise microplate absorbance reader
(Tecan Group Ltd, Switzerland) and the percentage of viable
cells was calculated using the GraphPad Prism software 5.0
(Graphpad Software, CA, USA).

4.10 Fluorescent dye intercalation assay

Complexation of siRNA and CPPs was assessed by the Quant-
iT™ PicoGreen® (PG) (Thermo Fisher Scientific, USA) assay in
mQ water. Complexes were prepared as described previously,
following the addition of diluted PG. For detection, the com-
plexes (1/5 of volume), water (3/5) and PG (1/5) working
dilution were incubated for 5 minutes and fluorescence was
measured by a fluorimeter (dex = 492 nm, ey, = 535 nm)
(SynergyMx, BioTek). For the heparin displacement, instead of
water, heparin salt solutions at different concentrations were
used and the complexes were incubated at 37 °C for 30 min
before addition of the PG dilution. Complex formation was
also confirmed by gel electrophoresis.

To assess the protection of siRNA from enzymatic degra-
dation, after the addition of PG dilution and the initial
measurement to set a starting point, Proteinase K (Thermo
Scientific, USA) was added (>14 U ml™, 20 ul of mixture per
well containing dilution of 120 pl of enzyme in 1 ml), co-incu-
bated with the complexes and the fluorescence was measured
over a 10 h period.

4.11 In vivo experiments

For the gene downregulation studies, male Balb/c, 2-4 month
old mice were used, with 2-5 mice per group. The CPP/siRNA
complexes were formed at MR30 and for each mouse a 1.6 mg
kg " siRNA dose was used. Particle formulations were adminis-
tered intravenously via tail vein injection. 48 h post treatment,
liver tissues were harvested and snap-frozen for analyses. The
tissues were homogenized using the Precellys®24-Dual hom-
ogenization system (Bertin Technologies, France) with the
TRIzol reagent (Thermo Fisher Scientific). RNA was extracted
according to TRIzol manufacturer’s protocol with slight modi-
fications. From the RNA, complementary DNA was synthesized
using SuperScript IV Reverse Transcriptase (Thermo Fisher
Scientific) according to the manufacturer’s protocol. The syn-
thesized ¢cDNA was used for qPCR with 5x HOT FIREPol
EvaGreen qPCR Supermix (Solis Biodyne, Estonia), according
to manufacturer’s protocol. The obtained data was analyzed
using the 272" method and normalized to untreated mouse
group (100%). siRNA against blood coagulation factor VII
(SiFVII) sense 5-gga(2'F -U)(2'F -C)a(2'F -U)(2'F -C)(2'F -U)(2'F
-C)aag(2'F -U)(2'F -C)(2'F -U)(2'F -U)a(2'’F -C)T*T-3' and anti-
sense 5'-g(2'F -U)aaga(2'F -C)(2'F -U)(2'F -U)gaga(2'F -U)ga(2'F
-U)(2'F -C)(2'F -C)T *T 3'. The primers for PCR (Mus blood
coagulation factor VII) forward ACAAGTCTTACGTCTGCTTCT,
reverse: CACAGATCAGCTGCTCATTCT and (Mus Actin beta)
forward: CCACACCCGCCACCAGTTCG and reverse:
TACAGCCCGGGGAGCATCGT. The siRNA and primers were
synthesized by the same manufacturer (Metabion, Germany).
Data was collected with the ViiA 7 RT_PCR system and analysis
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AACT 9nd normalized to the results from the

was based on 2~
untreated mice.

For NF70/siRNA and the In vivo JetPEI/siRNA complexes,
the same solutions were used for mixing and glucose final con-
centration 5%.

As a control, a hydrodynamic injection of 1 ml of siRNA was
used and untreated mice were included. All animal experi-
ments and procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
University of Tartu and were approved by the Estonian
Laboratory Animal Ethics Committee (approvals no 81, dated
Apr 04, 2016, and 69 and 70, dated Feb 9, 2011).

4.12 Statistical analysis

Statistical analyses of cell culture, fluorescent label intercala-
tion assay and in vivo experiments were done on the GraphPad
Prism software 5.0 (Graphpad Software, CA, USA). All results
are shown as a mean with the SEM of at least three separate
experiments, if not indicated otherwise.
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Abbreviations

CPP Cell-penetrating peptide

PG PicoGreen

NF NickFect

PF PepFect

MR Molar ratio

FACS Fluorescence assisted cell sorter
TEM  Transmission electron microscopy
siRNA Small interfering RNA

(o) Amino acid ornithine

Cn Fatty acid carbon chain length
NP Nanoparticle

TP10  Transportan10

RBC  Mouse red blood cells
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