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The design of non-viral vectors that efficiently deliver genetic materials into cells, in particular to the
nucleus, remains a major challenge in gene therapy and vaccine development. To tackle the problems
associated with cellular uptake and nuclear targeting, here we introduce a delivery platform based on the
self-assembly of an amphiphilic peptide carrying an N-terminal KRKR sequence that functions as a nuclear
localization signal (NLS). By means of a single-step self-assembly process, the amphiphilic peptides afford
the generation of NLS-functionalized multicompartment micellar nanostructures that can embed various
oligonucleotides between their individual compartments. Detailed physicochemical, cellular and ultra-
structural analyses demonstrated that integrating an NLS in the hydrophilic domain of the peptide along
with tuning its hydrophobic domain led to self-assembled DNA-loaded multicompartment micelles
(MCMs) with enhanced cellular uptake and nuclear translocation. We showed that the nuclear targeting
ensued via the NLS interaction with the nuclear transport receptors of the karyopherin family. Importantly,
we observed that the treatment of MCF-7 cells with NLS-MCMs loaded with anti-BCL2 antisense oligonu-
cleotides resulted in up to 86% knockdown of BCL2, an inhibitor of apoptosis that is overexpressed in
more than half of all human cancers. We envision that this platform can be used to efficiently entrap and
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Introduction

Aberrant gene expression plays an essential role in numerous
diseases, e.g. neurodegenerative diseases, heart dysfunction
and muscular dystrophy, both at the level of transcription
regulation and/or RNA processing,' which make the nucleus
a prominent target in gene therapy.* In order to treat diseases
associated with genetic disorders, therapeutic DNA must navi-
gate its way to the nucleus. Being negatively charged, DNA by
itself cannot easily cross cell membranes but requires a vehicle
such as a non-viral vector.” Once inside the cell, non-viral
vectors have to overcome the nuclear membrane to deliver
DNA to the nucleus. The gateway to and from the nucleus are
nuclear pore complexes (NPCs). Generally, molecules smaller
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deliver diverse genetic payloads to the nucleus and find applications in basic research and biomedicine.

than 40-60 kDa passively diffuse through the NPC to the
nucleoplasm, while larger molecules require sorting signals
termed nuclear localization signals (NLS) for nuclear import.*
NLS are usually short sequences of positively charged lysines
or arginines, recognized by nuclear transporters (karyopherins
or kaps), which can interact with proteins of the NPCs to trans-
locate NLS-containing proteins through the NPCs into the
nucleus.® Likewise, NLS conjugated vesicles self-assembled
of poly(2-methyl-2-oxazoline)-b-poly-(dimethylsiloxane)-b-poly
(2-methyl-2-oxazoline) triblock copolymers, were able to suc-
cessfully traverse the NPCs into cell nuclei through interacting
with karyopherins.”

Non-viral delivery systems, largely short of a nuclear target-
ing moiety, are limited in their applications not only by poor
uptake and endosomal retention, but also by inefficient
nuclear delivery.® Accordingly, substantial efforts have been
directed toward tailoring non-viral gene delivery systems to
better overcome plasma and nuclear membrane barriers.>'°
Almost all attempts involving NLS peptide motifs to specifi-
cally achieve nuclear targeting of DNA by non-viral vectors® are
focused on peptiplexes'™'* and lipoplexes, such as lipofecta-
mine-nucleic acid complexes.">** The intrinsic limitations of
these small and rather indistinct structures include in vivo
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instability, lack of targeting selectivity, low loading and trans-
fection efficiency and initial burst release.'>"” While some
examples of lipid-based nano-assemblies decorated with NLS
motifs for DNA delivery have been reported,'® improving their
stability and controlling their size remains a major hurdle for
a successful passage through the nuclear pore complex.'®

An efficient alternative to overcome these limitations would
be the design of highly ordered peptide nanoassemblies
because limitless combinations of amino acid sequences and
diverse secondary structures offer many options for enhancing
cellular internalization and targeting delivery.*°> However, to
make the peptide prone to self-assembly requires the rational
selection of its amino acid building blocks and the precise
understanding of their chemical properties that determine the
interactions between peptides.

Here we introduce a structurally defined nanoassembly
made purely of peptides that is tailored to efficiently entrap
DNA, enter cells and ultimately deliver oligonucleotides to the
nucleus. Considering hydrophobic interactions as the predo-
minant driving force in this “bottom-up” strategy, we designed
amphiphilic peptides as they can self-assemble in aqueous
solution and form various nanostructures with desirable pro-
perties and functions.>® A particular advantage is that func-
tionality can be directly integrated in the peptide sequence, as
long as the effects of the respective amino acids on the self-
assembly behavior are taken into account.>*** In the design of
the amphiphilic (KR),(HR),(WL),W peptide, henceforth
termed NLS-peptide, we considered that it should (i) comprise
a nuclear targeting moiety, (ii) condense nucleic acids via
electrostatic interactions, and (iii) self-assemble into multi-
compartment micelles (MCMs) that exhibit cell penetration
properties. In addition, we integrated four basic residues
(KRKR), which are found in many NLS sequences, play a
crucial role in nuclear targeting and possibly act as a monopar-
tite NLS motif.>*">® Notably, the optimal consensus patterns
required for high-affinity binding to import receptors were
found to be KR(K/R)R and K(K/R)RK.*> Although several pieces
of evidence indicate that KRKR suffice to function as an auth-
entic NLS*°? it has not been exploited for the nuclear target-
ing of nanoparticles so far. Tailoring supramolecular assem-
blies that display KRKR will allow exploring the effectiveness
of this NLS in mediating nuclear import. At the same time,
arginine and lysine residues based on their charge, promote
interactions at the cell membrane and subsequent
internalization.*

To favor self-assembly, the hydrophobic to hydrophilic
weight ratio of the peptide was kept similar to our recently
reported (HR);2T nonNLS-peptide which was shown to form
multi-compartment micelles (MCMs).>* Because this is the
first time a purely peptidic nano-vector is functionalized with
the minimal NLS via the extension of the hydrophilic domain
with KRKR residues, the morphology and physicochemical
properties of the self-assembly structures were systemically
investigated. In particular, we examined the incorporation of
three different model DNA cargoes into the nanoassemblies
and the interactions of a 22nt ssDNA-loaded nanoassemblies
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with components of the nuclear translocation machinery by
surface plasmon resonance. To resolve the nuclear targeting
ability of self-assembled NLS-MCMs, ultrastructural and cellu-
lar studies with statistical analysis of DNA delivery to the
nucleus were carried out and compared to corresponding
MCMs lacking an NLS. Owing to the intrinsic cell penetration
and nuclear targeting properties of the NLS-peptide and its
propensity for self-assembly and efficient DNA entrapment,
our NLS-MCMs serve as a promising DNA delivery platform
that overcomes biological barriers with minimal cell toxicity.

To put this hypothesis to the test, we have used the
NLS-MCM platform to deliver antisense oligonucleotides
(ASOs) into the nucleus. ASOs are synthetic DNA oligomers
whose potential as therapeutic agents has been extensively
explored.®**® They modulate the stability, processing, or
activity of RNA by various mechanisms. In the nucleus, ASO
mainly hinders mRNA maturation by inhibiting 5-mRNA cap
formation, by RNA splice modulation, and RNase H-mediated
pre-RNA cleavage.’” For example, G3139 (Genasense®), an 18
nucleotide phosphorothioate ASO complementary to the first
six codons of Bcl-2 mRNA, triggering RNase H dependent
mRNA degradation and the inhibition of mRNA translation.*®
The Bcl-2 gene product has been implicated in the growth of a
variety of solid tumors including breast and lung cancer, and
has been reported to promote chemo- and radiotherapy resis-
tance.>® A ‘gapmer’ version of G3139 (G3139-GAP) containing
additional 2’-methoxyethyl (2'-MOE) substitutions at the 5’ and
3’ end was even more efficient than G3139 in downregulating
Bcl-2.%° Thus, we produced NLS-MCMs loaded with G3139-GAP
and examined their ability to effectively downregulate BCL-2
protein levels in MCF7 cells. Our results unveil the purely
peptide-based nano-vector as a promising platform for
nuclear-targeted gene delivery applications.

Materials and methods
Materials

Solvents and reagents were purchased from Sigma-Aldrich
unless otherwise specified. Fmoc-Trp(Boc)-OH and Rink
Amide AM resin (0.71 mmol g') were purchased from IRIS
Biotech GmbH. Ethyl cyano(hydroxyimino)acetate (Oxyma
Pure) and all other Fmoc-protected amino acids were pur-
chased from Novabiochem. Acetonitrile (ACN) and dichloro-
methane (DCM) were purchased from VWR chemical. Dialysis
tubes for solvent exchange were purchased from Spectrum
Laboratories (cellulose ester, MWCO 500-1000 Da, 3.2 cm
mL™"). Atto550-labeled and unlabeled 18 nucleotide (nt)
G3139-GAP, 22nt DNA, and scrambled non-specific oligo-
nucleotide were purchased from Microsynth. All oligo-
nucleotide sequences are provided in Fig. 1A. All purified pro-
teins for SPR binding experiments including cysteine-tagged
FG domains of human nucleoporins, Nup62, Nup214, human
Kapf1, Kapa, and wild-type Ran (RanWT) were provided by
Lim Lab.*"** Phosphate buffer saline (PBS) and fetal bovine
serum (FBS) was purchased from BioConcept. Dulbecco’s

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00826b

Open Access Article. Published on 25 June 2022. Downloaded on 1/13/2026 3:26:13 AM.

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

(cc)

Biomaterials Science

ef T

el
v

View Article Online

Paper

NLS-peptide:

1
Hydrophilic domain

Self-assembly by Solvent Exchange

R —————— = — = —

— — e e

\J
J

=
) (=

Fig. 1 Self-assembled peptidic platform for oligonucleotide delivery. (A)
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Structure and sequence of NLS-peptide and different DNA payloads

(table); schematic representation of the self-assembly process by solvent exchange: the amphiphilic NLS-peptide first forms micelles that ultimately
assemble to multicompartment micelles (MCMs) with concomitant entrapment of DNA between the individual micelles. In the individual micelles,
the hydrophilic domains with the N-terminal NLS (dark blue) are oriented outward and the hydrophobic domains (green) are oriented inward. (Right,
middle) Cryo-TEM image of NLS-MCM reveals the multicompartment micellar structure, (B) ultrastructural morphology, and (C) size distribution of
self-assembled NLS-MCMs loaded with 22nt ssDNA (left panels) and G3139-GAP (right panels). Scale bars 100 nm.

modified Eagle’s medium (DMEM), Pen/Strep, and Opti-MEM
were obtained from Gibco life technologies. Live cell imaging
solution was purchased from Thermo Fisher Scientific.
CellTiter 96 AQueous One Solution Cell Proliferation Assay
(MTS) was obtained from Promega.

Peptide synthesis and purification

(KR),(HR),gT (NLS-peptide) consisting of 23 amino acids (AA),
H,N-[K-R],-[H-R],-[W-,L],-W-NH,, and previously reported

This journal is © The Royal Society of Chemistry 2022

(HR);2T (nonNLS-peptide) consisting of 19 AA, H,N-[HR];-
[W-,L]¢-W-NH,, (with ,L = p-Leucine) were synthesized as pre-
viously reported using Liberty Blue™ automated microwave
peptide synthesizer (CEM, Kamp-Lintfort, Germany).**
Purification of crude NLS- and nonNLS-peptides was carried
out by reversed phase high performance liquid chromato-
graphy (RP-HPLC) (Prominence 20A, Shimadzu, Japan) on a
C18-TSE (VDSpher OptiBio PUR 300 C18-TSE, 20 x 250 mm,
VDS Optilab, Germany) column. A mobile phase of water and

Biomater. Sci, 2022,10, 4309-4323 | 4311
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ACN containing 0.1% TFA with a gradient of 35-50% ACN over
40 min for NLS-peptide, a gradient of 25-60% ACN over
30 min for nonNLS-peptide was used to separate peptides.
Peptide purification was monitored at 280 nm. Fractions of
purified peptides were collected, lyophilized and stored at
—20 °C. The molecular mass of peptides was determined by
PerSeptive Biosystems Voyager-DE-PRO time-of-flight mass
spectrometer (MALDI-TOF-MS) in positive mode.

Self-assembly of peptide nanoparticles

For self-assembly of empty and DNA-loaded peptide nano-
particles from the respective lyophilized peptide, a 1 mg mL ™"
peptide stock solution was prepared in ethanol/water (50/50,
v/v). Self-assembly was carried out by solvent exchange method
through dialyzing the organic solvent (ethanol) against Milli-Q
H,0 (Merck Millipore, Milli-Q Direct 8 water purification
system). To prepare DNA-loaded nanoparticles, the following
synthetic DNA cargoes with and without 5’ Atto550 fluorescent
label were prepared at a concentration of 100 uM in water:
22nt single-stranded DNA (22nt ssDNA), 18nt G3139-GAP ASO
and scrambled non-specific sequence (sequences are provided
in Fig. 1A). In order to prepare nanoparticles loaded with DNA,
100 pL of peptide stock solution were mixed with 3 pg of DNA
(100 pM solution). The DNA-peptide mixture was then
adjusted to a final volume of 500 pL in a final concentration of
35% ethanol and transferred to a prewashed 500-1000 MWCO
dialysis tube. The self-assembly was induced by dialysis at 4 °C
for approximately 20 h against two changes of 500 mL ultra-
pure DNase/RNase-free distilled water. To produce the control
nanoparticles without DNA, peptide solutions were diluted to
a concentration of 0.2 mg mL™" in a 35% ethanol final concen-
tration and dialyzed under the same conditions.

Dynamic light scattering

The mean hydrodynamic diameter and polydispersity index
(PDI) of self-assembled peptide nanoparticles were determined
at 25 °C by dynamic light scattering (DLS) using a Zeta Sizer
Nano ZSP (Malvern Instruments Ltd, UK) instrument at a wave-
length of 633 nm with an angle detection of ¢ = 173°. All
measurements were performed in triplicate.

Zeta-potential

The zeta-potential of the self-assembled peptide nanoparticles
in water was recorded by Zeta Sizer Nano ZSP (Malvern
Instruments Ltd, UK) in a cuvette after each polyelectrolyte
deposition. Zeta potential data represent the mean of three
consecutive measurements.

Nanoparticle tracking analysis

The nanoparticle tracking analysis (NTA) of the self-assembled
peptide nanoparticles was performed using a NanoSight NS
300 instrument (NanoSight Ltd, Amesbury, UK). First, peptide
nanoparticles were diluted 20-fold and applied to the viewing
chamber using a 1 mL syringe. Nanoparticle movement was
analysed by the NTA software (version 3.4, NanoSight) based
on tracking each particle on a frame-by-frame basis. For each
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View Article Online

Biomaterials Science

measurement, three videos of 60 s were captured at room
temperature and the software provided the mean and median
particle size together with the estimated concentration of
nanoparticles in solution.

Transmission electron microscopy

For transmission electron microscopy (TEM), aliquots of self-
assembled peptide nanoparticles were deposited on a glow-dis-
charged, carbon-coated, parlodion-(2% in n-butyl acetate)
copper grid. After 2 min adsorption, excess liquid was blotted
with a filter paper and grids were negatively stained with 5 pL
2% uranyl acetate for 10 s. Stained grids were washed with
water and dried for 3 times. Grids were examined by a CM100
transmission electron microscope (Philips, Eindhoven, The
Netherlands) at an accelerating voltage of 80 kV.

Cryogenic electron microscopy

Four microliters of self-assembled peptide nanoparticles were
adsorbed onto glow discharged carbon-coated grids (Lacey,
Tedpella, USA). Excess sample was blotted off with grade 1
Whatman filter paper for seconds to produce a thin aqueous
film which is subsequently vitrified by plunge freezing. Frozen
grids were transferred at —178 °C into a Gatan 626 cryoholder
and imaged by Talos electron microscope (FEIL, USA). Electron
micrographs were recorded at an accelerating voltage of 200 kV
while keeping the sample at low temperatures. Resulting cryo-
EM micrographs were recorded on a CETA camera (4096 x
4096 pixels; Thermo Fisher).

Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) experiments were
performed at 20 °C on a Zeiss LSM 880 laser-scanning micro-
scope equipped with a 40x water immersion objective
(C-Apochromat 40x%, NA 1.2) (Carl Zeiss, Jena, Germany) as
described previously.** In brief, for each measurement, 10 pL
of sample were placed on a 22 x 50 mm glass slide and the
measurements were performed using a helium/neon laser for
561 nm excitation, a 488/561/633 main beam splitter (MBS),
and a pinhole size of 40 pm. Fluorescence signals were col-
lected in a real time (5 s with 30 repetitions) and autocorrela-
tion function was obtained by a QuickFit 3.0 software
calculator.

Surface plasmon resonance

Surface Plasmon Resonance (SPR) spectroscopy was used to
evaluate Kapa-Kapp1-NLS-MCMs interactions with FG Nups
(Nup62, Nup214). All SPR binding assays were performed at
25 °C in HEPES (0.025 M) with 5 mM MgCl,, using a four flow
cell BiacoreT200 instrument (GE Healthcare), as described
previously.*"** Briefly, HS-(CH,);;~(OCH,-CH,);~OH (abbre-
viated as PUT, Nanoscience) and cysteine-terminated FG Nups
were conjugated to a gold sensor chip in cell 1 (as a non-
specific reference), and in cell 2 (sample). 1% (wt/vol) BSA
(Sigma-Aldrich) solution was prepared in HEPES (0.025 M)
with 5 mM MgCl,, pH 7.2 as a running buffer. All proteins and
peptide nanoparticles were dialyzed against the same buffer

This journal is © The Royal Society of Chemistry 2022
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before the experiment. Ten titrations of the Kapa-Kapfl
complex were prepared by a factor 2 dilution of 400 nM Kapf1
and 800 nM Kapa (starting maximal concentration). The NLS
and non-NLS peptides were added to the Kapa-Kapf1l complex
at a ratio of peptide : Kapa : Kapf1 of 1:4:2, terminating with
a maximum concentration of 200 nM of NLS and non-NLS
peptides (for 400 nM Kapf1 and 800 nM Kapa). Before being
injected, buffer solutions were filtered (0.22 pm) and degassed
and all samples, protein and reagent solutions were centri-
fuged for 15 min at 12000 rpm to remove particles and
bubbles. The binding data were analyzed using Biacore T200
Control software.

Thermo-responsiveness of peptide nanoparticles

To analyze the temperature response of self-assembled peptide
nanoparticles, 200 pL of empty and DNA-loaded peptide nano-
particles were diluted two-fold in water and incubated at 37 °C
for the times indicated. Nanoparticles size and morphology
were examined by DLS and TEM before incubation and at the
time points indicated.

Cell culture

HeLa and Histone H2B-GFP expressing HeLa, and
MCF-7 human breast carcinoma cell lines were routinely sub-
cultured in DMEM with 1x GlutamaxI (4.5 g L' glucose;
Gibco) supplemented with 10% fetal bovine serum (FBS;
BioConcept). A549 human lung carcinoma and THP-1 human
leukemia monocytic cell lines were cultured in RPMI-1640
(BioConcept) supplemented with 10% FBS and 1x GlutaMAX
(Gibco). All cells were cultured at 37 °C in a humidified atmo-
sphere with 5% CO, up to 25 passages. For incubation with
MCMs, media were supplemented with 1x penicillin-streptop-

mycin (Gibco).

MTS cell viability assay

For cytotoxicity assessment of peptide nanoparticles, tetra-
zolium compound-based Cell Titer 96® AQueous One Solution
Cell Proliferation Assay (MTS, Promega) was used according to
the manufacturer’s instructions. One day before nanoparticle
treatment, HeLa cells were seeded in a 96-well plate at 3 x 10°
cells in 100 pL DFBS per well. Subsequently NLS-peptide nano-
particles with and without DNA-payload were added to each
well to a final peptide concentration of 50, 300, 550, 800, 1050,
1300, 1550 pg ml~*. In addition, lipofectamine-DNA complex
as the gold standard for transfection was included at the
highest peptide concentration (corresponding to 1550 pg
peptide per ml and 96 ng DNA) to compare the cytotoxicity.
Untreated cells were used as a reference value for 100% viabi-
lity. After 24 h of incubation at 37 °C, 20 pl of MTS reagent was
added to each well, and the plate incubated for 2 h at 37 °C.
The absorbance of the plate was then measured at 41 = 490 nm
using a Spectramax id3 plate reader. Background absorbance
of wells containing all assay components without cells was
subtracted from each test well and the data was normalized to
untreated control cells. All experiments were performed in
triplicate wells for each condition and repeated at least twice.

This journal is © The Royal Society of Chemistry 2022
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Cellular uptake of peptide nanoparticles

For nanoparticle uptake experiments, 3 x 10* cells per well
were seeded in an eight-well glass-bottom p-slide (Ibidi,
Germany) and cultured for 24 h before equal concentrations of
NLS- and nonNLS-peptide nanoparticles (determined by NTA)
were added to each well, except for THP-1 which were induced
to differentiate into macrophages by adding phorbol 12-myris-
tate 13-acetate (PMA) to a final concentration of 100 nM and
incubated for 48 h. Cells were imaged on a confocal laser-scan-
ning microscope (CLSM) (Zeiss LSM 880, Carl Zeiss Meditec
AG, Jena, Germany) at 5 and 24 h using the same image acqui-
sition settings for treated and untreated cells. Moreover, to
compare the relative fluorescence intensities of DNA-loaded
nonNLS- and NLS-MCMs after cell uptake, CLSM images of
Histone H2B-GFP expressing HeLa cells at different timepoints
(0, 5, 10, 24, 36 and 48 h) were captured using C-Apochromat
40%/1.2 NA Korr FCS M27 water-immersion objective. The
mean fluorescence intensity of Atto550 was measured within
squares of 100 pm x 100 pm (containing at least 10 cells) using
ZEN Blue software (v.3.2, Carl Zeiss Microscopy GmbH).
Background fluorescence signal was subtracted from the
measurement points.

Protein extraction

2 x 10* cells per well were seeded in a 12-well plate and incu-
bated overnight before addition of ASO-loaded MCMs or
control MCMs for 48 h. After rinsing cells three times with ice-
cold PBS, 400 pl of RIPA buffer (Merck Millipore) containing a
Halt™ protease inhibitor cocktail, EDTA free (ThermoFisher)
were added to each well and cells gently scraped off the
surface using a rubber cell scraper. Cell lysates were then
transferred to 1.5 ml Eppendorf tubes and incubated for
30 minutes at 4 °C with constant agitation. The cell lysates
were spun for 20 min at 12 000 rpm at 4 °C. The supernatant
was gently transferred to a fresh tube and protein concen-
trations were determined using Pierce™ bicinchoninic acid
(BCA) Protein Assay Kit (ThermoFisher). The lysates were ali-
quoted and stored at —80 °C.

Evaluation of BCL-2 protein expression by western blotting

Aliquots of total protein extracts normalized for concentration
according to the BCA assay were denatured in Laemmli sample
buffer at 95 °C for 5 minutes (ThermoFisher) and loaded onto
any kD™ mini-PROTEAN® TGX™ precast protein gels (Bio-
Rad). Proteins were resolved by SDS-polyacryl amide gel elec-
trophoresis and electrophoretically transferred onto trans-blot
turbo mini prewetted PVDF membranes (Bio-Rad) according to
the manufacturer’s instructions. The membrane was blocked
with 5% milk in PBS/0.1% Tween 20 (PBST) for 2 h at room
temperature with gentle agitation. The membrane was then
cut horizontally at approximately 32 kDa and the lower half
was incubated with 1:500 dilution monoclonal mouse anti-
human Bel-2 (ThermoFisher; Cat. no. 13-880) and the upper
with 1:5000 dilution polyclonal rabbit anti-human GAPDH
antibody (Bio-Rad; Cat. no. VPA00187) at 4 °C overnight with
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gentle agitation. After washing the blots three times for
5 minutes with PBST, the membrane containing BCL-2 pro-
teins were probed with horseradish peroxidase (HRP)-conju-
gated goat anti-mouse IgG (H + L) cross-adsorbed secondary
antibody (ThermoFisher; Cat. no. G21040) at 1:5000 dilution
and the membrane containing GAPDH proteins were probed
with secondary HRP-conjugated goat anti-rabbit IgG (Azure,
Cat. no. AC2114) at 1: 10 000 dilution for 2 h at room tempera-
ture. The membranes were then washed three times for
5 minutes with PBST and soaked in HRP chemiluminescence
substrate (Radience Plus solution, Azure) for 30 seconds to
detect the secondary HRP conjugates. western blotting images
were acquired on an Azure Sapphire Biomolecular Imager. The
bands were analyzed by Image Lab software from Bio-Rad.

Ultrastructural analysis of peptide nanoparticles in cells

Hela cells (8 x 10° cells) were seeded in 100 mm x 15 mm
round culture dishes (Thermo Fisher) and grown in DFBS.
After 24 h, 1.28 x 107 + 4.28 x 10° of DNA-loaded NLS- or
nonNLS-peptide nanoparticles (determined by NTA) were
added to each culture dish. One plate was left untreated as
control. Cells were incubated for 16 h at 37 °C in 5% CO, and
then washed four times with PBS. Cells were fixed with 1:1
(v/v) medium : double strength fixative mixture (single strength
fixative solution consists of 2.5% glutaraldehyde + 2% parafor-
maldehyde in 0.1 M PIPES buffer, pH 7) for 20 min at room
temperature, harvested with cell scraper and pelleted by cen-
trifugation at 300 rpm for 5 min at room temperature. Cell
pellets were then suspended in single strength fixative for 1 h
at 4 °C, then washed with 0.1 M sodium cacodylate buffer
three times and embedded in low melting 2% agarose. Once
solidified, agarose pellets were trimmed into 1-2 mm cubes
that were post-fixed in 1% buffered osmium tetroxide for 1 h
at 4 °C, rinsed in distilled water, and finally stained en bloc
with aqueous 1% uranyl acetate for 1 h at 4 °C in the dark.
Cubes were then dehydrated in an ethanol series (30, 50, 75,
95% and 100%). After three changes of absolute ethanol,
samples were washed in acetone and finally embedded in a
mixture of resin (EPON812)/acetone followed by pure Epon 812
resin. Ultra-thin sections (50-70 nm thick) were cut and
mounted on grids according to the regressive EDTA staining
protocol.** In brief, the ultrathin sections were floated in a 6%
aqueous uranyl acetate solution for 5 min. Thereafter, sections
were rinsed with double distilled water (ddH,O) and a second
floating step in 0.2 M EDTA in ddH,O, pH 7.0 was performed.
The sections were rinsed again with ddH,O and stained with
lead citrate for 5 min. After the final rinsing step with ddH,0,
sections were imaged on a FEI Tecnai T12 Transmission
Electron Microscope operating at an accelerating voltage of
120 kv. Micrographs were recorded using a TVIPS F416 CMOS
digital camera (bottom mounted).

Statistical analysis of localized peptide nanoparticles under
live cell conditions

Histone H2B-GFP expressing HeLa cells (3 x 10 cells per well)
were seeded in DFBS medium on an eight-well glass-bottom p.-
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slide (Ibidi, Germany). After culturing for 24 h, 3.22 x 10° +
6.65 x 10”7 of NLS or non-NLS peptide nanoparticles (deter-
mined by NTA) were added to each well. The 8-well slide was
immediately mounted on a microscope stage equipped with a
CO, chamber and a heating module (37 °C, 5% CO,) for live
cell confocal imaging. Samples were excited with 488 nm
(green) and 561 nm (red) laser lines. Images were obtained
with a C-Apochromat 40x/1.2 NA Korr FCS M27 water-immer-
sion objective at an image acquisition resolution of 2048 x
2048 pixels. Pinhole diameters were set to 1 airy unit and at
each timepoint, Z-stacks were captured the with Z-resolution of
0.26 um. To statistically evaluate the NLS-peptide nanoparticle
translocation to the nucleus, cells were imaged at 5, 10, 36,
and 48 h. Image stacks were analyzed using IMARIS 9.2 soft-
ware (Bitplane AG, Switzerland) on a pixel basis. Accordingly,
3D Imaris reconstructions from multiple Z-stacks were created
to identify and quantify peptide nanoparticles inside and on
the membrane of the nucleus. Based on the fluorescence of
the objects, the Atto550-DNA-loaded peptide nanoparticles
were identified as ‘spots’ and Histone H2B-GFP expressing
nuclei as ‘surfaces’. Quantification of peptide nanoparticles in
each image stack was performed using the SPOTS option of
the IMARIS software. SPOTS option allows the detection and
visualization of spherical objects in each image stack defining
their X, Y and Z axial positions, size and signal intensity.
Colocalization analysis of peptide nanoparticles and nuclei
was performed on confocal image Z-stacks using the IMARIS
distance to surface feature. Nanoparticles detected within
+0.1 pm distance to the nuclear envelope were considered
associated with the nuclear membrane. Nanoparticles with a
distance above 0.1 pum far away from the nuclear face of the
nuclear membrane were considered to be inside the nucleus.
Student’s two-tailed t-test was used to demonstrate the signifi-
cance of the statistical difference between NLS and non-NLS
nanoparticles. A p value <0.05 was considered significant. The
number of analyzed nuclei for 5, 10, 36 and 48 h timepoints
were 38, 44, 78, 98 and 41, 41, 78, 116 for non-NLS and NLS
nanoparticles, respectively. Particle counting was carried out
with IMARIS 9.2 software.

Results and discussion

Despite the increasing availability of non-viral delivery
systems, strategies for intracellular targeting, in particular tar-
geting the nucleus, remain in demand.”*>*® To tackle this
problem, we designed an amphiphilic peptide that is prone to
self-assembly, thereby entrapping oligonucleotides, and also to
target the nucleus via a short stretch of amino acids represent-
ing an NLS (Fig. 1A). In this NLS-peptide, we modified the
hydrophilic and hydrophobic domain of a recently reported
self-assembling (HR);(WL)¢W peptide, henceforth termed
nonNLS-peptide.** The hydrophilic domain included KRKR*?
at the N-terminus, followed by two HR repeats. The hydrophobic
domain comprised repeating units of tryptophan-leucine
which correspond to a truncated version of gramicidin A.*”

This journal is © The Royal Society of Chemistry 2022
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To maintain a hydrophilic to hydrophobic weight ratio condu-
cive to multicompartment micelles assembly, the hydrophobic
domain was extended by an additional tryptophan-leucine
repeat compared to nonNLS-peptide.*® The resulting 23 amino
acid NLS-peptide, (KR),(HR),(WL),W, was synthesized using
standard Fmoc-based solid phase peptide synthesis and puri-
fied by RP-HPLC. The expected molecular mass of 3455 g
mol™' was confirmed by MALDI-TOF mass spectrometry
(Fig. S1, ESI¥).

Based on our previous findings with the nonNLS-peptide,**
we surmised that the cationic NLS-peptide would be able to
entrap DNA between individual micelles of a multicompart-
ment micelle platform via electrostatic interactions (Fig. 1B,
schematic). Therefore, we induced self-assembly of the NLS-
peptide by solvent exchange in the presence of three different
DNAs: 22nt ssDNA, 18nt G3139-GAP (an antisense oligo-
nucleotide gapmer against Bcl-2*°) or an 18nt scrambled, non-
specific oligonucleotide (Fig. 1A). Ultrastructural analysis of
the resulting nanoassemblies by electron microscopy revealed
a spherical morphology and multi-micellar architecture of
DNA-loaded NLS-MCMs similar to that observed for
nonNLS-MCMs (Fig. 1B and C; Fig. S2, ESIT). NLS-MCMs have
a hydrodynamic diameter, Dy of 94 + 8 nm for 22nt ssDNA
and 48 + 12 nm for G3139-GAP payloads as measured by
dynamic light scattering (DLS) (Fig. 1C) with a polydispersity
index (PDI) of 0.18 and 0.26, respectively. In addition, Dy
determined by nanoparticle tracking analysis (NTA) was con-
sistent with DLS measurements (Fig. S3, ESI{). It is noteworthy
that an average particle size below 100 nm showed maximum
cellular uptake regardless of the nanoparticle core compo-
sition or surface charge.*” DNA-free NLS-MCMs had the same
PDI (0.18) as their DNA-loaded counterpart but exhibited a
larger hydrodynamic diameter of 145 + 4 nm (Fig. S4, ESIT).
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The NLS-MCM size reduction by DNA incorporation is consist-
ent with our previously reported observation that electrostatic
interactions between DNA and peptide lead to more compact
assemblies.?

Zeta potential measurements showed that the surface
charge of NLS-MCMs decreased from 45 + 7 mV to 20 £ 5 mV
when negatively charged 22nt ssDNA was entrapped and to 25
+ 6 mV for entrapped G3139-GAP ASO (Fig. 2A). These data
support that the majority of DNA molecules are entrapped
between the individual micelles rather than being merely accu-
mulated on the NLS-MCM surface which would yield a more
negative zeta potential. The zeta potential around +20 mV
reflects the physical stability of NLS-MCMs due to the electro-
static repulsion forces between NLS-MCMs which hinder their
aggregation. In addition, a zeta potential of +20 mV was shown
to be advantageous for an effective accumulation of non-viral
vectors in target cells.’® Mean hydrodynamic diameters (Dy),
polydispersity indices (PDI) and zeta potentials for the
scrambled oligo-loaded NLS-MCMs and nonNLS-MCMs loaded
with different oligonucleotides are presented in Table S1.} All
MCMs showed a narrow size distribution peaking below
100 nm, independent of the oligonucleotide payload.

The incorporation of DNA into NLS-MCMs was assessed by
FCS using Atto550-labeled 22nt ssDNA or G3139-GAP.
Diffusion times (zp) of free DNA and DNA-loaded NLS-MCMs
in solution are displayed by fitting the experimental autocorre-
lation curves to one- and two-component fits, respectively,
where 7, of the free DNA was fixed as the first component
(Fig. 2B).>* The increased 7, of G3139-GAP-loaded NLS-MCMs
(3778 + 805 ps) compared to free G3139-GAP (138 + 28 ps) and
22nt ssDNA-loaded NLS-MCMs (3898 + 1028 ps) compared to
free 22nt ssDNA (208 + 12 ps) is indicative of DNA entrapment
by MCMs. Moreover, the number of DNA molecules per MCM

B —— Alto550 labeled G3139-GAP
1.2 | ——Atto550 labeled 22nt ssDNA
—— Atto550 labeledG3139-GAP-loaded NLS-MCMs

10 —— Atto550 labeled 22nt-ssDNA loaded NLS-MCMs

0.0 H——rrrry

0001
T (ps)

1E-5 1E4

Fig. 2 Quantification of NLS-MCM surface charge and DNA entrapment. (A) Zeta potential of NLS-MCMs with 22nt ssDNA (blue), with G3139-GAP
(green) or without DNA (pink). (B) Normalised FCS autocorrelation curves of free Atto550-labeled 22nt ssDNA (red), free Atto550-labeled G3139-
GAP (orange), Atto550-labeled 22nt ssDNA-loaded NLS-MCMs (blue), Atto550-labeled G3139-GAP-loaded NLS-MCMs (green). Dotted lines rep-

resent experimental autocorrelation curves and solid lines are fitted curves.
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was calculated to be 17.8 + 3.7 (G3139-GAP) and 14.3 + 4.4
(22nt ssDNA) based on average brightness measurements and
dividing the photon count per molecule of DNA-loaded
NLS-MCMs to free DNA.

To evaluate if MCMs at 37 °C are able to dissociate, which
conceivably facilitates cargo release, the hydrodynamic dia-
meter and morphology of NLS-MCMs with and without DNA
were examined over time (after 8, 24, 48 and 60 h). Neither
DLS nor TEM analyses revealed a change in size or morphology
of MCMs after 8 h at 37 °C. However, after 24 h, temperature-
induced disassembly was seen for NLS-MCMs, both with and
without DNA, which continued over time (Fig. S5, ESIf). DLS
and TEM revealed the gradual formation of two populations,
one consisting of dispersed or clustered smaller MCMs, and
the other of individual micelles. Thermo-responsive disassem-
bly (change in size and structure of MCMs) occurred faster in
‘empty’ NLS-MCMs compared to DNA-loaded NLS-MCMs
(Fig. S5A and B, ESIY), suggesting that the presence of DNA
affected the disassembly behaviour. It is conceivable that the
electrostatic interactions between negatively charged DNA
entrapped between positively charged micelles hold micelles
together more tightly in DNA-loaded MCMs, resulting in a
more compact MCM structure which takes longer to disassem-
ble in response to temperature.

To evaluate the cytotoxicity of our peptidic DNA delivery
platform, we measured cell proliferation/viability of MCF-7
cells treated for 24 and 48 h with different types of MCMs
(Fig. 3) at a peptide concentration of 0.75 mg ml™".

Without DNA cargo, the NLS-MCMs and the nonNLS-MCMs
did not affect cell viability after 24 h or 48 h of incubation,
showing that the platform by itself is not cytotoxic, also at
higher peptide concentrations (Fig. S6A, ESIt). Similarly, both
NLS- and nonNLS-MCMs loaded with control 22nt ssDNA,
scrambled oligonucleotide or ASO had no toxic effects on cell
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viability after 24 h of exposure. In contrast, lipofectamine-
mediated transfection of 22nt ssDNA at the same concen-
tration used for incorporation into NLS-MCMs (96 ng) demon-
strated a 40% lower cell viability compared to non-transfected
cells (Fig. S6A, ESIT). After 48 h, however, cells treated with
G3139-GAP loaded NLS-MCMs demonstrated a reduced cell
viability of 65 + 6%. Conceivably, this reduction is caused by
G3139-GAP delivery since G3139 ASO was shown to reduce Bcl-
2 expression which was associated with apoptosis and a
decrease in cell proliferation.’’>* Whereas scrambled oligo
loaded NLS-MCMs had no toxic effects (Fig. 3), using lipofecta-
mine reagent to transfect scrambled oligonucleotides revealed
a 20 + 3% decrease in cell viability after 48 h (Fig. S6B, ESIf).
The apparent absence of cytotoxicity renders our peptidic plat-
form a promising candidate for therapeutic applications.

Typically, selective transport through the NPC is facilitated
by the major importin receptor Kapp1 that binds NLS-cargoes
via its adaptor, karyopherin alpha (Kapa). This is because
Kapf1 exerts multivalent interactions with intrinsically dis-
ordered phenylalanine-glycine (FG)-repeat nucleoporins (FG
Nups) that form the selective NPC barrier.*> Upon reaching the
nuclear interior, Ran guanosine triphosphate (RanGTP) binds
Kapp1, which results in NLS-cargo release.”” In this manner,
the RanGTP gradient controls the directionality of transport by
triggering the release of cargo inside the nucleus.”
Accordingly, we used surface plasmon resonance (SPR) to
assess the ability of Kapa-Kappl complexes to mediate the
binding of NLS-MCM nanocarriers to surface tethered-FG Nup
layers comprising of either Nup214 or Nup62 (Fig. 4A and
Fig. S7, ESI{).%°

Langmuir isotherm analyses using a two-component fit
(Fig. 4B) demonstrate that there is no significant difference
(within error) in the apparent equilibrium dissociation con-
stants (Kp; and Kp,) for the standalone Kapo-Kappl and

After 48 h
100 %
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E 80 %
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= %
g %
- /
%
20 Z
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Fig. 3 Effect of MCMs on MCF-7 cell proliferation after 24 and 48 h of exposure at 37 °C. Viability of cells treated with NLS-MCMs (dark blue bars)
and nonNLS-MCMs (light blue bars) compared to untreated MCF-7 (grey). Cells incubated with free oligonucleotides are shown as shaded bars.

Error bars represent standard deviation of triplicate measurements.
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Fig. 4 NLS-MCM interactions with components of the nuclear import machinery. (A) NLS-MCMs binding to FG Nups facilitated by Kaps. (B)
Langmuir isotherm fits (solid lines) yielding the maximal response signal (Rnax: circles). NLS-MCM binding response measured by SPR elicited the
highest FG Nup-binding response (blue). NonNLS-MCMs (green) do not bind to the Nup 214 while they demonstrate binding to Nup 62, still lower

than NLS-MCMs. Standalone Kapa Kappl binding is shown in red.

Kapa-Kapf1-NLS-MCMs complexes with Nup214 or Nup62 (see
Table 1). Such non-divergent binding is anticipated for multi-
valent species that exceed ten binding sites (e.g. Kaps).””
Obviously, no difference is expected in the presence of
nonNLS-MCMs, which do not interact with the Kapa-Kapf1
and as such do not interfere at all with the Kapa-Kapf1
binding to FG Nups. The equilibrium dissociation constants
together with the maximal SPR binding responses (Ryax and
Rmaxe in resonance units [RU]) for the binding components
with Kp; and Kp,, respectively were obtained for NLS-MCMs
and nonNLS-MCMs (Table 1).

This journal is © The Royal Society of Chemistry 2022

An increase of 680 and 1888 RU was detected in the
Nup214 binding responses (Rmaxi and Rpyax) of NLS-MCMs/
Kapa-Kapp1l over standalone Kapa-Kapfl. Furthermore, the
binding of NLS-MCMs/Kapa-Kapfl to Nup62 gave a signifi-
cantly larger increase of 1072 and 8800 RU in the maximal
binding responses over standalone Kapa-Kapp1. In contrast, in
the presence of nonNLS-MCMs, no (in case of Nup214) or a
much smaller (in case of Nup62) increase in the maximal
binding response was observed for the Kapa-Kapp1 binding to
the corresponding Nup, which confirms that the observed
extra response in case of NLS-MCMs/Kapa-Kapp1l could be
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Table 1 Maximal SPR response signals and equilibrium dissociation constants of nanoparticle/karyopherin complex binding to Nups

Rmax1 (RU) Rpaxe (RU) Kp; (nM) Kpz (nM)
NLS-MCMs/Kapa-Kapp1 Nup214 3352.3 £373 7599.7 £ 1840 28.2 +4.7 1183.5 £ 652
Nup62 2967.6 £ 399 16295 + 1470 36.7+7.4 3387.6 £ 4190
NonNLS-MCMs/Kapa-Kapp1 Nup214 2723.3 £415 5711.8 + 1480 23.2+5.5 954.8 + 647
Nup62 2057.2 £ 140 10201 £ 1260 20.8+2.4 1423 + 332
Kapa-Kapp1 Nup214 2672 + 387 5711.4 + 1850 19.4+4.8 1028.1 £ 779
Nup62 1895 + 229 7495.2 £ 1420 224 +5.7 1077.3 £ 477

attributed to the additional NLS-MCMs mass in the binding
complex. Possibly, the (HR) motif, which is present in
nonNLS-MCMs and NLS-MCMs, could play part in the inter-
actions with Kapa-Kapp1 and thereby contribute to the overall
binding to distinct Nups. Such interactions would explain the
minor binding response of nonNLS-MCMs, and ultimately its
presence in the nucleus (see below). Consistent with this
notion, arginine-rich regions were shown to interact with
binding sites of Kapa. For example, the arginines in
NLS-STATs (signal transducers and activators of transcription)
contribute to the weak interactions with minor binding sites
of importin a.>>>® Alternatively, arginine residues have recently
been shown to play a role in the affinity of Fused in Sarcoma
(FUS) RNA-binding protein for the nuclear import receptor kar-
yopherin $2.>*%° A systematic analysis will reveal in more
detail the interactions of NLS-MCMs with the different impor-
tins. Nevertheless, our results suggest that a genuine NLS is
more effective in coupling MCMs to the nuclear transport
machinery. In addition, to compare the NLS functionality in
self-assembled MCMs to that of free NLS-peptide, the binding
of both species in the presence of Kapa-Kapp1l complexes to
FG Nups was determined (Fig. S8, ESIt). The maximal
response signal (Rmax1 and Rpyax) and the equilibrium dis-
sociation constants (Kp; and Kp,) are summarized in
Table S2.1 NLS-MCM binding to Nup214 and Nup62 provoked
a maximal binding response that was approximately ~0.5 and
1 kRU higher than free NLS-peptide. This data corroborates
that when self-assembled into MCMs, NLS-peptides, particu-
larly at higher concentrations, more efficiently expose binding
sites for karyopherin complex formation that is required for
the interaction with FG Nups. Thus, the high surface to
volume ratio offered by MCMs represents an attractive
approach to substantially enhance the interactions of bio-
molecules with their microenvironment and modulated the
physicochemical properties with regard to the original
molecule.’™*

A critical prerequisite for an efficient DNA delivery system is
cellular uptake, predominantly through different endocytosis
pathways,®® followed by endosomal escape (Fig. 5A, I). Uptake
of NLS-MCMs loaded with fluorescent DNA in H2B-GFP expres-
sing HeLa cells was examined by CLSM at 5, 10, 24, 36 and
48 h (Fig. 5B and Fig. S9, ESIT). Statistical analysis of corres-
ponding relative fluorescence intensities revealed that uptake
efficiency was at least 2-fold higher for NLS- than for
nonNLS-MCMs. Furthermore, to ensure that the enhanced
uptake of ASO-loaded NLS-MCMs is not cell-type specific, the

4318 | Biomater. Sci, 2022, 10, 4309-4323

cellular uptake of NLS- and nonNLS-MCMs loaded with
Atto550-G3139-GAP was also examined in A549, PMA-stimu-
lated THP-1 and MCF-7 cells. For all cell lines tested, internal-
ization of NLS-MCMs after 24 h was more efficient than
nonNLS-MCMs (Fig. $10, ESIY).

The enhanced cellular uptake can be attributed to different
properties conferred upon MCMs by the NLS-peptide. The KR
repeats constituting the NLS afford also cell penetrating pro-
perties and when exposed on the surface of NLS-MCMs, aid in
overcoming biological barriers.®* Many studies firmly support
the significance of various combinations of lysine and arginine
residues in boosting the ability of nanoparticles to enter
cells.”>®>% Moreover, the higher positive surface charge and
smaller size of NLS-MCMs compared to nonNLS-MCMs play a
crucial role in the enhanced uptake.®” Subsequently, to finally
end up in the nucleus, nanocarriers need to pass through the
nuclear pore complexes (NPCs) (Fig. 5A, 11).°®

To reveal the fate of MCMs inside the cell at the ultrastruc-
tural level, ultrathin serial sections of cell pellets were prepared
from HeLa-GFP treated with NLS-MCMs and nonNLS-MCMs,
and examined by electron microscopy (Fig. 5C). Electron
micrographs showed that NLS-MCMs accumulate at the cyto-
plasmic face of the nuclear envelope where they are often
associated with NPCs (Fig. 5C). In addition, MCMs were fre-
quently found inside the nucleus (Fig. S11B, ESIf). At first
sight, the initial mean hydrodynamic diameter of 22nt-loaded
NLS-MCMs (around 95 nm), in particular when increased to
110 nm by a ‘Kap corona’, appears to be incompatible with the
pore size of the NPC even if the latter is more dilated in cellulo
(~70 nm-diameter).®® However, NLS- and nonNLS-MCMs are
thermo-responsive and with time, disintegrate at 37 °C into
smaller assemblies (Fig. S5, ESIT) that are then able to translo-
cate through the NPC into the nucleus. Consistently, the
number of particles inside the nucleus increased around
5-fold between 36 and 48 h (Fig. 6B). Moreover, entrapment of
ASO further compacted NLS-MCMs which reduced their size to
around 50 nm (Fig. 1C) such that nuclear translocation was
evident already after 24 h (Fig. S10, ESI{). In contrast,
nonNLS-MCMs were mainly distributed throughout the cyto-
plasm. Despite the occasional proximity of nonNLS particles to
the nuclear membrane, a clear association with the NPC was
not evident (Fig. 5C). This data provides further evidence that
the KRKR residues at the hydrophilic end of the peptide serve
as functional NLS sequence, able to mediate trafficking of
micellar particles to the nucleus. Furthermore, the data are
consistent with our SPR results which revealed no (in case of

This journal is © The Royal Society of Chemistry 2022
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(A) Schematic representation of (I) cellular uptake and endosomal escape of NLS-MCMs, and (ll) their translocation to the nucleus via NPC

expressing Hela cells recorded after 24 h incubation with DNA-loaded

nonNLS- and NLS-MCMs and corresponding relative fluorescence intensities quantified after 5, 10, 24, 36 and 48 h. Scale bars, 20 pm. (C)
Ultrastructural localization of DNA-loaded NLS-MCMs (left) and nonNLS-MCMs (right) in cells. Electron micrographs reveal NLS-MCMs accumulation
at the nuclear envelope, associated with NPCs, and inside the nucleus. Scale bars, 1 ym.

Nup214) or much smaller (in case of Nup62) binding response
for nonNLS-MCMs compared to NLS-MCMs.

For a statistical evaluation, we investigated HeLa cell expres-
sing genetically GFP-tagged histone 2B in order delineate the
cell nucleus. HeLa-GFP cells were treated with NLS-MCMs or
nonNLS-MCMs loaded with fluorescently labeled DNA by con-
focal laser scanning microscopy. Multiple z-stacks of cells were

This journal is © The Royal Society of Chemistry 2022

recorded at 5, 10, 36, and 48 h of MCM incubation and used
for 3D reconstructions based on which the number of MCMs
associated with the nuclear membrane and inside the nuclei
were determined (Fig. 6A).

Statistical analysis of MCM distribution at different time-
points demonstrated that there is a significant difference in
nuclear localization of DNA-loaded NLS-MCMs compared to
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Fig. 6 Statistical analysis of nuclear localization of peptide nanoparticles (A) Imaris 3D reconstructions of multiple confocal sections of HeLa-GFP
cells treated for 10 h with DNA-loaded NLS-MCMs and DNA-loaded nonNLS-MCMs. MCMs are represented by red dots and the nuclear boundaries
as green ‘surfaces’, based upon the fluorescence of the corresponding dyes. (B) Statistical analysis of NLS- compared to nonNLS-MCMs localized
inside the nucleus and at the nuclear membrane at different time-points. Bars represent number of MCMs per nucleus. Top, MCMs detected within
a distance of +0.1 pm to the nuclear membrane were considered on the membrane. Bottom, MCMs at a distance >0.1 um away from the nuclear
face of the membrane were considered inside the nucleus. The differences for each time-point were statistically significant between NLS- and
nonNLS-MCMs (*** p < 0.001 and **** p < 0.0001) on both graphs. Error bars represent standard error of the mean (SEM). The number of analyzed
nuclei for 5, 10, 36 and 48 h timepoints were 38, 44, 78, 98 and 41, 41, 78, 116 for nonNLS- and NLS-MCMs, respectively.

nonNLS-MCMs (Fig. 6B). The average number of DNA-loaded
NLS-MCMs inside the nucleus as well as at the nuclear mem-
brane was at least double the number of nonNLS-MCMs (a =
0.05, P < 0.01). The statistical analysis of MCMs in individual
cell nuclei confirmed that NLS-MCMs accumulate in the
nucleus over time. Based on the efficient uptake and nuclear
translocation, NLS-MCMs were efficiently internalized into the
cytoplasm and trafficked to the nucleus with no cytotoxic
effect and thus, offer themselves as suitable nanocarriers for
the delivery of therapeutic antisense oligonucleotides (ASO) to
the cell nucleus.

To test how effective our purely peptidic nanocarriers were
in delivering therapeutics, we analyzed the effect of
NLS-MCMs loaded with G3139-GAP, an RNase-H dependent
ASO,”° on BCL-2 protein levels in MCF-7 cells. Western blots
were carried out to quantitatively assess overall BCL-2 levels in
cells incubated for 24 and 48 h with equal amounts (2.2 x 10°
+2.96 x 107 NPs ml™") of either NLS- or nonNLS-MCMs loaded
with G3139-GAP or a scrambled oligonucleotide, with MCMs
not carrying ASO, with ASO/lipofectamine complexes, and with
untreated control cells. Blots representing total cell extracts
were probed with antibodies against BCL-2 and GAPDH as an
internal loading control (Fig. 7A), and subsequently quantified
by densitometry (Fig. 7B; S12, ESI{).

Comparison of cells transfected with cargo-free, ‘empty’
MCMs to untransfected cells (control) after 24 and 48 h
showed that the nonNLS- and NLS-MCM platforms by them-
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selves had no significant effect on BCL-2 levels. In contrast,
when NLS-MCM nanocarriers were loaded with G3139-GAP,
after 24 h, a 57% reduction in BCL-2 levels relative to cells
transfected with NLS-MCMs loaded with scrambled oligo was
observed (Fig. 7C and S12, ESIT). More importantly, after 48 h
of treatment, nuclear targeting of G3139-GAP by NLS-MCMs
led to 86% downregulation of BCL-2 levels relative to cells
transfected with scrambled oligo-loaded NLS-MCMs (Fig. 7C).
In contrast, delivery of G3139-GAP by nonNLS-MCMs only
reduced BCL-2 levels by 8 (after 24 h) and 4% (after 48 h) rela-
tive to cells transfected with scrambled oligo-loaded
nonNLS-MCMs. These data show that the nuclear targeting of
the nanocarriers and a corresponding release of G3139-GAP
are essential for a significant decrease in BCL-2. Notably, when
compared to cells transfected with lipofectamine/G3139-GAP
complexes relative to lipofectamine/scrambled oligo complexes
at corresponding ASO concentrations, we observed a more
efficient BCL-2 reduction by G3139-GAP loaded NLS-MCMs
(57% versus 45% after 24 h and 86% versus 63% after 48 h)
(Fig. S13A and B, ESIf). In a recent study, cell penetrating
peptide (CPP) conjugated exosomes (EXOs) were used as a plat-
form for ASO delivery.>® Their western blot analysis revealed a
decrease of 51.71% and 69.69% in BCL-2 levels by EXO-G3139
and EXO-R9-G3139 in HepGz2 cells. In another example, a 70%
downregulation in Bcl-2 mRNA was found in MCF-7 cells incu-
bated with self-assembled peptide nanofibers for G3139 deliv-
ery.>® In comparison, our peptidic platform with G3139-ASO

This journal is © The Royal Society of Chemistry 2022
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p > 0.05, ** p < 0.01 and *** p < 0.001).

payloads displayed stronger downregulation after 48 h which
suggests that NLS-MCMs are promising nanocarriers for
efficient delivery of therapeutic oligonucleotides to the
nucleus. Yet, there remain many challenges that need to be
overcome before peptidic platforms move into the realm of
clinical gene therapy. First and foremost, selective targeting of
the platform to the diseased site with minimal off-target deliv-
ery needs to be addressed. As peptides can be made up of
various combinations of amino acids, one could envisage
directly incorporating the ligands (e.g. RGD) for specific mole-
cular recognition sites into the peptide building block.
Alternatively, peptide sequences can be designed in such a way
that they bind targeting moieties that harness the platform for
cell-specific delivery.

Conclusion

In this study, we devised a self-assembling cationic amphiphi-
lic peptide specially tailored at the molecular level to maximize
the potential of peptidic nanocarriers in gene delivery appli-
cations. The specific sequence of the hydrophobic domain
together with the integration of a minimal NLS, (KRKR), into
the hydrophilic domain of the peptide backbone to promote
nuclear targeting in addition to enhancing cellular uptake, are
key to the efficiency of our innovation and have not been
attempted before in any non-viral vector delivery system.
Importantly, integrating the NLS-targeting moiety obviates
extra conjugation steps’*”® in the preparation of nano-

This journal is © The Royal Society of Chemistry 2022

particles. Instead, NLS-functionalized, DNA-loaded multicom-
partment micellar assemblies are obtained by a single-step
self-assembly process. We show that (i) these DNA-loaded
NLS-MCMs enter cells more efficiently than corresponding
nanocarriers lacking an NLS (non-NLS-MCMs) without adverse
effects on cell proliferation, (ii) NLS-MCMs successfully ferry
DNA cargo to the nucleus via NLS-mediated interactions of the
nanocarrier with the nuclear translocation machinery, and (iii)
ASO delivery by NLS-MCMs strongly downregulates BCL-2
protein levels in MCF-7 cancer cells and is associated with
enhanced cytotoxicity. The unprecedented combination of a
straightforward manner of production, non-cytotoxicity and
efficient DNA delivery to the nucleus makes our purely peptidic
platform superior to established nanocarriers. Together, these
advantages warrant a further development of these NLS-MCMs
for systemic gene therapy and vaccination applications.
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