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ABSTRACT

A lipopeptide is designed that contains an epitope from simian virus T-antigen (SV40T, PKKKRKV) conjugated to an N-terminal

palmitoyl (C,,-) moiety, with the aim to act as an effective cell-penetrating lipopeptide, with additional aggregation propensity

conferred by the lipid chain. A combination of cryo-TEM and small-angle X-ray scattering (SAXS) is used to show that the lipo-

peptide forms micelles, but mixtures with DNA lead to formation of fractal cluster-like co-assemblies due to intercalation of the
DNA and peptide. Spectroscopic studies using fluorescence and circular dichroism (along with fiber X-ray diffraction) show that
the peptide interacts with DNA and inserts into the groove. Confocal microscopy along with flow cytometry confirms delivery
of DNA into both HeLa and mouse embryonic stem cells (mESCs) in pluripotent state, and the system shows excellent cytocom-

patibility as confirmed by MTT assays. Our data indicate that the lipopeptide may outperform the DNA transfection agent lipo-

fectamine in DNA delivery into these stem cells and it enables DNA delivery into the cytoplasm and nucleus.

1 | Introduction

Every year, researchers and the pharmaceutical industry de-
velop new bioactive molecules for a variety of purposes: novel
treatments for diseases that challenge existing therapies, vac-
cines against pathogens of interest, and innovative scaffolds
for tissue engineering [1-4]. However, to exert the desired ef-
fect, a molecule first needs to reach its receptor or target, and
many biomolecules cannot be internalized by living cells due
to factors such as polarity, size, charge, or the lack of a path-
way to direct them into intracellular compartments [5]. One
key issue in modern therapies is how to bypass the biological
membranes of the host and enable the delivery of biomolecules
where they are required [6, 7]. The impact of a reliable method
of delivery is particularly meaningful for new therapies such

as the delivery of nucleic acids, which have been in the spot-
light due to DNA and RNA vaccines against COVID, and
many other genomic vaccines in development against other
viruses or for the treatment of diseases and cancer [8-10].
One major obstacle for this approach is that nucleic acids are
naturally repelled by the cell membrane due to their overall
negative charge, consequently resulting in the nucleic acids
being processed by endogenous enzymes due to the natural
defenses against exogenous nucleic acids from viruses and
bacteria [11-13].

To address these barriers, carrier molecules can be used to
bypass membranes and protect nucleic acid cargo. Among the
available strategies, cell-penetrating peptides (CPPs) offer sev-
eral advantages: low production cost via solid-phase peptide

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2026 The Author(s). Journal of Peptide Science published by European Peptide Society and John Wiley & Sons Ltd.

Journal of Peptide Science, 2026; 32:¢70085
https://doi.org/10.1002/psc.70085

10of 15


https://doi.org/10.1002/psc.70085
https://doi.org/10.1002/psc.70085
https://orcid.org/0000-0002-3705-0162
https://orcid.org/0000-0001-5876-2276
mailto:
https://orcid.org/0000-0002-4549-0926
mailto:i.w.hamley@reading.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpsc.70085&domain=pdf&date_stamp=2026-01-19

synthesis, the capacity to form non-covalent complexes with
cargo in aqueous media, improved safety compared to viral
vectors, and possibility of straightforward chemical modifi-
cation to enhance functionality [14-16]. While CPPs can be
highly effective to enhance internalization of biomolecules
even by simple co-incubation, the delivery of longer nucleic
acid strands and their nuclear targeting remain challenging.
These limitations appear especially in the context of non-
covalent approaches [17, 18]. The non-covalent approach may
be preferred since covalently linking the peptides to each dif-
ferent cargo is a costly and laborious task due to the synthetic
chemistry required and possible changes in the desired bio-
activity of those molecules [19-21]. Due to these limitations,
novel approaches to improve the delivery of non-covalent
complexes have been developed during the last couple of
decades, including sequences with cell penetrating capac-
ities like the WRAP family or sequences isolated from viral
proteins such as TAT-HIV, a CPP derived from the minimal
penetrating fragment isolated from the Trans-Activator of
Transcription protein (TAT) [22, 23]. Another strategy in this
context is the linkage of fatty acids to the peptide backbone
of well-established CPPs, such as the sequence Pepfect, which
consists of the traditional amphiphilic CPP Transportan, N-
terminally stearoylated [24-26]. The native Transportan 10
(TP10) peptide is a relatively successful CPP which consists of
two domains derived from Galanin and the venom wasp re-
lated peptide Mastoporan. Addition of a fatty chain to the pep-
tide backbone leads to a lipopeptide that retains the capacity
of Transportan 10 to self-assemble into nanoparticles around
the cargo and deliver different classes of nucleic acids inside
living cells with enhanced efficiency. This class of lipopep-
tide consisting of fatty chain linked to a peptide backbone is
also called a peptide amphiphile (PA), also termed lipopeptide
herein [25, 27-29].

In this work we introduce a new PA to serve as a CPP, the se-
quence Palmitoyl- VKRKKKP, or simply C,,-VKRKKKP
(Scheme 1). The heptapeptide sequence in this molecule is a
nuclear localization sequence derived from the simian virus T-
antigen (SV40T, PKKKRKYV), which retains the capacity of in-
ternalizing cell membranes and reaching the nucleus [30, 31].
The main objective of this work is to improve the self-assembly
of the original CPP and deliver a nucleic acid cargo into different
types of cells, including mouse embryonic stem cells (mESCs)
maintained in an artificially naive state, a cell type of great in-
terest for tissue engineering which can be remarkably challeng-
ing as a target for gene delivery [32, 33].

We hypothesized that linking a cationic peptide sequence to a
hydrophobic tail would yield an amphiphilic molecule capable of
self-assembling into supramolecular structures, suitable for use
as nanocarriers for nucleic acids. To characterize self-assembly,
we employed biophysical techniques including spectrofluo-
rimetric assays and circular dichroism. The morphology and
organization of the resulting structures were analyzed using ad-
vanced methods such as cryo-transmission electron microscopy
(Cryo-TEM), atomic force microscopy (AFM), and small-angle
X-ray scattering (SAXS), allowing us to assess their formation
and stability in solution. The biological performance of the li-
popeptide was evaluated through cytotoxicity assays, including
mitochondrial activity measurements via MTT and flow cytom-
etry. Flow cytometry was also used to quantify the proportion
of cells successfully internalized with peptiplexes (non-covalent
complexes between the amphiphile and fluorescently labeled
DNA). Confocal microscopy was then applied to visualize the
intracellular distribution of these complexes in HeLa cells.
Finally, we tested the uptake of peptiplexes by ES-E14TG2a cells
maintained in a pluripotent state, to explore their potential for
gene delivery in cell and tissue engineering applications.
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SCHEME 1 | Structure of the peptide amphiphile investigated in this study. (A) Chemical structure of lipopeptide C,,-VKRKKKP. The palmi-
toyl group is highlighted in red, while the peptide backbone is represented in black. (B) Molecular representation of the lipopeptide C,,-VKRKKKP.
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2 | Materials and Methods
2.1 | Reagents

The PA C,,-VKRKKKP (expected Mw=1121.6gmol™", ob-
served 1123.2gmol!) was purchased with a purity of 99% by
HPLC (shown in Figure Sla) from Peptide Protein Research
Ltd. (Fareham, UK). HeLa and ES-E14TG2a cells were stock
cells or purchased from ATCC (Virginia, USA), respectively.
Gelatin, 2-mercaptoethanol, PD 0325901, CHIR99021, and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were purchased from Sigma Aldrich (St. Louis,
USA). For the assays containing fragmented dsDNA, calf
thymus DNA (Sigma-Aldrich, USA) was fragmented using a
Diagenode Bioruptor 300 (Liege, Belgium). Solutions contain-
ing 6 mg-mL~! were loaded in 300 uL microtubes and submit-
ted to ultrasonication in the Bioruptor chamber, filled with
a water+glass mixture, using 30/60s on/off cycles. The vials
were rotated at about 5rpm to homogenize temperature, and
the total sonication time was about 4h to obtain fragments
in the 100- to 200-bp range, as attested by agarose electro-
phoresis. The DNA fragments were labeled with YOYO-1 by
incubating the nucleic acids with the dye at a 4700:1 base-
pair-to-dye ratio in the dark, at room temperature, for 1h.
The large excess of base pairs relative to dye was used to mini-
mize the presence of unbound YOYO-1 in the downstream as-
says. After incubation, the labeled material was lyophilized to
ensure extended shelf life. The molecular weight of DNA was
taken to be 660 g-mol~!, corresponding to the average mass of
one base pair.

2.2 | Atomic Force Microscopy (AFM)

The samples for AFM imaging were prepared by casting small
droplets of PA or PA/DNA solutions prepared under the same
conditions as the cellular assays onto freshly cleaved mica sur-
faces, which were then left to dry overnight inside desiccators.
Imaging was performed using a Bruker Multimode 8 micro-
scope at the National Nanotechnology Laboratory (LNNano,
Campinas, Brazil). The instrument was operated in tapping
mode and used to scan surface areas of 1x1um?, producing
topographical images with a resolution of 512X 512 pixels.
The set-up was enclosed inside a chamber under a constant
nitrogen stream to keep humidity below 5% at room tempera-
ture 20°C. Image treatment was performed with the software
Gwyddion.

2.3 | Circular Dichroism

CD spectra were obtained using a Chirascan spectropolarimeter
(Applied Photophysics, UK). For the titration, a quartz cuvette of
1-mm pathlength was first filled with a solution containing only
the PA and the titration was done by adding small volumes of a
highly concentrated DNA solution. We also performed titrations
consisting of cuvettes containing DNA with the addition of the
PA to better understand the induced circular dichroism caused
in the DNA structure by the ligand. The resulting spectra were
processed by using the Chirascan built-in software, ProData
Viewer, and Origin.

2.4 | Cell Culture and Fluorescence Imaging by
Confocal Microscopy

HeLa cells were cultured in Dulbecco's modified Eagle me-
dium (DMEM) with 10% fetal bovine serum and 2mM of
glutamine (ThermoFisher Scientific, Massachusetts) and
maintained in a controlled atmosphere with 5% CO, at 37°C.
For the assays with stem cells, ES-E14TG2a mouse embry-
onic stem cells were maintained in DMEM with the addi-
tion of 0.1 mM of 2-mercaptoethanol as a reducing agent, the
MEK/ERK pathway inhibitor PD 0325901 (Sigma-Aldrich,
Missouri), and GSK3 selective inhibitor CHIR99021 (Sigma-
Aldrich, Missouri), both used to inhibit differentiation path-
way and maintain pluripotency [28]. The cells were seeded
in 24-well plates coated with 0.1% gelatin and maintained in
a controlled atmosphere with 5% CO, at 37°C. In each well,
glass coverslips were placed on the bottom, and 5x 10* cells
were added and incubated for 24 h. For the internalization as-
says, cultures were washed three times with PBS to remove
residual serum and cell debris. Peptide stock solutions were
prepared at 1mM in ultrapure water. Complexes were pre-
pared by mixing 5ug of DNA with the appropriate amount of
PA stock to obtain the desired molar ratios in 50 uL of ultra-
pure water. These mixtures were incubated at 37°C for 30 min
and then mixed with 50 1L of DMEM before being added to
900uL DMEM in a 24-well plate. A positive control consist-
ing of DNA + Lipofectamine 2000 was prepared and incubated
for 4h at 37°C for internalization. A negative control consist-
ing of DNA alone, at the same concentration, was prepared
and incubated under the same conditions. After incubation,
samples were washed 3 times with PBS to remove unattached
cells and unbonded complexes. Fixation was performed with
4% paraformaldehyde and nuclear staining was carried out
with DAPI (Invitrogen, California) in PBS for 5min at room
temperature. Actin filaments were stained with Phalloidin
conjugated with Texas-red (Invitrogen, California). For this,
fixed cells were washed three times with PBS, incubated with
Triton X-100 for 15min at room temperature, washed again,
and then incubated with 6uM of phalloidin Texas-red at
room temperature for 1h. After staining, cells were washed
three times with PBS and mounted on glass slides with anti-
quenching mounting media Fluoromount-G (ThermoFisher
Scientific, Massachusetts). Imaging was carried out using a
confocal microscope (Leica TCS SP8, Mannheim, Germany)
equipped with laser sources appropriate for each fluorophore's
excitation wavelength. Image processing was performed using
ImagelJ software.

2.5 | Flow Cytometry

The internalization rate was assessed through flow cytom-
etry. Aliquots of 5x10* HeLa cells were cultivated in a 24-
well plate overnight, followed by incubation with peptiplexes
for 4h. Cells were then incubated with Fixable Viability Dye
eFLuor 780 from eBioscience (California, USA) according
to the manufacturer's instruction. Flow cytometry was per-
formed using a BD LSRFortessa instrument (Model 4.2.4.2
from BD Biosciences, New Jersey). Data analysis was carried
out using FlowJo software (version 9.2), and the gate strategy
is detailed in Figure S5.
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2.6 | Fluorescence

Fluorescence spectra were recorded with a Cary Eclipse
Fluorescence Spectrometer (Agilent Technologies, UK). For
this assay, samples with different concentrations of PA were
prepared by serial dilution in 50-uM pyrene (Sigma Aldrich,
California). The spectra were processed firstly with the Cary
Eclipse software and then analyzed in Origin to determine the
CAC concentration.

2.7 | InSilico Models for Docking

Based on the data acquired, we proposed simple models for the
docking of C,,-VKRKKKP into a double strand of DNA with
random sequence. For this, both sequences were generated
in Pymol, and the energy was minimized with at least 1000
steps. After this, both molecules were uploaded to the online
server Patchdock. The resulting models were further refined by
Firedock software for fast docking interaction refinement, and
the best results were confronted with the biophysical data ac-
quired for the interaction between PA/DNA [34-38].

2.8 | MTT Assay

Cytotoxicity was assessed using the 3-(4,5-dimethylthiazol-2-y
1)-2,5-diphenyltetrazolium bromide (MTT) assay. DMEM, fetal
bovine serum, glutamine, and penicillin-streptomycin were
purchased from Thermo Fisher Scientific (Massachusetts, USA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was purchased from Sigma-Aldrich (St. Louis, USA)
and dimethyl sulfoxide (DMSO) from LGC Biotecnologia (Sao
Paulo, Brazil). HeLa cells (4x103 cells, 100uL per well) were
seeded into 96-well plates and incubated for 24h with PA and
PA/DNA in DMEM supplemented with 10% FBS and 1% gluta-
mine. Cells were then incubated for 4h with 0.5-mg/mL MTT.
The resulting formazan crystals were dissolved in 100uL of
DMSO under gentle agitation for 45min at 37°C, protected from
light. Absorbance was measured at 570 nm using a SpectraMax
J2 microplate spectrophotometer (Molecular Devices, San Jose,
USA). Data was plotted and analyzed using GraphPad Prism 8
(GraphPad software, USA).

2.9 | Small Angle X-Ray Scattering Assays

The SAXS studies were performed on two beamlines. The first
was beamline B21 (Diamond Light Source Ltd., UK) [39], and
the second was SWING (SOLEIL, France) [40]. On beamline
B21, the samples were placed into the 96-well plate of an EMBL
BioSAXS robot and then injected via an automated sample
exchanger into a quartz capillary with dimensions of 1.8-mm
internal diameter positioned in front of the X-ray beam. The
quartz capillary was enclosed in a vacuum chamber during
the entire experiment. The flow of the sample through the
capillary was continuous during the SAXS data acquisition.
Beamline B21 operated with a fixed camera length (3.9m) and a
fixed wavelength (1=1.00A). The images were captured using
a Pilatus 2M detector. The software Scatter was used for the
data processing (background subtraction, radial averaging). On

SWING, samples were also delivered in a quartz capillary under
vacuum in the X-ray beam using a BioSAXS setup. Data were
collected using an in-vacuum EigerX-4M detector, with an X-ray
wavelength 1.033A at two sample-to-detector distances, 6.217
and 0.517m. Data were reduced to one-dimensional form as a
function of wavenumber q =47sin6/A (where 20 is the scattering
angle), averaged and the background subtracted using the soft-
ware Foxtrot. The data fitting was performed with the help of
the free software Sasfit [41-43].

3 | Results and Discussion

3.1 | Defining the Mechanisms for Self-Assembly
by Fluorescence and Circular Dichroism

The first step was to determine if this new molecule would self-
assemble in liquid media, in contrast to the unlipidated peptide
PKKKRKYV. The self-assembly of C,.-VKRKKKP was assessed
using steady-state fluorescence assays with different concentra-
tions of the PA C,.-VKRKKKP in the presence of pyrene, an ar-
omatic probe widely used to study macromolecular aggregation
due to its fluorescence sensitivity to microenvironment polarity
and the increased quantum yield upon incorporation into aggre-
gates [44-47]. The critical aggregation concentration (CAC) of
C,,-VKRKKKP was found to be 0.73mM (i.e., 0.8 mg/mL) from
the concentration dependence of the intensity ratio of vibronic
peaks I/, of pyrene (Figure S2).

After determining that this PA self-assembles in aqueous solu-
tion, the next step was to observe the secondary structure and
any modifications due to the presence of dsDNA by circular
dichroism (Figure 1). Mixing equimolar solutions (1mM) of
peptide and dsDNA produced CD spectra that could not be
reproduced by a linear combination of the individual compo-
nents, indicating direct interaction and assembly into com-
plexes with altered secondary structure (Figure S3). To better
explain this effect, we performed a titration starting from
a solution of 100uM of DNA to which a highly concentrated
solution of PA was progressively added, resulting in final con-
centrations of 100 and 50 uM of PA and DNA, respectively. The
resulting CD spectra (Figure 1A) can be separated into two re-
gions of interest: below 240 nm there are contributions from the
peptide and DNA, and between 240nm and 340nm, the sig-
nal is primarily from the double-helix strand of DNA [48, 49].
Initially, the spectra show the classical B-DNA pattern, with
positive bands near 190, 220, and 280nm. Progressive peptide
addition caused a steady decrease in the ellipticity at 280nm,
culminating in a sharp drop for addition of 60- to 65-uM PA.
This point coincided with the near molar equivalence between
dsDNA and PA (70-uM DNA, 60-uM PA) and corresponds to an
amine-to-phosphate charge ratio (N*/P~)~2.1. The sigmoidal
shape of the curve indicates cooperative binding between PA
and DNA, while N*/P~~2.1 indicates that stoichiometric ex-
cess of positive charges is necessary to achieve full complex-
ation. The spectra at these two points are highlighted as dashed
lines in Figure 1A [50, 51].

The transition occurs when there is an excess of C,,-VKRKKKP
relative to DNA. Plotting molar ellipticity at 280 nm against pep-
tide concentration (Figure 1B) yielded a good fit to a bi-phasic
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FIGURE1 | (A)CD spectra of titrations made by adding small volumes of a highly concentrated PA stock in a cuvette initially containing 100-uM

DNA. The curves corresponding to 60- and 65-uM PA are depicted differently as dashes and dash-dotted lines, respectively. (B) Plot of the ellipticity

at 280-nm fitted with a bi-dose response function. (C) Thioflavin fluorescence of a titration assay similar to that performed in CD measurements. The

plot shows the difference of emission intensity between each titration and the initial DNA solution. The data have been fitted with a bi-dose response

model. (D) Molecular model depicting the non-covalent interaction between dsDNA and PA.

dose-response model. In this model, the decrease at the 280nm
ellipticity could be attributed to PA molecules binding into the
groove of B-DNA, a phenomenon similar to that observed with
groove binding molecules like DAPI, which also induces a re-
duction in the 280-nm band [52]. In this case, our data suggest
that above a certain concentration there may be interaction be-
tween the DNA and the PA, where it preferably binds into the
groove region.

To further clarify the aggregation process of the PA and DNA
into peptiplexes we performed a titration in the presence of
Thioflavin T. Thioflavin T is a probe classically used for the de-
tection of S-amyloid fibers [53, 54]; however, ThT also has the

capacity to bind into the groove of B-DNA enhancing the flu-
orescence of this dye after intercalation due to a favorable mi-
croenvironment, and the formation of ThT duplexes fitting in
the groove. In this assay, a cuvette containing 100uM DNA in a
50 uM ThT aqueous solution was titrated with concentrated C, -
VKRKKKP. The fluorescence change, AI(490nm)=1I_, -1,
was calculated for each addition, where I, is the fluorescence
after peptide addition and I is the initial ThT fluorescence in
DNA solution without lipopeptide. As shown in Figure 1C, the
fluorescence increased steadily with each peptide addition up
to 60uM C,.-VKRKKKP, reaching a maximum at molar equiv-
alence between DNA and PA. A sharp transition occurred at
65uM, above which fluorescence decreased. This decline is
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consistent with peptide-induced displacement of ThT from the
DNA groove, as free ThT in solution exhibits a lower quantum
yield than DNA-intercalated ThT [55]. The data were success-
fully fitted to a bi-phasic dose-response model. The observed
behavior and transition points were consistent across both cir-
cular dichroism and ThT fluorescence assays, indicating a non-
covalent interaction between the PA and the groove of dsDNA.

To explore this interaction at the molecular level, we used the
PatchDock online docking server with a randomly generated B-
DNA helix (modeled in PyMOL) and the C,,-VKRKKKP struc-
ture. The resulting in silico model suggests that the lipopeptide
binds within the DNA groove through electrostatic interactions
between the phosphate backbone and the peptide’s cationic resi-
dues. This type of binding has been reported previously for other
cationic peptides [35, 56, 57]. A representative molecular model
is shown in Figure 1D.

To better clarify the participation of the PA in forming the
peptiplexes and its impact on the secondary structure, we also
evaluated modifications in the secondary structure via a sec-
ond titration monitored by CD. The impact of adding DNA in a
cuvette containing a surplus of C,.-VKRKKKP was examined,
paying special attention to the region below 260nm. For a solu-
tion containing 200uM of peptide (Figure 2, continuous line),
the CD spectrum indicates an unordered secondary structure as
evidenced by a strong negative minimum around 190nm, a clas-
sical random coil structure profile [50, 51].

However, increasing the DNA concentration in the sample al-
tered the spectra, suggesting structuration and ordering of the
lipopeptide in the presence of DNA. This was evidenced by the
suppression of bands near 190nm and 215-220nm, both typi-
cally associated with unordered secondary structures. Such
modifications indicate the structuring of DNA and PAs into pep-
tiplexes, potentially comprising a mixture of unordered regions
with a minor -sheet component [58].
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3.1.1 | Structural Analysis

To investigate the nanoscopic structure of complexes between
the peptide and nucleic acids, SAXS was performed with solu-
tions containing PA, DNA, or a mix of PA/DNA (Figure 3A-D).

SAXS experiments provide unique in situ information on the
local structure of our aggregates and offer insights into how the
system self-assembles from small subunits into larger fractal
aggregates [59-61]. The data for DNA were well-fitted using a
Porod cylinder model, yielding a radius (R) of 1.1 +0.3nm, con-
sistent with the expected radius of a DNA chain in water [62, 63].

Consistent with a micellar structure at low concentration, SAXS
data for C,,-VKRKKKP at 1mg/mL (Figure 3B) and 10mg/mL
(Figure 3C) were fitted with a spherical shell form factor and a
bilayer + Gaussian chain model, respectively. At 1 mg/mL, the PA
self-assembles into spherical shell structures with an outer radius
R,=22+0.4nm and a shell thickness of 0.3nm (Table S1). At 10mg/
mL, SAXS shows that the PA further aggregated into contain-
ing a bilayer of lipopeptide. The bilayer head-to-head distance is
t=>5.5nm (fit parameters in Table S1). A Gaussian coil form factor
was included in the fit to allow for unaggregated lipopeptides [64].
The SAXS profile shown in Figure 3D, corresponds to a PA/DNA
sample at a 3:1 ratio, and was fitted with a Porod cylinder + spheri-
cal shell model. The Porod cylinder form factor has a fixed cylinder
length L=100nm and a cylinder outer radius R =3.5nm.

Cryo-TEM (Figure 4A) and AFM (Figure 4B) imaging further
confirmed the presence of ~10nm diameter micelles in less con-
centrated samples along with larger tape-like extended struc-
tures. Samples containing PA/DNA at higher concentrations
were also imaged by Cryo-EM (Figure 4C), revealing both small
micelles and longer fibril-like structures. AFM images at lower
concentrations (Figure 4D) show similar micelles, along with
shorter worm-like structures, indicating a possible concentra-
tion dependent self-assembly [65, 66]. We ascribe the micelles
to PA assemblies and the fibril-like structures to PA/DNA co-
assemblies containing extended DNA. Complementing the cryo-
TEM and AFM imaging, PA/DNA solutions were dried between
two stalks to produce fibers, enabling fiber XRD measurements
to further investigate the nanoscopic arrangement (Figure S4).
The resulting 1D scattering profile displayed a prominent peak
with a d-spacing of 4.2 A. This distance has previously been as-
sociated with amphiphile packing in bilayers [67], suggesting a
similar packing mode may occur within the peptiplexes.

3.1.2 | In Vitro Delivery in HeLa Cells

Spectroscopic and structural studies described above indi-
cated that C,,-VKRKKKP successfully formed peptiplexes
when co-solubilized with nucleic acids using a non-covalent
approach. The next step was to evaluate the potential of this
new lipopeptide as a CPP. Previous studies have reported im-
proved CPP internalization via the non-covalent approach
when complexes are prepared with an excess of DNA to li-
popeptide. To assess this, we investigated the capacity of
C,-VKRKKKP to deliver YOYO-1 labeled DNA fragments
(around 200bp) into HeLa cells, following a protocol previ-
ously applied in CPP studies [21, 68-70]. For this assay, HeLa
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plexes, with red curves representing model fits.

cells were incubated with 7.6 uM (5ug) labeled DNA and PA
C,,-VKRKKKP + DNA at a 2:1 peptide/DNA molar ratio.
Control groups included cells incubated with 7.6 uM labeled
DNA, the unmodified SV40 peptide + DNA at a ratio of 2:1 as
a non-lipidated CPP control and lipofectamine 2000 + 7.6 uM
labeled DNA to compare the internalization of our molecule
with a commercial reagent.

Figure 5 shows no detectable internalization of the fragmented
DNA in either the cytoplasm (stained with phalloidin-Texas red)
or the nuclei (marked with DAPI) of HeLa cells incubated only
with YOYO-1 labeled DNA in the absence of carriers. Cells in-
cubated with the unmodified SV40 (sequence PKKKRKV) did
not present significant increase in brightness for the green chan-
nel, indicating that degree of internalization is poor in this case.
In contrast, cells incubated with Lipofectamine 2000/DNA or

C,,-VKRKKKP displayed a clear intracellular localization of the
labeled DNA.

Confocal microscopy allows the collection of multiple focal
planes to reconstruct a 3D model of the sample. In the case of
HelLa cells, this approach enabled high-resolution imaging of
intracellular compartments at a micrometric scale (Figure 6).
Figure 6A shows HeLa cells incubated with C,.-VKRKKKP/
DNA at 400X magnification and Figure 6B shows the three-
dimensional reconstruction of this image. A cross-section (in-
dicated in Figure 6C) revealed distinct “pockets” of labeled
DNA within both the cytoplasm (Figure 6D, white arrows)
and the nuclei (Figure 6D, red arrows). This accumulation
of peptiplexes in the nucleus, particularly within the nucle-
olus, has been observed in previous works involving cat-
ionic CPPs [71, 72]. It is important to note that YOYO-1 is a
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FIGURE 4 | (A) Cryo-TEM image of a sample comprising C,-VKRKKKP (1mg/mL), (B) AFM image of C,,-VKRKKKP (1 mg/mL) sample, (C)
cryo-TEM image of a sample comprising C,.-VKRKKKP + DNA at the concentrations indicated, and (D) AFM image of C, ,-VKRKKKP + DNA sam-

ple at the indicated concentrations.

membrane-impermeable dye and its fluorescence requires
intercalation into double-stranded DNA. Therefore, the flu-
orescence observed in the cytosol indicates the presence of
exogenous DNA fragments inside the cells. The labeled DNA
alone (negative control) produced no intracellular signal,
confirming that cellular entry requires a carrier. In addi-
tion, YOYO-1 is cationic, making direct association with our
positively charged lipopeptide unlikely. The nuclear pattern
observed with C ,-PKKKRKV was also not detected with
Lipofectamine control, suggesting that the lipopeptide mod-
ulates the permeability of the eukaryotic barrier to allow the
passage of the exogenous DNA or, at least, the migration of the
otherwise impermeable dye.

3.1.3 | Flow Cytometry and MTT Assays

Following the successful demonstration of peptiplex delivery
into living cells by C,,-VKRKKKP, the next step was to quan-
tify the percentage of YOYO-1-positive cells. Flow cytometry
assays were conducted under the same conditions as the fluo-
rescence microscopy assays by incubating the samples with 5ug
of fragmented and YOYO-1 labeled DNA in four different con-
ditions: DNA alone, DNA complexed with Lipofectamine 2000,
and DNA complexed with either the original non-lipidated SV40
(PKKKRKYV) peptide or the lipopeptide C,,-VKRKKKP. After
incubation, cells were stained with Fixable Viability Dye eFluor
780 to assess cell viability, fixed with PFA, and scanned at the
corresponding excitation/emission wavelengths for YOYO-1
and eFluor 780 to evaluate both DNA internalization and cell
viability.

As shown in Figure 7, cells treated with DNA alone or SV40/
DNA peptiplexes at a 2:1M ratio displayed negligible YOYO-1
fluorescence. In contrast, treatment with C,,-VKRKKKP/DNA
peptiplexes at 1:1 and 2:1 M ratios resulted in markedly higher
percentages of YOYO-1-positive cells, with atleasta 30% increase
in internalization compared to the parent SV40 peptide after 4h
of incubation. This enhanced delivery was also evident in confo-
cal microscopy: samples incubated with SV40/DNA (Figure 7B,
2:1 ratio) exhibited only residual YOYO-1 fluorescence, whereas
C,,-VKRKKKP/DNA (Figure 7C, 2:1 ratio) showed clear intra-
cellular labeling. The gating strategy and criteria used for this
analysis are detailed in Figure S5, with sample-specific gating
parameters shown in Figure S6.

Cytotoxicity and cell metabolism were further evaluated by
MTT assays after 24h incubation. Baseline cell viability was
established by incubating HeLa cells in DMEM alone for 24 h.
The resulting bar plots (Figure S8) indicate >70% cell viability
at concentrations of 20 ug/mL or lower for C,,-VKRKKKP/DNA
peptiplexes. These findings are consistent with the flow cell cy-
tometry and confocal microscopy data, as cells incubated with
1:1 and 2:1 C,.-VKRKKKP/DNA ratios showed fewer morpho-
logical changes. Such changes, including alteration in the cyto-
skeleton and nucleus, variations in cell size, reduced adhesion,
and fewer points of contact between cells, are indicative of cell
stress, which was observed in cells incubated with peptiplexes
containing a higher ratio of PA to DNA (Figure S7) [73, 74]. The
MTT data in Figure S8 show high cytocompatibility with C,-
VKRKKKP and a slight but significant reduction in viability at
the highest concentration of C,,-VKRKKKP/DNA peptiplexes
tested.
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Fluorescence confocal microscopy of HeLa cells incubated with C, -VKRKKKP/DNA complexes (2:1 M ratio) and controls. Channels

for 1nd1v1dual fluorophores are indicated in the micrographs: DAPI stains nuclel, phalloidin labels actin filaments in the cytoskeleton and YOYO-1

labels the DNA reporter. The last row shows the merged channels for comprehensive visualization of the cells. Each column represents images
obtained after 4h incubation with DNA only, the native SV40 (PKKKRKYV) sequence+ DNA, Lipofectamine 2000/DNA, and the last column is

C,,-VKRKKKP/DNA.

3.1.4 | In Vitro Delivery of DNA to Pluripotent
Stem Cells

Although the fields of nanomedicine and gene therapy have
advanced rapidly with the development of nanocarriers capa-
ble of delivering exogenous material into living cells, signif-
icant challenges remain for the delivery of nucleic acids into
stem cells, including pluripotent stem cells. While these cells
can be modified using various viral vectors, the efficiency and
stability of transduction are often lower than in many somatic

cell types, and maintaining pluripotency during and after
transduction can be difficult. Even with optimized non-viral
vectors, efficient cargo delivery to these cells remains more
challenging than for differentiated cells [75, 76]. We examined
the delivery of YOYO-1-labeled DNA into ES-E14TG2a cells in-
cubated with C,,-VKRKKKP under the same conditions used
for the internalization assays with HeLa cells. Remarkably, the
PA delivered the YOYO-1 labeled nucleic acids in a pattern of
internalization similar to that observed in HeLa cells incubated
with C,.-VKRKKKP (Figure 8A). In contrast, Lipofectamine
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FIGURE 6 | Confocal microscopy of HeLa cells incubated with C,,-VKRKKKP/DNA complexes for 4h. (A) Merge image and 4 separate channels
showing fluorescence from dyes labeling different cell structures. (B) 3D reconstruction of the merged image. (C,D) Cross-section (indicated by red
line) of the 3D reconstruction, showing “pockets” of labeled DNA within the cytoplasm and nuclei. White arrows indicate DNA in the cytoplasm, and

the red arrow indicates DNA within the nuclei. Scale bar: 10 um.
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FIGURE 7 | (A) Flow cytometry chart of viable HeLa cells positive for the delivery of YOYO-1 labeled DNA fragments. Confocal microscopy
images: (B) Translocation of YOYO-1 labeled DNA (green) into the cytoplasm and nuclei (blue, DAPI- stained) using the original SV40 peptide and
(C) HeLa cells incubated with C;, VKRKKKP/DNA peptiplexes. The scale bar corresponds to 10um. *=p <0.05, Kruskall-Wallis analysis, n=3.

2000 showed poor uptake in ES-E14TG2a cells when com-
pared with HeLa (Figure S9). A 3D reconstruction obtained
by stacking multiple slices along the Z-axis revealed distinct
compartments where YOYOl-labeled DNA was localized
(Figure 8B,C). This analysis also demonstrated co-localization
with DAPI in the nucleus and co-localization with phalloidin
that delimited the cytoplasmatic compartment, allowing for
precise mapping of DNA distribution within the cells.

A cross-section of the 3D reconstruction (Figure 8B) shows
that C,,-VKRKKKP can permeate the cell membrane and
deliver the YOYO-1 labeled DNA not only inside the cyto-
plasm (Figure 8C, white arrows) but also into the nucleus
(Figure 8C, red arrows). When compared with cells incubated
with Lipofectamine 2000, it is possible to observe a wider dis-
tribution for both the cytoplasm and nuclei (Figure S9). This
demonstrates successful delivery of YOYO-1 labeled DNA into
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Phalloidin

FIGURES8 | Confocal imaging from ES-E14TG2a cells incubated with C,,-VKRKKKP/DNA complexes for 4h. (A) Merged image and the 4 chan-
nels showing fluorescence from dyes labeling different cell structures. (B,C) Cross-section of the 3D reconstruction enabling the visualization of
“pockets” of labeled DNA delivered into the cytoplasm and nuclei of these cells, similar to the pattern observed in HeLa cells (Figure 6C,D). White
arrows indicate pockets of DNA in the cytoplasm and red cells indicates DNA inside the nuclei. Scale bar: 10 um.

both the cytoplasm and nucleus while preserving the mor-
phology of ES-E14TG2a [77].

4 | Conclusions

In this work, we introduced a new PA, C,,-VKRKKKP, de-
signed to function as a CPP. We performed a comprehensive
biophysical characterization of self-assembly and delivery
capacity in living cells. Unlike its parent peptide, the lipopep-
tide C,,-VKRKKKP self-assembled into small micelles with
nanometer-scale size distribution in aqueous media, as con-
firmed by cryo-EM, AFM, and SAXS. Self-assembly was also
observed in mixtures with DNA, leading to the formation of
non-covalent nanocarriers, named peptiplexes, containing a
fragmented model DNA, without requiring covalent linkage or
further chemical modifications of either component. Dye flu-
orescence assays, molecular docking, and circular dichroism
analyses revealed the conformation and self-assembly behavior

of the PA, as well as its binding pattern to the DNA groove in a
concentration-dependent manner.

Regarding cytocompatibility, C,,-VKRKKKP was well toler-
ated at the concentrations used in DNA internalization assays,
as confirmed by MTT and flow cytometry. The PA successfully
delivered cargo into both the cytoplasm and nucleus, as shown by
YOYO-1 fluorescence tracking of DNA. While higher peptide con-
centrations induced morphological changes in HeLa cells, these
effects were minimal at the 2:1 PA/DNA molar ratio used in most
assays. The PA is also able to serve as a CPP delivering DNA into
pluripotent stem cells (in both the nucleus and cytoplasm), whilst
preserving the cell morphology. Overall, these results support
the further investigation and development of C,,-VKRKKKP as
a model CPP with strong potential for use as a nanocarrier for
nucleic acids, drugs, or other therapeutic agents, particularly in
applications involving stem cells and related biomedical applica-
tions. We anticipate that future studies will explore the delivery
of bioactive cargoes, such as large plasmid expression vectors and
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small interfering RNAs, to validate the potential of this lipopep-
tide for functional gene delivery applications.

Acknowledgements

Lucas Rodrigues de Mello acknowledges FAPESP Grant Number
19/20907-7 and Fellowship 2021/10092-6, linked to FAPESP scholarship
2019/19719-1. We also would like to thank Elizabeth Naomi and Prof.
Elena Nader for access to the confocal microscopy center at INFAR-
UNIFESP. This work was supported by EPSRC Fellowship grant EP/
V053396/1 to ILW.H. We acknowledge synchrotron SAXS beamtime
provided at Diamond and SOLEIL, under Proposals SM29895-1 and
20211309. We would like to extend our thanks to Nada Aljuaid, Patricia
Terra Alves, and Madonna Mitry for their assistance with cell culture.
We also acknowledge access to instruments of the Chemical Analysis
Facility at the University of Reading.

Funding

This work was supported by Engineering and Physical Sciences
Research Council (EP/V053396/1) and Fundacao de Amparo a Pesquisa
do Estado de Sdo Paulo (19/20907-7, 2019/19719-1, and 2021/10092-6).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. N. Miura, K. Tange, Y. Nakai, H. Yoshioka, H. Harashima, and H.
AKkita, “Identification and Evaluation of the Minimum Unit of a KALA
Peptide Required for Gene Delivery and Immune Activation,” Journal
of Pharmaceutical Sciences 106 (2017): 3113-3119.

2. F. Gelain, Z. Luo, M. Rioult, and S. Zhang, “Self-Assembling Peptide
Scaffolds in the Clinic,” Npj Regenerative Medicine 6 (2021): 9.

3. F. Milletti, “Cell-Penetrating Peptides: Classes, Origin, and Current
Landscape,” Drug Discovery Today 17 (2012): 850-860.

4.Z. F. Bhat, S. Kumar, and H. F. Bhat, “Bioactive Peptides of Animal
Origin: A Review,” Journal of Food Science and Technology 52 (2015):
5377-5392.

5. A. Accardo, D. Tesauro, L. Aloj, et al., “Peptide-Containing Aggre-
gates as Selective Nanocarriers for Therapeutics,” ChemMedChem 3
(2008): 594-602.

6. L.Jin, X. Zeng, M. Liu, Y. Deng, and N. He, “Current Progress in Gene
Delivery Technology Based on Chemical Methods and Nano-Carriers,”
Theranostics 4 (2014): 240-255.

7. A. Unnisa, N. H. Greig, and M. A. Kamal, “Nanotechnology-Based
Gene Therapy as a Credible Tool in the Treatment of Alzheimer's Dis-
ease,” Neural Regeneration Research 18 (2023): 2127-2133.

8.L. V. Tse, R. M. Meganck, R. L. Graham, and R. S. Baric, “The
Current and Future State of Vaccines, Antivirals and Gene Thera-
pies Against Emerging Coronaviruses,” Frontiers in Microbiology 11
(2020): 658.

9.J. K. Kaufmann and D. M. Nettelbeck, “Virus Chimeras for Gene
Therapy, Vaccination, and Oncolysis: Adenoviruses and Beyond,”
Trends in Molecular Medicine 18 (2012): 365-376.

10. S. Pagliari, B. Dema, A. Sanchez-Martinez, G. Montalvo Zurbia-
Flores, and C. S. Rollier, “DNA Vaccines: History, Molecular

Mechanisms and Future Perspectives,” Journal of Molecular Biology
435(2023): 168297.

11. K. Dutta, R. Das, J. Medeiros, P. Kanjilal, and S. Thayumanavan,
“Charge-Conversion Strategies for Nucleic Acid Delivery,” Advanced
Functional Materials 31 (2021): 31.

12. T. Nogimori, K. Nishiura, S. Kawashima, et al., “Dom34 Mediates
Targeting of Exogenous RNA in the Antiviral OAS/RNase L Pathway,”
Nucleic Acids Research 47 (2019): 432-449.

13. H. Fischer, J. Scherz, S. Szabo, et al., “DNase 2 Is the Main DNA-
Degrading Enzyme of the Stratum Corneum,” PLoS ONE 6 (2011):
€17581.

14. K. Desale, K. Kuche, and S. Jain, “Cell-Penetrating Peptides (CPPs):
An Overview of Applications for Improving the Potential of Nanothera-
peutics,” Biomaterials Science 9 (2021): 1153-1188.

15. M. C. Morris, S. Deshayes, F. Heitz, and G. Divita, “Cell-Penetrating
Peptides: From Molecular Mechanisms to Therapeutics,” Biology of the
Cell 100 (2008): 201-217.

16. B. Algayer, A. O'Brien, A. Momose, et al., “Novel pH Selective,
Highly Lytic Peptides Based on a Chimeric Influenza Hemagglutinin
Peptide/Cell Penetrating Peptide Motif,” Molecules 24 (2019): 2079.

17. A. Erazo-Oliveras, K. Najjar, L. Dayani, T. Y. Wang, G. A. Johnson,
and J. P. Pellois, “Protein Delivery Into Live Cells by Incubation With an
Endosomolytic Agent,” Nature Methods 11 (2014): 861-867.

18.Y.J. Lee, A. Erazo-Oliveras, and J. P. Pellois, “Delivery of Macromol-
ecules Into Live Cells by Simple co-Incubation With a Peptide,” Chem-
biochem 11 (2010): 325-330.

19. L. R. de Mello, I. W. Hamley, V. Castelletto, et al., “Nanoscopic
Structure of Complexes Formed Between DNA and the Cell-
Penetrating Peptide Penetratin,” Journal of Physical Chemistry. B 123
(2019): 8861-8871.

20. G. McClorey and S. Banerjee, “Cell-Penetrating Peptides to Enhance
Delivery of Oligonucleotide-Based Therapeutics,” Biomedicine 6 (2018): 6.

21. S. Deshayes, M. Morris, F. Heitz, and G. Divita, “Delivery of Proteins
and Nucleic Acids Using a non-covalent Peptide-Based Strategy,” Ad-
vanced Drug Delivery Reviews 60 (2008): 537-547.

22.S. Deshayes, K. Konate, M. Dussot, et al., “Deciphering the Inter-
nalization Mechanism of WRAP:siRNA Nanoparticles,” Biochimica et
Biophysica Acta - Biomembranes 1862 (2020): 183252.

23. A. Mishra, G. H. Lai, N. W. Schmidt, et al., “Translocation of HIV
TAT Peptide and Analogues Induced by Multiplexed Membrane and Cy-
toskeletal Interactions,” Proceedings of the National Academy of Sciences
of the United States of America 108 (2011): 16883-16888.

24. K. Ezzat, S. E. Andaloussi, E. M. Zaghloul, et al., “PepFect 14, a
Novel Cell-Penetrating Peptide for Oligonucleotide Delivery in Solu-
tion and as Solid Formulation,” Nucleic Acids Research 39 (2011):
5284-5298.

25. P. Arukuusk, L. Parnaste, M. Hallbrink, and U. Langel, “PepFects
and NickFects for the Intracellular Delivery of Nucleic Acids,” Methods
in Molecular Biology 1324 (2015): 303-315.

26. S. Futaki, W. Ohashi, T. Suzuki, et al., “Stearylated Arginine-Rich
Peptides: A new Class of Transfection Systems,” Bioconjugate Chemistry
12 (2001): 1005-1011.

27. K. Langel, S. Lindberg, D. Copolovici, P. Arukuusk, R. Sillard, and
U. Langel, “Novel Fatty Acid Modifications of Transportan 10,” Interna-
tional Journal of Peptide Research and Therapeutics 16 (2010): 247-255.

28.J. A. Hutchinson, S. Burholt, and I. W. Hamley, “Peptide Hormones
and Lipopeptides: From Self-Assembly to Therapeutic Applications,”
Journal of Peptide Science 23 (2017): 82-94.

29.1. W. Hamley, “Lipopeptides: From Self-Assembly to Bioactivity,”
Chemical Communications 51 (2015): 8574-8583.

Journal of Peptide Science, 2026

13 of 15

Q UeA dLRRN-0UUY Aq G8002 980/200T OT/10p/wW00" A8 | IMAReJd 1 puljuo//:SANY WOy papeojumoq ‘€ ‘9202 ‘Z8ET660T

UBW-<RI0YANS> -

35U0 1 SUOWILLIOD 9AIER1D) (el (dde au Aq pausenob afe sapilie YO '8N Jo sani 10) AriqiauliuQ AS|1A UO (SUORIPUOD-PUR-SLLLB)WOD A8 | 1M AReig 1 BU 1 UO//SANY) SUORIPUOD PUR SWB | 341 39S *[9202/S0/ST] U0 ARiqiTauliuo As|im * yn-oe fiL



30. M. Bogacheva, A. Egorova, A. Slita, M. Maretina, V. Baranov, and
A. Kiselev, “Arginine-Rich Cross-Linking Peptides With Different
SV40 Nuclear Localization Signal Content as Vectors for Intranuclear
DNA Delivery,” Bioorganic & Medicinal Chemistry Letters 27 (2017):
4781-4785.

31.J. Oehlkea, A. Schellera, B. Wiesnera, et al., “Cellular Uptake of an
a-Helical Amphipathic Model Peptide With the Potential to Deliver
Polar Compounds Into the Cell Interior Non-Endocytically,” Biochimica
et Biophysica Acta (BBA) - Biomembranes 1414 (1998): 127-139.

32. P. Czerwinska, S. Mazurek, I. Kolodziejczak, and M. Wiznerowicz,
“Gene Delivery Methods and Genome Editing of Human Pluripotent
Stem Cells,” Reports of Practical Oncology and Radiotherapy 24 (2019):
180-187.

33. A. Hotta and S. Yamanaka, “From Genomics to Gene Therapy: In-
duced Pluripotent Stem Cells Meet Genome Editing,” Annual Review of
Genetics 49 (2015): 47-70.

34.D. Duhovny, R. Nussinov, and H. J. Wolfson, Efficient Unbound
Docking of Rigid Molecules (Springer, 2002).

35. N. Andrusier, R. Nussinov, and H. J. Wolfson, “FireDock: Fast
Interaction Refinement in Molecular Docking,” Proteins 69 (2007):
139-159.

36. E. Mashiach, D. Schneidman-Duhovny, N. Andrusier, R. Nussi-
nov, and H. J. Wolfson, “FireDock: A web Server for Fast Interaction
Refinement in Molecular Docking,” Nucleic Acids Research 36 (2008):
W229-W232.

37. D. Schneidman-Duhovny, Y. Inbar, R. Nussinov, and H. J. Wolfson,
“PatchDock and SymmDock: Servers for Rigid and Symmetric Dock-
ing,” Nucleic Acids Research 33 (2005): W363-W367.

38. L. L. C. Schrodinger, unpublished work.

39. N. P. Cowieson, C. J. C. Edwards-Gayle, K. Inoue, et al., “Beam-
line B21: High-Throughput Small-Angle X-Ray Scattering at Dia-
mond Light Source,” Journal of Synchrotron Radiation 27 (2020):
1438-1446.

40. A. Thureau, P. Roblin, and J. Perez, “BioSAXS on the SWING Beam-
line at Synchrotron SOLEIL,” Journal of Applied Crystallography 54
(2021): 1698-1710.

41. 1. Bressler, J. Kohlbrecher, and A. F. Thunemann, “SASfit: A Tool
for Small-Angle Scattering Data Analysis Using a Library of Analytical
Expressions,” Journal of Applied Crystallography 48 (2015): 1587-1598.

42.]. Kohlbrecher and I. Bressler, “Updates in SASfit for Fitting An-
alytical Expressions and Numerical Models to Small-Angle Scattering
Patterns,” Journal of Applied Crystallography 55 (2022): 1677-1688.

43.J. Kohlbrecher and A. Studer, “Transformation Cycle Between the
Spherically Symmetric Correlation Function, Projected Correlation
Function and Differential Cross Section as Implemented inSASfit,”
Journal of Applied Crystallography 50 (2017): 1395-1403.

44.Q. Meng, Y. Kou, X. Ma, et al., “Tunable Self-Assembled Peptide
Amphiphile Nanostructures,” Langmuir 28 (2012): 5017-5022.

45.M. O. Guler, R. C. Claussen, and S. I. Stupp, “Encapsulation of
Pyrene Within Self-Assembled Peptide Amphiphile Nanofibers,” Jour-
nal of Materials Chemistry 15 (2005): 4507-4512.

46. K. Kalyanasundaram and J. K. Thomas, “Environmental Effects on
Vibronic Band Intensities in Pyrene Monomer Fluorescence and Their
Application in Studies of Micellar Systems,” Journal of the American
Chemical Society 99 (1977): 2039-2044.

47.F. M. Winnik, “Photophysics of Preassociated Pyrenes in Aqueous
Polymer Solutions and in Other Organized Media,” Chemical Reviews
93 (1993): 587-614.

48. C. Honisch, E. Ragazzi, R. Hussain, J. Brazier, G. Siligardi, and P.
Ruzza, “Interaction of a Short Peptide With G-Quadruplex-Forming Se-
quences: An SRCD and CD Study,” Pharmaceutics 13 (2021): 1104.

49.7. Kypr, I. Kejnovska, D. Renciuk, and M. Vorlickova, “Circular Di-
chroism and Conformational Polymorphism of DNA,” Nucleic Acids
Research 37 (2009): 1713-1725.

50. B. Nordén, A. Rodger, and T. Dafforn, Linear Dichroism and Circu-
lar Dichroism: A Textbook on Polarized-Light Spectroscopy (Royal Soci-
ety of Chemistry, 2010).

51. A. Rodger and B. Nordén, Circular Dichroism and Linear Dichroism
(Oxford University Press, 1997).

52.N. Holmgaard List, J. Knoops, J. Rubio-Magnieto, et al., “Origin of
DNA-Induced Circular Dichroism in a Minor-Groove Binder,” Journal
of the American Chemical Society 139 (2017): 14947-14953.

53. H. LeVine, “Thioflavine T Interaction With Synthetic Alzheimer's
Disease Beta-Amyloid Peptides: Detection of Amyloid Aggregation in
Solution,” Protein Science 2 (1993): 404-410.

54. H. LeVine, Methods in Enzymology (Academic Press, 1999).

55. M. Biancalana and S. Koide, “Molecular Mechanism of Thioflavin-T
Binding to Amyloid Fibrils,” Biochimica et Biophysica Acta 2010 (1804):
1405-1412.

56.1. W. Hamley, “Small Bioactive Peptides for Biomaterials Design and
Therapeutics,” Chemical Reviews 117 (2017): 14015-14041.

57. A. Upadhya and P. C. Sangave, “Hydrophobic and Electrostatic In-
teractions Between Cell Penetrating Peptides and Plasmid DNA Are
Important for Stable non-covalent Complexation and Intracellular De-
livery,” Journal of Peptide Science 22 (2016): 647-659.

58. A. R. Nordén and T. Dafforn, Linear Dichroism and Circular Dichro-
ism, 1st ed. (Royal Society of chemistry, 2010).

59.T. Li, A. J. Senesi, and B. Lee, “Small Angle X-Ray Scattering for
Nanoparticle Research,” Chemical Reviews 116 (2016): 11128-11180.

60. C. E. Blanchet and D. I. Svergun, “Small-Angle X-Ray Scattering on
Biological Macromolecules and Nanocomposites in Solution,” Annual
Review of Physical Chemistry 64 (2013): 37-54.

61.1. W. Hamley, Small-Angle Scattering: Theory, Instrumentation,
Data, and Applications (John Wiley & Sons, 2021).

62. K. M. Ravikumar, W. Huang, and S. Yang, “Fast-SAXS-Pro: A
Unified Approach to Computing SAXS Profiles of DNA, RNA, Pro-
tein, and Their Complexes,” Journal of Chemical Physics 138 (2013):
024112.

63. M. Miguel, “DNA-Cationic Amphiphile Interactions,” Colloids
and Surfaces a: Physicochemical and Engineering Aspects 228 (2003):
43-55.

64. B. Hammouda, “Small-Angle Scattering From Branched Polymers,”
Macromolecular Theory and Simulations 21 (2012): 372-381.

65. V. Goertz, N. Dingenouts, and H. Nirschl, “Comparison of Nanomet-
ric Particle Size Distributions as Determined by SAXS, TEM and Ana-
lytical Ultracentrifuge,” Particle & Particle Systems Characterization 26
(2009): 17-24.

66. D. Cookson, N. Kirby, R. Knott, M. Lee, and D. Schultz, “Strategies
for Data Collection and Calibration With a Pinhole-Geometry SAXS
Instrument on a Synchrotron Beamline,” Journal of Synchrotron Radi-
ation 13 (2006): 440-444.

67.1. W. Hamley, A. Dehsorkhi, P. Jauregi, et al., “Self-Assembly of
Three Bacterially-Derived Bioactive Lipopeptides,” Soft Matter 9 (2013):
9572-9578.

68.L. R. de Mello, L. Porosk, T. C. Lourenco, et al., “Amyloid-Like
Self-Assembly of a Hydrophobic Cell-Penetrating Peptide and Its use
as a Carrier for Nucleic Acids,” ACS Applied bio Materials 4 (2021):
6404-6416.

69. L. R. Mello, I. W. Hamley, V. Castelletto, et al., “Self-Assembly and
Intracellular Delivery of DNA by a Truncated Fragment Derived From
the Trojan Peptide Penetratin,” Soft Matter 16 (2020): 4746-4755.

14 of 15

Journal of Peptide Science, 2026

Q UeA dLRRN-0UUY Aq G8002 980/200T OT/10p/wW00" A8 | IMAReJd 1 puljuo//:SANY WOy papeojumoq ‘€ ‘9202 ‘Z8ET660T

UBW-<RI0YANS> -

35U0 1 SUOWILLIOD 9AIER1D) (el (dde au Aq pausenob afe sapilie YO '8N Jo sani 10) AriqiauliuQ AS|1A UO (SUORIPUOD-PUR-SLLLB)WOD A8 | 1M AReig 1 BU 1 UO//SANY) SUORIPUOD PUR SWB | 341 39S *[9202/S0/ST] U0 ARiqiTauliuo As|im * yn-oe fiL



70. M. Mae, S. El Andaloussi, P. Lundin, et al., “A Stearylated CPP for
Delivery of Splice Correcting Oligonucleotides Using a non-covalent co-
Incubation Strategy,” Journal of Controlled Release 134 (2009): 221-227.

71. M. H. Massaoka, A. L. Matsuo, C. R. Figueiredo, et al., “A Novel
Cell-Penetrating Peptide Derived From WT1 Enhances p53 Activity,
Induces Cell Senescence and Displays Antimelanoma Activity in Xeno-
and Syngeneic Systems,” FEBS Open bio 4 (2014): 153-161.

72.L.R. Mello, R. B. Aguiar, R. Y. Yamada, et al., “Amphipathic Design
Dictates Self-Assembly, Cytotoxicity and Cell Uptake of Arginine-Rich
Surfactant-Like Peptides,” Journal of Materials Chemistry B 8 (2020):
2495-2507.

73. L. Li, K. Y. Mak, J. Shi, et al., “Comparative in Vitro Cytotoxicity
Study on Uncoated Magnetic Nanoparticles: Effects on Cell Viability,
Cell Morphology, and Cellular Uptake,” Journal of Nanoscience and
Nanotechnology 12 (2012): 9010-9017.

74. W. J. Welch and J. P. Suhan, “Morphological Study of the Mamma-
lian Stress Response: Characterization of Changes in Cytoplasmic Or-
ganelles, Cytoskeleton, and Nucleoli, and Appearance of Intranuclear
Actin Filaments in rat Fibroblasts After Heat-Shock Treatment,” Jour-
nal of Cell Biology 101 (1985): 1198-1211.

75. K. K. Haridhasapavalan, M. P. Borgohain, C. Dey, et al., “An Insight
Into non-integrative Gene Delivery Approaches to Generate Transgene-
Free Induced Pluripotent Stem Cells,” Gene 686 (2019): 146-159.

76. L. Shao and W. S. Wu, “Gene-Delivery Systems for iPS Cell Genera-
tion,” Expert Opinion on Biological Therapy 10 (2010): 231-242.

77.Y. M. Yoo, E. M. Jung, K. C. Choi, and E. B. Jeung, “Effect of Mel-
atonin on mRNA Expressions of Transcription Factors in Murine Em-
bryonic Stem Cells,” Brain Research 1385 (2011): 1-7.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: (a) HPLC and (b) ESI-MS
data for C,.-VKRKKKP. Figure S2:: Fluorescence assays for different
concentrations of peptide in a solution of 50 uM of pyrene, the fluores-
cence intensity ratio being fitted using a derivative function, which
places the CAC around 0.08wt%, equivalent to 0.7mM (0.8 mg/mL).
Figure S3: (A) CD spectra of DNA 1mM (black curve), C,.-VKRKKKP
at 1mM (red curve). To identify a possible structuration between the
molecules, a spectrum was obtained from the addition of the CD spec-
tra of DNA and C,,-VKRKKKP at 1mM curves as a simple simulation
of a non-interacting mixture (blue curve) compared to the measured
CD spectrum of a solution containing C,.-VKRKKKP/DNA at 1mM
(green curve). (B) Images of samples. Tube 1 contains a solution of
C,,-VKRKKKP/DNA at 1mM, and tube 2 contains only the peptide
amphiphile. It is possible to observe a difference in turbidity between
the two samples, possibly due to phase separation and precipitation in
the first tube. Figure S4: 1D plot from a fibre X-ray diffraction pattern
obtained from a sample of C,-VKRKKKP/DNA at a ratio of 2:1. The
data shows a prominent peak at 4.2 A. The initial samples used for fiber
production were at a concentration of 10mg/mL of C,,-VKRKKKP.
Figure S5: Gate strategy used to evaluate the transfection rate
(YOYO-1* cells). The HeLa cells were selected by complexity (SSC-A)
and size (FSC-A). The doublets and cell aggregates were excluded using
the combination of FSC-H and FSC-A. The dead cells were identified
and excluded using a live/dead dye labelled with APC-Cy7. Finally, the
Yoyo-1* cell population were identified as Alexa Fluor 488" by the soft-
ware FlowJo X, which presents a similar Aex/Aem. to YOYO-1. Figure
S6:: Dot plots of flow cytometry assays delimiting gates for populations
of HeLa cells positive for YOYO-1 fluorescence (first row) and dead cells
positive for the fixable viability dye (second row). The cells were incu-
bated only with DNA (A), peptiplexes at a 2:1 ratio of VKRKKKP/DNA
(B), 1:1 C,,-VKRKKKP/DNA (C) and 2:1 C,-VKRKKKP/DNA (D). We
also observed a difference in the translocation of peptiplexes (dyed in
green by the fluorophore YOYO-1 used to label the fragmented DNA,
blue staining of nuclei with DAPI) by confocal microscopy, with a lower

degree of internalization by the original VKRKKKP and a higher deliv-
ery for C,,-VKRKKKP. Figure S7: A) Representative dot plots of viabil-
ity analysis of cells transfected with different ratios of C,,-VKRKKKP.
In flow cytometry analysis it was observed that at higher ratios of pep-
tide/DNA (3:1, 5:1 and 10:1), cells underwent further morphogenesis
and aggregation, which can be seen in B) in which HeLa cells presented
a rounder morphology with a decrease in size and a tendency to aggre-
gation. Those events were excluded from the analysis, resulting in a
few events (n) inferior to our cut-off of 5x10°. Figure S8:: (A) MTT
without DNA. (B) MTT with peptiplexes between C,,-VKRKKKP and
fragmented DNA. The peptiplexes were slightly more toxic when com-
pared with samples incubated without DNA. There was a significant
difference in cell viability between the control the data for 80 ug/mL,
as indicated by a Kruskal-Wallis analysis, n=3 and p<0.05. Figure
S9: Confocal images from ES-E14TG2a cells incubated for 4h with (A)
only DMEM without serum (B) 5ug of fragmented DNA labelled with
YOYO-1 (C) Lipofectamine 2000+ 5ug of labelled DNA and in (D),
peptiplexes of C,.-VKRKKKP/DNA at 2:1 ratio. The samples incubated
only with DNA did not present any significant fluorescence of YOYO-
1, contrasting with the strong green fluorescence of samples incubated
with DNA and lipofectamine or of C,,-VKRKKKP. Table S1: Best fit
parameters for SAXS data. A flat background was used in all models.
Electron densities were arbitrarily set to —1 and 1, respectively, for cores
and shells with an overall intensity scaling factor. R =cylinder radius;
R,=inner radius of the spherical shell; R =outer radius of the shell;
R,=gyration radius of the chain; v=Flory exponent; o,; =width (stan-
dard deviation) of the lipopeptide polar head; o, =width of the bilayer
core; t=head-to-head separation in bilayer.
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