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Structure-activity relationships of DNA nanocarriers based
on the amphipathic cell penetrating peptide transportan 10

The paper presents a detailed investigation into the
supramolecular structure of peptiplexes based on
transportan 10, emphasizing the critical role of amphipathic
helices in cell penetration and demonstrating the importance
of controlled self-assembly for optimizing gene therapy
nanovectors.
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Introduction

The fabrication of synthetic vectors based on nanoscopic car-
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Structure—activity relationships of DNA
nanocarriers based on the amphipathic cell
penetrating peptide transportan 10+
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Cell penetrating peptides (CPPs) have emerged as promising materials for the fabrication of synthetic
nanovectors endowed with potential for improving the future landscape of gene therapy. A group of well-
studied CPPs includes the transportan family, comprised of chimeric molecules combining segments
derived from the antimicrobial wasp-venom mastoporan and the neuropeptide galanin. The success of
these CPPs is supported by their effective use as the base for commercial peptide-based transfection
reagents. Herein, we present a comprehensive study of the structure of peptiplexes formed between DNA
fragments and transportan 10, a prototype example of amphipathic CPP. We conducted a thorough ana-
lysis of the self-aggregation of TP10, its secondary structure, and revealed details of its interaction with
DNA. We employed atomic force microscopy-based nanospectroscopy to obtain single-particle data that
revealed details of the conformations assumed by the peptide and DNA in the inner structure of nanoas-
semblies with different morphologies. Our structural results showed that TP10 exhibits self-aggregation
capabilities and a strong propensity to assume a-helical conformations upon association with DNA
strands. This behavior contrasts with that of prototype CPPs such as TAT-HIV and penetratin, potentially
explaining why peptiplexes based on transportans demonstrate increased uptake compared to their cat-
jonic counterparts. Also, single-particle spectroscopy indicated that the secondary structure in pepti-
plexes is strongly dependent on the size and shape, reinforcing that controlled self-assembly is crucial for
optimizing CPP-based nanotherapeutics. The peptiplexes were also evaluated for cell uptake efficiency
and kinetics, revealing a logistic time—response increase in permeability, suggestive of cooperativeness.
We anticipate that the findings presented here might contribute to refining structure—activity relationships
of peptiplexes based on amphipathic CPPs, assisting the optimization of products based on this relevant
class of CPPs with potential applications in therapeutic delivery systems.

through biological membranes.” Materials commonly
employed in the production of synthetic nanocarriers include
liposomes,>® cubosomes,” polymers,® and more recently,

riers capable of vectorizing exogenous nucleic acids into cells
is a cornerstone in the future development of gene therapy.'
These nanocarriers must not only fulfill the role of protecting
the cargo against degradation by nucleases but also need to
circumvent the innate defense and facilitate translocation
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cell-penetrating peptides (CPPs).”'® Synthetic vehicles offer
several advantages over viral vectors, including lower genotoxi-
city and cost, ease of synthesis, and scalability. In the case of
CPPs, a notable benefit is their inherent capability to translo-
cate biomembranes and to be tailored with specific target
sequences, thereby enhancing the specificity of the resulting
vectors. In addition, when the peptide sequences have amphi-
philic features, they allow for controlling the self-assembly into
supramolecular arrangements. In addition, these peptides
assist in the formulation of peptiplexes, a term coined to des-
ignate complexes formed from the non-covalent association
between nucleic acids and peptides.

A group of well-studied CPPs includes the transportan
family.">"* This family comprises chimeric molecules combin-
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ing segments of the amino terminus of the neuropeptide
galanin covalently linked through a lysine residue to the
C-terminal tail of mastoporan, an antimicrobial peptide found
in wasp-venom (ESI, Fig. S17)."* In recent years, transportans
have been successfully used to improve the pharmacokinetics
of antibiotics,”> modulate the elastic properties of lipid
vesicles,"®'® perturb cancer cells,'®'” and even exhibit anti-
microbial activity against parasites.'® The success of transpor-
tans demonstrated over the last decades has even led to the
development of commercial reagents and several PepFect and
NickFect CPPs.'*>! Transportan 10 (TP10), a processor of this
family, corresponds to a shortened version of the original
transportan and has become a prototype example of amphi-
pathic CPP."! The newer generations of PepFects and
NickFects rely on the conjugation of fatty acids to amino acid
sequences,”® which strongly affects both complexation and
delivery efficacy; however, the peptide component is the
leading part in the penetration process, thus justifying further
investigations on the structure-activity relationship of this
component. TP10 has the amino acid sequence
AGYLLGKINLKALAALAKKIL-NH, and thus simultaneously
exhibits hydrophobic residues intercalated with lysine sites.
This composition imparts amphipathic behavior to TP10,
inspiring us to explore its potential self-assembly in the
current study. Furthermore, the cationic charge conveyed by
the presence of lysine residues makes TP10 a suitable candi-
date for association with nucleic acids via electrostatic attrac-
tion. The mechanisms of uptake used by transportans are a
topic of ongoing research, and no consensus has emerged yet
in the literature.'’ Previous reports indicate that they enter
cells through either endocytosis or membrane disturbance,
with their prevalence depending on the cargo size. When
transportans are conjugated to small nucleic acid sequences,
the prevalent mechanism is membrane perturbation, likely
leading to pore formation and internalization.?® In contrast,
when long plasmid sequences are used, endocytosis has been
found to play a major role in uptake.**

While TP10 has been extensively investigated in basic
research studies and serves as the basis for commercial CPP-
based products, structural analyses focusing on its self-assem-
bly properties are still lacking in the literature. Furthermore,
detailed knowledge on the structure of non-covalent complexes
with nucleic acids is lacking. Herein, we aimed to provide a
comprehensive characterization of both the structure of TP10/
DNA peptiplexes and their interaction with cells. Notably, we
analysed the self-aggregation of TP10, its secondary structure,
and detailed how its interaction with DNA impacts the confor-
mation of biomacromolecules in the inner structure of the
resulting peptiplexes. We employed AFM-based infrared spec-
troscopy to obtain single-particle data that revealed details of
the conformation assumed by the peptide and DNA in nanoas-
semblies with different morphologies. Furthermore, the pepti-
plexes were evaluated for their cytotoxicity and transfection
efficiency. The internalization kinetics of peptiplexes was also
evaluated, revealing a cooperative behavior underlying cell
uptake. We anticipate that our findings will contribute to refin-
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ing structure-activity relationships of peptiplexes based on
amphipathic CPPs, facilitating the optimization of products
based on this relevant class used in commercial formulations.

Materials and methods
Reagents and sample preparation

The transportan 10 peptide (AGYLLGKINLKALAALAKKIL-NH,)
was custom synthesized by AminoTech (Sdo Paulo, Brazil)
using standard solid-phase techniques and the Fmoc strategy.
It was delivered as a TFA salt, with a purity of 95.6% and a
molecular weight (M,,) of 2180.4 Da (ESI, Fig. S27). Linear calf
thymus DNA was purchased from Sigma-Aldrich (product code
D1501) and subjected to ultrasonication in a Diagenode bior-
uptor to break it into fragments of approximately 200 bp or M,
~ 132000 Da (ESI, Fig. S3Bt). The resulting fragments were
relatively stiff, as the length of a 200 bp DNA fragment corres-
ponds to approximately 65 nm, which is close to the persist-
ence length of DNA chains.*® The peptide and DNA stock solu-
tions were prepared by weighing the powder or fibers in
Eppendorf tubes and suspending them in ultrapure water to
the desired concentration. The DNA stock solutions were left
to rest in a refrigerator (4 °C) for 2-3 days with several vigorous
vortexing cycles to homogenize the mixture. The complexes
were formed by mixing predetermined volumes of stock solu-
tions to attain the desired molar charge ratios. Under the con-
ditions applied (near-neutral pH), TP10 was assigned a charge
of +5 (corresponding to its lysine residues and the
N-terminus), while DNA was assumed to bear one negative
charge per phosphate group in the nucleotides (N+: P— ratio).
The molecular mass of nucleotides used in the calculations
was M,, = 660 Da per base pair.

Steady-state fluorimetry

The aggregation of TP10 and peptiplexes formed between
TP10 and DNA in ultrapure water was monitored using fluo-
rescence assays. In this case, solutions containing different
peptide concentrations were co-solubilized with 5 pM pyrene
or 70 uM 1-anilino-8-naphthalene sulfonate (ANS). The fluo-
rescence behavior of TP10 in the presence of these probes was
tracked on a Hitachi F2500 fluorescence spectrophotometer,
using an excitation wavelength (e ) of 338 nm for pyrene and
356 nm for ANS. Spectra were acquired at a rate of 300 nm
min~" from samples in quartz cuvettes with a 1 cm pathlength
while under magnetic stirring. All experiments were performed
at room temperature, using both excitation and emission slits
of 5 nm.

Circular dichroism (CD)

CD assays were carried out using a JASCO-810 spectropolari-
meter, which was employed to obtain spectra in the far UV-
range, spanning from 190 nm to 250 nm. Peptide solutions
were prepared at appropriate concentrations and loaded into
quartz cuvettes with a 1 mm pathlength, and the measure-
ments were performed at room temperature. A total of 5
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accumulations were recorded at 100 nm min~", with steps of
0.5 nm. The absorbance channel was also monitored, and only
data corresponding to A < 2 were selected for further analysis.
To eliminate noise, the spectra were processed using FFT
filters with a 7-point window. Background subtraction was per-
formed by collecting spectra of the buffer under identical con-
ditions to those used for the peptide solutions.

Small-angle X-ray scattering

SAXS measurements were performed on the SAXS-1 beamline
at LNLS (Campinas, Brazil). Samples containing about 300 pl
of peptide solutions at various concentrations were placed
between mica windows inside a 1 mm path length cell holder.
For samples containing nucleic acids, the concentration of the
DNA base pair was kept at 0.2 mM and the corresponding
amount of TP10 was added to match the desired peptide-to-
DNA molar ratios. The beam energy was set at 8.05 keV
(1.54 A), and the scattering was recorded using a Dectris
Pilatus 300 K CCD detector. The setup was calibrated using
silver behenate standards to obtain a g-range of 0.13 < g <
3.5 nm™'. Ten frames, each 30 seconds long, were collected
and compared to each other. In the absence of radiation
damage, they were averaged and background subtracted. The
full range data fit was performed using the SASFit program
library with the model equations detailed in the ESL.{

Atomic force microscopy combined with infrared spectroscopy
(AFM-IR)

Samples for AFM imaging were prepared by depositing small
volumes of peptiplex solution (5:1 TP10/DNA) onto silicon
substrates covered with a 100 nm Au layer. The substrates were
left to rest for a few minutes inside a Petri dish, and then the
excess of water was removed with filter paper. The samples
were then left to dry overnight in a desiccator. The data were
collected using an Anasys NanoIR2-s microscope. The instru-
ment was used in contact mode, with samples illuminated by
a tunable laser in the 950-1750 cm ™" range. This arrangement
permitted the measurement of IR absorption profiles as a
function of wavenumber at spatial resolutions determined by
the tip radius (~50 nm). All data were baseline subtracted (Au
profile) and smoothed using a FFT filter (5 points of window).
We also collected absorption maps from the samples. To this
end, the infrared laser was tuned at specific wavenumbers
(1260, 1670, or 1720 cm™') during tip scanning across the
surface. The spatial resolution was limited by the tip radius
(50 nm), and the wavenumber resolution was set at 2 cm™".
Data treatment (smoothing of IR spectra and image enhance-
ment) was performed using the AnalysisStudio software pro-
vided by Anasys while image enhancement was carried out
using the Gwyddion software.

Cryo-electron transmission microscopy (cryo-TEM)

Cryo-TEM images were obtained using a JEOL 2100 FEG-TEM
microscope equipped with a cryogenic module at LNNano in
Campinas, Brazil. Samples were prepared by depositing about
10 pl of an aqueous solution containing peptiplexes at 5:1
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TP10/DNA on copper grids. The peptide concentration was
0.4 mM. The grids were then vitrified with liquid ethane in a
Vitrobot device. The microscope was operated at an accelera-
tion voltage of 200 keV, and the data treatment was carried out
using Image] software.

Cell culture and fluorescence imaging on confocal microscopy

For the cell assays, HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine
serum and 2 mM glutamine (ThermoFisher) and maintained
at 37 °C under an atmosphere of 5% CO,. The source of HeLa
cells was the Rio de Janeiro Cell Bank (BCRJ code #0100,
ATCC® CCL-2). For assays using paraformaldehyde (PFA)-pre-
served cells, we used 24-well plates with glass coverslips placed
at the bottom, and 5 x 10* HeLa cells were seeded and incu-
bated for 24 h to adhere to the coverslips. After incubation, the
cells were washed three times with PBS to remove serum and
cell debris. Peptide stock solutions were prepared below the
critical aggregation concentration (CAC) in ultrapure water.
Complexes were prepared by mixing 5 pg of fragmented DNA
and the respective amount of TP10 to obtain the final molar
ratios in 50 pl of ultrapure water, a methodology already
applied in previous works. These peptiplexes were incubated at
37 °C for 30 minutes, and then transferred to wells containing
950 pl of DMEM without serum to evaluate the internalization
of labeled DNA. We also prepared positive and negative con-
trols consisting of DNA + Lipofectamine 2000™ and DNA
alone, respectively. The controls were incubated in the same
manner as the peptiplexes. After this, the samples were
washed again three times with PBS, and fixation was per-
formed using PBS with 4% PFA. Nuclear staining was per-
formed using DAPI (Invitrogen, Carlsbad, CA, USA) in PBS for
five minutes at room temperature. The coverslips were washed
three times with PBS after each step. Labelling with
Lysotracker deep red™ (Invitrogen, California) was achieved by
adding 0.75 pM of the dye to the culture medium and incubat-
ing HeLa cells in this medium at 37 °C for 1.5 h prior to fix-
ation with 4% PFA. For phalloidin-Texas red (Invitrogen,
California) labeling, cells were permeabilized with Triton-X
0.1% for 15 min, washed twice with PBS, and the coverslips
were incubated in phalloidin-Texas red at room temperature
for 1 h, protected from light. After this period, the samples
were washed again three times with PBS and analyzed using
confocal microscopy (Leica TCS SP8, Mannheim, Germany).

Flow cytometry

The percentage of internalized cells was determined using
flow cytometry. The assays were carried out using the fixable
viability dye eFluor780 (eBioscience, California, USA) to dis-
tinguish live and dead cells, and YOYO-1 was used for labeling
DNA to formulate the peptiplexes. HeLa cells, at 5 x 10* cells
per well, were cultivated in a 24-well plate and incubated at
37 °C with 5% CO, overnight. On the day of the experiment,
these cells were incubated for 4 h with the same concen-
trations and methodology used in microscopy assays: DNA
without any carriers, DNA + Lipofectamine 2000, and the pep-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tiplexes. The mass of DNA was kept at 5 pg throughout the
experiments. After incubation, the cells were washed with PBS,
detached with trypsin 0.25% + EDTA (Gibco, Grand Island, NY,
USA), inactivated with culture media containing serum, centri-
fuged, and resuspended in 100 pL of PBS. The resulting cell
suspension was incubated with the fixable viability dye
eFluor780 according to the recommendations of the manufac-
turer. Flow cytometry was performed wusing a BD
LSRFortessa™ (model 4.2.4.2, BD Biosciences, New Jersey,
USA). To evaluate the percentage of YOYO-1 internalization,
the cells were analyzed based on forward and side scatter para-
meters, a method used to determine cell population and
debris exclusion. From the initial population, the live cells
were identified and used to evaluate the percentage of YOYO-1
positive events. To ensure cut-off reliability and statistical accu-
racy, we excluded samples that did not provide at least 2000
events in the last gate. The use of peptiplexes above the
5:1 molar charge ratio resulted in significant clustering and
cell size alteration. This hindered data collection and further
analysis. All experiments were conducted in duplicate on
different days.

Uptake kinetics of TP10/DNA peptiplexes

To monitor cellular uptake, live HeLa cells were imaged.
Initially, 3 x 10> HeLa cells were added onto a 25 mm coverslip
in a 6-well plate with DMEM and 10% serum and incubated
for 24 h. Post-incubation, the cells were washed three times
with PBS, stained with Hoechst 33342 for 10 min, washed
again three times with PBS, and placed in an Attofluor™ cover-
slip holder (Invitrogen, Carlsbad, CA, USA) for live cell
imaging. Hank’ balanced salt solution, simulating the extra-
cellular fluid, was used to maintain the cells during imaging.
The coverslip holder was placed into a chamber with con-
trolled temperature (37 °C) and CO, (5%), loaded with
5:1 molar ratio TP10/DNA (YOYO-1 labelled) peptiplexes, and
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data collection was immediately started. Images were regis-
tered every 60 s with a Zeiss LCM 780 microscope.

Results and discussion
Self-assembly and the secondary structure

We first performed a structural characterization of TP10 and
its peptiplexes with DNA. Since TP10 has amphiphilic features,
alternating domains enriched with hydrophobic residues of
lysine along the amino acid strand (see ESI, Fig. S1}), we exam-
ined the self-aggregation behaviour by determining the critical
aggregation concentration (CAC) above which self-assemblies
are formed in solution. These assays were performed by moni-
toring the fluorescence of extrinsic probes in preparations con-
taining various TP10 concentrations. Pyrene is a highly hydro-
phobic probe, whose fluorescence is modulated by changes in
the polarity of its surrounding microenvironment.*® From the
ratio between vibronic bands appearing at 372 and 384 nm, I,/
I;, it is possible to assess the formation of aggregates. Fig. 1A
shows a series of fluorescence spectra from TP10 samples co-
solubilized with 5 pM pyrene. The analysis of the I,/I; ratio as
a function of peptide concentration revealed two emission
regimes: at lower TP10 concentrations, the ratio remained
around 0.9 or above, while at higher concentrations, an inflex-
ion point was observed, and the ratio decreased to about 0.8.
The outline of the data was fitted according to a sigmoidal
function and linear regressions made across the near-constant
fluorescence plateau, and the decline phase indicated a cross-
over point at ~0.9 mM (~2 mg mL™"), which is interpreted as
the onset of the transition between fluorescence regimes. To
complement the measurements above, we also conducted fluo-
rescence assays using ANS as an extrinsic probe. Like pyrene,
ANS fluorescence is highly sensitive to polarity; however, in
this case, emission is affected not only in terms of intensity
but also in terms of wavelength.””*® Therefore, by examining
the emission maxima in the ANS spectra, an independent
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Fig. 1 Steady state fluorimetry measurements for assessing critical aggregation concentrations. (A) Ratio between pyrene vibronic bands (I, and I3)
analysed as a function of TP10 concentration. The crossover of linear regressions performed across distinct emission regimes indicates a CAC. (B)
ANS assays displaying shifts in emission maxima as a function of peptide concentration. The solid line is a sigmoidal fit whose inflexion point is inter-
preted as a CAC estimation. Insets show fluorescence spectra and photographs from solutions with different TP10 concentrations under UV light.
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mechanism for evaluating peptide aggregation can be
obtained, thus improving the robustness of CAC determi-
nation. In Fig. 1B, photographs of ANS solutions containing
different amounts of TP10 clearly exhibit different colours
under UV light. At low peptide concentrations, the emission
maximum remains at around 505 nm and the solution exhibits
a yellowish glow. In contrast, when higher amounts of TP10
are present in the mixture, a hypsochromic effect occurs and
the fluorescence maximum shifts to about 475 nm, resulting
in a vivid turquoise glow. This colour change is indicative of
hydrophobic clusters in the sample. The plot of shifted wave-
lengths as a function of peptide concentration revealed a
smoother changeover occurring approximately at 0.4 mM,
which is within the same order of magnitude of the CAC value
identified in pyrene assays. Therefore, the two methods
described above provide independent measurements for criti-
cal concentrations, thus strengthening the robustness and
reliability. By averaging the critical values obtained from these
independent assays, it is reasonable to estimate a CAC of 0.65
+0.25 mM for TP10.

In the subsequent stage of our analysis, we performed cir-
cular dichroism (CD) experiments to examine the secondary
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structure assumed by TP10 either below or above the CAC. As
depicted in Fig. 2A, CD data indicate that the conformation of
the peptide chains in aqueous solution is dependent on the
concentration. At concentrations below the CAC, i.e., 0.2 mM,
the spectrum exhibits a negative signal at 203 nm, indicative
of random coiled conformations.*® At concentrations near the
CAC, ie., 0.4 mM, a redshift is observed, and the rotation
minimum is displaced to ~207 nm, but the overall shape of
the spectrum retains its disordered signature. In contrast, at
concentrations well-above the CAC, i.e., 2.2 mM, the CD spec-
trum exhibits a distinctive pattern, characterized by a positive
peak at 193 nm, a prominent minimum at 210 nm, and a sec-
ondary minimum at 221 nm. This signature is indicative of
a-helices,”®?® suggesting that aggregation has a strong impact
on the secondary structure of TP10 and that the hydrophobic
environment created within the aggregates stimulates folding
of the peptide into ordered structures. The conformational
transition of TP10 into a-helices has been observed upon inter-
action with the microenvironment of biomimetic
membranes,>*3! thereby underscoring the significance of
hydrophobicity in guiding and stabilizing helical structures. In
addition, the substantial increase of ellipticity amplitude
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Fig. 2 Circular dichroism from peptides and peptide/DNA solutions. (A) CD spectra from TP10 samples at the concentrations indicated. (B) CD data
from 0.2 mM TP10 solutions prepared with different TFE fractions. Inset: CD amplitude, [0l195—[60]220. as a function of %TFE. (C) CD from a 0.1 mM
TP10 solution titrated with DNA aliquots, where [DNA] represents the base pair concentration. (D) Spectra from TP10/DNA complexes (2 :1 charge
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demonstrates the growth of chirality, consistent with the con-
finement of peptide chains in ordered environments. To
further experimentally validate the propensity of TP10 to form
o-helices, we also examined its secondary structure in the pres-
ence of trifluoroethanol (TFE), an alcohol known to induce
conformational changes in peptides by prompting structura-
tion into helices.*** In Fig. 2B, a series of CD spectra from
0.2 mM TP10 solutions prepared with TFE fractions varying
from 0 to 50% by volume are shown. It is clearly observed that
the CD signature transitions from random coiled confor-
mations at low TFE contents to a-helices at high TFE contents,
with spectra showing the growth of a positive band at 195 nm
and minima at 210 and 220 nm. Moreover, the increase in the
amplitude of CD signals indicates a strengthening of chirality,
further supporting structuration. The o-helix signature
becomes even more evident when analysing the induced CD,
obtained by subtracting the reference spectrum of the sample
prepared in water from the data of samples containing TFE
(ESI, Fig. S5AY). The analysis of amplitude differences between
the distinctive a-helix signals at 195 nm and 220 nm as a func-
tion of %TFE reveals a characteristic pattern of cooperative
ligand-protein interactions (inset in Fig. 2B).>* This result
reinforces the notion that TFE actively participates in the
peptide environment, favouring H-bond formation and trans-
formation into o-helices.* Therefore, we have further experi-
mental evidence that the formation of o-helices is favoured
when TP10 strands are in a hydrophobic environment. The
above experimental findings are consistent with the sup-
plementary assays conducted using bioinformatics tools dedi-
cated to predicting the three-dimensional structure of proteins
from the primary amino acid sequence.’>*® Results presented
in Fig. S4 (ESIt) demonstrate that the C-terminal portion com-
prising TP10 from the wasp-venom mastoporan consistently
conforms to a-helices, while the N-terminal region derived
from the neuropeptide galanin also shows a probability of
adopting random conformations (see configurations II and IV
in Fig. S4At). These findings also align with previous struc-
tural information derived from NMR data.** The helix wheel
projection, Fig. S4B,} indicates the formation of a hydrophobic
face opposing a lysine cluster, thereby imparting amphipathi-
city to the a-helical conformation and further assisting stabi-
lity. As discussed below, this amphipathic distribution of the
helical structure potentially enhances interactions between
lysine clusters and phosphate groups (anionic) in the DNA
backbone. Simultaneously, it might facilitate association
between the adjacent peptide helices through the contact of
hydrophobic faces.

We assessed the formation of TP10-DNA complexes by prepar-
ing peptide and nucleic acid mixtures at different charge ratios to
determine the ratio required for the formation of stable com-
plexes. Electrophoretic runs, conducted with both fragmented
DNA (~200 bp) and non-sonicated DNA ranging from a few
hundred base pairs to over 20 kbp, showed that full complexation
occurs near a 1: 1 molar charge ratio, regardless of DNA size (ESI,
Fig. S3BY). This suggests that the charge ratio is a more critical
parameter for complexation than peptide concentrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

CD assays were also conducted to analyse the binding of
nucleotides to TP10. Fig. 2C shows a series of spectra from a
0.1 mM TP10 solution titrated with DNA fragments. The data
reveal that the CD signature is strongly affected by the addition
of DNA to the peptide solution, with a negative band indicative
of random coiled conformations near 207 nm diminishing
with increasing DNA concentration. Concomitantly, the
spectra acquire a-helix characteristics, with the emergence of a
pronounced negative peak at 222 nm and the increase in a
positive band near to 200 nm. Additionally, the plot shown in
Fig. 2C remarkably features isosbestic points at 214 and
265 nm, suggesting two-state populations (a-helix and random
coiled) of biomolecular assemblies. The isosbestic point
around 265 nm might indicate charge interactions between
the phosphate backbone of DNA and cationic motifs in
TP10,%” thereby indicating that electrostatic attraction also
plays a significant role in the formation of TP10/DNA nano-
particles. The inset in Fig. 2C shows the monitoring of the
peak at 210 nm as a function of [DNA], revealing a sigmoidal
behaviour that was fitted to the logistic equation:

A —A
y:1721)+A2 (1)

()

where 4; and 4, are, respectively, the maximum and minimum
values achieved by the CD signal at 210 nm, x, is the midpoint
of the curve which provides an estimate for the apparent
binding constant, and p is the Hill coefficient that carries
information on the cooperativeness of peptide/DNA binding.**
The best fitting parameters led to p = 2.5 + 0.9, demonstrating
positive cooperative binding of DNA to TP10, and a midpoint
at xo = 37.4 £ 4.9 pM. The values for 4; and A, were found to be
4.5 + 0.1 and -3.5 + 0.2 mdeg, respectively.

In the following, we examined the endpoint of our titration
series to investigate stability upon temperature change. Fig. 2D
illustrates the CD spectra resulting from an up-down tempera-
ture cycle performed in the 2:1 TP10/DNA sample. It is
evident that the a-helix shape found at room temperature dis-
appears upon heating. Specifically, the negative bands at 210
and 222 nm diminish, while a negative peak at 205 nm
emerges, indicating transitions to disordered conformations.
Interestingly, this process is found to be irreversible as the dis-
ordered signature persists (or even improves) upon cooling
back to room temperature (dashed lines in Fig. 2D). We
hypothesize that such irreversibility might be associated with
transformations in the DNA structure. The examination of the
induced CD, shown in Fig. S5B (ESI{), reveals similarities to
spectra in the literature reporting transitions from B-DNA to
Z-DNA forms upon heating.*® In this case, we tentatively
propose that the more compact scaffolding and left-handed-
ness of Z-DNA hinder its association with TP10.

Nanoscale structure

After evaluating the secondary structure of TP10 self-assem-
blies and their peptiplexes, we shifted our focus to the nano-
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scale characterization of aggregates using small-angle X-ray
scattering (SAXS). Scattering profiles from these experiments
are presented in Fig. 3A and B, and fitting models, along with
the best fitting parameters, are detailed in the ESI (eqn (S1)-
(S5) and Table S17).

In Fig. 3A, the bottom curve shows SAXS data collected
from a sample containing DNA fragments at a concentration
of 2.3 mM (base pair concentration). The curve exhibits an
almost linear profile in a log-log representation, scaling with
g, indicative of cylindrical structures.*® This behavior is fully
consistent with the expected shape for stiff DNA fragments, as
described in the Materials and methods section. To quantify
the size of the particles, we fitted the data using the Porod
cylinder form factor (eqn (S1)f). Data fitting confirmed the
existence of rod-like structures with a radius of 0.91 + 0.28 nm,
consistent with the dimensions expected for the DNA duplex
(diameter ~2 nm).*>*® For TP10 solutions at concentrations
closer to the CAC, 0.5 mM peptide, the scattering displays a
linear descent in the high-q region, a near flat plateau in the
intermediate range, and an upward turn in the low-q region.
This indicates that the sample is mostly populated by free
peptide strands in coexistence with a few larger aggregates.
The fitting was performed straightforwardly using the sum-
mation of a power law plus the generalized Gaussian coil form
factor (eqn (S2)-(S4)t), accounting for larger aggregates with
scattering in the low-g range and free peptide chains with scat-
tering in the mid-to-high g-range. The power law component
revealed an exponent of —1.95, suggesting the presence of
mass fractal aggregates,®>*"*> while the radius of gyration of
the Gaussian coils was found at 0.7 nm and the Flory para-
meter was found to be v = 0.39, compatible with collapsed
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TP10 strands.>*** Upon increasing the peptide concentration,
the shape of the curve changes significantly and the near flat
plateau in the mid-range region disappears, hinting that the
profile becomes dominated by scattering from aggregates. For
solutions at both 1.4 and 2.3 mM TP10 concentrations, the
fitting revealed consistent power law exponents of approxi-
mately —1.9, still supporting the presence of mass fractals (see
Table S17). Additionally, the fitting indicated collapsed chains
with radii of gyration of around 1.5 nm, highlighting a consist-
ent structural characteristic across both concentrations.

Fig. 3B reveals that SAXS curves from TP10/DNA peptiplexes
are markedly different from those of the individual com-
ponents displayed in Fig. 3A. Initially, one observes that scat-
tering profiles from TP10/DNA mixtures could not be properly
described in terms of linear combinations of their constitu-
ents, highlighting the emergence of new levels of organization
upon complexation. The low-g Guinier region is not attained,
indicating that characteristic sizes in the aggregates surpass
the measurement window.** The lowest g-value measured in
our experiments was g = 0.13 nm ™", corresponding to a direct-
space size of approximately 45 nm (Dpax = 27/Gmin). Therefore,
the sizes of peptiplexes produced here are beyond this value. A
striking feature of these curves occurs in the low-angle region,
where the decay is characterized by a Porod behavior scaling
with ~g~*, indicating surface fractals.*>***° Interestingly, the
high-g range presents different features depending on the
peptide-to-DNA ratio, with interference peaks appearing when
the fraction of the peptide in the mixture is sufficiently high.
Data from samples prepared at the 5:1 charge ratio do not
exhibit interference peaks, thus suggesting the absence of
internal order in the aggregates. Employing a fitting procedure

Intensity [a. u.]
Lo sl Lol

0.1 1
qlnm’]

Fig. 3

q[nm™]

(A) SAXS data of solutions containing DNA (bottom curve) or TP10 at the indicated concentrations. (B) SAXS curves of TP10/DNA peptiplexes

prepared at various peptide-to-DNA ratios, with the DNA concentration maintained at 0.2 mM. The inset provides detailed information on the high-
q range of the 125: 1 formulation. The curves were shifted for clarity, and red lines represent data fitting according to models described in the ESIL.}
(C) Cryo-EM micrograph of 5:1 charge ratio peptiplexes. The sizes of aggregates are measured and indicated by red arrows. (D) Molecular docking

between DNA and TP10 modelled with the assistance of PatchDock.
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similar to that used for peptide solutions, these data were
described with the summation of a power law plus the general-
ized Gaussian chain form factor. The results indicated a
scaling exponent of —3.96, suggestive of smooth interfaces
(dimensionality Dy = 2.04), along with unbound chains with a
radius of gyration of 1.2 nm. Cryo-EM imaging from pepti-
plexes prepared at the 5:1 charge ratio, depicted in Fig. 3C,
unveiled samples populated by flake-like aggregates with
lateral dimensions varying from several tens to hundreds of
nanometers. This observation is consistent with nanoscale
information derived from SAXS data. DLS measurements (ESI,
Fig. S6t1) confirm that TP10/DNA peptiplexes form hetero-
geneous mixtures. Most of the population comprises particles
with sizes ranging from several tens to a few hundred nano-
meters, coexisting with a few large aggregates reaching the
micrometer range.

Upon increasing the TP10:DNA proportion to 25:1 and
125:1 charge ratios, interference peaks in the high-q region
underscored the appearance of order in the local structure of
peptiplexes. Unfortunately, it is not easy to devise an analytical
model that captures the entire range of these data to offer an
accurate description of both larger scale and local structures.
In this case, we have thus employed an empirical formula,
detailed in eqn (S5) in the ESL} This functional equation
incorporates power laws to describe Porod exponents in the
low-to-intermediate g-range, while broad peak functions allow
for fitting interference peaks in the high-g region. The formula
offers valuable information on the dimensionality of fractal
aggregates, as well as on the repeat distances and correlation
lengths of ordered domains within these aggregates. It has
been effectively used in previous studies to describe scattering
from soft matter systems.*®*” The fitting of data from samples
containing a 25 : 1 charge ratio mixture indicated that the low-
g range is characterized by a scaling exponent equal to —3.8,
suggesting an increase of roughness in surface fractals (dimen-
sionality Dy = 2.2). Additionally, the need to use a power law
with an exponent of 0.39 hinted that mid-range domains at
length scales of the order of 5-10 nm exhibit globular shapes
(see Table S17).*” The fit of the broad peak component
revealed that the peak is centered at g, = 1.62 nm, which
corresponds to a repeat distance of 3.9 nm, while the corre-
lation length associated with this repeat is short, £ = 4.7 nm.
We interpret that the repeat distance is likely associated with
the mean separation between DNA strands within the inner
structure of the peptiplexes, in agreement with observations
found in other peptiplex systems.*” In the case of mixtures pre-
pared at a 125: 1 charge ratio, the scaling exponent in the low-
g range was —3.48, confirming the trend of an increase in
surface roughness (dimensionality Dy = 2.52) upon growth of
the peptide fraction. Fitting of the high-g range revealed two
peaks centered at g, = 1.63 and ¢; = 2.11 nm ™", corresponding
to repeats of 3.9 and 3.0 nm, respectively. The correlation
lengths associated with these interference peaks are & = 6.7
and 1.9 nm, respectively. Therefore, it seems that two ordered
domains emerge at higher peptide fractions, one of them
maintaining the interstrand spacing between DNA duplexes,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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while in the other, the separation decreases. It is also interest-
ing to note that the distance between DNA chains observed in
peptiplexes based on TP10 is significantly larger than obser-
vations made in peptiplexes involving the cationic CPP
penetratin.*®*” In fact, in penetratin/DNA peptiplexes, separ-
ations of 2.9 nm were found in formulations prepared ata 5:1
charge ratio. Here, not only the separations are much larger,
but the peptide ratio required for the emergence of internal
order was much higher (25:1 charge ratio). In light of these
findings, we propose that this effect may arise from the dis-
tinct peptide length, which, in the case of TP10, is greater than
in the case of penetratin. Moreover, charge density likely plays
a role, with TP10 demonstrating a lower charge density (and
thus weaker condensing power) than penetratin.

To gain further insights into the role of electrostatic inter-
actions in complexation, we conducted a docking assay using
computational tools. The interaction between TP10 strands
and a 10 bp DNA duplex was evaluated. The model was initially
docked using PatchDock and further refined using the
Firedock web server.*®*® In Fig. 3D, the top-scoring model
resulting from these tests is depicted. It can be observed that
TP10 chains preferably intercalate in the minor groove region
of the DNA strand, which is the site with the highest electrone-
gative density of the double helix.

Fiber diffraction experiments conducted on dried stalks of
TP10/DNA peptiplexes unequivocally validated the presence of
ordered arrangements in the internal structure (ESI, Fig. S77).
Pronounced reflections were identified at positions corres-
ponding to repeat distances of 0.46 and 1 nm, respectively,
linked to the separation between adjacent strands and the
spacing between p-sheets in peptide aggregates.® Hence,
TP10/DNA peptiplexes demonstrate a propensity to form well-
ordered arrays at the local structural level. We propose that the
amphipathic features exhibited by the TP10 helix (refer to
Fig. S4At), with lysine residues situated on one face of the helix
and hydrophobic residues on the opposite side, favour the
association with DNA and the formation of nanoparticles. This
association is likely facilitated through electrostatic attraction
between lysine residues and phosphates, and subsequent hydro-
phobic interactions between the nonpolar faces of adjacent
helix strands contribute to the development of complex nano-
particles. The role of amphipathicity in the formation of com-
plexes with DNA is further reinforced by the enhanced efficacy
in forming stable nanoparticles demonstrated by NickFects and
PepFects, which are stearylated analogs of TP10.>*

The next step of our nanoscale analyses involved atomic
force microscopy imaging combined with infrared spec-
troscopy (AFM-IR). This technique allows for the simultaneous
collection of topography data and infrared spectra from single
particles, thereby providing spatially resolved vibrational
information.”**> In addition, it enables the construction of
absorbance maps at specific wavelengths, offering insights
into the distribution of domains with distinct compositions or
structural organization across the surface.

In Fig. 4A, a topography image shows TP10/DNA nano-
particles formed on a gold substrate. The image unveils the
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Fig. 4 AFM-IR assays on TP10/DNA samples (1:1 ratio). Top row: topography data (A) are shown along with absorption maps at 1720 (B), 1670 (C),
and 1260 cm™ (D). Middle row: absorbance spectra from the regions indicated in the topography image. The regions corresponding to vibrations
characteristic of specific functional groups are shaded in different colors: the DNA phosphate/sugar fingerprint in green, the amide | band in yellow,
and the carbonyl in nucleobases in lilac. (E) Infrared spectra from small (oligomeric) aggregates. (F) Infrared data from larger nanoflakes. In the
bottom row, the mean second derivative spectra of oligomeric structures and nanoflake assemblies are shown (G). The positions of the resonances

are shaded in gray, and the corresponding wavenumbers are indicated.

formation of a few clustered assemblies, approximately 50 nm
in height, exhibiting lateral sizes that reach several hundreds
of nanometers (ESI, Fig. S8t). Alongside these bigger assem-
blies, it is also possible to discern tiny aggregates with sizes
from tens to a hundred nanometers and heights of only a few
nanometers. The dimensions of these smaller species are in
good agreement with cryo-EM data, whereas the larger clus-
tered structures likely arise from drying effects on the gold
surface. In Fig. 4B-D, absorbance maps at specific wavelengths
reveal diverse distributions along the substrate. These obser-
vations indicate heterogeneity, suggesting that assemblies with
different sizes and shapes exhibit differences in the structure
and composition. In Fig. 4E and F, we present infrared spectra
from tiny particles and bigger assemblies, respectively. The
collection of infrared spectra from single particles spread
across the substrate disclosed variations in the vibrational pro-

984 | RSC Pharm., 2024, 1, 976-993

files, confirming a diversity of composition and ordering. The
data exhibit strong peaks in the 950-1300 cm™' range, com-
monly assigned to resonances in phosphate and deoxyribose
groups, earning these features the designation of “DNA
fingerprint”.>®>>* A second group of relevant vibrations is
found in the range between 1600 and 1750 cm ™. This encom-
passes the amide I band region, situated between 1600 and
1700 cm™",>**® where resonances related to peptide bonds are
concentrated. In addition, the 1700-1750 cm™" range contains
resonances attributed to carbonyl groups situated in the
nucleobases.”**”

To enhance resolution and facilitate peak discrimination,
we computed the mean second derivative of the spectral
regions highlighted in Fig. 4E and F. The results, shown in
Fig. 4G, revealed the presence of 6 resonances in the DNA fin-
gerprint region (identified by minima in the 2™ derivative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Assignment of IR second derivative peaks of TP10/DNA peptiplexes
Wavenumber

Region [em™] Assignment Ref.

DNA fingerprint 970 PO, bending Mello and Vidal®
1006 Phosphate/ribose linkage Mello and Vidal®
1036 Symmetric stretching phosphodiester Mello and Vidal®®
1078 Symmetric PO, stretching Mello and Vidal®?
1186 Symmetric PO, stretching Tomié et al.>*
1260 Asymmetric PO, stretching Tomié et al.>*

Amide I 1640 B-Sheet Kong and Yu®®
1660 a-Helix Kong and Yu®*
1688 B-Turns Kong and Yu®®

Carbonyl 1709 Guanine C=O0 stretching Mello and Vidal®?
1740 C=0O0 stretching in nucleobases Mello and Vidal®

1 are

spectra). Resonances at 1006, 1036, 1078, and 1260 cm™
particularly intense. The assignments of these peaks are sum-
marized in Table 1, and they predominantly correlate with
stretching vibrations in the PO, groups of the DNA back-
bone.>® These peaks consistently appeared at the same posi-
tions for both small particles and larger aggregates; however,
varying intensities suggest that DNA might assume distinct
conformational modes in the different types of particles.
Additionally, minor vibrations are observed at 970 cm™" and
1186 cm™'. The resonance at 970 cm™ ', assigned to PO,
bending,*>** is slightly blue-shifted in spectra from small
aggregates, also supporting variation in DNA conformation.
The analysis of the amide I band reveals that this range is
dominated by an intense vibration at 1660 cm™", which can be
assigned to a-helices.’®® This observation agrees with circular
dichroism experiments performed in solution, which indicated
a strong propensity of TP10 for structuration into helices. The
appearance of weaker peaks at 1640 and 1688 cm™" indicates
that p-sheets and p-turns also appear in dry aggregates, con-
sistent with information derived from fiber X-ray diffraction
(ESI, Fig. S7t). Unlike the behaviour observed in the DNA fin-
gerprint region, the size of aggregates has only minor effects
on peak intensities in the amide I band, suggesting a consist-
ent conformation of peptide chains in both types of assem-
blies. Finally, the carbonyl range (also associated with DNA
groups) presents noticeable peaks at 1709 and 1740 cm™',
attributed to C=0 stretching in nucleobases.>® The variations
between smaller and larger aggregates are pronounced in this
region, supporting the change in DNA conformation within
these assemblies.

The maps shown in Fig. 4B-D show the absorbance distri-
bution of wavelengths in the three main spectral regions
detected in the infrared profile of our samples. Interestingly,
absorbances related to the DNA fingerprint and carbonyl reso-
nances are comparatively stronger in the smaller aggregates
than in the bigger assemblies formed on the surface (refer also
to the maps shown in ESI, Fig. S87). In contrast, absorbances
related to the amide I band are relatively higher in the larger
clusters, suggesting a higher concentration of TP10 within
them. We hypothesize that these larger aggregates result from

© 2024 The Author(s). Published by the Royal Society of Chemistry

the coalescence of peptide self-assemblies that originated
around nucleation centers formed through the condensation
of TP10 strands onto DNA chains. As a result, the outer envel-
ope is formed by a thicker peptide shell, while the nucleic acid
charge remains inside the structure.

From the structural data presented above, we are now able
to discuss the complexation pathway leading to the formation
of TP10/DNA peptiplexes. The association between TP10 and
DNA can be explained in terms of traditional mechanisms of
complexation between oppositely charged polyelectrolytes.>®®°

A schematic representation illustrating the proposed
mechanism is shown in Fig. 5. According to this proposition,
complexation occurs through a multistep process triggered by
electrostatic attraction between positive charges on peptides and
anionic groups on the DNA backbone.®! Initially, both DNA and
TP10 are free in solution, surrounded by water solvation layers
and counterion clouds that neutralize the overall charge. Upon
their association, these counterions and water molecules from
the solvation shells are released into the bulk solution, leading
to a high gain in translational entropy that compensates for the
conformational entropy loss of the biomolecules (yellow-orange
arrows).®>®? This association further proceeds with the conden-
sation of peptide chains surrounding the DNA strands and
through concomitant peptide-peptide interactions (red-pink
arrows). As a result, small clusters are produced inside which
the DNA fragments are protected by condensed peptide layers,
consistent with the DLS data (Fig. S6t), which indicated the
presence of extensive fractions of nanoscopic aggregates in our
samples. The stability of the DNA payload depends on its protec-
tion within the complexes. In the case of the DNA fragments
analyzed here, the formation of peptide envelopes around the
payload is presumably less costly.®® This process is much more
challenging when long DNA chains are involved due to high
energy costs in constructing a peptide wrapping around their
typically folded structures.®® This “packing issue” is likely one of
the major reasons behind the greater success of CPP-based pep-
tiplexes in internalizing small RNA sequences compared to kilo-
base-long plasmids.""

As shown by our fluorometry data (Fig. 1), TP10 exhibits
self-aggregation properties due to its amphipathic nature, with
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Fig. 5 Schematic illustration (not to scale) of the proposed pathway for complexation between TP10 and DNA. The process is triggered by electro-
static attraction between cationic TP10 chains and anionic DNA strands. The release of counterions and water molecules from the solvation shells
drives entropy gain and thermodynamic stability. The condensation of peptide chains around DNA results in small clusters that protect the load. The
coalescence of these clusters forms larger aggregates, as revealed by AFM-IR, SAXS, and DLS assays (yellow-orange arrows). The association
between peptide strands, occurring concomitantly to peptide—DNA complexation (red-pink arrows), is driven mainly by hydrophobic effects
between non-polar residues (highlighted in brown) on the hydrophobic face of a-helices. The desolvation of TP10 strands is the primary factor

leading to thermodynamic stability.

peptide-peptide interactions driven primarily by hydrophobic
effects between residues on the hydrophobic faces of the
peptide helices (ESI, Fig. S4t). This process also results in
entropy gain due to the desolvation of peptide chains, as
demonstrated experimentally in a recent report.® It should be
noted that while electrostatic attraction, hydrophobic effects,
and entropic gain are driving forces behind peptide-peptide
and peptide-DNA associations, other noncovalent interactions
such as H-bonding and van der Waals forces are also crucial
for stabilizing the complexes.®” Finally, the clustering of small
complexes leads to the formation of larger aggregates, consist-
ent with the data observed in AFM images.

Biological assays and delivery of peptiplexes to HeLa cells

After determining the molecular interaction between TP10 and
DNA, and the nanoscale structure of the resulting peptiplexes,
we analysed the cell-penetrating capabilities of TP10 and the
delivery of DNA by peptiplexes into HeLa cells, a common
model for gene delivery.®® For this purpose, DNA fragments
used in the formulation of peptiplexes were conjugated to
YOYO-1, a fluorescent probe impermeable to cell membranes,
serving as a reporter in this case. The cells were labelled with
DAPI for nucleus staining, phalloidin-Texas red for cytoskele-
ton staining, and Lysotracker deep red for discriminating the
endosomal system. We began our analysis by performing fluo-
rescence microscopy experiments with cells incubated with
TP10/DNA complexes. Exploratory assays revealed that pepti-
plexes at a 5: 1 charge molar ratio displayed the highest intern-
alization rates, a phenomenon we suspect may be linked to the
more relaxed inner structure of these peptiplexes compared to
formulations with higher TP10 fractions (see the Nanoscale

986 | RSC Pharm., 2024, 1, 976-993

structure section for SAXS analyses). Indeed, a high degree of
order in the internal structure of peptiplexes also implies
greater cohesion of the DNA payload within the vector, leading
to increased difficulty in the release of DNA from the peptiplex.
In addition, we also observed that higher TP10 fractions led to
cell clustering in flow cytometry assays, hindering proper
quantitative analysis. HeLa cells were also incubated with
Lipofectamine and uncomplexed DNA, serving as positive and
negative controls, respectively.

The resulting fluorescence micrographs are presented in
Fig. 6, illustrating the capacity of TP10 to deliver the labelled
DNA to HeLa cells, as observed in the YOYO-1 channel. Samples
incubated only with DNA, without the peptide, exhibited no
signal in the green channel, indicating that nucleotides cannot
penetrate the cells without a transfection reagent. In contrast,
cells incubated with Lipofectamine complexes exhibited green
fluorescence, indicating DNA penetration into the cells. The
same behavior was observed in cells incubated with TP10 pepti-
plexes, confirming the uptake capabilities of the peptide.

The examination of a cell at a higher magnification,
depicted in Fig. 7, reveals interesting aspects of the distri-
bution of the DNA load across the intracellular space. Firstly,
we observe that the peptiplexes were not only homogeneously
distributed throughout both the cytoplasm and nucleus but
also exhibited colocalization with the phalloidin and DAPI
channels, as indicated by the zones pointed out by white
arrows in Fig. 7.%” It should be noted that the reporter DNA is
covalently linked to the YOYO-1 fluorophore; therefore, dye
leaching is not an issue and the greenish glow observed across
the cells can be associated with the spread of DNA fragments
in the cytoplasm and membranes. Therefore, TP10/DNA pepti-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Merge

Fig. 6 Confocal microscopy images illustrating Hela cells treated with
5:1 charge ratio TP10/DNA peptiplexes alongside controls of uncom-
plexed DNA and Lipofectamine (incubation time = 4 h). Channel rep-
resentations include DAPI in blue, YOYO-1 in green, Lysotracker in
magenta, and phalloidin-Texas red marking the cytoskeleton. The
bottom row displays the merged channels.

plexes were able to reach the entirety of the cell. Another inter-
esting feature was that, although some degree of colocalization
with the Lysotracker channel could be observed, most pepti-
plexes were not entrapped in endosomal compartments, as
observed in other CPP-based systems reported in the
literature.®®®® In fact, the green signal of the labelled DNA was
found to be well spread across the cell, and in several regions,
it lacked colocalization with the magenta channel that reports
the endosome marker Lysotracker. The zones of exclusion
between green and magenta channels are indicated by yellow
arrows in Fig. 7. Hence, TP10/DNA peptiplexes exhibited the
ability to undergo endosomal escape.®® Previous literature has
demonstrated that transportans conjugated to short nucleic
acid sequences induce membrane perturbation as a key step
for uptake.>® Given that our complexes are made of relatively
small DNA fragments, we hypothesize that membrane pertur-
bation is the preferred route of internalization. Moreover, the
capacity of transportans to disrupt membranes has been con-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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jectured as an explanation for the endosomal escape exhibited
by peptiplexes based on this CPP group.**

After qualitatively assessing cell uptake by TP10/DNA pepti-
plexes, we sought to quantify the internalization rate and
evaluate cytotoxicity through flow cytometry experiments. Cell
cytometry assays were carried out using eFluor780, a commer-
cial reagent used for live and dead assays in flow cytometry,
and the fluorescence of YOYO-1 conjugated to the DNA load in
peptiplexes was evaluated. All tests were performed in dupli-
cate on different days, and representative dot plots for samples
incubated with DNA, Lipofectamine + DNA, and 5:1 charge
ratio TP10/DNA peptiplexes are shown in Fig. 8, whereas the
corresponding replicates are found in ESI, Fig. S9.f Live/dead
analysis (top row) indicated cytocompatibility with viability
rates above 95%. Dead cells, killed by heat shock, were used as
a positive control to determine the eFluor780 fluorescence and
gate establishment. The high biocompatibility of peptiplexes
formed between TP10 and the model DNA fragments investi-
gated here is consistent with previous studies showing low
cytotoxicity and low immunogenic levels of TP10 or complexes
formed between nucleic acids and PepFects, which have the
same amino acid composition as TP10 but with a stearoyl
chain attached to the N-terminus or a lysine side chain.”®
These studies reported negligible in vitro cytotoxicity of trans-
portan-based formulations against THP-1 cells (human acute
monocytic leukemia cells) and minimal serum levels of the
cytokines IL-1p, IL-6, and TNF-a 24 or 48 hours after in vivo
administration of 5 mg kg~ " doses.”*”"

The resulting internalization ratios, defined by the percen-
tage of cells positive for YOYO-1 fluorescence, are shown in the
bottom row of Fig. 7. Not surprisingly, naked DNA exhibited
negligible uptake with only 0.9 + 0.4% of cells positive for
YOYO-1. In contrast, cells incubated with TP10/DNA pepti-
plexes demonstrated an average internalization rate of 44 +
8%, roughly representing two-thirds of the rate observed with
the gold standard reagent Lipofectamine (78.2 = 9%).

The last assay investigating the internalization of the pepti-
plexes involved real-time monitoring of the accumulation of
peptiplexes into living cells by confocal microscopy. The
results showing a time-series of photographs are depicted in
Fig. 9A (see also the ESI,f supplementary film). In the first
minute of monitoring, it was already possible to observe a few
accumulated clusters of DNA (labelled with YOYO-1, green
channel) in the HeLa cells. This process was initially slow but
continuous over time and, after 15 to 30 min, the cells became
more populated by DNA-enriched domains. At 60 min, there
was a relevant increase in intensity with most cells exhibiting
at least a small DNA cluster, demonstrating internalization of
the load. The apex was reached at 120 min, maintaining a
near-constant behaviour up to the end of the experiment at
180 min. The analysis of the integrated intensity of the green
channel as a function of time, depicted in Fig. 9B, reveals a
logistic profile, and the data could be adequately fitted with
the time-response form of eqn (1). The midpoint of the curve,
indicating the time lapse required for the half-maximal effect,
was found at 63.0 + 0.6 min, while the saturation region is
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Fig. 7 Magnified confocal microscopy image showing a Hela cell stained with DAPI, YOYO-1, phalloidin-Texas red, and Lysotracker. White arrows
indicate regions of colocalization between DAPI and phalloidin with YOYO-1, while yellow arrows point to regions illustrating the absence of coloca-

lization between YOYO-1 and Lysotracker. Scale bar: 10 pm.
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Fig. 8 Representative flow cytometry data showing live/dead assays performed with the fluorophore eFluor780 (top row), and uptake quantification
testing carried out for cells positive for YOYO-1 (bottom row). (A)—(C) show cytometry data from live/dead assays, whereas (E)—(G) display plots from
DNA uptake. Figures (D) and (H) show averaged percentages from independent duplicates (mean + SD).

reached at around 120 minutes after the administration of
peptiplexes. Additionally, the Hill coefficient was found to be p
=2.10 + 0.04, also suggesting positive cooperativeness for cell
uptake.”” Interestingly, the characteristic time identified for
the internalization of peptiplexes is notably larger than the
timeframes observed for free TP10 chains (approximately
3 minutes)."” This discrepancy could be potentially related to
the greater size of the TP10/DNA complexes compared to

988 | RSC Pharm., 2024,1, 976-993

peptide strands. Putting the findings together, we tentatively
propose that the internalization kinetics of peptiplexes fea-
tures a lag phase, possibly involving the activation of mem-
brane sites mediating the process. Once activation occurs,
uptake accelerates during a phase of increased cell per-
meability. Beyond 120 minutes, an equilibrium concentration
is reached, or these membrane sites might saturate, hindering
an increase in DNA concentration within the cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Time lapse of a sample incubated with TP10/DNA peptiplexes. (A). Representative images taken at the indicated time points (minutes). The
blue channel reports Hoechst 33342 fluorescence and shows the nuclei of living cells, while the green channel reports the DNA loaded in pepti-
plexes labelled with YOYO-1. (B) Integrated intensity of the green channel as a function of time. Data have been fitted according to a logistic

function.

Potential pharmaceutical attributes of TP10/DNA peptiplexes

The production of DNA vectors based on CPPs may result in
formulations with interesting pharmaceutical attributes such
as enhanced targetability, ease of preparation, cost-effective-
ness, and stability."" Peptides offer several advantages in terms
of chemical stability compared to formulations based on
macromolecules, especially those of biological origin like pro-
teins and antibodies.”® Peptides are typically shipped in lyo-
philized powder form, can be transported at room tempera-
ture, and have extended shelf life under standard refrigeration
conditions. In the case of TP10, except for tyrosine and aspara-
gine residues, which have a moderate tendency to undergo oxi-
dation or deamination, the other amino acids are quite stable.
The absence of residues like cysteine, methionine, or trypto-
phan thus represents an advantage in terms of stability com-
pared to other traditional CPPs such as penetratin. Utilizing
TP10, a comprehensive array of peptiplexes could be syn-
thesized, subsequently augmented with glucose, and thereafter
subjected to lyophilization to significantly prolong shelf life,
remarkably, even at room temperature.

In terms of material balance, the amount of peptide
required in these formulations can be relatively high due to
their lower molecular weight and charge, which may be con-
sidered a disadvantage. To transport 1 mg of DNA using com-
plexes at a 5:1 charge ratio, approximately 8.5 mg of TP10 is
needed, resulting in a current cost of around one hundred and
fifty US dollars. While this cost remains relatively high com-
pared to cationic polymers commonly used in delivery systems
such as branched polyethyleneimine (PEI) or poly(amido-
amine) (PAMAM) dendrimers, it is more affordable than
Lipofectamine for instance. Additionally, certain cell lines,
especially primary cells, exhibit high cytotoxicity when trans-
fected with Lipofectamine or polymer-based complexes.”*””
Therefore, the mild transportation and storage requirements,
potential for enhanced targetability, and low levels of toxicity

© 2024 The Author(s). Published by the Royal Society of Chemistry

and immunogenicity so far reported in the literature mitigate
this disadvantage, potentially making transportan-based pepti-
plexes competitive for translation into pharmaceutical
formulations.”®

Conclusions

We presented a comprehensive study of the structure of pepti-
plexes formed between the cell-penetrating peptide (CPP)
transportan 10 and DNA fragments. The organization of these
non-covalent systems was analyzed in detail, covering from the
molecular level to the mesoscopic scale. Through fluorescence
studies, we identified that the amphipathic nature of TP10
shows self-aggregation capabilities at critical aggregation con-
centrations of approximately 0.65 + 0.25 mM. Additionally, we
confirmed the high propensity of TP10 to assume o-helical
conformations in hydrophobic environments. This finding
strongly correlates with bioinformatic analyses, which consist-
ently indicated that the mastoporan-derived C-terminal region
of TP10 transforms into amphipathic helices opposing a lysine
cluster on one side to a hydrophobic face on the opposite side.
This characteristic of transportan 10 contrasts with other
classes of CPPs, such as cationic and hydrophobic ones, which
have previously shown a strong inclination towards f-sheets at
the secondary structure level. Notably, this propensity was
observed both for the peptide alone and in complexation with
DNA, potentially linked to the higher penetration efficacy dis-
played by amphipathic CPPs compared to their cationic
counterparts. Due to their high stability, p-sheet arrangements
are commonly observed in CPP complexes, representing a
structurally more entangled and challenging configuration to
destabilize compared to a-helices. Hence, the efficacy mani-
fested by transportans may be related to their remarkable
structural versatility and lower energetic cost during cargo
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release stages. Such flexibility is further supported by the
absence of high levels of ordering found in peptiplexes exhibit-
ing relatively low peptide : DNA ratios.

A contribution from our study was using AFM-based nanos-
pectroscopy to reveal nuanced conformational changes of
nucleic acids in different polymorphs. This finding suggests
that polymorphic variability in peptiplexes potentially affects
the conformation of the nucleic acid payload and should be
considered in the formulation of these systems. Finally, our
study presented data on the internalization kinetics of TP10-
based peptiplexes, indicating a logistic time-response profile.
This behavior suggests the presence of a short activation phase
which is followed by a rapid uptake phase presumably linked
to a significant increase in permeability.

In summary, the results presented here shed light on the
structure-activity relationships of transportan peptiplexes.
Considering the archetypal nature of TP10 as a representative
of amphiphilic CPPs and its potential for translation in
pharmaceutical formulations, we anticipate that our findings
will contribute to the refinement of vectors based on the trans-
portan family.

Data availability

Raw data from structural analyses, PDB files for schematic
illustrations, and confocal image panels from cell assays have
been deposited in the Mendeley repository under https://doi.
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