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Cell-penetrating peptides are widely used in drug delivery for their ability to facilitate the transport of nano-
materials inside the cell. We previously studied the gH-625 for its ability to cross cell membranes, delivering
various cargos into different cell types. In this study, since gH-625 suffers from low proteolytic stability, we
identified the main cleavage sites after incubation with the enzyme chymotrypsin, and r-amino acids at these
sites were replaced with their p-enantiomers, which share similar physicochemical properties but have distinct
biological roles. Four peptides, namely gH-w10, gH-17, gH-y13, and gH-combi, were designed and synthesized.
Their biosafety profiles were evaluated in both normal and cancer cell lines and no significant toxic effects were
revealed at the tested concentrations. Subsequently, we assessed their cell-penetrating ability by evaluating
cellular uptake through fluorescence microscopy and investigated their mechanism of action in a model system
of liposomes, measuring fusogenic activity, peptide insertion into the lipid bilayer, and leakage activity. The
impact of the p-amino acid substitution on secondary structure was explored by circular dichroism and nuclear
magnetic resonance studies. Finally, in vitro safety profiling data of the gH-625 and its most promising derivative

gH-combi were further confirmed in vivo using a chicken embryo model.

1. Introduction

The membrane bilayer serves as a semi-permeable barrier that de-
fines and protects the cell’s interior, playing a crucial role in its survival
and proper function (Sezgin et al., 2017; Cho et al., 2016). However,
membrane complexity and limited permeability mean that only certain
molecules can enter via active or passive transport, (Levental and
Lyman, 2023; Klug et al., 2024) making effective intracellular delivery
of many nanomaterials and anticancer drugs challenging (Kurrikoff
et al., 2016; Kim et al., 2017; Fukuta and Kogure, 2022). While small
molecules can diffuse through (Frallicciardi et al., 2022; Wu et al.,
2024), larger one face solubility issues, restricting their pharmaceutical
use (Yang and Hinner, 2015; Zhang et al., 2019). Developing efficient
drug delivery systems is essential for precise targeting with minimal
toxicity (Vargason et al., 2021; Kou et al., 2018; Liu et al., 2024). A key
aspect of this is devising strategies to transport substances across
membranes, a process that remains complex and not fully understood.

* Corresponding authors.

Some peptides may offer a promising solution, as they might cross
cellular membranes and other barriers such as the blood-brain barrier
(BBB) (Wu et al., 2023; Zhou et al., 2021; Parrasia et al., 2022; Ghorai
et al., 2023).

Cell-penetrating peptides (CPPs) are widely used in drug delivery
both in vitro and in vivo due to their ability to safely transport materials
into cells, (Gori et al., 2023; Voss et al., 2024) facilitating trans-
membrane movement of carriers and overcoming endosomal barriers
(Zhang et al.,, 2023; Nikitovic et al., 2024). CPPs are generally
biocompatible, non-toxic, and easy to synthesize and modify, making
them valuable tools for drug delivery (Jafari et al., 2015; Bottens and
Yamada, 2022; Moreno-Vargas and Prada-Gracia, 2024). These short
peptides, typically rich in basic amino acids, are derived from proteins
capable of crossing biological barriers, such as the viral TAT protein
(Kalafatovic and Giralt, 2017; Brooks et al., 2005). Although the precise
mechanism of CPP uptake remains under debate, it primarily involves
the endocytic pathway, (Jiao et al., 2009; Ruseska and Zimmer, 2020)
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where the cargo is often trapped in endosomes (Walrant et al., 2017).
This can result in degradation within lysosomes, reducing the efficiency
of delivering therapeutic agents to their intended intracellular targets
(Liu et al., 2024; Cleal et al., 2013; Mi et al., 2020; Dinca et al., 2016).
Amphipathic peptides that effectively cross biological membranes can
promote lipid membrane reorganizing processes which involve tempo-
rary destabilization and reorganization of the membrane (Hazrati and
Vacha, 2024; Del Genio et al., 2022). These peptides can help overcome
endosomal entrapment by either facilitating the escape of the cargo from
endosomes or enabling its direct translocation across the plasma mem-
brane into the cytosol (Dowaidar, 2024; Sahni et al., 2020).

A key advancement in understanding the role of amphipathic pep-
tides is exemplified by the peptide gH-625 developed and widely studied
by us (Galdiero et al., 2010). The peptide gH625, featured by the
sequence HGLASTLTRWAHYNALIRAF, (Galdiero et al., 2010) has a
membrane-disrupting domain containing crucial residues essential to
interact and destabilize lipid membranes. gH625 is rich in hydrophobic
amino acids such as glycine, leucine, alanine, and aromatic residues like
tryptophan and tyrosine, which are typically positioned at the mem-
brane interface (Galdiero et al., 2010). The peptide’s interaction with
lipids begins with its C-terminal arginine residue, in fact mutating this
arginine significantly reduces its fusogenic activity. Biophysical studies
on gH-625 have shown that it interacts with model membranes, pene-
trates the bilayer from its N-terminal side, and embeds its tryptophan
residue within the membrane. It adopts a helical structure, with hy-
drophobic and aromatic residues aligned on one side of the helix and
polar or charged residues on the other (Galdiero et al., 2012). Addi-
tionally, studies on peptides of varying lengths derived from gH-625
have revealed that their activity is influenced by both their sequence
and length. Notably, the presence of a histidine residue at the N-termi-
nus of the native gH625 sequence significantly boosts its fusion activity.
This histidine facilitates the initial interaction with the membrane and
promotes oligomerization (Galdiero et al.,, 2010). In its
three-dimensional structure, both tryptophan and tyrosine are located
on the same side of the helix, forming an amphiphilic structure (Galdiero
et al., 2012). These residues play a crucial role in maintaining stability
during membrane interaction. gH625 can deeply penetrate the lipid
bilayer as an a-helix without causing major disturbances to the mem-
brane, which may account for its ability to perform multiple functions.
Its cellular uptake is linked to its hydrophobic and amphipathic prop-
erties, allowing it to interact with membrane lipids and form a transient
helical structure that temporarily alters membrane organization, facili-
tating its insertion and translocation. Additionally, gH625 can traverse
the blood-brain barrier (BBB), suggesting its potential as a nanocarrier
for drug delivery to the central nervous system (Valiante et al., 2015;
Barra et al., 2022).

This delivery ability of the peptide gH625 has been exploited by us
for the construction of nanosystems able to deliver different cargos in-
side neuron cells or cancer cells (Valiante et al., 2015). In these studies,
the nanosystems were decorated with gH625 on their surface and
intracellular localization studies revealed their presence in cytosolic and
perinuclear regions (Bellavita et al., 2024).

Although its remarkable characteristics, the peptide gH625 suffers
from low proteolytic stability. Actually, various approaches, including
cyclization strategies and substitution of L-amino acids with their p-en-
antiomers, are employed to address this issue (Pei et al., 2022; Li and
Roller, 2002; Bellavita et al., 2023; Kremsmayr et al., 2022). Although p-
and r-amino acids share similar physicochemical properties, their bio-
logical roles differ significantly (Lai et al., 2024). Replacing r-amino
acids with p-amino acids can enhance resistance to enzymatic degra-
dation, resulting in longer gastrointestinal, plasma, and intracellular
half-lives (Zhao et al., 2016; Feng and Xu, 2016). These modifications
could help protect the CPPs and extend their functional lifespan (Lucana
et al., 2021; Al Musaimi et al., 2022; Yan et al., 2020).

In light of these considerations, herein, we measured the stability of
gH625 in the presence of the enzyme chymotrypsin, and we designed
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and synthesized four gH625-analogues replacing r-amino acids involved
in the cleavage site with their p-form. The effect on the delivery func-
tionality of gH625 by p-amino acid replacement was explored by
monitoring the internalization of novel derivatives in human keratino-
cytes and investigating their mechanism of action by biophysical char-
acterizations. The biophysical studies were performed using eukaryotic
model system as liposomes and the fusogenic activity, the peptide
insertion inside the lipid bilayer, and leakage activity were measured.
We also studied the effect of the p-amino acid replacement on the sec-
ondary structure performing circular dichroism both in solution and in
liposomes mimicking eukaryotic membrane and nuclear magnetic
resonance studies.

To evaluate the safety profile of gH625-analogues for drug delivery,
their in vitro toxicity was tested on human keratinocytes (HaCaT),
melanoma (A375), and colorectal cancer (RKO) cell lines. Given the
limitations of in vitro models, (Lutolf et al., 2024) an in ovo toxicity test
was also conducted using the chicken embryo model to assess gH625
and its most promising derivative, gH-combi.

Our results showed the possibility to use a more stable gH625
analogue for functionalizing nanomaterials and achieving drug delivery
in theranostic applications of various human diseases.

2. Materials and methods
2.1. Materials

The N*-Fmoc-protected conventional amino acids, Fmoc-His(Trt),
Fmoc-Gly, Fmoc-Leu, Fmoc-Ala, Fmoc-Ser(tBu), Fmoc-Thr(tBu), Fmoc-
Arg(Pbf), Fmoc-Trp(Boc), Fmoc-Tyr(tBu), Fmoc-Asn(Trt), Fmoc-Ile,
and Fmoc-Phe were acquired from GL Biochem Ltd. (Shanghai,
China). Fmoc-p-Leu, Fmoc-p-Tyr(tBu), Fmoc-b-Trp(Boc), Fmoc-rink
amide resin, N,N-diisopropylethylamine (DIEA), piperidine, and tri-
fluoroacetic acid (TFA) were purchased from Iris-Biotech GMBH. Oxyma
pure, N,N'-Diisopropylcarbodiimide (DIC), 1-[Bis(dimethylamino)
methylene] —1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexa-
fluorophosphate (HATU), triisopropylsilane (TIS), Rhodamine B, acryl-
amide, 8-Aminonaphtalene-1,3,6-trisulfonic acid, disodium salt (ANTS),
p-xylene-bis-pyridinium bromide (DPX), and human serum were ac-
quired from Merck (Italy). Peptide synthesis solvents, N,N-dime-
thylformamide (DMF), diethyl ether (Et;0), water, and acetonitrile
(MeCN) for HPLC, were of reagent grade acquired from commercial
sources (Merck and VWR) and used without further purification.

Phospholipids: Phosphatidylcholine (PC), Cholesterol (Chol),
Rhodamine and 12-(N-methyl-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl))
(NBD)-phosphatidylethanolamine (Rho-PE and NBD-PE, respectively),
were purchased from Avanti Polar Lipids (Birmingham, AL).

Cell cultures human epidermal keratinocytes (HaCat), melanoma
(A375) and colorectal cancer (RKO) were acquired from American Type
Culture Collection (ATCC) (Manassas, VA, USA).

Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine Serum
(FBS), 1-Glutamine, Penicillin-Streptomycin and Phosphate-Buffered
Saline (PBS) were obtained from Gibco™ (Grand Island, NE, USA). 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and
Propidium Iodide (PI) were purchased from Merck KGaA (Darmstadt,
Germany).

Deuterium oxide (D20) of 99.9 % isotopic purity was purchased from
Sigma Aldrich (Milan, Italy). Dodecylphosphorylcholine-dsg (DPC-d3g)
of 98 % isotopic purity was purchased from Merck Life Science S.r.l.
(Milan, Italy). Sodium-3-(trimethylsilyl) propionate 2,2,3,3-d4 (TSP)
was from Cambridge Isotope Laboratories (CIL), Inc. (Andover, MA,
USA).

2.2. Peptide synthesis

All peptides were synthesized by embracing the solid-phase synthesis
along with Fmoc/tBu strategy (Barra et al., 2022). The resin Fmoc-Rink
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amide (loading 0.67 mmol/g) was used as solid support. After the Fmoc
deprotection from the resin by two treatments with a solution of 20 %
piperidine for 10 min, the first amino acid Fmoc-Phe (2 equiv) was
coupled performing two cycles: 1st coupling with DIC (2 equiv), Oxyma
pure (2 equiv) in DMF for 25 min; 2nd coupling with HATU (2 equiv),
DIPEA (4 equiv) in DMF, for 25 min (Barra et al., 2022). After the
synthesis of the entire sequence, each peptide was cleaved from the resin
simultaneously with the protecting groups on side chain amino acids by
treating the resin with the strong acid solution TFA:TIS:H,0 (95:2.5:2.5,
v/v/v) for 3 h at room temperature (Gesualdo et al., 2021).

Regarding Rhodamine labeled-peptides, before cleaving them from
the resin, the Fmoc group from N-terminus was removed in basic con-
ditions and then Rhodamin B (3 equiv) was added using HBTU (3 equiv),
HOBLt (3 equiv), DIPEA (6 equiv), in DMF, at overnight.

After the cleavage, each crude peptide was dissolved in MeCN 0.1 %
TFA (10 %) and H2O (0.1 % TFA), and purified by preparative high-
performance liquid chromatography (HPLC) using Phenomenex
Kinetex C18 column (5 pm, 100 .IO\, 150 x 21.2 mm) and linear gradients
of MeCN (0.1 % TFA) in water (0.1 % TFA), from 10 to 90 % over 35 min,
with a flow rate of 15 mL/min and UV detection at 220 nm. Their
identity was confirmed by Electrospray Ionization Mass Spectrometry
(ESI-MS) analysis and their pure profile was checked by analytical HPLC
(Jasco LC-4000) (Figures S1-S10).

2.3. Peptide stability under chymotrypsin activity

The proteolytic stability of all gH-derived peptides was investigated
incubating them with the enzyme chymotrypsin at the concentration of
0.01 pM (Vreeke et al., 2023). The peptide was dissolved in TRIS-HCl
(100 mM, pH 7.8) buffer at the concentration of 200 pM and was
incubated with the enzyme for 15, 30, and 60 min. At each time point,
an aliquot of 50 pL was collected and the enzyme activity was quenched
adding H,0 0.2 % TFA. The proteolytic stability of gH625 and gH-combi
was further investigated in the presence of 50 % human serum at
different time intervals (15, 30, 60, 120, and 180 min) (Bellavita et al.,
2023). An aliquot (50 pL) of the mixture was taken and MeCN was added
to precipitate serum proteins; then, the mixture was cooled to 4 °C and
centrifuged for 15 min (13,000 g rpm).

The proteolytic cut was analysed by HPLC using a Jupiter 4 u Proteo
column, 90 /?\, 150 x 4.6 mm) with a flow rate of 1 mL/min using a
gradient of MeCN (0.1 % TFA) in water (0.1 % TFA) from 10 to 90 %
over 20 min, and UV detection at 220 and 254 nm. The percentages were
determined by integrating the chromatographic peak areas obtained
from HPLC analysis and extrapolating the corresponding values using
the calibration curve specific to each peptide. The peptide fragments
derived from the cut of the peptide gH625 by chymotrypsin was iden-
tified by performing the ESI-MS analysis.

2.4. Cell cultures and treatments with gH625 and its analogues

Cell studies were carried out on HaCaT (human epidermal kerati-
nocytes), A375 (melanoma) and RKO (colorectal cancer) were cultured
as previously described (Lavecchia et al., 2013). Briefly, cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 10 % fetal bovine serum (FBS), 2 mM r-glutamine and 50
U/mL penicillin-streptomycin, under a humidified atmosphere of 5 %
CO, at 37 °C. Treatments of cells were performed replacing the culture
medium with those containing gH625 or its analogues at final concen-
tration of 5 pM for cell uptake and from 1.25 to 40 pM for cytotoxicity
assay.

2.5. Fluorescence microscopy
HaCaT cells were plated on coverslips at a density of 2 x 10% cells per

well in 12-well plates and incubated with Rhodamine B-loaded peptides
(5 uM). 2 h later, cells were analysed as previously described (Pecoraro
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et al., 2019). Briefly, cells were fixed with 3.7 % paraformaldehyde for
15 min. After washing, coverslips were mounted with PBS 1X-Glicerol
(1:1) and stained with Hoechst nuclear staining to visualize the nuclei.
Images have been acquired by using the Zeiss Cell Observer system
composed by a motorized inverted microscope (Axiovert 200 M) and a
digital camera (Axiocam H/R).

2.6. Cell uptake

The uptake of peptides in HaCat cells was evaluated on Rhodamine-
loaded peptides (5 puM) by measuring the concentration of the
fluorescent probe Rhodamine as previously described (Conte et al.,
2023). Briefly, cells (1.5 x 10* cells per well in 24-well plates) were
collected and analysed by fluorimetry on a Cary Eclipse fluorescence
spectrophotometer (Varian). Each peptide at 5 yM was added and
incubated for 2 h to monitor the cellular internalization. A calibration
curve of each Rhodamine B-labeled peptide in the medium was built at
the concentration of 5 uM. Excitation and emission wavelengths were
546 and 568 nm, respectively. Statistical comparisons were made as
previously shown (De Filippis et al., 2014).

2.7. Structural studies

The secondary structure of all peptides was studied by Circular Di-
chroism (CD) spectroscopy. The structural studies were performed in
solution and in liposomes mimicking eukaryotic membranes. Each
peptide was dissolved in water at 50 pM and CD spectrum was recorded
from 195 to 260 nm using a Jasco J-1500 CD Spectrometer with a quartz
cell (0.1 cm) at room temperature. Each spectrum was obtained by
averaging three scans and converting the signal to molar ellipticity. In
membrane environment, SUVs at the concentration of 100 pM was
prepared as described above and the peptide was added at the ratio
peptide/lipide of 1 and 1.5. CD spectra were recorded from 190 to 260
nm with a quartz cell 0.1 cm and converting the signal to molar
ellipticity.

2.8. NMR spectroscopy

An appropriate amount of peptide was dissolved in 0.600 mL H,O/
D20 90/10 (v/v) for a peptide concentration of 0.5 mM to carry out the
NMR analysis in pure water. Then, increasing volumes (uL) of a stock
DPC-d3g solution (1.0 M in H,0/D20 90/10 v/v, pH 6) were added until
no modification was observed on the one-dimensional spectra. The NMR
analysis in micellar environments was performed at DPC/peptide molar
ratio R of 100, corresponding to DPC concentrations of 50 mM and
peptide concentration of 0.5 mM. NMR spectra were recorded on Bruker
600 and 700 MHz Spectrometers, located at the Department of Phar-
macy — University “Federico II” of Naples, and equipped with a z-
gradient 5 mm triple-resonance cryoprobe. One-dimensional proton
(1D) and two-dimensional homonuclear (2D) NMR spectra were recor-
ded at a temperature of 298 K. The spectra were calibrated relative to
TSP (0.00 ppm) as an internal standard. 2D TOCSY (mixing times 70
ms), and NOESY (mixing times 300 ms) spectra were recorded in the
phase-sensitive mode using the method from States, using 4096 data
points in t2 and 512 equidistant t1 values. The water resonance was
suppressed by use of gradients. 1D NMR spectra were analysed by
MESTRENOVA 6.0 software (Mestrelab Research, S.L, Santiago de
Compostela, Spain) and 2D NMR spectra by CARA program ((htt
p://cara.nmr.ch/doku.php/home). Proton resonances were sequen-
tially assigned by following the Wuthrich standard method (Wuthrich,
1986). The molecular models were visually analyzed by PyMOL soft-
ware Molecular Graphics System, Version 2.0 Schrodinger, LLC (DeLano
(2002) http://www.pymol.org).
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2.9. Lipid mixing and leakage assays

Lipid mixing experiment was performed by exploiting the resonance
energy transfer assay using the NBD Rho as donor and acceptor probes,
respectively (Struck et al., 1981). We prepared LUVs made of PC:Chol
1:1 at the concentration of 0.16 mM and LUVs made of PC:Chol with 0.6
% mol of NBD-PE and 0.6 % mol of Rho-PE at the concentration of 0.04
mM. For the evaluation of membrane mixing, unlabelled and labelled
LUVs were mixed at a 4:1 ratio to have final lipid concentration of 0.1
mM (Galdiero et al., 2008). In the experiment, each peptide was added
to LUVs at increasing concentrations in according to lipide/peptide ratio
of 0.01, 0.02, 0.03, 0.05, 0.1. The lipid mixing was evaluated by
recording the NBD emission at 530 nm and Rho emission at 590 nm
followed with the NBD excitation wavelength set at 465 nm. The per-
centage of fusion after each peptide addition was calculated as a func-
tion of 100 % value corresponding to complete mixing of all lipids upon
the addition of Triton X-100 (0.05 % v/v). The percentage fusion was
calculated as:

[F530/F590]peptide — [F530/F590]blank
[F530/F590|triton — [F530,/F590]blank

x 100

where F530 and F590 are the fluorescence intensities at 530 nm and 590
nm calculated in the absence and in the presence of the peptide and
Triton X-100.

In addition, lipid mixing of the inner monolayer was measured by a
modification of the phospholipid-mixing measurement (Cummings and
Vanderlick, 2007). LUVs made of PC:Chol (0.04 mM) with 0.6 % mol of
NBD-PE and 0.6 % mol of Rho-PE were prepared and treated with so-
dium dithionite dequenching NBD-labeled phospholipid located at the
outer monolayer of the membrane (Falanga et al., 2011). Sodium
dithionite was dissolved in buffer TRIS 1 M pH 10, added to LUVs at the
concentration of 100 mM and incubated for 1 h on ice in the dark. The
excess of sodium dithionite was removed by performing size exclusion
chromatography through a Sephadex G-75 filtration column using as
eluent the buffer 10 mM TRIS, 100 mM NacCl, and 1 mM EDTA, pH 7.4.
Then, labelled LUVs were mixed with unlabelled and LUVs at a 1:4 ratio
at final lipid concentration of 0.1 mM. The inner monolayer fusion was
evaluated recording NBD emission at 530 nm after addition of
increasing peptide concentrations to LUVs in according to lipide/pep-
tide ratio of 0.01, 0.02, 0.03, 0.05, 0.1. The percentage of inner mono-
layer fusion was calculated as described above.

Regarding the peptide ability to induce the leakage liposomes, we
performed the ANTS/DPX leakage assay by preparing LUVs with
encapsulated ANTS and DPX (Aguilera et al., 2021; Wimley, 2015). The
lipid film was prepared as described above and before the lyophilization
ANTS (12.5 mM) and DPX (45 mM) dissolved in water were added
(Bellavita et al., 2023). After the lyophilization, the lipid-probes film
hydrated with PBS 1 x buffer, vortexed for 1 h and treated to obtain
LUVs as described previously. Then, LUVs were treated to remove the
excess of probes performing the gel filtration using a Sephadex G-50
column (1.5 cm x 10 cm). The liposome leakage was evaluated treating
LUVs with increasing concentrations of each peptide (1, 3, 5, 10, 15, 20,
30, and 50 pM) and spectra were recorded exciting ANTS at 385 nm (slit
width, 5 nm) and measuring ANTS fluorescence emission at 512 nm (slit
width, 5 nm). The data were normalized in according to the complete
ANTS release obtaining treating LUVs with 0.1 % Triton X which causes
the total liposome leakage. The percentage of leakage was calculated as
% leakage = (Fi—F()/(FFo), where Fy represents the fluorescence of
intact LUVs before the addition of peptide, while F; and F; denote the
intensities of the fluorescence achieved after peptide and Triton-X
treatment, respectively.

2.10. Membrane integrity assay

HacCaT cells were seeded in 24-well plates and cultured for 24 h prior
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to treatment with 5 uM of gH625 and gH-combi. Subsequently, PI (4 pg/
ml) was added to the cells, which were incubated for 30 min at 37 °C
while protected from light. After incubation, the cells were examined
using a fluorescence microscope to assess membrane integrity based on
PI fluorescence uptake.

2.11. Tryptophan quenching in solution and large unilamellar vesicles
(LUVs)

The insertion of each peptide was studied in buffer and in large
unilamellar vesicles (LUVs) performing the quenching of tryptophan
(Trp) located in position 10 using the quencher acrylamide at different
concentrations (Mukherjee et al., 2024; Strambini and Gonnelli, 2010).
In HEPES buffer, each peptide at the concentration of 10 pM was
quenched with increasing concentrations of acrylamide from 0.02 M to
0.22 M. For the quenching in membrane environment, LUVs composed
of phosphatidylcholine (PC) and cholesterol (Chol) at the ratio 1:1 was
used to mimic eukaryotic membrane. LUVs were prepared according to
extrusion method as reported elsewhere (Bellavita et al., 2023). Firstly,
the stock solutions of phospholipids were prepared by dissolving them in
chloroform and then the right amount was taken from each solution for
the formation of lipid film PC:Chol 1:1 at the final concentration of 250
uM. The lipid film was hydrated with HEPES buffer, vortexed for 1 h at
room temperature, and then was freeze-thawed 6 times and extruded 10
times through polycarbonate membranes with 0.1 pm diameter pores to
obtain LUVs. For monitoring the Trp insertion in LUVs, each peptide at
the concentration of 10 pM was incubated with liposomes and the
acrylamide was added at the concentrations ranging from 0.02 M to 0.22
M to quench Trp fluorescence. Each Trp spectrum was recorded setting
the fluorescence excitation at 295 nm. The data in solution and in LUVs
were analysed with the Stern-Volmer equation, Fo/F = 1+Ksv[Q], where
Fo and F indicate the fluorescence intensities in the absence and the
presence of the quencher (Q), respectively; while Ksv is the
Stern-Volmer quenching constant, which is correlated to the accessi-
bility of Trp residue to acrylamide.

The quenching experiment was also performed with the phospho-
lipids labelled with bromo probe that is a Trp quencher (Bolen and
Holloway, 1990). LUVs were prepared containing 25 % of phospholipids
bearing bromo in different positions; specifically we used 1-palmitoyl-2—
(4,5-dibromo)s-tearoyl-sn-glycero-3-phosphocholine (4,5 Br-PC) and
1-palmitoyl-2—-(11,12-dibromo)stearoyl-sn-glycero-3-phosphocholine
(11,12 Br-PC). After the preparation of LUVs composed of PC:PC-Br:Chol
(ratio 0.25:0.25:0.5), each peptide was incubated with LUVs and the Trp
spectrum was recorded.

2.12. Chymotrypsin proteolytic cut by fluorescence assay

The insertion of Trp was further monitored in the presence of the
enzyme chymotrypsin both in buffer and small unilamellar vesicles
(SUVs) made of PC:Chol 1:1. The chymotrypsin has high affinity for
hydrophobic amino acids and when it cuts the bound involving Trp
residue induces an increase of Trp fluorescence (Ma et al., 2005). The
experiment was performed dissolving the peptide at 5 pM in buffer
(TRIS-HCI 100 mM pH 7.3) and then was incubated with chymotrypsin
(1 pM). The fluorescence intensity was recorded with Aex 295 nm and Aep,
355 nm within 15 min corresponding to the Trp fluorescence (Galdiero
et al., 2010). Each Trp spectrum was recorded in solution and upon the
addition of the enzyme. The same experiment was performed in SUVs
using a ratio lipide/peptide of 3000. SUVs were prepared hydrating the
lipid film with the TRIS-HCI buffer, vortexed for 1 h, freeze-thawed 6
times and sonicated for 40 min. The peptide at 5 pM was incubated with
SUVs for 10 min and then was incubated with chymotrypsin. The Trp
fluorescence intensity was recorded with Aex 295 nm and Aep, 355 nm
within 15 min.
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2.13. Cytotoxicity assay

Cells were seeded onto 96-well plates (1 x 10* cells/well) and
incubated with all peptides (from 1.25 to 40 uM) for 24 h. Then, cell
viability was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) as previously reported
(Virgilio et al., 2021). The absorbance was measured at 570 nm using a
microplate reader (Biotek Synergy H1 Hybrid multiplate reader). Then,
cell viability was calculated respect to control cells and expressed as
percentage.

2.14. In ovo toxicity test

Fertilized chicken eggs were obtained from a commercial certificated
hatchery, stored in a refrigerator (10 °C) for 1-3 days and then incu-
bated as previously (Brignola et al., 2024). The first day of incubation
was considered as egg development day (EDD) zero (EDDO). On EDD3,
eggs were stored vertically 30 min before sample injection. Sterilized 1
mL syringe with needle was used to create a hole through the eggshell
and to inject 100 uL of the sample into albumen. Eggs were randomly
allocated into four groups (n = 15 eggs per group). The first and second
groups were treated with gH625 and gH-combi, respectively. The third
group received toluene as positive control, and the fourth group was
negative control, which receive 100 uL of vehicle (sterile H,O Milli-Q).
To avoid contamination, all injections were performed in a clean room
and all the equipment were sterilized. The injection site was sealed with
sterile surgical adhesive tape and the eggs were returned into the
hatchery. Chicken embryo viability and development were assessed on
EDDS8, 12 and 16. To isolate liver and heart on EDD16, each embryo was
decanted from the cut shell and transferred to a clean Petri dish breast
side up. Then, the embryo was washed several times with PBS and
transferred to another fresh Petri dish containing PBS. The embryo was
dissected by cutting through the sternum, and the internal organs were
subsequently removed.

3. Results and discussions
3.1. Peptide design and synthesis

Deep biophysical and biological studies focused on the mechanism of
action demonstrated the strong capability of gH-625 to interact and
diffuse across the cell membrane not causing leakage through pore
formation, but mainly using a translocation mechanism which induces a
temporary and local membrane destabilization and consequent reorga-
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enzyme chymotrypsin to identify the main cleavage sites and to design
its enhanced version.

Firstly, the peptide gH625 was incubated with the enzyme chymo-
trypsin (0.01 pM) at different time points including 0, 15, 30 and 60 min.
As we expected, the peptide was rapidly recognized by chymotrypsin, in
fact, we detected ~50 % and ~10 % of the intact peptide after 15 and 30
min, respectively. Thus, to design an enhanced version of gH625, the
most abundant degraded products were identified by performing high
performance liquid chromatography (HPLC) and electrospray ionization
mass spectrometry (ESI-MS) analysis. Since the enzyme chymotrypsin
has a large preference towards aromatic and hydrophobic amino acids,
(Vreeke et al., 2023) tryptophan (W), leucine (L), and tyrosine (Y) could
be major residues involved in the cleavage of gH625. Indeed, through an
analysis of the most abundant fragments a;-as reported in the Fig. 1
(also see supporting information, Figure S11), we recognized three main
cleavage sites involving specifically the peptide bound between: i) L’
and T8 i) W'® and A'Y; iii) Y'® and N'4.

Aiming to extend the protection to chymotrypsin, r-hydrophobic
amino acids involved in the peptide hydrolysis were replaced with their
p-enantiomeric form because the p-form presents different side-chain
orientation and less affinity toward the enzyme. This strategy could
enhance outstanding resistance to proteolytic degradation modifying
peptide backbone but not causing a reduction of peptide efficiency and
affinity. Thus, in our design, we replaced the residues L7, W'° and Y'3
with their p-enantiomeric form synthesizing three gH-625 analogues,
gH-w10, gH-17, and gH-y13, reported in Table 1. In addition, we also
synthesized the combination form of gH-625 in which three residues L7,
W% and Y'3 were simultaneously replaced with their p-enantiomers
obtaining the peptide gH-combi.

All peptides were synthesized using the solid-phase peptide synthesis
combined with Fmoc/tBu strategy. The resin Rink amide was used to
achieve the C-amidated peptide. A basic solution of 20 % piperidine in
DMF was used for Fmoc deprotection, while coupling reactions were
carried out by two different cycles: 1st cycle with DIC (2 equiv), Oxyma
pure (2 equiv) in DMF; 2nd cycle with HATU (2 equiv), DIPEA (4 equiv)
in DMF. After the complete synthesis and the cleavage, each peptide was
purified by HPLC, and identity was confirmed by ESI-MS analysis. All
the purified peptides were obtained with good yields (approximatively
40 %).

Table 1
Peptide sequence of gH-625 analogues designed and synthesized
in this study.

nization (Galdiero et al., 2010; Falanga et al., 2011). Despite the peptide Peptide Sequence
gH625 represents a high promise in intracellular delivery and is able to gH625 HGLASTLTRWAHYNALIRAF
cross the cell membrane in a short time, (Valiante et al., 2015; Bellavita gH-dl7 HGLASTITRWAHYNALIRAF
et al., 2024) it is easily recognized and degraded by proteases for its gH-dw10 HGLASTLTRWAHYNALIRAF
chemical nature causing a reduction of its intracellular half-live. Hence, gH-dy13 HGLASTLTRWAHyNALIRAF
. . . . L . gH-combi HGLASTITRWAHYNALIRAF
to overcome this main obstacle without influencing its cell-penetrating
capacity, we studied the proteolytic cut of gH625 in presence of the
Fragment Sequence Mass found
a, =
HGLASTLTRW|AHY [NALIRAF 3 HakaRTERY | ek e
3 [M+2H")/2=571.7
a NALIRAF M+H*]=B03.6
HGLASTL/TRWAHYNALIRAF : [,E,,ﬂHqu e
a.
: a, HGLASTL [M+H*]=698.5
GLASTLTRWIAHYNALIRAF ) T BTTRY T
* [M+2H]/2= 515.3
ASTLTRW|AHYNALIRAF % T [M+H1-833.5
3 [M+2H*]/2= 417.5

Fig. 1. The fragmentation of the peptide gH-625 by the enzyme chymotrypsin and the peptide fragments identified by ESI-MS analysis.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-viability
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-viability

R. Bellavita et al.

A) = gHB25
gH-w10
é 100+ | gH-I7
o
2 gH-y13
z 75+ I H bi
g : gH-combi
£ i
w S50+ X
[=]
o
o
£ 254
@
o 5
& '
o u T T T T T 1
20 40 60 80 100 120

Time (min)

European Journal of Pharmaceutical Sciences 212 (2025) 107204
) gHB25

100+ gH-combi

.,,

T
ot
o=

Percentage of intact peptide
N [5:]
T T

T L] T T

20 40 60 80 100 120
Time (min)

o

Fig. 2. Panel A: The percentage of the intact peptide after the incubation with chymotrypsin (0.01 uM) at 15, 30, 60, and 120 min. Panel B: The percentage of the
intact peptide after the incubation with human serum (50 %) at 15, 30, 60, and 120 min. The percentages were determined by integrating the chromatographic peak
areas obtained from HPLC analysis. Data represent the mean + SD of three independent experiments.

3.2. Peptide stability

The stability of each peptide was measured in the presence of the
chymotrypsin (0.01 uM) at 37 °C and at different time points (0, 15, 30,
60, and 120 min). The percentage of the intact peptide was calculated by
integrating the peak area of the chromatogram from the HPLC analysis.

As observed in Fig. 2, the peptides gH-17, gH-w10, and gH-y13 have a
similar trend to the native peptide gH625, while the combination
version gH-combi successfully showed an increase of the resistance to-
ward the chymotrypsin. In fact, the peptides gH-w10, gH-17, and gH-y13
were fully degraded after 60 min of the incubation, detecting just ~50 %
of the intact form already after 15 min. In contrast, the combination
form including three p-amino acids induced an improved resistance to
the proteolytic cut because the peptide gH-combi was still present (~50
%) after 120 min.

Therefore, the incorporation of amino acids p-Leu, p-Trp, and p-Tyr
allowed to achieve an enhanced version of gH-625, but since our aim
was to make gH625 more stable without losing its delivery capability,
the influence of this chemical approach on its functionality was evalu-
ated in vitro through the cellular internalization into living cells and
several biophysical studies.

Additionally, we evaluated the stability of the peptide gH-combi in
50 % human serum, using the reference peptide gH625 for comparison.
Both peptides were incubated with serum for 15, 30, 60, and 120 min. At
each time point, an aliquot of the mixture was collected, and proteins
were precipitated using MeCN. As shown in Fig. 2 (panel B), gH625
underwent significant degradation over time, with only ~30 % of the
peptide remaining after 120 min. In contrast, gH-combi retained ~58 %
of its intact form at the same time point. These findings support the
effectiveness of our rational design strategy, demonstrating that the p-
amino acid incorporation can significantly enhance the serum stability
of the native peptide.

3.3. Internalization of gH625 and its analogues in HaCaT cell line

The impact of chemical modifications on the cell-penetrating ability
of gH625 was investigated by evaluating the cellular uptake of its novel
analogues using fluorescence microscopy. Each peptide was conjugated
at the N-terminus with Rhodamine (Rho) as a fluorescent marker. The
internalization of Rho-labeled peptides (5 uM) was assessed after 2 h of
incubation with HaCaT cells at 37 °C. As shown in Fig. 3 (panel A), all
peptides successfully entered the cells and localized to the cytoplasm,
although their internalization efficiencies varied markedly. To quanti-
tatively evaluate cellular uptake, spectrofluorometric analysis was per-
formed. The results, shown in Fig. 3 (panel B), confirmed the microscopy
observations and revealed varying internalization rates among the
peptides. Specifically, the peptide gH-combi exhibited the highest up-
take, with nearly 90 % internalization, while gH-y13 demonstrated 75 %

internalization, similar to the native gH625 peptide. In contrast, gH-17
and gH-w10 peptides displayed reduced cellular penetration relative
to gH625.

3.4. Effect of p-amino acids incorporation on the conformation

The functionality of the peptide gH625, including its fusogenic ac-
tivity and membrane crossing, depend on its structural conformation as
demonstrated in our previous works (Galdiero et al., 2012). Specifically,
gH625 adopts a random structure in solution, while forms a a-helical
structure with an amphiphilic character in membrane-mimicking
micellar environment. This helix conformation typical of fusion pep-
tides is extremely crucial because it favors their insertion into the
membrane and translocation. The impact of p-amino acid incorporation
on the secondary structure was evaluated in water and using small
unilamellar vesicles (SUVs) made of phosphatidylcholine (PC) and
cholesterol (Chol) at the molar ratio 1:1. CD spectra reported in Fig. 4,
were recorded at different peptide/lipid (P/L) ratios of 1 and 1.5.

All the peptides in solution adopted a typical random coil structure
with a minimum close to 200 nm, except for the peptide gH-combi that
presents two minimum at 200 nm and 228 nm. Regarding the peptide
conformation in the membrane environment (PC:Chol, 1:1), the pep-
tides gH-w10 and gH-17 showed a random conformation even at the
highest ratio P/L of 1.5, while gH625 and gH-y13 adopted the helical
conformation in the presence of SUVs at the highest ratio P/L of 1.5.
Instead, in the presence of SUVs, gH-combi changes its conformation
and shows a shift of the minimum at 200 towards higher wavelengths
and the presence of a non-canonical minimum at 228 nm, which is more
intense compared to the spectrum in water. Our hypothesis is that the
minimum at 228 is likely correlated to the presence of the two aromatic
p-amino acids (w10 and y13) that when located in the same peptide may
be involved in n-stacking interactions determining an atypical band and
favoring the helical rearrangement especially in SUVs.

3.5. NMR analysis of gH-combi in aqueous and micellar environments

The conformation of the 20-residue gH-combi peptide was analysed
via NMR both in water, where it is perfectly soluble, and in micelle
environment by Dodecyl-phosphorylcholine (DPC). In pure water, the
peptide is mainly unstructured, a diagnosis obtained both based on
modest chemical shift deviations of the o CH protons from the random
coil values (see cyan bars in Fig. 5) and for the absence of patterns of
NOE effects expected in case of stable secondary structures (Wishart
et al., 1991).

The ability of gH-combi to interact with micelles made up of DPC was
probed via NMR in two ways: i) dissolving the peptide in a 50 mM DPC
solution, ii) adding increasing quantities of stock micellar solution 1.0 M
to the peptide in water, up to a DPC monomer/peptide ratio of 60. As
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Fig. 3. Internalization of gH625 and its derivatives in HaCaT cells. (A) Representative fluorescent microscopy images of HaCat cells after 2 h of incubation with 5 uM
of each peptide. The merged channels of Rhodamine-labeled peptides (red) and Hoechst-counterstained nuclei (blue) are reported. Bar size: 20 uM. (B) Spectro-
fluorimetric analysis of HaCat cell uptake after exposure to gH625 and its derivatives. Bars represent the mean of triplicate experiments; error bars represent the

standard deviation. * p < 0.05; ** p < 0.01.

reported in Fig. 6, the spectra acquired at different ratios showed both a
progressive line broadening and chemical shifts variation for numerous
resonances. Both phenomena confirm, independently of each other, that
gH-combi interacts with micelles. The broadening of the lines is in fact
associated with an increase in the transversal relaxation rates of the
protons (R2) which in turn are almost proportional to the molecular
mass and the tumbling time. The translation of the peptide from the free
form to that adherent to the micelles involves a change in the molecular
tumbling times which is reflected in the reduction of R2 and in wider
lines. On the other hand, the chemical shift changes that are observed as
R ratio increases indicate that the peptide changes its conformational
distribution, a phenomenon that occurs thanks to the change in the
surrounding environment, from that of the solution to that of the surface
and/or micellar interior.

The best condition for the structural characterization of the peptide
in the presence of micelles was identified in the system with gH-combi
peptide in a micellar environment 50 mM DPC/water. In such an envi-
ronment, gH-combi adopts a distribution of conformations among which

ordered structures can be identified. Spectral analysis allows the
assignment of only one family of structures among the others. For this
family, the negative aCH deviations from random coil values < —0.1
ppm (orange bars Fig. 5) point to a helical arrangement.>? This struc-
tural diagnosis is consistent with the NOE effects observed in the NOESY
spectrum. It is to note that some backbone aCH protons, particularly
those belonging to the central region of peptide (from p-Leu’ to Asn'*)
show very poor intensities, suggesting that this region could be in deep
interaction with the micelles.

These effects make challenging to obtain a three-dimensional model
of the entire peptide. To identify structural details that justify the
different behaviour of gH-combi compared to the parent peptide gH625,
we started from the NMR structure of the latter (pdb code 2lqy)
(Galdiero et al., 2012). The gH625 sequence, containing all L-residues,
adopts a globally helical structure (Fig. 7, panel A). The gH-combi model
was obtained from the 2lqy structure by inverting the chirality of the
Leu’, Trp'?, and Tyr!® residues without modifying the helical arrange-
ment (Fig. 7, panel B). As can be seen from the comparison of the two
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Fig. 4. CD spectra of gH625 and its derivatives in solution (A) and in liposomes at the peptide/lipid ratio of 0.5, 1, and 1.5 (B, C, D, E, F).
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Fig. 7. Cartoon representation of A) first PDB structure of gH625 (PDB code 2lqy (Kalafatovic and Giralt, 2017)) and B) gH-combi model obtained from 2lqy by
inverting the chirality of 17, w10 and y13 residues (indicated with the arrow). Side- chains are shown as sticks coloured by amino acid type: gray, hydrophobic; blue,

basic; yellow, polar. Visual representation by using Pymol.

models in Fig. 7, the p-chirality of the two residues, w'° and y'3, in
gH-combi isoorientate their aromatic side chains, making possible
stacking interactions. This arrangement is not present in gH625. In
addition, the interposition of His'? results in the formation of a cluster of
isooriented aromatic side chains that along with stacking interactions
between w'® and y'® may be responsible for the CD spectrum with the
non-canonical minimum at 228 nm recorded in water and in the pres-
ence of SUVs. So, the region 10-13 may constitute a locus for peptide
entry into the micelle/cell membrane.

3.6. Peptides induce lipid mixing

Previously, we demonstrated the peptide gH625 induced a signifi-
cant membrane fusion resulting in a reduction in the fluorescence en-
ergy transfer efficiency between fluorophores 12-(N-methyl-N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD) and Rhodamine (Rho) bound to
liposomes. To investigate the impact of the replacement of r-with p-
isomers on the fusogenic activity, we used a population of LUVs (PC:
Chol, 1:1) labelled with -NBD and -Rho used as acceptor and donor of
fluorescence energy transfer, and then mixed with a population of
unlabelled LUVs (PC:Chol, 1:1). The fusogenic activity of all peptides
was calculated recording the dequenching of the donor fluorescence

after the peptide addition at increasing concentrations. Here, we studied
the ability of all peptides to induce complete fusion of vesicles at
different peptide/lipide (P/L) ratios.

As observed in Fig. 8 (panel A), all peptides induced the membrane
fusion with a different trend at a lipide/peptide ratio ranging from 0.02
to 0.1. When the three cleavage sites of gH625 were replaced by their p-
isomers, we did not observe differences in fusogenic activity; in fact,
gH625 and gH-combi showed similar membrane fusion determining the
complete membrane fusion (100 %) at the highest P/L ratio of 0.1.
Interestingly, when we just replaced W'® with p-form, the fusogenic
activity increased significantly already at low P/L ratios, in fact, the
peptide gH-w10 induced an effective lipid mixing (80 %) already at
lowest P/L ratio of 0.01. Instead, the replacement of L” and Y'3 caused a
slight reduction in the fusogenic activity at low P/L ratio in comparison
to gH625, but both induced complete lipid mixing (100 %) at the highest
P/L ratio of 0.1.

In addition, we also investigated the ability of peptides to induce
hemifusion of LUVs (PC:Chol) using the inner monolayer assay (Fig. 8,
panel B). In this experiment, to measure the lipid mixing between the
inner monolayers of vesicles in solution, the fluorescence from the LUVs’
outer monolayer is eliminated by the addition of the reducing agent
sodium dithionite. The peptides gH625 and gH-combi showed a low
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Fig. 8. Panel A reports the percentage of fusion ability of gH-625 and its derivatives using PC/Chol (1:1) LUVs. Panel B reports the percentage of inner monolayer
fusion using PC/Chol (1:1) LUVs. Panels C-H: Membrane integrity assay of HaCaT cells following treatment with gH625 (D-G) or gH-combi (E-H) in comparison with
the control (CTR, C and F). Representative microscopy images of HaCaT cells after 2 h of incubation with 5 uM of each peptide. Bright field: BF; Propidium iodide: PI.

Bar size: 50 uM.

fusion of the inner monolayer reaching ~25 % of lipid mixing at the
highest P/L of 0.1. Similarly to the fusion assay, the peptide gH-w10
showed high capacity to induce the inner monolayer fusion already at
a low P/L ratio, determining ~50 % of inner monolayer fusion at the
lowest P/L ratio of 0.01. Regarding the peptides gH-17 and gH-y13, they
both induced the inner monolayer fusion but with different trends
compared with their behaviour in the fusion assay. Indeed, while the
peptide gH-y13 induced a low inner monolayer fusion reaching ~35 %
at the highest P/L ratio of 0.1, the peptide gH-17 caused higher hemi-
fusion ~55 % at the same P/L ratio.

In addition, to support further our hypothesis that peptides are able
to diffuse inside lipidic vesicles as observed in lipid mixing assays and
without involving pore formation, we performed the leakage assay using
LUVs (PC:Chol) with encapsulated ANTS and DPX probes. In this
experiment, if the peptides induce a bilayer perturbation through a pore
formation, we should observe a release of ANTS and DPX from vesicles
recording the increase of ANTS fluorescence. Interestingly, we did not
observe liposome leakage (data not shown) because after the addition of
each peptide ANTS was not released from LUVs even at highest P/L ratio
of 0.5.

To further confirm the absence of pore formation, we performed a
membrane integrity assay on HaCaT cells using propidium iodide (PI)
staining. PI is a dye that cannot penetrate intact cell membranes and
therefore serves as an indicator of membrane damage by fluorescing
upon entry into compromised cells. For this assay, cells were treated
with 5 uM of either gH-combi or the reference peptide gH625 for 2 h. As
shown in Fig. 8 (panels C-H), the membranes of the cells treated with
both peptides displayed normal, smooth membrane morphology and
showed no evidence of PI uptake, similar to untreated control cell. These
findings demonstrated that treatment with gH625 or gH-combi did not
compromise cell membrane integrity, indicating an absence of pore
formation.

3.7. Peptide insertion into lipid bilayer

The peptide insertion inside the membrane bilayer was measured

10

exploiting the intrinsic fluorescence of the Trp residue located in the
middle of the sequence. To evaluate the degree of Trp penetration in
LUVs made of PC:Chol, we quenched it performing a titration with
acrylamide at increasing concentrations from 0.02 M to 0.22 M. The
acrylamide quencher is soluble in water and is not able to insert into the
hydrophobic lipid bilayer; hence, more deeply a Trp is inserted, the less
it is reached and quenched by acrylamide. The same experiment was
also performed in water where the Trp is totally accessible to
acrylamide.

As observed in Fig. 9, the Trp fluorescence of each peptide in water
was completely quenched by acrylamide after addition of increasing
concentrations from 0.02 M to 0.22 M, observing thus a reduction of the
fluorescence emission of Trp at each concentration.

In contrast, the Trp is partially accessible to quenching by acrylamide
in the presence of LUVs. After the incubation with LUVs, the quantum
yield of Trp of all peptides is lower than that recorded in water due to the
change in local environment upon interaction between peptide and lipid
bilayer. Interestingly, for the peptides gH625 and gH-w10, in addition to
reduction of the quantum yield, a blue shift of maximal spectral position
toward shorter wavelength of 360 nm was also observed (Fig. 10, panels
A and C), showing that both peptides are capable to penetrate in lipid
bilayer.

To obtain a more quantitative evaluation of the peptide localization
inside the lipid bilayer, Fig. 11 reports the titration adding acrylamide
from 0.02 M to 0.22 M. The extent of Trp fluorescence decrease in the
presence of the quencher, was much less evident than in water, revealing
that the indole moiety is only partially accessible being instead inserted
inside the LUVs (Fig. 11).

The accessibility of the indole to acrylamide in water and in LUVs
was quantitatively evaluated by calculating Stern-Volmer constants
(Ksy) obtained from linear regression of quenching data (Fig. 12). The
value of Ky is determined by the amount of not buried peptide as well as
the fraction of the buried peptide inside the lipid bilayer. As reported in
the Table 2, the values for K, in LUVs were lower than in solution for all
peptides except for the derivative gH-w10. Indeed, while for all peptides
the Trp was significantly inserted in the bilayer and completely
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Fig. 9. Tryptophan fluorescence spectra for each peptide recorded in water at increasing concentrations of acrylamide from 0.02 M to 0.22 M.

accessible when in water, gH-w10 has similar Kg, (~10) values in both
conditions, indicating that the peptide is only slightly inserted into the
lipid bilayer and likely is already partially aggregated in aqueous
solution.

In addition, the degree of penetration of peptides into LUVs was
further investigated by recording the quenching of the Trp fluorescence
by the bromo probes bound to the lipid chains of the membrane. We
prepared LUVs containing two different phospholipids (25 % PC-Br in
composition) with bromo quencher in: i) the positions 4,5 where the
probe is located at the LUVs interface, ii) the positions 11,12 where the
bromo is deeply buried into the lipid core. As observed in Fig. 13, the
largest Trp quenching was measured in the presence of 11,12-Br LUVs
for all peptides except for the peptide gH-w10. Indeed, the Trp fluo-
rescence of the gH-w10 was significantly quenched in the presence of
4,5-Br LUVs because the Trp is not located into the lipid core as also
demonstrated by the value of the constant Ksv. These results indicated
that the indole moiety of gH625 and its derivatives gH-17, gH-y13, and
gH-combi is buried into the lipid bilayer, while the indole of gH-w10 is
located at the interface between the lipid bilayer and the aqueous so-
lution. In addition, these findings are in line with the intracellular ability
of gH625 and its derivatives studied in living cells. In fact, gH-w10
displayed a reduced capacity to penetrate the cells likely because it es-
tablishes weaker interactions with phospholipids and lower insertion
into lipid bilayer. On the contrary, the peptide gH-combi showed a
strong interaction and insertion inside the lipid core that justified its
significant ability to cross the cell membrane.
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3.8. Proteolytic cut by chymotrypsin after membrane binding

To confirm the peptide insertion in the membrane, we performed the
proteolytic cut by chymotrypsin after the incubation with small uni-
lamellar vesicles (SUVs) made of PC:Chol. Chymotrypsin cleaves selec-
tively peptide bonds formed by hydrophobic amino acids; if the Trp is
buried in the lipid core, it is not exposed and accessible to the enzyme,
hence its fluorescence does not change significantly. We recorded the
changes in the quantum yield of Trp for each peptide before and after
incubation with the enzyme both in buffer and in SUVs. As showed in
Fig. 14, being the Trp completely exposed in buffer, it is easily recog-
nized by the enzyme causing a large enhancement of the Trp fluores-
cence for all peptides except for gH-w10. In fact, we observed only a
small increase of fluorescence after treatment with the enzyme; this is
likely due to the fact that the Trp is partially buried also in aqueous
solution by the formation of aggregates as also confirmed by the Kg,
values.

In contrast, when the Trp is buried inside the lipid bilayer, it is not
recognized and cut by the chymotrypsin, and we did not measure a
significant increase of Trp fluorescence (Fig. 15). Firstly, each peptide
was incubated with SUVs and the decrease of the Trp emission is caused
by the peptide binding with liposomes, as already showed by our pre-
vious studies. When we added the enzyme to the peptide-lipid complex,
we recorded a slight increase of Trp fluorescence, but it indicated that
the peptide is protected against enzymatic digestion and the enzyme is
not able to cleave its substrate. When prepared in LUVs also the Trp of
gH-w10, although located towards the surface of the bilayer (as
demonstrated by the Br experiments), is inaccessible to the enzyme.
These results confirmed strong binding between peptide and
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Fig. 10. Tryptophan fluorescence spectra for each peptide at the concentration of 10 uM recorded in water and after the incubation with LUVs made of PC:Chol.

phospholipid membranes and their insertion inside the lipid core or at
the interface as observed in the previous experiments.

3.9. Cytotoxic activity of gH625 and its analogues on normal and cancer
cells

The 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to assess the cytotoxic activity of native peptide
gH-625 and its four analogues in both normal HaCaT cells and A375 and
RKO cancer cells. To this aim, cells were incubated with a wide range of
peptide concentrations (from 1.25 to 40 pM) and tested for 24 h. The
findings presented in Fig. 16 clearly show that none of the tested pep-
tides significantly affected the viability of either cancerous or normal
cells (Valiante et al., 2015). These results are consistent with our earlier
research showing that gH-625 did not cause toxicity on SH-SY5Y and
U-87 MG cancer cell lines (Valiante et al., 2015).

3.10. Safety profile of gH625 and gH-combi in the chicken embryo model

The chicken embryo model is a valuable method for assessing the
safety profile of drug delivery systems, (Butler et al., 2022) providing an
efficient alternative to traditional animal models in accordance with the
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3R principles (Replacement, Reduction, and Refinement) (Buhr et al.,
2020). To evaluate the potential toxicity of gH-625 and its most prom-
ising derivative, gH-combi, we performed an in ovo toxicity test (Fig. 17)
(Adlia et al., 2018). The experimental solutions were injected in ovo into
the albumen at the onset of embryogenesis, allowing for potential
translocation throughout the entire organism (Sawosz et al., 2014).
Specifically, fertilized eggs were divided into four groups on embryonic
development day 3 (EDD3): the first and second groups received 5 uM of
gH625 and gH-combi, respectively; the third group was injected with
toluene as a positive control, and the fourth group received the vehicle
as a negative control. The data presented in Fig. 17 indicate that the
development of the chicken embryos was unaffected by either the native
peptide or its derivative. Notably, all embryos injected with gH625 and
gH-combi were viable and exhibited no significant developmental ab-
normalities at EDD8, EDD12, or EDD16, compared to control eggs, in
accordance with the Hamburger and Hamilton stages (Hamburger and
Hamilton, 1951). Furthermore, no differences were observed in the body
weight or the weight of selected organs (liver and heart) in the chicken
embryos on EDD16 after in ovo treatment with both peptides (Table 3).
These findings strongly support the safety profile of the native peptide
gH625 and its derivative gH-combi in an in vivo system.
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Fig. 11. Tryptophan fluorescence spectra for each peptide recorded in LUVs (PC:Chol) at increasing concentrations of acrylamide from 0.02 M to 0.22 M.
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Fig. 12. Panels A-E report data analysed in buffer (purple line) and in LUVs (orange line) with the Stern-Volmer equation, Fo/F = 1 + K,,[Q], where Fy and F
represent the fluorescence intensities in the absence and the presence of the quencher (Q), respectively.

Table 2
Stern-Volmer (Ks,) quenching constants of peptides both in water
and LUVs.
Peptide K,y constant value (in water)
gH625 14.2 £ 0.6
gH-17 12.7 +£ 0.6
gH-w10 115+ 0.7
gH-y13 14.8 £ 0.6
gH-combi 16.4 £ 0.6
Peptide K,y constant value (in LUVs)
gH625 48403
gH-17 6.6 + 0.4
gH-w10 10.0 £ 0.4
gH-y13 6.7+0.3
gH-combi 6.9 £ 0.5

4. Discussions

The peptide gH625 can interact with and cross cell membranes
without causing leakage or pore formation, relying on temporary and
local membrane destabilization. However, its susceptibility to proteases
like chymotrypsin reduces its intracellular half-life. To address this, we
replaced amino acids involved in the peptide’s degradation (L7, W10,
and Y13) with their p-enantiomers, which are less prone to enzymatic
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cleavage. Here, we reported a series of experiments aimed at demon-
strating the stability and functionality of gH625 analogues without
compromising the cell-penetrating ability. Furthermore, we provide the
results of studies characterizing the biosafety profiles of these gH625
analogues, both in vitro and in vivo.

The stability of the analogues in the presence of chymotrypsin was
measured over time. Interestingly, the peptides with only one p-enan-
tiomeric substitution (gH-17, gH-w10, gH-y13) showed similar degra-
dation patterns to gH-625, indicating that all the positions were equally
prone to degradation. However, the gH-combi analogue demonstrated
improved resistance to degradation, with ~50 % of the intact peptide
remaining after 120 min of incubation, compared to 15 min for the
others. Interestingly, in the internalization assay, the gH-combi peptide
showed the highest internalization efficiency (nearly 90 %), while gH-
y13 exhibited a similar internalization rate to the native peptide gH-
625. gH-17 and gH-w10 showed lower internalization rates, with gH-
w10 being the least efficient. At this point we wanted to analyse the
effect of the p-enantiomers on the secondary structure and mechanism of
interactions with model membranes to better unravel the differences in
cellular uptake.

The structural conformation of the peptides was studied in water and
in membrane-mimicking environments (SUVs). In water, most peptides
adopted a random coil structure, except for gH-combi, which showed
also a non-canonical peak at 228 nm although being mainly random as
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Fig. 13. Tryptophan fluorescence spectra for each peptide recorded in LUVs (PC:Chol) bearing the probes 4,5-Br-PC and 11,12-Br-PC.
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Fig. 14. The fluorescence emission of each peptide with excitation set at 355 nm in buffer before and after the proteolytic cut by chymotrypsin.
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Fig. 16. Cytotoxic activity of gH625 and its derivatives. HaCat, A375 and RKO cells were treated with a wide range of peptides (from 1.25 to 40 uM). After 24 h, cell
viability was assessed by the MTT assay. Bars represent the mean of triplicate experiments; error bars represent the standard deviation.
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EDD16

Fig. 17. In ovo toxicity test of gH625 and its analogue gH-combi. Fertilized chicken eggs were incubated in a rotating incubator at 37.8 °C and 50 % relative
humidity. The first day of incubation was designated as embryonic development day (EDD) zero (EDDO). On EDD3, eggs were injected with 5 uM of gH625 or gH-
combi. Toluene injection was used as a positive control, and the vehicle was injected into the negative control group. Images of the chicken embryos were captured

on EDD8, EDD12, and EDD16.

Table 3

Weight of the embryo body and selected organs, evaluated according to the
Hamburger-Hamilton development stages (HH), and mortality of chicken em-
bryos at EDD16 after in ovo injection with gH625 and gH-combi®.

Indices Groups ANOVA
Control gH625 gH-combi SEM p-value

Body weight * 15.9 135 16.5 0.856 ns

Liver 0.642 0.547 0.503 0.041 ns

Heart 0.119 0.127 0.103 0.007 ns

HH correct correct correct - -

Mortality % 6 0 6 - -

" Embryos weighed without the yolk sac; ns = non-significant, p < 0.05.
# Organ weights (absolute weights) and body weights are given in grams.

also confirmed by NMR. In the presence of SUVs, gH-625 and gH-y13
adopted helical conformations, whereas gH-w10 and gH-17 maintained
random coil structures. Interestingly, the CD spectrum in SUVs of gH-
combi shows again a minimum at 228 nm. Furthermore, in micellar
environments, NMR showed that gH-combi adopts mainly helical con-
formations; we believe that this conformational change is crucial for the
membrane interaction and insertion as for its parent peptide gH-625.
Specifically, NMR data, as chemical shift variations and line
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broadening upon increasing DPC additions, testify the ability of gH-
combi to interact with micelles. While chemical shift deviations indi-
cate the stabilization of a helical structure, the line broadening produces
a NOE pattern that is not suitable for obtaining three-dimensional
structures. The gH-combi model obtained from the 2lqy structure by
inverting the chirality of the residues of Leu7, Trpl0 and Tyrl3 shows
that, unlike the native peptide gH-625, it has a cluster of isooriented
aromatic side chains, formed by w10, His12 and y13. The NMR data
together with the CD spectra likely support the hypothesis of the for-
mation of a n stacking interaction which produces the non-canonical
band at the CD and represents a good site for peptide penetration into
the cell micelle/membrane. This structural feature may account for the
better penetration properties of gH-combi compared to gH-625 that
lacks the aromatic cluster.

The mechanism of action of all derivatives was explored using
different biophysical techniques. The fusogenic activity of the peptides
was assessed using LUVs made of PC:Chol (1:1) to mimic eukaryotic
membranes. All peptides induced lipid mixing, but gH-w10 was partic-
ularly effective at lower peptide concentrations, while gH-combi
exhibited similar activity to gH-625. The peptides did not induce sig-
nificant hemifusion, except for gH-w10, which showed higher activity in
the inner monolayer fusion assay. This is in line also with the results of
the fluorescence quenching assays, evaluating the insertion of peptides



R. Bellavita et al.

into lipid bilayers. gH-625 and gH-combi inserted deeply into the lipid
bilayer, as indicated by reduced accessibility to acrylamide, whereas gH-
w10 showed less insertion. Interestingly, gH-w10 also showed a low
accessibility of the Trp in aqueous solution, indicating that it is likely
already partially aggregated in water. When we performed the accessi-
bility of Trp to chymotrypsin in water and in LUVs these results were
confirmed, indicating that the Trp is available to the enzyme in water for
all the analogues except gH-w10; while it is not accessible when the
analogues are inserted in LUVs.

The biosafety profile of gH-625 analogues was assessed by testing the
cytotoxicity of the peptides in both normal HaCaT cells and cancer cell
lines (A375, RKO). The results, which showed no significant toxic effects
at any of the concentrations tested, suggest that the peptides may have a
favorable safety profile in terms of cell viability. To further validate
these findings, we used the chicken embryo model, which has become a
valuable preclinical system bridging the gap between in vitro and in vivo
mammalian models (Sarnella et al., 2024). For this experiment, we
selected gH-625 and its most promising derivative, gH-combi. Our re-
sults demonstrated that both peptides were non-toxic, as evidenced by
the high survival rate of the embryos. The in ovo administration of both
peptides did not affect embryo development or the weight of the body,
heart, and liver. These findings strongly support the safety profiles of
gH-625 and gH-combi, not only in cellular models but also in a living
organism.

5. Conclusions

This comprehensive study demonstrates the design of analogues with
enhanced stability and cell-penetrating capability, without compro-
mising safety. The findings highlight the potential of gH625 and of gH-
combi for intracellular delivery applications, particularly in drug de-
livery or gene therapy. The p-amino acids modification strategy suc-
cessfully improved gH-625 resistance to proteases, while preserving its
membrane-crossing ability, making gH-combi the most promising
candidate.
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