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Introduction: The design of delivery tools that efficiently transport drugs into cells remains a major challenge in drug development
for most pathological conditions. Triple-negative breast cancer (TNBC) is a very aggressive subtype of breast cancer with poor
prognosis and limited effective therapeutic options.

Purpose: In TNBC treatment, chemotherapy remains the milestone, and doxorubicin (Dox) represents the first-line systemic
treatment; however, its non-selective distribution causes a cascade of side effects. To address these problems, we developed
a delivery platform based on the self-assembly of amphiphilic peptides carrying several moieties on their surfaces, aimed at targeting,
enhancing penetration, and therapy.

Methods: Through a single-step self-assembly process, we used amphiphilic peptides to obtain nanofibers decorated on their surfaces
with the selected moieties. The surface of the nanofiber was decorated with a cell-penetrating peptide (gH625), an EGFR-targeting
peptide (P22), and Dox bound to the cleavage sequence selectively recognized and cleaved by MMP-9 to obtain on-demand drug
release. Detailed physicochemical and cellular analyses were performed.

Results: The obtained nanofiber (NF-Dox) had a length of 250 nm and a diameter of 10 nm, and it was stable under dilution, ionic
strength, and different pH environments. The biological results showed that the presence of gH625 favored the complete internaliza-
tion of NF-Dox after 1h in MDA-MB 231 cells, mainly through a translocation mechanism. Interestingly, we observed the absence of
toxicity of the carrier (NF) on both healthy cells such as HaCaT and TNBC cancer lines, while a similar antiproliferative effect was
observed on TNBC cells after the treatment with the free-Dox at 50 uM and NF-Dox carrying 7.5 pM of Dox.

Discussion: We envision that this platform is extremely versatile and can be used to efficiently carry and deliver diverse moieties. The
knowledge acquired from this study will provide important guidelines for applications in basic research and biomedicine.
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Introduction

Advances in nanotechnology reveal its massive power in the development of delivery platforms considered formidable
instruments for the storage and transport of drugs in the treatment of many pathologies.'” Depending on their size,
morphology and chemical properties, nanoplatforms provide an extensive and versatile portfolio of biological roles,
including targeting specificity, controlled drug release, administration of a reduced amount of the drug, ability to cross
a range of biological barriers, as well as a reduction or bypassing of drug resistance phenomenon and reduction of
systemic toxicity.”* The development of nanocarriers loaded with a combination of drugs and other moieties promotes

a timely and spatially controlled co-delivery of specific amounts of different bioactive compounds, aimed to activate
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synergistic effects via different pathways thereby increasing their individual efficacy and enhancing drug diffusion and
accumulation.*> In recent years, peptide-based nano-assemblies have shown various advantageous facets in drug
delivery, such as tunable design, biocompatibility, bifunctionalities, easy synthesis, possibility to exploit on demand
strategies and low toxicity compared to other non-biological materials as they are hydrolyzed into amino acids in the
body and utilized by surrounding tissues.*’ Self-assembly is a relatively simple phenomenon in which peptides
spontaneously arrange and form structurally distinct and stabilized nanostructures via intermolecular non-covalent
interactions including hydrophobic contacts, hydrogen bonding, n—=n stacking, metal-ligand complexation, and van der
Waals forces.® ' According to their chemical structures, the balance among the components themselves, the impact of
environmental parameters such as ionic strength, pH, temperature, and assembling rate, they may assume various
morphologies with defined dimensions, such as nanospheres, nanofibers, nanoribbons, and nanotubes.'*!?

When compared to the monomeric peptides, these self-assembled nanosystems show completely different therapeutic
properties and generally overcome stability limitations associated with monomeric peptides to greatly expand their biomedical
utility. Furthermore, the shape of the nanoplatforms obtained from the peptide assembly is a key determinant of in vivo fate.'*
Stupp et al previously showed that filament-like nanomaterials effectively localized to the arterial endothelium in vivo, while
spherical constructs of similar size did not,'> which clearly indicates the importance of nanoparticle morphology. Non-spherical
nanoparticles also have a higher surface area for multi-functionalization. Furthermore, self-assembly sequences may be tailored
with other functionalities, making it relatively easy to tune their activity by simply changing the number and/or nature of the
different moieties on the surface without modifying the self-assembled nanostructure. Furthermore, filament-like nanomaterials
present a higher ability to penetrate cells exploiting the small diameter of the fiber, which clearly allows enhanced internalization.
The drawback of these systems is that usually they are more difficult to synthesize and characterize.'®
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The use of peptide amphiphiles (PAs) is an interesting approach for enabling self-assembly into highly ordered nanostruc-
tures. The conjugation of hydrophilic amino acid sequences to a lipophilic moiety or the arrangement of amino acids in a peptide
sequence so as to have hydrophobic and hydrophilic domains, guides the construction of PAs.'” As long as they are made from
natural amino acids, the main benefit of PAs is that they are biocompatible and biodegradable. The hydrophobic-to-hydrophilic
ratio of the peptide controls the self-aggregation behavior of PAs, which is also significantly influenced by small changes in the
structure, leading to drastic changes in the size and properties of the self-assembled structures. Thus, manipulating the structures
of these amphiphilic molecules allows the control of the process by which they aggregate and produce materials with tunable
properties. The morphology and physicochemical properties of self-assembled structures must be systematically investigated
after each change in structure. Nonetheless, the versatility of these platforms paves the way for easy modulation of properties to
straightforwardly address different pathologies with particular attention to cancer.'®

In this context, cancer embodies a pathological condition that could benefit from the therapeutic use of selected drug delivery
platforms.'® ' Breast cancer (BC) is the most malignant cancer diagnosed in women, and its incidence rates worldwide are
gradually increasing.*>** BC is classified into various subtypes, including luminal A, luminal B, human epidermal growth factor
receptor 2 (HER2)-enriched, and triple-negative breast cancer (TNBC), mostly occurring in premenopausal young women.***>
TNBC phenotypes are typically very invasive and endowed with high metastatic potential, sub-grouped by molecular hetero-
geneity into subtypes with distinct outcomes and drug sensitivities. They share a dysregulated expression of the human epidermal
receptor (HER) family members involved in cell growth and proliferation. While HER?2 is deficient, HER1 (EGFR) is frequently
overexpressed and associated with poor clinical outcomes; however, the diagnostic and prognostic significance of this biomarker
is yet to be understood.?**” Thus, TNBC represents the hardest clinical challenge because the absence of therapeutic targets makes
it difficult to develop effective treatments.”® > At present, the therapeutic options are mainly restricted to surgical resection
supplemented with radiotherapy and conventional chemotherapy (ie anthracyclines and taxane), although these latter are highly
toxic with consequent severe off-target toxicity.”>>' Unfortunately, as a result of repeated treatments with chemotherapeutics,
there is a high likelihood of de novo and/or acquired resistance and the development of therapy-resistant metastases in vital organs,
resulting in a high mortality rate.

Exploring the molecular mechanisms of TNBC, valuable therapeutic targets have been recently identified that could contribute
to the diagnosis or reinforce the effectiveness of standard TNBC treatments.**>> Although novel therapeutic treatments are under
evaluation, chemotherapy remains the milestone of TNBC. The anthracycline doxorubicin (Dox), in combination with a taxane
(ie, paclitaxel and docetaxel), represents the first-line systemic treatment for TNBC,** but its non-selective distribution causes
a cascade of side effects, including cardiotoxicity, hepatotoxicity, and nephrotoxicity. Thus, to bypass its toxicity, several Dox
delivery approaches have been used, such as a liposomal formulation that showed lower cardiotoxicity and similar anticancer
efficacy compared to free-Dox.>

In this framework, we developed a self-assembled peptide platform for achieving targeted and controlled release of Dox in
TNBC cells. Our approach is based on PA technology, inspired by the peptide amphiphile designs of Stupp®® and Tirrell*’” which
spontaneously form supramolecular nanofibers upon immersion in aqueous solutions. Considering that hydrophobic interactions
are the predominant driving force in this bottom-up strategy, we designed PAs that can self-assemble in aqueous solutions with the
key advantage that diverse functionalities can be directly incorporated into the peptide sequence and located on the surface of the
fiber, as long as the effects of the moieties on self-assembly behavior are considered. Thus, we designed a structurally defined
nano-assembly made purely of peptides and a hydrocarbon chain (C19) that is tailored to efficiently and selectively enter cells and
deliver Dox to TNBC. In our design, the nanoplatform was composed of two structural peptides, characterized by the presence of
an amino acid sequence of aliphatic residues containing a lipidic tail (C19) and charged amino acid residues implicated in peptide
assembly. In addition, the surface of the nano-assembly was functionalized with gH625, a well-known sequence with tissue-
penetrating capabilities through the promotion of temporary lipid membrane-reorganizing processes, which was developed and
extensively explored for use in drug delivery by our group.*® *' The surface of the nano-assembly was further decorated with the
targeting sequence YHWYGYTPENVI (P22), which is able to recognize the overexpressed epidermal growth factor receptor
(EGFR).* Regarding the drug, Dox is covalently bound to the fiber surface through an on-demand strategy that allows for drug
release at the target site. The on-demand strategy used herein exploits the presence of overexpressed matrix metalloproteinase 9
(MMP-9) at the tumor site, introducing an MMP-9 specific cleavage sequence between Dox and the fiber. Indeed, it has been
proven that TNBC cells produce large amounts of matrix metalloproteinases (MMPs), including MMP-9, as regulators of the
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tumor microenvironment and are specifically required for cancer development, progression, invasion, and metastasis formation.**
Changing the internalization pathway, thanks to gH625, and the release of the drug, thanks to the on-demand strategy, may also
represent a key approach to overcome Dox resistance.**

Herein, we describe the preparation of the nanoplatform and its physicochemical characterization in terms of size,
morphology, and surface charge. In addition, studies of nanoplatform uptake by TNBC cancer cells, related cytotoxicity,
and release of Dox in the presence of active MMP-9 were analyzed. To the best of our knowledge, the self-assembled
peptide nanovectors that have been developed may offer a means of achieving the desired personalized medicine for the

treatment of a number of pathologies.

Materials and Methods

Materials

N*“-Fmoc-protected amino acids Fmoc-Ala, Fmoc-Lys(Boc), Fmoc-Arg(Pbf), Fmoc-Gly, Fmoc-Asp(OfBu), Fmoc-Ser(:Bu),
Fmoc-His(Trt), Fmoc-Leu, Fmoc-Thr(sBu), Fmoc-Trp(Boc), Fmoc-Tyr(fBu), Fmoc-Asn(Trt), Fmoc-Ile, Fmoc-Phe, Fmoc-Cys
(Trt), Fmoc-Pro, Fmoc-Glu(OrBu), and Fmoc-Val were purchased from GL Biochem Ltd. (Shanghai, China). Rink amide
p-methylbenzhydrylamine (MBHA) resin, Fmoc-Lys(Mtt), piperidine, trifluoroacetic acid (TFA), N,N-diisopropylethylamine
(DIEA), pure oxyma, and 1-[bis (dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
(HATU). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), nonadecanoic acid (C19), N,N -diisopropylcarbodiimide (DIC), triisopro-
pylsilane (TIS), matrix metalloproteinase-9 (MMP-9), Nile Red, Thioflavin T, trypsin, chymotrypsin from bovine pancreas, 5(6)-
carboxyfluorescein, L-glutamine, penicillin (100 units/mL), and streptomycin (100 pg/mL) were purchased from Merck (Milan,
Italy). Doxorubicin (Doxo-EMCH) was purchased from D.B.A. Italia s.r.l. (Perugia, Italy).

Human breast adenocarcinoma cells MDA-MB-231 (Triple-Negative Breast Cancer, TNBC) were acquired from
ATCC (code: HTB-26TM). The human keratinocyte (HaCaT) cell lines were provided by Dr. Valeria Cicatiello of the
Italian National Research Council, Institute of Genetics and Biophysics, Naples, Italy and now, they are available in the
cellular bank of the BioChemLab at the Department of Pharmacy, University of Naples, Federico II, and were
authenticated by STR profile. DMEM was bought by Invitrogen (Paisley, UK), and fetal bovine serum FBS (10%)
was purchased from Cambrex (Verviers, Belgium).

Peptide Synthesis and Purification
All self-assembled peptides (P1-P6) reported in Table 1 were synthesized using ultrasonic-assisted solid-phase peptide
synthesis (US-SPPS) methodology.*’

For conjugation of the lipid tail, C19, Fmoc-Lys(Mtt)-OH was linked to the resin as the first amino acid for each self-
assembled peptide.* The peptide assembly was achieved by repeated cycles of Fmoc deprotection and coupling reactions. The
Fmoc group was removed by the treatment with a solution of 20% piperidine in DMF (2x5 min under ultrasound). The coupling
reactions were performed through two cycles: in the first cycle, a mixture of Fmoc-AA (2 equiv), DIC (2 equiv), Oxyma (2 equiv)
in DMF was added to the resin that was exposed to ultrasonic irradiation for 10 min, followed by the addition of Fmoc-AA (2
equiv), HATU (2 equiv), and DIPEA (4 equiv) in DMF for 10 min under ultrasound. At the end of synthesis, the lipid tail of C19

Table | Peptide Sequence of Self-Assembled Peptides PI-P6

Peptide Sequence

Pl GDDS-AAAAAA-K(CI9)

P2 GKRS-AAAAAA-K(CI9)

P3 HGLASTLTRWAHYNALIRAF-GKRS-AAAAAA-K(CI9)
P4 C-GKRS-AAAAAA-K(CI9)

P5 C(Dox)-PLGSYL-SSS-GKRS-AAAAAA-K(C19)

P6 YHWYGYTPENVI-GKRS-AAAAAA-K(CI9)
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was conjugated after Mtt deprotection from the lysine residue at C-terminus. The Mtt group was removed using an acid cocktail of
TFA:TIS:DCM (1:5:94, v:v:v) through repeated cycles (10 times) for 20 min. Mtt deprotection was monitored using the Kaiser
test, and acetylation tests were carried out on a small amount of resin. A shift in the retention time of the acetylated product,
observed through HPLC analysis, indicated complete deprotection of the Mtt group. Then, conjugation of nonadecanoic acid (2
equiv) was performed using HATU (2 equiv) and DIPEA (4 equiv) in NMP for 2h under conventional stirring. This coupling was
repeated a second time. After confirming C19 conjugation through HPLC and ESI-MS, each self-assembled peptide was released
from the resin, along with all protecting groups, by treatment with the acid cocktail TFA:TIS:H,O (95:2.5:2.5, v:v:v) for 3h under
stirring. The resin was filtered and the solution containing the peptide was precipitated twice with chilled diethyl ether (Et,O) and
centrifuged (6000 rpm) for 15 min. The crude peptide was lyophilized overnight and then dissolved in 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP) (10%) and H,O (0.1% TFA) to be purified by the preparative HPLC. The peptide purification was performed
on a Phenomenex Kinetex C18 column, 5 pum, 100 A, 150%21.2 mm) using 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.*” The pure profile of each peptide
was ascertained by the analytical HPLC (Jasco LC-NetII/ADC) by using Phenomenex Jupiter 4u Proteo column, 90A,
150%4.6 mm, and the identity was confirmed by Electrospray lonization Mass Spectrometry (ESI-MS) analysis (Figures S1—
S4 and Table S1).

Dox-EMCH Conjugation

Peptide P4 with a cysteine residue at the N-terminus was synthesized for Dox conjugation. The reaction between the free
thiol on the cysteine side chain and the maleimide moiety on Dox-EMCH was performed in solution as described
previously by Del Genio et al.*® Dox-EMCH (2 equiv), dissolved in water/DMF (1:1, v:v), was added dropwise at 25 pL/
min to the pure peptide P4 dissolved in PBS 1X (pH 7.4) under traditional stirring for 90 min at 25°C in the dark. DMF
was then removed in vacuo and the Dox-conjugated peptide PS5 was purified by dialysis with the membrane MWCO
Dal1000. The identity of P5 was confirmed by NMR spectroscopy as previously reported.*®

Fluorescein-Labelling of Peptide P2

Peptide P2 was labeled with 5(6)-carboxyfluorescein (Fam) at the N-terminus to perform microscopic experiments. After
obtaining peptide P2 and adding C19, as described above, Fam was attached at the N-terminus after deprotection of the
Fmoc group. Fam (2 equiv) was coupled with COMU (2 equiv), oxyma (2 equiv), and DIPEA (4 equiv) under stirring for
25 min.*® The Fam coupling was repeated twice. The solution was then discarded, and the resin was washed with DMF
(x3) and DCM (%3). Fam labeling was ascertained using HPLC and ESI-MS analyses. Finally, the peptide Fam-P2 was
cleaved from the resin and purified as described above.

Peptide Assembly by Fluorescence Based-Assays

Peptide assembly was studied in an aqueous solution by determining the critical aggregation concentration (CAC) of each self-
assembled peptide alone and in combination with each other. The CAC values were calculated using Nile Red (NR) as the
fluorophore.**° In this experiment, each self-assembled peptide was dissolved in HFIP at a concentration of 400 pM. To
determine the CAC value for each prepared nanofiber, peptides were co-assembled at a specific ratio for final nanofiber
concentrations of 0.8, 1, 5, 10, 15, 20, 30, 50, 100, 150, and 200 uM. HFIP was then removed under a nitrogen stream,
reconstituted with water (500 pL), sonicated for 15 min, and freeze-dried. For the measurements, each sample was hydrated with
a NR solution of NR 500 nM in H,O for 1 h. The NR spectrum was recorded at a fluorescence emission wavelength between 570
and 700 nm (slit width, 5 nm) and an excitation wavelength of 550 nm (slit width, 10 nm). When NR moves from water into
aggregates, it produces a hyper-hypsochromic effect consisting of a blue shift and an increase in the fluorescence intensity. For
CAC determination, the maximum emission fluorescence corresponding to the wavelength (y) was plotted as a function of peptide
concentration using the sigmoidal Boltzmann equation: y=A;~A,/1+e®(*+A,, where A, and A, correspond to the upper and
lower limits of the sigmoid, respectively. Instead, x, and Ax are the inflection point and steepness of the sigmoid function,
respectively. Nanofiber formation was studied using Thioflavin T (ThT) as a fluorescent dye. Nanofibers composed of P1+P2+P3
(50:45:5) and P1+P2+P3 with different percentages of P6 (1, 2.5, and 5%) were prepared at a final concentration of 100 uM. Then,
HFIP was removed and each nanofiber was reconstituted with water and freeze-dried. For the measurement, nanofibers were
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hydrated with PBS 1X (pH 7.4) for 1 h and then ThT was added at a concentration of 25 uM. Each ThT spectrum was recorded at
a fluorescence excitation wavelength of 450 nm (slit width, 10 nm) and fluorescence emission at 482 nm (slit width, 5 nm).

Structural Characterization by Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) images were acquired in the bright-field mode using a TEM TECNAI G2 20ST (Fei,
Hillsboro, OR, USA) operating at an accelerating voltage of 120 kV. For sample preparation, lyophilized fibers were dissolved in
Milli-Q water to a concentration of 30 uM and incubated at room temperature for 1 h. Five microliters of each sample were then
deposited onto carbon-coated copper grids (200 mesh) and allowed to dry at room temperature. All samples were then treated
twice with 5 pL of phosphotungstic acid (PTA) solution (2% w/v, pH 7) for negative staining. The staining solution was applied to
the grids and removed with filter paper after 2 min. The average length and diameter of the fibers were calculated from the TEM
images using the ImageJ software (National Institutes of Health, available free of charge at rsb.info.nih.gov/ij/).

Nanofibers Secondary Structure

The secondary structure of NF-Dox was explored by CD and FTIR spectroscopy. For the CD experiments, NF-Dox was prepared
at a concentration of 100 uM and hydrated with 2 mL water. The CD spectra were recorded from 195 to 260 nm using a Jasco
J-810 spectropolarimeter with a quartz cell (1.0 cm at room temperature. Each spectrum was obtained by averaging three scans
and converting the signal to molar ellipticity. A Nicolet iS50 Fourier Transform Infrared (FTIR) spectrometer (by Thermo
scientific) equipped with a macro-diamond-based Attenuated Total Reflection (ATR) module (smart itx-diamond by Thermo
scientific) and a DTGS KBr detector was used to collect the FTIR spectra of the sample powders. NF-Dox (final concentration of
100 uM) was hydrated in deionized water, 20 uL was deposited on a glass substrate, dried, and the deposition procedure was
repeated four times to obtain a good amount of the sample. The glass with the sample was in direct contact with the diamond plate
of the ATR module using a pressure tip. The background was acquired from a diamond plate in air on glass, without a sample. All
spectra were collected using 64 scans in the range 4000525 cm™ ' with a 0.482 cm ™' spectral resolution of 0.482 cm™ '. Each
sample was analyzed in triplicate and averaged. To determine the secondary structure of the samples, the amide I band was
analyzed.®' " In particular, the deconvolution of the FTIR spectra in the range of 1700—1600 cm™ ' was analyzed by fitting the data
with multiple Lorentzian peaks corresponding to the minima of the second derivative spectra. Second-derivative spectra were
obtained with the Savitzky-Golay derivative function algorithm on seven data points using an in-house software.

Nanofibers Stability by Circular Dichroism Spectroscopy
The stability of P1+P2+P3+P5+P6 (50:27.5:5:15:2.5) was explored under different environments, including dilution,
ionic strength, pH, and temperature using circular dichroism (CD) spectroscopy. Nanofibers were prepared at a final
concentration of 100 uM as described above. The stability under the dilution effect was evaluated at concentrations of 80,
60, 50, 40, and 30 uM. The effect of ionic strength on the nanofibers at a concentration of 60 uM was evaluated using
different concentrations of NaCl ranging from 1 to 5 mM. Similarly, the nanofiber stability under different pH
environments was investigated by adjusting the pH using acidic or basic solutions. In addition, to evaluate the stability
under the temperature effect, the melting point was determined through a CD experiment for NF-Dox (60 pM) performed
from 25°C and 40°C. The CD spectrum of NF-Dox was recorded at 25°C (t=0) and 40 °C (t=0 and t=1 h).

All the CD spectra were recorded from 195 to 260 nm using a Jasco J-810 spectropolarimeter with a quartz cell (1.0 cm) at
room temperature. Each spectrum was obtained by averaging three scans and converting the signal to molar ellipticity.

Nanofibers Stability Toward Trypsin and Chymotrypsin

The proteolytic stability of CPP gH625 and targeting peptide P22 placed on the nanofiber surface towards trypsin and
chymotrypsin was evaluated. Nanofibers P1+P2+P3 (50:15:35) and P1+P2+P3+P6 (50:30:5:15), prepared at a final concentration
of 400 uM, were hydrated with PBS 1X (pH 7.4) and TRIS-HCI (100 mM, pH 7.8) for trypsin and chymotrypsin, respectively.
The nanofibers were incubated with 250 pg trypsin or chymotrypsin (1uM) at 37 °C.>**> Aliquots of 100 L were collected at the
different time points of 1, 2, 3, 5, and 24 h, quenched with 0.2% TFA in H,0O, and diluted with HFIP. The proteolytic cut was
analyzed by HPLC analysis using a Jupiter 4u Proteo column, 90A, 150x4.6 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.
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Nanofibers Preparation for Biological Experiments

Individual self-assembled peptides P1-P3, P5, and P6 were dissolved in HFIP at a concentration of 300 uM.>® For
nanofiber preparation, self-assembled peptides were co-assembled at different molar ratios at a final concentration of 100
UM, and the organic solvent was removed under a nitrogen stream. The samples were reconstituted in water, sonicated
for 15 min in an ultrasonic bath, and freeze-dried overnight. The Lyophilized samples were stored at —20 °C until use.

Bioscreens in vitro

Human breast adenocarcinoma cells MDA-MB-231 were chosen as triple-negative tumor models expressing the EGFR
receptor. The human keratinocyte HaCaT cell line was used as the healthy control. Both cell lines were grown in DMEM
supplemented with L-glutamine (2 mM), fetal bovine serum FBS (10%), penicillin (100 units/mL), and streptomycin
(100 pg/mL) and cultured at 37 °C in a humidified 5% CO, atmosphere.

The cytotoxic activity of Doxorubicin (Dox), NF-Dox, NF (at different percentage of P6 peptide: 1, 2.5 and 5%), P1+P2, P1
+P2+P3, and P1+P2+P6 (at different percentage of P6 peptide: 1, 2.5 and 5%) was examined by the estimation of a “cell survival
index”. It comes from the combination of cell viability valuation (through MTT assay) with cell counting, as previously reported
by us.””*®* MDA-MB-231 and HaCaT cells were seeded in 96-well culture plates at a density of 10* cells/well. After 24 h of cell
growth, culture medium was replaced with fresh medium, and cells were treated for 48 and 72 h with a range of concentrations
(1—-50 uM) of Dox, NF-Dox, NF (at different percentages of P6 peptide: 1, 2.5, and 5%), P1+P2, P1+P2+P3, and P1+P2+P6 (at
different percentages of P6 peptide: 1, 2.5, and 5%). Cell viability was evaluated using the MTT assay. This procedure calculates
the level of mitochondrial dehydrogenase activity using yellow 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT, Sigma) as a substrate, which is converted into insoluble purple formazan. Briefly, after the treatment, the culture
medium was removed and the cells were incubated with 200 pL of fresh medium containing 10% of MTT solution (5 mg/mL) in
a humidified 5% CO, incubator at 37 °C. After 1 h of incubation, the MTT solution was removed and 100 puL/well of DMSO was
added to solubilize the obtained formazan. Absorbance was measured at 550 nm using a Bio-Rad microplate reader (iMark
microplate reader, Bio-Rad, Milan, Italy). Cell numbers were determined using a TC20 automated cell counter (Bio-Rad, Milan,
Italy), which provides a precise and reproducible total cell count and live/dead ratio in one step using a specific dye (trypan blue)
exclusion assay. The automated cell counter used slides loaded with a solution of cells and the trypan blue dye (1:1 ratio). Once the
loaded slide was inserted into the instrument, it automatically focused on the cells, revealed the presence of the trypan blue dye,
and finally provided a count. When cells are damaged or dead, trypan blue can enter the cell, allowing for the counting of living
cells. The results are expressed in terms of the total cell count (number of cells per mL). Moreover, the total counts and live/dead
ratios from random samples for each cell line were compared with those from manual hemocytometers in the control experiments.
In addition, cell survival index was measured in both MDA-MB-231 and HaCaT cells pretreated with or without MMP-9. In
particular, cells were pretreated or not with 40 nM of MMP9 activated enzyme for 24 h.> Subsequently, cells were incubated with
NF-Dox (2.5% of P6 peptide) at 50 uM for 72 h. Data were analyzed by using a curve fitting program, GraphPad Prism 8.0, and
are expressed as mean values = SEM (n = 24) of four separate experiments.

Cellular Uptake Kinetics and Endocytosis Inhibition of Dox, NF-Dox and P1+ P2 +P3 + Dox

by Fluorescent Microscopy

For cellular uptake kinetics experiments, MDA-MB-231 cells were seeded in 96-multiwell culture plates at a density of 10* cells/
well. After 24 h of growth, MDA-MB-231 cells were treated or not for 1 hat 37 °C with Dox (7.5 uM), P14+ P2 +P3 + Dox (50 uM,
i.e., 7.5 uM of Dox), and NF-Dox (at different percentages of P6 peptide: 1%, 2.5%, and 5%) (50 uM, i.e., 7.5 uM of Dox). After
incubation, the culture medium was removed, the cells were washed twice with PBS and fixed for ten minutes with 4%
paraformaldehyde (PFA, ice-cold). The cells were then washed with PBS and stained with DAPI. Moreover, Dox, NF-Dox
(2.5% of P6 peptide), and P1+ P2 +P3 + Dox cellular uptake was evaluated in HaCaT cells under the same experimental
conditions described above. In order to analyze the inhibition of endocytic pathways, we have used two different methods: i.e.
sodium azide incubation and 4 °C blocking. In particular, 40 uM sodium azide was added to the cell culture medium for 30 min,
followed by further 30 min of incubation with Dox at 7.5 uM, and NF-Dox (2.5% of P6 peptide), and P1+ P2 +P3 + Dox at 50 pM
(i.e., 7.5 uM of Dox). Moreover, low temperature experiments were carried out by incubating MDA-MB-231 cells with Dox at 7.5
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uM, NF-Dox (2.5% of P6 peptide) and P1+ P2 +P3 + Dox at 50 uM (i.e., 7.5 uM of Dox) at 4°C for 30 minutes. At the end of the
treatment, the samples were observed using a fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany) to
visualize DAPI (Ex/Em=345/661 nm) as a nuclear stain, Dox (RFP, Ex’Em=395/475 nm), and NFs conjugated with Fam (GFP,
Ex= 490/525 nm). The ImageJ software was used to evaluate intracellular uptake. Data were reported as the percentage of

intracellular fluorescence intensity of treated cells normalized to the intracellular fluorescence intensity of untreated cells.

Dox Intracellular Localization by Confocal Microscope

To study the nuclear localization of free or conjugated Dox, sterile coverslips were placed in 12 multiwell culture plates, and
MDA-MB-231 cells were seeded at a density of 5x10° cells/well. After 24 h of growth, cells were treated or not for further 1 h at
37 °C with Dox (7.5 puM) and NF-Dox (2.5% of P6 peptide) (50 uM, i.e., 7.5 uM of Dox). After treatment, the cells were first
washed with PBS (twice), and then fixed for 10 min with 4% paraformaldehyde (PFA, ice-cold). Coverslips from each well were
mounted onto a glass microslide using DAPI/Moviol Pro Long Diamond Antifade Mountant. DAPI (Invitrogen/Thermo Fisher
Scientific, Waltham, MA, USA) was used as nuclear stain. The samples were analyzed using a confocal microscope (Zeiss LSM
900 Airyscan 2) at a 63x objective (oil immersion objective lens) to visualize DAPI (Ex/Em=345/661 nm) as a nuclear stain, Dox
(Ex/Em=395/475 nm), and NFs conjugated with Fam (Ex=490/525 nm). All confocal images were analyzed using the ImageJ
software.

Statistical Data Analysis

All data were presented as mean values = SEM. Statistical analysis was performed using one-way or two-way ANOVA
followed by Dunnett’s or Bonferroni’s for multiple comparisons. GraphPad Prism 8.0 software was used for analysis.
Differences between means were considered statistically significant when p < 0.05 was achieved.

Characterization with AFM and SEM

Atomic Force Microscopy A XE-100 AFM (Park Systems), equipped with a liquid probe for AFM imaging in a liquid
environment and an open liquid vessel, was used to image and measure the height of the control (untreated MDA-MB-231
cells), cells treated with only NF, and cells treated with NFs with Dox. Surface imaging was performed in a deionized water
environment in non-contact mode using 125 um long silicon/aluminum-coated cantilevers (PPP-NCHR 10M; Park Systems; tip
radius less than 10nm) with a resonance frequency of 200400 kHz in air and a nominal force constant of 42 N/m. The scan
frequency was typically 0.5 A Hz per line, and the images were 2048x2048 pixel. When necessary, the AFM images were
flattened to remove the background slope and the contrast and brightness were adjusted. The 3D reconstruction yielded the highest

measurements.

Scanning Electron Microscopy
SEM images were obtained at 10 kV accelerating voltage and 7.5um wide aperture by a field-emission scanning electron
microscope (Carl Zeiss NTS GmbH 1500 Raith FESEM). An InLens detector was used to acquire the images.

Sample Preparation for SEM and AFM

For SEM and AFM analyses, MDA-MB-231 cells were seeded at a density of 2x10° cells/well on sterile coverslips
placed in six multiwell culture plates. After 24 h of growth, cells were treated or not for further 1 h at 37 °C with NF
without Dox (50 uM), NF-Dox (2.5% of P6 peptide) (50 uM, ie, 7.5 uM of Dox). After incubation, the culture medium
was removed, and the cells were fixed for 10 min with 4% paraformaldehyde (PFA, ice-cold), washed twice with PBS,
and finally samples were analyzed by AFM imaging and measurements. Samples for SEM imaging were coated with a 10
nm thin film of gold by sputtering using a CCU-010 coater (Safematic GmbH).
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Results
Design and Synthesis of EGFR Targeting Self-Assembled Peptide-Based Nanofibers

Our recent studies on self-assembled peptide fibers, which have significantly improved membrane activity and enhanced
capacity to deliver cargo across membranes compared to their monomers, served as the basis for this work.***° In
particular, in our recent work, we designed proof-of-concept amphiphilic peptides (PAs) for nanofiber construction aimed
at drug delivery in TNBC therapy. Nanofibers (NFs) are composed of two structural self-assembling PAs, P1 and P2,
with a hydrophilic domain covalently linked to a hydrophobic domain (Figure 1A). In our design, we carefully
determined the length and features of P1 and P2 to optimize the properties of the formed NFs.

Specifically, the hydrophobic domain is composed of an alkyl chain of 19 carbon atoms (C19) attached to the e-amino group of
a C-terminal lysine and a hydrophobic hexa-alanine sequence that was previously shown to be the optimal sequence length for NF
formation.**® The hydrophilic domain carries negatively (Asp in P1) and positively (Lys and Arg in P2) charged residues, which
establish intermolecular hydrogen bonds and electrostatic interactions provided by the oppositely charged side chains. When
peptides P1 and P2 were mixed in solution below their critical aggregation concentration (CAC), the formation of NFs was not
favored, and the peptides were present as monomers (Figure 1B). In contrast, when peptides co-assemble above their critical
aggregation concentration (CAC) in solution, the hydrophobic and hydrophilic domains favor NF formation. The hydrophobic
domain constitutes the NF core (Figure 1B), whereas the hydrophilic domain stabilizes the formation of NFs and improves their
solubility. In addition, in our design, the surface of the NF was decorated with different moieties, each having a key role in the
development of targeted NFs for Dox delivery into TNBC cells. To this end, the N-terminus of the structural peptide P2 was
covalently linked to the moieties, and three different peptides, P3, P5, and P6, which all included the same hydrophobic domain
[Alag—Lys(C19)] and positively charged domain as P2 (see Table 2), were designed.

These peptides have different biological functions. P3 carries the cell-penetrating peptide (CPP) gH625
(HGLASTLTRWAHYNALIRAF), which enhances nanoplatform uptake into cells.**' Our preliminary studies on NF inter-
nalization in TNBC cells (MDA-MB-231 cell line), proved how the peptide P3 at low concentrations promoted the crossing of
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Figure | (A) reports the peptide sequence of structural peptides Pl and P2. (B) reports the hypothetical assembly of the two structural peptides in aqueous solution below
and above their critical aggregation concentration (CAC). Molecular models were obtained by CYANA structure calculation algorithm that uses torsion angle molecular
dynamics for the efficient computation of three-dimensional structures.
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Table 2 Representation of Sequences of PAs Designed to Decorate the Surface of TNBC-Targeted Nanofibers

Peptide N-terminus Charged Residues | Hydrophobic Domain
P3 HEOLOEOOLOEWEEOOWOOO®O®- | @EEE)> 0000005
000000000, @EEE 000000
Ps (oo FHODDOEOOEEE @R 000000
P6 QREE- | AEEEE®- D)

NFs through the cell membrane by enhancing Dox delivery into nuclear regions.** The peptide P5 carries Dox to achieve an on-
demand release through proteolytic cleavage by MMP-9, which is overexpressed in different molecular breast cancer subtypes,
especially in TNBC.®* MMP-9 can cleave both the extracellular domain of some proteins and intracellular substrates,* and its
overexpression is correlated with the onset of metastasis and the aggressiveness of TNBC. In our design, Dox is linked to the
peptide sequence “PLGSYL” that is selectively recognized and cleaved by MMP-9; in particular, the motif Leu-Gly is highly
sensitive to the action of MMP-9. This approach was preliminary tested by incubating nanofibers decorated with Dox with the
activated enzyme MMP-9 and a Dox release of ~85% was observed after 90 min by UV—Visible spectroscopy.*® The peptide P6
carries the amino acid sequence “YHWYGYTPENVI” (namely peptide P22) targeting the epidermal growth factor receptor
(EGFR) receptor, which is overexpressed in TNBC cells.*” The peptide P22 binds to the EGFR protein and has a high uptake by
TNBC cells, demonstrating its effectiveness in the functionalization of nanoplatforms for targeted drug delivery in cancer therapy.
Regarding the synthesis, all PAs were synthesized via ultrasound-assisted solid-phase peptide synthesis and obtained with good
yields. The residue Fmoc-Lys(Mtt)-OH was chosen as the first amino acid and for conjugation of the lipid tail C19 at the
C-terminus. The Mtt group can be orthogonally removed without affecting the other protecting groups. In fact, after peptide
assembly on the resin, the Mtt group was removed under mild acidic conditions, and the coupling of C19 was performed in the
presence of coupling reagents and bases in NMP as a solvent. Dox was covalently coupled to the thiol group of cysteine located at
the N-terminus of pure peptide P4 in solution to yield peptide P5. Finally, all PAs were cleaved from the resin, purified by HPLC,
and characterized by electrospray mass spectrometry (ESI-MS, see Supplementary Materials).

Characterization of EGFR Targeting Nanofibers

The ratio between the PAs carrying surface moieties is key to the stability and morphology of NF. To this end, we prepared and
characterized several nanofiber formulations. First, we calculated the ability of each peptide to co-assemble in an aqueous medium
at concentrations ranging from 0.8 to 200 uM, using Nile Red (NR) as the fluorophore. Because of its poor solubility in water and
large preference for partitioning in hydrophobic environments, NR is widely used to determine the formation of aggregates in
aqueous media. When NR moves from water to aggregates, it produces a hyperhypsochromic effect, causing a blue shift and an
increase in the fluorescence intensity. The critical aggregation concentration (CAC) was obtained by plotting the emission
fluorescence maximum wavelength (y) as a function of peptide concentration (x) and fitting it using the sigmoidal Boltzmann
equation. All PAs showed a good tendency to aggregate alone in an aqueous medium with CAC values of 20.1 +1.0 uM for P1,
16.3£1.0 uM for P2, 37.3£1.0 uM for P3,* and 11.120.9 uM for P6. At this stage, we prepared several nanofiber formulations
decorated with the delivery peptide (P3) and targeting peptide (P6) at different ratios. Nanofibers P1+P2+P3 (50:45:5, molar ratio)
were obtained with a P3 percentage of 5% that was chosen based on our previous results obtained on the nanofiber uptake (CAC
12.840.1).* To determine the lowest amount of P6 that was able to enable targeting and binding on EGFR protein, we prepared 3
different nanofiber formulations with 1, 2.5, and 5% of P6, respectively. Only once determining the best formulation of P1, P2, P3,
and P6 through uptake studies using fluorescence microscopy, we added the last peptide, P5, carrying the drug; the selected
percentage of PS5 was 15%. All nanofiber formulations were characterized for their CAC (Table 3), zeta potential, and morphology
(Figure 2). The CAC values obtained clearly indicate a good tendency to self-assemble for each peptide combination, which
agrees with our design. The combination of peptides P1, P2, and P3 with targeting peptide P6 at the two percentages of 1 and 2.5%
led to the CAC values of 17.5 uM and 17.3 uM, while an increase in the P6 percentage to 5% led to the lower CAC value of 11.3
WM. Interestingly, the different percentage of P6 influences the morphology of the nanofibers, in particular, the amount of P6
impacts also on the length of the nanofibers as observed through Transmission Electron Microscopy (TEM).
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Table 3 Formulations, Critical Aggregation Concentrations (CACs) and Nanofiber

Formulation Peptide Ratio CAC Zeta Nanofibers Dimensions
(Molar Ratio) (uM) Potential (Length; Diameter)
(mV)
P1+P2+P3 50:45:5 12.8+ 0.1 +14.1£0.6 15050 nm; ~10 nm
P1+P2+P3+P6 50:44:5:1 17.5£0.3 +8.910.3 500100 nm; ~10 nm
P1+P2+P3+P6 50:42.5:5:2.5 17.3£0.2 +15.5+0.4 23050 nm; ~10 nm
P1+P2+P3+P6 50:40:5:5 11.3£ 0.1 +1.71£0.3 125+45 nm; ~15-20 nm

Abbreviations: AFM, Atomic Force Microscopy; BC, Breast Cancer; C19, Nonadecanoic acid; CAC, Critical Aggregation
Concentration; CD, Circular Dichroism; Dox, Doxorubicin; EGFR, Epidermal Growth Factor Receptor; FTIR, Fourier-
Transform Infrared Spectroscopy; HER2, Human Epidermal Growth Factor Receptor 2; HFIP, I,1,1,3,3,3-Hexafluoro-
2-propanol; MMP-9, Matrix Metalloproteinase 9, NR, Nile Red; PAs, Peptide Amphiphiles; SEM, Scanning Electron
Microscopy; TEM, Transmission Electron Microscopy; ThT, Thioflavin T; TNBC, Triple-negative breast cancer;

TEM analysis clearly showed that the length of the NFs decreased from 500 nm to 125 nm with an increasing percentage of P6,
while their diameter was approximately 10 nm (Figure 2A-D and Figure S5). In the absence of P6, the length was 150 nm;
interestingly, the addition of a small amount of P6 (1% mol/mol) makes the fibers very long and thin. We hypothesized that the
addition of a small percentage of P6 stabilizes the interactions of the peptide amphiphiles allowing the increase of their length;
furthermore, we previously observed that the peptides gH625 tend to interact with each other through their helical structure
rendering the fiber shorter, thus the presence of P6 helps in reducing these interactions and favors the increased length of the NFs.*®
On the contrary, an increase of the percentage (up to 5%) of the peptide P6 led to the formation of shorter and thicker nanofibers.
Both conditions at 2.5 and 5% of P6 were reasonable for drug delivery applications according to the extravasation criteria. It has
been reported that nanosystems need to have at least one dimension below the size of the fenestrations (200800 nm) present in the
vessel walls, which differ in dimension according to the tumor site and type.*

In addition, NFs formation was monitored using a Thioflavin T (ThT) experiment (Figure 2E), where an increase in the
percentage of P6 enhanced the ThT fluorescence intensity at approximately 480 nm, confirming peptide assembly and supporting
nanofiber formation. ThT is primarily used to determine the formation of B-sheet amyloid fibril surfaces but is also widely
exploited to analyze the formation of self-assembled nanostructures; in fact, as a result of the interaction within these structures,
a rotation between the benzothiazole and the benzene rings is impeded, leading to fluorescence.®* The spectra obtained are in line
with the CAC calculations and the TEM analysis, with the 5% P6 corresponding to the most stable fibers. Moreover, the analysis
of the zeta potential indicated that the surface of the NFs, defined by the presence of peptides P3 and P6, was positively charged.
Regardless of the P6 percentage, we measured values of approximately +21 mV for nanofiber preparations at 1 and 2.5%.
Instead, we observed a value of +1.7 mV for the 5% P6 preparation, which may explain the overcrowded TEM images. Clearly,
data reported in (Figure 2), indicate that the obtained NFs are well defined in dimensions and zeta potential and highly
reproducible at the different percentages of P6, with 1 and 2.5% being the best conditions from a morphological point of view.

Cellular Uptake of EGFR Targeting Nanofibers

The cellular uptake of the three nanofiber formulations with different percentages of P6 was evaluated using fluorescence
microscopy to determine the proper percentage of targeting peptide P6, which is responsible for binding to the EGFR
protein. In Figure 3, the cell nuclei are stained with DAPI (blue areas), whereas NFs are labelled with Fam (green areas);
NFs containing different percentages of P6 (i.e., 1%, 2.5% and 5%) were taken up differently by MDA-MB-231 cells
after 1 h of incubation. In particular, while very small amounts of NF decorated with 1% of P6 were detected in cells
after 1 h of incubation (Figure 3A—C), NFs with 2.5% and 5% of P6 entered massively into cells, as highlighted by the
widespread green fluorescence emission, localized both in the nucleus and cytoplasm. Clearly, the highest cellular uptake
was observed for the 2.5% P6 formulation. This result was further confirmed by confocal microscopy performed on
MDA-MB-231 cells after treatment with NF decorated with 2.5% of P6. As depicted in Figure 4 1 h of treatment resulted
in important cellular uptake of the nanofiber, which was clearly visible in both the cytosolic and perinuclear regions
(Figure 4B and C).
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Figure 2 (A-D) report the CAC of nanofibers P|+P2+P3 (50:45:5) and P|+P2+P3+Pé6 with different percentages (I, 2.5, and 5%) of P6. CAC values were obtained plotting
each maximum emission fluorescence corresponding to the wavelength (y) as a function of the peptide concentration using the sigmoidal Boltzmann equation. (E and F)
report the nanofiber preparation monitored with ThT assay and the zeta potential measured for each nanofiber preparation, respectively.
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Figure 3 Fluorescent microphotographs showing the cellular uptake of the NFs into human TNBC cells. MDA-MB-23 | cells were treated with NFs (1% of Pé peptide) (A—C), NF
(2.5% of P6 peptide) (D—F) and NF (5% of P6 peptide) (G-1) at 50 uM for | h. Nuclei are shown in blue, stained with DAPI. The fluorescence (GFP) of NFs coupled with Fam is
shown in green. Merged images derived from the overlapping of the two fluorescent emissions. The images shown are representative of three independent experiments. (J)
Percentage of Green Fluorescence after the treatments in vitro. *p<0.01 vs 1% of P6 peptide treated cells; ***p<0.001 vs 1% of P6 peptide treated cells.

MERGED

Figure 4 NF cellular uptake in MDA-MB-231 by confocal microscopy. TNBC cells were treated with NFs (2.5% of Pé peptide) at 50 pM for | h. Nuclei are shown in blue,
stained with DAPI (A). NF is depicted in green (B). Merged images (C) derived from the overlapping of the two fluorescent emissions. Fluorescent microphotographs (63 oil
immersion objective lens) are representative of three independent experiments.

Next, we assessed the cellular responses to NFs application in both healthy cells (HaCaT and human keratinocytes) and
the TNBC line MDA-MB-231 cells after 48 and 72 h of incubation by evaluating the cell survival index (Figure SA and B).
For this experiment, we prepared NFs composed of i) P1+P2, ii) P1+P2+P3, iii) P1+P2+P3 with different percentages of P6
(1, 2.5 and 5%), iv) P1+P2 with different percentages of P6 (1, 2.5 and 5%). Overall, the concentration—effect curves
reported in Figure 5 reveal that no nanoformulation significantly affected cell viability in either cell line, even at the highest
tested concentration (50 uM), after a prolonged incubation time (72 h). The absence of detectable biological effects on cell
survival as evidenced in Figure 5 clearly suggested that the platform is biocompatible with MDA-MB-231 and HaCaT cells,
which is a key feature for the use of nanofibers as a drug delivery system without cytotoxicity.

By combining the biophysical outcomes and in vitro experiments performed on NFs with different percentages of P6, we
deduced that the NFs P1+P2+P3+P6 containing the 2.5% of P6 had the best ability to pass cell membranes as well as the best
morphology for applications and were therefore selected to be further used in the subsequent experiments.
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Figure 5 Cell survival index, evaluated by the MTT assay and monitoring of live/dead cell ratio for (A) HaCaT and (B) MDA-MB-231 cell lines treated for 48 and 72 h with the
indicated concentration (the range | —50 M) of NF (at different percentage of P6 peptide: |, 2.5 and 5%), P1+P2, P1+P2+P3, and P1+P2+P6 (at different percentage of Pé peptide:
1, 2.5 and 5%), as indicated in the legend. Data are expressed as percentage of untreated control cells and are reported as mean of four independent experiments + SEM (n=24).

Physical Properties of EGFR-Targeting Nanofibers with the Drug

The NF P1+P2+P3+P6 (50:42.5:5:2.5) was further decorated with Dox as the anticancer drug at the percentage of 15%
(P5 peptide carrying both Dox and the MMP-9 labile sequence). The obtained nanofiber, P1+P2+P3+P5+P6 (NF-Dox),
with a molar ratio of 50:27.5:5:15:2.5 was carefully characterized for its physicochemical properties (Figure 6). As
reported in Figure 6A, the presence of Dox on the nanofiber surface influences the aggregation of PAs because the
calculated CAC value of 25.8 uM is increased compared to the CAC of nanofibers decorated only with P3 and P6 (17.3
pM). Interestingly, the addition of Dox also determined a significant reduction of the surface charge of nanofibers from
+15.5 mV to +7.6 mV likely because of the steric bulk caused by the drug on the surface which shields the charges.

The secondary structures of the obtained NFs were probed by circular dichroism (CD) and Fourier-transform infrared (FTIR)
spectroscopy. The CD spectra clearly indicated the formation of B-aggregates above the CAC value (Figure 7A), which were
stable under dilution. In fact, the CD spectra recorded at concentrations of 100, 80, 60, 50, and 40 uM sufficiently overlapped and
showed a negative band at ~220 nm, indicating preservation of the B-type conformation upon dilution (Figure 7B).

The formation of B-structures following nanofiber formation was further supported by FTIR experiments. In fact, the
analysis of the spectrum between 1700 and 1600 cm ™' revealed the existence of secondary structures such as p-sheets and
a-helices (Figure 8A). Indeed, the amide I band is particularly useful for the analysis of secondary structures and
conformational changes owing to the high sensitivity of the C=0 stretching frequency to small changes in the molecular
geometry and hydrogen bonding patterning. Panel B of Figure 8 reports the results of the multipeak fit regression. The

1, with a relative maximum

absorption spectrum of NF-Dox presents a large double peak in the range of 1600-1700 cm ™
around 1625 c¢cm ', usually attributed to B-sheets, and around 1675 cm L, usually attributed to B-turns. However,

deconvolution with a multipeak model, in which each peak corresponds to a minimum of the second-order derivative,
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Figure 6 (A) reports the CAC and TEM image of nanofibers NF-Dox. (B) compares the zeta potential of nanofibers P1+P2+P3+P6 (2.5%) and NF-Dox.
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Figure 7 (A and B) report the CD spectrum of NF-Dox at the concentration of 100 pM and the stability of B-aggregates under the dilution effect, respectively.

produces a quantitative analysis of the secondary structures. In particular, the analysis clearly shows that approximately
73% of the vibrational modes are typical of B-structures (Figure 8B).

In addition, the structural stability of NF-Dox was analyzed using CD spectroscopy under different conditions to evaluate
the effects of ionic strength, pH and temperature. NF-Dox was prepared at a concentration of 60 uM and hydrated in water
after freeze-drying. As shown in Figure 9A, the stability of NF-Dox was preserved under the effect of ionic strength. The shape
of the CD spectra did not change at different concentrations (1-5 mM) of the NaCl solution, indicating the stability of NF-Dox
under these conditions. The structural stability was also investigated under different pH conditions. The CD spectra at pH 7
and 10 were superimposable, as highlighted in Panel B, whereas slight changes were observed at pH 3. We also analyzed the
structural stability of NF-Dox under different temperature conditions, as often the temperature at the tumor site is higher than
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Figure 8 The spectral curve of the amide | band of NF-Dox (grey line) and its fitting curve (pink line) showing the 1700-1600 cm™! spectral range (A). In (B), the table
reports the multi-peak fitting results and their assignment for the secondary structure determination.

that of the surrounding normal tissues. For this aim, we obtained a melting CD graph from 25°C to 40°C and we detected no
denaturation of our NFs (data not shown). Furthermore, we compared the spectra obtained at 25°C with those obtained at 40°C
t=0 and 40°C t=1h. The 3 spectra are superimposable as shown in Figure 9C. Our data clearly demonstrate that the NFs are
stable to the different environmental parameters analyzed.

NF-Dox Fibers Stability Toward Proteolytic Enzymes
The stability of the P3 and P6 peptides bound to the nanofiber surface was investigated in the presence of trypsin and
chymotrypsin. The P1+P2+P3 and P1+P2+P3+P6 nanofibers were prepared in PBS 1X (pH 7.4) and TRIS-HCI 100 mM (pH
7.8) and incubated with trypsin and chymotrypsin, respectively, at different time points (1, 2, 3, 5, 24, and 48 h). As shown in
Figure 10A, gH625 alone was rapidly degraded by trypsin, which preferentially cleaved the peptide bond of basic amino acid
residues, such as Arg and Lys. In particular, we detected a percentage of ~27% and ~5% after 2 h and 5 h, respectively
(Figure 10A). In contrast, the peptide gH625, covalently linked to the peptide P2 to provide P3, self-assembled and, although
exposed on the nanofiber surface, was still present at ~40% after 5 h of incubation (Figure 10A). These positive results indicate
that the self-assembling properties of P3 offer major resistance to proteolytic cleavage by proteases, such as trypsin.
Interestingly, peptide P6 was not recognized by trypsin because it did not contain basic amino acids in its sequence. Indeed, as
shown in Figure S6, both P22 and P6 were stable under the proteolytic cleavage of trypsin. In contrast, peptide P22, covalently
linked to peptide P2 (peptide P6), is recognized by the enzyme chymotrypsin, which preferentially cleaves the peptide bonds of
aromatic amino acid residues such as tyrosine, tryptophan, and phenylalanine. Specifically, after 3 h of incubation, we detected
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Figure 9 Structural studies of NF-Dox under the effect of ionic strength (A), pH environments (B), and temperature effect (C).
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Figure 10 (A) reports the percentage of the intact peptide after the incubation with trypsin calculated by the integration of the HPLC peaks correlated to the peptide P3
and gH625. (B and C) report the percentage of the intact peptides P3, gH625, P6 and P22 after incubation with chymotrypsin.

~50% of intact peptide P6, while the peptide P22 alone was completely degraded after 1 h Figure 10B). Regarding the peptide P3
bound on the nanofiber surface, it was highly sensitive to the proteolytic cleavage of chymotrypsin, in fact we detected ~80% of
the intact after 30 min of incubation, and it was almost completely degraded after 2 h (Figure 10C). Although it is highly
susceptible to the proteolytic activity of chymotrypsin, this result is consistent with its biological role because peptide P3
promoted the complete crossing of nanofibers inside TNBC cells within 1 h. Notably, peptide gH625 alone was completely
degraded after 30 min of incubation (Figure 10C). The obtained results clearly support our design regarding the development of
self-assembled peptide nanofibers characterized by an increase in stability to proteases and high biocompatibility, because the
peptides P3 and P6 bound to the fiber are completely degraded after 48 h of incubation, which means that they perform their
activity. These results support the use of self-assembled peptide-based nanoplatforms as biodegradable drug-delivery tools.

Cellular Biological Responses in vitro

Next, we explored the biological effects of the drug-loaded nanofiber (NF-Dox). The concentration—eftect curves (Figure 11A)
show a significant reduction in MDA-MB-231 cell survival after 48 h of treatment with NF-Dox at 30 uM (i.e., 3 uM of Dox)
(50% of cell death) and after 72 h of exposure at 20 uM (i.e., 1.5 uM of Dox) (50% of cell death). Under the same experimental
conditions, the biological effects of NF-Dox evaluated in HaCaT keratinocytes, used as a control culture, were attenuated
compared to those in cancer cells (Figure 11C). This is an interesting finding from the perspective of selectivity of action.

To deepen our understanding of the efficacy of Dox bound to NFs, we performed bio-screening by comparing the
effects of free Dox and NF-Dox. As shown in Figure 12, we observed a similar anti-proliferative trend in cancer cells
treated with 50 pM free Dox and 50 uM NF-Dox (i.e., 7.5 uM Dox). These data suggest that the nanofibers produce the
same in vitro effects at seven times lower concentration compared to the free drug, which represents a valuable result for
reducing the dose of the drug to be administered.

Furthermore, we analyzed by SEM and AFM imaging the different morphologies of the cells when treated
with the NF with and without Dox. Figure 13 shows the SEM images (on the left), AFM images (on the center),
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Figure 11 Cell survival index, evaluated by the MTT assay and monitoring of live/dead cell ratio for (A) MDA-MB-231, (B) HaCaT cell lines treated for 48 and 72 h with
a range of concentration of free-Dox (Dox) from | to 7.5 uM) and NF-Dox (from | to 50 uM, ie from | to 7.5 uM of Dox), as indicated in the legend. Data are expressed as
percentage of untreated control cells and are reported as mean of four independent experiments + SEM (n=24). *p<0.05 vs control cells; **p<0.01 vs control cells;
##4p<0.001 vs control cells; $p<0.05 vs Dox-treated cells; ¥p<0.01 vs Dox-treated cells.
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Figure 12 Cell survival index for MDA-MB-231 cells following 72 h of incubation with NF-Dox and free-Dox, as indicated in the legend. Data are expressed as percentage of
untreated control cells and are reported as mean of four independent experiments + SEM (n=24). **p<0.001 vs control cells.

and 3D reconstruction by AFM (on the right) of a representative MDA-MB-231 cell as a control sample
(Figure 13A-C), a representative cell treated with P1+P2+P3+P6 (Figure 13D-F), and a representative cell
treated with NF-Dox (Figure 13G-I). The morphology of cells treated with NF-Dox appeared very different from
that of control cells, as well as from the morphology of cells treated with NF without Dox. In particular, the
cells treated with NF-Dox (Figure 13G-I) appeared elongated, wrinkled, and squashed, which is the typical
appearance of cells undergoing apoptosis. Moreover, the analysis of cells in AFM images showed several holes
on the surface, suggesting a sort of interaction with bump formation. This type of hole was not observed in the
SEM images, probably because of the gold coating. Furthermore, cells treated with P1+P2+P3+P6 (Figure 13D—
F) seemed to preserve the rounded shape and the general aspect shown by untreated cells (Figure 13A—C), the
surface roughness increased, and some small holes appeared on the surface of the cells. The features of the cell
suggest a surface interaction with the formation of protrusions/inclusions, but the interaction does not lead to
a dramatic change in shape, suggesting apoptosis of the cell in the case of NF-Dox treatment. These data further
support the role of the nanovector represented by NF and the toxicity of Dox in cancer cells.
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Figure 13 SEM images, AFM images and 3D reconstruction of a representative untreated MDA-MB-231 cell used as control sample (A—C); a representative cell treated
with the NF platform without Dox (D-F); and a representative cell treated with the NF platform with Dox (G-I).

Intracellular Release of Dox by MMP-9 in vitro

Next, we sought to evaluate whether Dox could be released intracellularly by performing experiments in which the fibers were
pre-treated with the MMP-9 activated enzyme. Both MDA-MB-231 and HaCaT cells express MMP-9 and the levels of this
enzyme are higher in TNBC cells.* Matrix metalloproteinases (MMPs) are generally considered degraders of the extracellular
matrix (ECM) and are responsible for a range of extracellular processes. More recently, growing evidence has revealed novel
intracellular functions of selected MMPs, including MMP-9.%° In line with in vitro experiments without pretreatment with
activated MMP-9, we detected cytotoxicity in both cell types (Figure 14). As expected, the cytotoxic response was more evident in

50 =  MDA-MB-231
#

40- " m HaCaT

o]

2 |l

NF-Dox MMP-9 pre-treated
NF-Dox

Cell survival index

Figure 14 Cell survival index for MDA-MB-231 and HaCaT cell lines pre-treated or not with 40 nM of MMP-9 activated enzyme for 24 h and then incubated with NF-Dox
(50 uM) for 72 h. #p<0.05; #p<0.01.
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MDA-MB-231 cells. Accordingly, when the fibers were pre-treated with MMP-9 before incubation, the toxicity to MDA-MB
-231 cells increased slightly, while the toxicity against HaCaT cells increased significantly. Overall, these results support the
evidence of intracellularly active MMP-9 and clearly reveal that this strategy for on-demand drug release is highly efficient in
TNBC cells.

Free and Conjugated-Dox Intracellular Uptake in MDA-MB-231| and HaCaT Cells

Cellular uptake studies were performed to evaluate Dox intake and release from the drug-loaded NF-Dox nanofiber.
As shown in Figure 15, widespread cytoplasmic fluorescence was observed in MDA-MB-231 cells after incubation
with NF-Dox, further supporting the release of the cytotoxic Dox. Moreover, under the same conditions,
a significant nuclear red fluorescent signal was observed after in vitro treatment with NF-Dox. Dox intracellular
uptake was more evident after NF-Dox incubation (Figure 15D-F) than after free Dox incubation (Figure 15A—C).
Conversely, the intracellular fluorescence signal from HaCaT cells treated with NF-Dox was not significant
(Figure 16D-F), indicating that uptake in cells not overexpressing MMP-9 was less evident. Similar experiments
were performed using P1, P2, P3, and Dox. As expected, no significant red fluorescence was detected in the
intracellular compartment (both in MDA-MB-231 and HaCaT cells), providing evidence for the role of P6 in
facilitating effective targeted drug delivery.

MERGED

MERGED

Figure 15 Fluorescent microphotographs showing the cellular location of doxorubicin (Dox) into human MDA-MB-231 cells following to free-Dox (A—C), NF-Dox (D-F)
and P1+P2+P3+Dox (G-1) application. MDA-MB-231 were incubated with free- Dox (7.5 uM), NF-Dox and P1+P2+P3+Dox (50 uM, ie, 7.5 uM of Dox) for | h. Nuclei are
shown in blue, stained with DAPI. The intrinsically fluorescence (RFP) of Dox is shown in red. Merged images derived from the overlapping of the two fluorescent emissions
are. The images shown are representative of 3 independent experiments.
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MERGED

Figure 16 Fluorescent microphotographs showing the cellular location of Dox into human HaCaT cells following to free-Dox (A—C), NF-Dox (D-F) and P1+P2+P3+Dox
(G-1) application. HaCaT were incubated with free- Dox (7.5 uM), NF-Dox and P1+P2+P3+Dox (50 uM, i.e,, 7.5 pM of Dox) for | h. DAPI is used as a nuclear stain (shown
in blue). The intrinsically fluorescence of Dox (RFP channel) is shown in red. Merged images derived from the overlapping of the two fluorescent emissions. The images
shown are representative of 3 independent experiments.

Study of Mechanism of Nanofibers Internalization

To gain further insight into the uptake process, we performed experiments to understand the role of gH625 in membrane
crossing. In particular, gH625 was previously shown to enter through translocation across membranes involving only
partial endocytosis; furthermore, it was able to favor endosomal release. To this end, we performed endocytosis inhibition
experiments using two different protocols, as described in the Experimental section. In particular, the influence of
temperature and metabolic inhibitors on the intracellular penetration of NF-Dox was studied to determine whether the
uptake depended on the translocation mechanism or cellular processes. We compared the images obtained at 4°C to
determine the degree of endocytosis in the cellular uptake of NF-Dox and free-Dox, and the results clearly indicated that
the endocytosis was more significant for free-Dox than for the nanofibers. Sodium azide is an oxidative phosphorylation
inhibitor commonly used to abolish ATP production within the cell membrane.® As shown in Figures 17 and 18, free
Dox internalization was significantly decreased; thus, endocytosis appears to be the primary mechanism underlying its
penetration. In contrast, treatment with sodium azide had little to no effect on NF-Dox penetration, indicating that
endocytosis had no impact on gH625 transduction. In conclusion, when cellular endocytosis was inhibited, free Dox
uptake was significantly reduced, whereas NF-Dox uptake was unaffected (Figures 17 and 18). Overall, these results
suggest the possibility of several pathways underlying NFs cellular uptake via routes other than the endocytic pathways
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Figure 17 Fluorescent microphotographs showing the cellular location of Dox into human MDA-MB-23 | TNBC cells after cellular up-take inhibition low temperature (4 °C)
and then to free-Dox (A—C), NF-Dox (D—F) and P1+P2+P3+Dox (G-l) application. MDA-MB-23 | were incubated with free-Dox (7.5 uM), NF-Dox and P|+P2+P3+Dox (50
uM, ie, 7.5 uM of Dox) for | h. Nuclei are shown in blue, stained with DAPI. The intrinsically fluorescence of Dox (RFP channel) is shown in red. Merged images derived from the
overlapping of the two fluorescent emissions. The images shown are representative of 3 independent experiments.

(ie translocation, membrane fusion processes, and/or nonspecific patterns likely involving multiple molecular
mechanisms).

Dox Nuclear Localization

Confocal microscopy was performed to explore the nuclear localization and accumulation of Dox. In particular,
MDA-MB-231 cells were incubated with free-Dox (at 7.5 uM) or NF-Dox (at 50 uM, i.e., 7.5 uM of Dox) for 1
h. In Figure 19, bright red dots within the cells represent doxorubicin fluorescent emission (RFP) produced by
incubation with free Dox or NF-Dox. Blue fluorescence was due to DAPI, which is a nuclear fluorescent stain.
Merged confocal images were obtained by overlapping the two fluorescent emissions. In line with our previous
data obtained by fluorescence microscopy, Dox released from our drug-loaded nanofiber (NF-Dox) massively
entered MDA-MB-231 cells. Confocal microscopic photographs (Figure 19E and F) clearly show perinuclear
accumulation of cytotoxic Dox. Moderate fluorescence spots were also visible at the nuclear level (Figure 19E).
In contrast, the red fluorescent signal after free Dox incubation was not significant under the same experimental
conditions (see Figure 19B and C), indicating poor cellular uptake of Dox after 1h of treatment. Therefore, the
extensive and widespread Dox-associated red fluorescent spots following the cellular uptake is consistent with
effective nanofiber internalization.
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Figure 18 Fluorescent microphotographs of monolayers showing the cellular location of doxorubicin (Dox) into human MDA-MB-231 TNBC cells after cellular up-take
inhibition sodium azide and then to free-Dox (A—C), NF-Dox (D-F) and P1+P2+P3+Dox (G-l) application. MDA-MB-23| were incubated with free-Dox (7.5 uM), NF-Dox
and P1+P2+P3+Dox (50 uM, ie, 7.5 uM of Dox) for | h. Nuclei are shown in blue, stained with DAPI. The intrinsically fluorescence of Dox (RFP channel) is shown in red.
Merged images derived from the overlapping of the two fluorescent emissions. The images shown are representative of 3 independent experiments.

Discussion

Herein, we discuss the development of a novel class of tunable supramolecular peptide nanofibers that can be
used in the biomedical field to combat TNBC. In particular, our research further supports the idea that self-
assembly, governed by multiple non-covalent interactions, leads to the formation of versatile morphologies that
are adaptable to incorporate multiple bioactive motifs by chemical conjugation and/or physical encapsulation.
With the aid of amphiphilic peptides, ordered nanostructures can be created by combining a number of
noncovalent interactions that work synergistically. Limited research has been conducted on finite anisotropic
nanomaterials based on rationally designed and engineered self-assembling peptides. The challenge of creating
peptide nanofibers with precisely controlled morphologies has contributed to the lack of research. Compared with
other supramolecular nanomaterials, our designed nanofibers present several advantages, such as i) the well-
established solid-phase synthetic strategy; ii) the possibility to tune the desired morphology; iii) high biodegrad-
ability, with nontoxic amino acids as degradation products; iv) the simple covalent conjugation of the peptides
making up the fiber with other bioactive motifs, which enables modular design strategies to create responsive and

multifunctional nanosystems.
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MERGED

MERGED

Figure 19 Dox nuclear localization in MDA-MB-231 cells by confocal microscopy. Cells were incubated with free-Dox (at 7.5 pM) (A-C) and NF-Dox (at 50 uM, ie, 7.5 M
of Dox) (D—F) for | h. Nuclei are stained in blue with DAPI. The intrinsically fluorescence of Dox is shown in red (RFP channel). Merged images derived from the
overlapping of the two fluorescent emissions. Fluorescent microphotographs (63 oil immersion objective lens) are representative of three separate experiments.

Our PAs comprise three domains that are key to the formation of the nanofiber structure: the hydrophobic tail,
apolar alanine sequence, and hydrophilic domain of the charged amino acids. The fiber surface was decorated
with CPP gH625 and targeting peptide P22, and their contemporary presence influenced the length and secondary
structure of the nanofibers, as demonstrated through complete biophysical characterization. Interestingly, keeping
the amount of gH625 fixed (5%), the different percentages of P22 bound covalently to P2 (peptide P6) influenced
the morphology of the nanofibers, impacting their length, as observed by TEM. While a small amount of P6
produced very long and thin fibers, both conditions at 2.5 and 5% P6 had a morphology compatible with drug
delivery applications according to the extravasation criteria. Analysis of cellular uptake by fluorescence micro-
scopy prompted us to select the 2.5% P6 formulation for further studies.

The first issue when designing a drug delivery platform is the absence of toxicity of the carrier on both
healthy cells, such as HaCaT, and the TNBC cancer line MDA-MB-231, which was demonstrated by the
evaluation of the cell survival index. We then developed and characterized the structural stability and morphol-
ogy of the NF carrying Dox. For NF-Dox, nanofibers of 250 nm were suitable for application and were stable
under the effects of dilution, ionic strength, and pH.

Notably, self-assembled peptide materials may also overcome some of the intrinsic limitations associated with
single-chain peptides, ie stability, which helps to expand their biomedical utility. In particular, a key issue to
probe is the biodegradability of the nanosystem after the biological effect (ie the release of the drug at the target
site). Internalization of NF-Dox was evident after 1 h, and cell experiments showed that biological activity was
produced at 48 and 72 h. Thus, we probed protease stability up to 72 h and found that compared to the
monomers, the NFs were much more stable; in particular, we observed greater stability at 1 h, which is the time
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needed for internalization. Nonetheless, after 48 h, they were completely degraded, which is a valuable advan-
tage of this platform.

A well-designed nanoplatform is expected to significantly reduce the dose of the drug which clearly has an
impact on systemic toxicity; our in vitro experiments showed that a similar antiproliferative effect could be
achieved in cancer cells treated with the free-Dox at 50 uM and NF-Dox carrying 7.5 uM of Dox. Interestingly,
analysis of the surface morphologies of cells treated with NF with and without Dox showed that cells treated
with NF alone were essentially unaltered, whereas cells treated with NF-Dox appeared elongated, wrinkled, and
squashed, which is the typical appearance of a cell undergoing apoptosis. These experiments provided proof of
feasibility through a rational design approach for the on-demand release of Dox. In fact, our on-demand release
relied on MMP-9 cleavage, owing to the presence of overexpressed enzymes in TNBC cancer cells. Unraveling
the uptake mechanism of NF-Dox is key in the design of a vector, where endocytic entrapment represents a huge
obstacle for the effective release of the drug. The presence of gH625 is key to enabling a translocation
mechanism that involves local and temporary deformation of the membrane, favoring the direct release of NF-
Dox into the cytoplasm and ready to perform its biological activity (Figure 20). Increased membrane activity due
to gH625 leads to improved cellular uptake of membrane-impermeable drugs, which is key for many pathologies.
The inhibition of endocytic pathways using both low temperature and metabolic inhibitors supported our
hypothesis, showing that although we obtained a marked decrease in free Dox internalization, NF-Dox penetra-
tion was not significantly influenced, indicating that endocytosis was not the main process involved in its
penetration. Furthermore, when NF is decorated with the targeting peptide P22, NF-Dox may enter through an
endocytic pathway; however, gH625 mediates its release from the endosomes. This outcome can also have

critical implications in overcoming chemoresistance issues.
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Figure 20 Representation of the hypothesized mechanism of the NF-Dox internalization and activity against TNBC (on the left), showing the different pathways which lead
to the intracellular release of NF-Dox. On the right, the structure of the nanofiber with indicated all the moieties on the surface. The figure was created with Biorender.com
(License: Academic Individual Plan x 3yrs (Feb 27, 2023 — Feb 27, 2026).
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Conclusion

In this study, we developed and characterized self-assembled peptide-based nanofibers with surfaces decorated with
different moieties, achieving targeted and selective release of Dox in TNBC cells through an on-demand strategy. In
conclusion, our nanoplatform is extremely versatile and can be modulated by changing the moieties on its surface to
address a wide range of pathologies, from cancer to pathologies of the central nervous system to infectious diseases.
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