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In this study, hybrid bio-nanoporous peptides loaded onto poly(N-isopropylacrylamide-co-butylacrylate)
(oNIPAM-co-BA) coatings were designed and obtained via matrix-assisted pulsed laser evaporation
(MAPLE) technique. The incorporation of cationic peptides magainin (MG) and melittin (Mel) and their
combination was tailored to target synergistic anticancer and antibacterial activities with low toxicity on
normal mammalian cells. Atomic force microscopy, scanning electron microscopy, X-ray photoelectron
spectroscopy, Fourier transform infrared spectroscopy as well as contact angle and surface energy
measurements revealed the successful and functional incorporation of both the peptides within porous
polymeric nanolayers as well as surface modifications (i.e. variation in the pore size diameter, surface
roughness, and wettability) after Mel, MG or Mel-MG incorporation compared to pNIPAM-co-BA. In vitro
testing revealed the impairment of biofilm formation on all the hybrid coatings while testing with S.
aureus, E. coli and P. aeruginosa. Moreover, MG was shown to modulate the effect of Mel in the
combined Mel-MG extract formulation released via pNIPAM-platforms, thus significantly reducing cancer
cell proliferation through apoptosis/necrosis as revealed by flow cytometry analysis performed in vitro on
HEK293T, A375, B16F1 and B16F10 cells. To the best of our knowledge, Mel-MG combination entrapped
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Owing to the advantage of adjusting and controlling their
physicochemical properties, smart polymers with tailored

1. Introduction

During the past few decades, there is a great deal of interest in
the biomedical device technology field owing to the need for the
development of new and more efficient multifunctional hybrid
platforms for research and clinical application. In this context,
much attention is paid to smart systems/platforms based on
polymers, which are responsive to single or multiple external
stimuli (e.g. pH, temperature, redox potential, ultrasound,
electric field, light and enzyme activity).'®
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characteristics are able to entrap a variety of bioactive
compounds, molecules and drugs with active roles in different
pathological processes such as cancer, inflammation and skin
wound repair.”?

In response to external stimuli, nanoparticle-based drug
delivery platforms undergo changes in their conformation,
stability, solubility, precipitation, structure porosity and
hydrophilic/hydrophobic balance, finally leading to the release
of entrapped active molecules.>*

Poly(N-isopropylacrylamide) (pNIPAM) containing both
hydrophobic and hydrophilic groups is one of the most studied
smart polymers. Considering its pH sensitivity, low toxicity,
solubility in water, low critical solution temperature (LCST) and
thermo-responsive properties, it is a good candidate for appli-
cations in cell culture, drug delivery systems, scaffolds for tissue
engineering and skin wound repair.***

Despite its attractive characteristics, the medical application
of pNIPAM is limited by its poor mechanical and biodegradable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties and reduced loading capacity.”* To overcome these
drawbacks, different strategies have been used to optimize the
properties of pNIPAM in order to meet the requirements of
practical applications in the biomedical field. One effective
approach is to produce pNIPAM-based copolymers using
biocompatible and biodegradable polymeric components such
as polysaccharides, polyesters, and polyethylene glycol."***
Among them, butyl acrylate (BA) was used to produce pNIPAM-
BA, a copolymer that exhibits a lower LCST (24 °C) compared to
the homopolymer (32 °C) and better capacity to incorporate/
release entrapped compounds owing to its swelling behaviour.
Moreover, a hydrophobic character induced by the presence of
BA in the pNIPAM copolymer structure enables its interactions
with the proteins (i.e. fibronectin) of the extracellular matrix,
thus favouring cell attachment.” Different pNIPAM-BA based
formulations have been obtained and proposed as potential
optical detection, drug delivery systems or as a promising
substrate for cell sheet engineering.>*** A synthetic biointerface
of pNIPAM-BA with moderate hydrophilic character, good
biocompatibility and characteristics suitable to be used as
a vehicle for biological active compounds' delivery obtained by
Matrix-Assisted Pulsed Laser Evaporation (MAPLE) was reported
by Dumitrescu et al.*®

With the view to obtain a more efficient biomaterial for
medical applications, we have used nanoporous pNIPAM-co-BA
coatings obtained by MAPLE upon loading with two cationic
peptides belonging to the antimicrobial peptides family (AMPs),
namely, melittin (Mel) and magainin (MG). Despite the main
characteristic of those peptides of exhibiting antimicrobial
activities, our purpose was to obtain a hybrid nanoporous bio-
platform that can exhibit anticancer effect and a low level of
toxicity on normal cells. An advantage on combining the three
types of compounds/polymer is related to the ability of pNIPAM-
co BA to respond to pH that can be correlated to tumour or
bacteria environment.

Mel, a major component of bee venom (~50%), is a 26 amino
acids natural hydrophobic and amphipathic peptide that has
been shown to exhibit a variety of activities of special interest for
medical applications, such as antimicrobial, anti-inflammatory,
anti-cancer and antiviral effects.>***

As an antimicrobial peptide, Mel interacts with bacterial cell
membranes and induces transmembrane pore formation,
leading finally to bacterial killing.>>*¢

Regarding the anti-cancer capacity, Mel was reported to be
effective against different types of cancer, i.e., ovarian, prostate,
breast, lung by affecting cell cycle, proliferation/growth,
motility, migration, through a complex mechanism implying
different signal transduction and regulatory pathways.””-*°

Despite the beneficial effects, the clinical application of Mel is
limited due to its low stability, haemolytic activity and nonspe-
cific cytotoxicity. To overcome these disadvantages, different
approaches were used such as chemically modified Mel or its
encapsulation in delivery carriers to specifically target tumour
cells and thus improving its therapeutic efficacy.** For instance,
a C-terminus truncated Mel peptide conjugated with monoclonal
antibodies against prostate cancer cells epitopes was found to
inhibit tumour growth and improved mice survival after systemic
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or intratumoral injection.** Hyaluronic acid-modified melittin-
liposomes and melittin-loaded niosomes were proposed as
more suitable formulations for specific melittin delivery to
melanoma and breast cancer cells compared to free melittin
form.>* A redox-sensitive polymer-based nanocomplex con-
taining Mel or magnetic nanoparticles containing Mel-
doxorubicin combination showed an improved antitumor effi-
ciency versus the single-agent regimen.**** A decrease in cyto-
toxicity against normal cells and an increase in preventing
biofilm formation capacity were obtained using Mel combina-
tion with antibiotics such as vancomycin and rifampin.*®

Magainins (MGs) isolated from the African frog Xenopus
laevis skin are small peptides (23 amino acids) belonging to
AMPs family, which exhibit a broad spectrum of antimicrobial
activity against pathogens (bacteria and fungi) through trans-
membrane pore formation, leading to membrane per-
meabilization and finally to cell death. Possessing cationic and
amphiphilic properties, MGs are able also to act as anti-cancer
compounds being cytotoxic to malignant cells but not to normal
mammalian cells.’” The mechanisms of MGs interaction with
cell membrane follows toroidal or, in some cases, carpet model,
depending on membrane origin and its lipid composition.*

Although MGs and Mel act via a similar mechanism, there in
vitro cytotoxicity is different, Mel being more potent than MG
and other AMPs. Thereby, while Mel is haemolytic, MG does not
affect red the blood cells' viability, even at a high
concentration.*

Since MGs exhibit a low membrane binding affinity, efforts
have been done to improve their biological effectiveness in
medical field by enhancing the selectivity against bacterial and
cancer cells. The envisaged strategy is based on the use of
synthetic analogues, conjugation/combination with other
cationic peptides or conventional anti-cancer drugs for use in
drug delivery systems.***

Starting from the above exposed findings, we have proposed
in our work to investigate whether the combination of the two
cationic peptides, Mel and MG, embedded into pNIPAM-co-BA
scaffold resulted in a more efficient anticancer effect compared
to each peptide alone. For this purpose, pNIPAM-co-BA porous
coatings prepared by MAPLE were subsequently loaded with
Mel, MG and Mel-MG combination. Regarding the potential of
cationic peptides combination to increase the individual effi-
ciency of each compound, it is worth mentioning that most
studies focused on the antimicrobial activity and less on the
anticancer capacity.

The morphological and physico-chemical characteristics of
the obtained scaffolds have been investigated by Atomic Force
Microscopy (AFM), Scanning Electron Microscopy (SEM), Four-
ier Transform Infrared Spectroscopy (FTIR), contact angle (CA)
and X-ray Photoelectron Spectroscopy (XPS). The antimicrobial
effect and the capacity to inhibit biofilm formation of the new
developed biomaterials were validated against clinically rele-
vant bacteria. As Gram-positive bacteria, Staphylococcus (S.)
aureus, a human pathogen responsible for many skin, tissue
and post-surgical infections, was chosen.* The effect on Gram-
negative bacteria was investigated against Escherichia (E.) coli
and also against highly antibiotic resistant opportunistic

Nanoscale Adv., 2024, 6, 2038-2058 | 2039


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00947e

Open Access Article. Published on 27 February 2024. Downloaded on 3/5/2026 4:08:29 PM.

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

(cc)

Nanoscale Advances

pathogen associated with nosocomial infections, Pseudomonas
(P.) aeruginosa.*® Further, the capacity of the MG, Mel and Mel-
MG combination released by the new obtained scaffolds to
inhibit cell proliferation and cell cycle progression as well as to
induce an apoptotic effect was assessed in vitro on normal
(human HEK239T) and melanoma model cell lines (human
A375, murine B16F1 and B16F10 cells).

Our study revealed that the pNIPAM-co-BA platforms ob-
tained by MAPLE using DMSO as the matrix exhibit suitable
physico-chemical characteristics for incorporation of the
cationic peptides MG, Mel and their combination.

PNIPAM-based scaffolds containing Mel-MG combination
impaired bacterial growth and delayed the development and
evolution of biofilm formation. Mel-MG extract released by
pNIPAM-co-BA scaffolds was found to reduce cancer cell
proliferation through apoptosis/necrosis process, an effect
enhanced compared to individual Mel peptide action.

To the best of our knowledge, Mel-MG combination
included/entrapped into pNIPAM-co-BA copolymeric porous
nanoplatform has not been reported until now as a potential
candidate with anticancer and antibacterial for improved utility
in the biomedical field.

2. Experimental
2.1 Materials and reagents

Poly(N-isopropyl acrylamide)-butylacrilate copolymer (pNIPAM-
c0-BA) (C¢H11NO),,(C;H1,0,), (butyl acrylate, 5 mol%, average
M, 30000, LCST of 250 °C, (Sigma-Aldrich)) Magainin (MG
Sigma M7152), Melittin, (Mel Sigma M 4171), and dimethyl
sulfoxide (DMSO solvent, ACS reagent, =99.8) were purchased
from Merck (Sigma-Aldrich, Spruce Street, 3050, Saint Louis,
MO 63103, USA).

2.2 Preparation of Mel, MG and Mel-MG loaded pNIPAM-co-
BA coatings

2.2.1 Preparation of pNIPAM-co-BA targets. The pNIPAM-
co-BA was dissolved (2 wt%) in DMSO, and then, using a copper
target support, was frozen using liquid nitrogen. During the
experiment (deposition time), the target was maintained as
frozen using liquid nitrogen and a cooling system.

2.2.2 Preparation of Mel, MG, Mel-MG loaded pNIPAM-co-
BA coatings. pNIPAM-co-BA coatings were obtained on glass
and Si (for FTIR) substrates (1 cm?®) using MAPLE method as
described previously.**** Shortly, the experimental set-up
consists of a Nd:YAG pulsed laser system (Continuum SURE-
LITE II™, USA) (A = 266 nm, v = 10 Hz, 6 ns pulse duration),
a vacuum deposition chamber that contains the target holder
connected to the cooling system (Fig. S1t). The receiving glass
substrates were placed inside the chamber, at a distance of
3.5 cm, parallel with the target surface. The laser beam was
scanned over the cryogenic target surface through a lens with
a focal length of 75 mm for coatings deposition.

Preliminary studies on the copolymer coating optimization
showed that the surface characteristics are highly dependent on
solvent, laser fluence and target concentration.”” Therefore, in
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this work, in order to obtain copolymeric layers with nano-
porous interfaces, fixed conditions were used: 2% pNIPAM-co-
BA in DMSO (in weight concentration), laser spot measured at
the target level of 1 mm?, fluence 350 mJ cm > and 72k pulses.
Solutions of 2% Mel and 2% MG in distilled water were filtered
through 0.22 pm Millipore membranes were placed on the
samples, allowing slow evaporation under the hood at
a constant temperature of 20 °C.

2.3 Materials morphological and physical-chemical analysis

2.3.1 Scanning electron microscopy (SEM). SEM imaging
was acquired using a JSM-531 Inspect S. system (Hillsboro, OR,
USA). The cells grown on CS (1 x 10* per well in 24-well
microplates) and incubated with eluates containing Mel, MG or
Mel-MG were washed with PBS and fixed for 20 min with 2.5%
glutaraldehyde solution. The samples were gradually dehy-
drated with 70%, 90%, and 100% ethanol solutions for 15 min,
two exchanges for each step followed by two rounds (3 min
each) of incubation with 50%, 75% and 100% hexamethyldisi-
lazane (HDMS, Sigma-Aldrich, St. Louis, MO, USA) ethanol
solution. Samples were air-dried overnight in a chemical fume
hood and metalized prior to scanning. All the samples were
covered with 10 nm Au (Agar Scientific Ltd., Essex, UK) using
a sputtering coater prior to SEM measurement.

2.3.2 Atomic force microscopy (AFM). AFM measurements
were used for analysing the surface morphology and the overall
roughness (quantified by the root mean square, RMS) of the
obtained coatings. Imaging was performed on a commercial
AFM (XE 100: Park Systems, Suwon, South Korea) in non-contact
mode using silicon tips (AC160TS: Olympus Europa, Hamburg,
Germany) in ambient air and in liquid at room temperature.
The in-liquid imaging was performed in a pH 6.4 solution,
returning to the same sample position as the ambient air scan,
wherever possible. The change in pH was produced by adding
HCI or 0.01 M NaOH to Na,HPO, water solution.

2.3.3 Contact angle (CA) and surface energy measure-
ments. Surface contact angle (CA) measurements were per-
formed in order to evaluate the wetting behaviour of the
coatings obtained by MAPLE using the classic sessile drop
method under ambient conditions with a KSV CAM101 micro-
scope system (KSV Instruments Ltd. in Espoo, Finland). The
measurements involved placing a 4 pL droplet of deionized
water onto the surface of the sample and measuring the angle
formed between the droplet and the surface of the coating.

The surface free energy of the layers was determined using
the Owens, Wendt, Rabel, and Kaelble (OWRK) method by
measuring the contact angles of deionized water as a polar
liquid and di-iodomethane as a completely dispersive liquid.

2.3.4 Fourier transform infrared spectroscopy (FTIR)
analysis. The chemical structure, specific to each coatings batch
obtained by MAPLE, was investigated using Fourier Transform
Infrared Spectroscopy (FTIR) using a Jasco FTIR 6300/Type A
Spectrometer. The main characteristic IR vibrations of func-
tional groups of the samples deposited by MAPLE as compared
to the reference drop casted material were measured using the
transmission mode in the 600-4000 cm ™" range.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3.5 X-ray photoelectron spectroscopy (XPS) analysis. X-
ray photoelectron spectroscopy (XPS) analysis was used to
analyze the surface chemistry of the layers obtained by MAPLE
(Escalab Xi+ system, Thermo Scientific, Waltham, MA, USA),
and X-ray photoelectron spectroscopy (XPS) survey scans were
obtained using an Al Ka gun with the following parameters:
spot size of 900 pm, pass energy of 50.0 eV, energy step size of
1.00 eV (5 scans). All the survey pass energy used was set to
10.0 eV (for the high-resolution XPS spectra data). The energy
step size was 0.10 eV with 15 scans that were accumulated for O
1s, 10 for N 1s, and 5 for O 1s, respectively.

2.4 Biological investigations

Prior to biological study, all copolymeric coatings were steril-
ized by UV-C irradiation (254 nm, Thermo Scientific HeraSafe
KS15) at 250 °C (<LCST) for 15 min.

2.4.1 Bacterial strains and activity.
Pathogenic/potential pathogenic strains used in the experi-
ments were Staphylococcus (S.) aureus ATCC 29213, Escherichia
(E.) coli ATCC 25922, and Pseudomonas (P.) aeruginosa ATCC
27853.

Bacterial cell viability was evaluated by counting the number
of colonies (UFC per ml) grown for 24 h at 37 °C on solid
nutritional broth using decimal dilution assay.*” Non-
functionalized glass was used as the first control and Luria-
Bertani liquid medium inoculated with bacterial strain as the
second control. All experiments were evaluated in a minimum
of three independent determinations.

2.4.2 Biofilm formation. The assessment of biofilm
formation was made for S. aureus, E. coli and P. aeruginosa
strains. The evaluation of biofilm formation was assessed by
determining the absorbance at 590 nm using Synergy HTX
spectrophotometer (Biotek, Winooski, VT, USA) as well as by
SEM. The bacterial strains were grown for 48 h in 6 well-plates
in the presence of Mel, MG and Mel-MG coatings in the same
conditions as those mentioned previously for antimicrobial
activity. 500 pL of crystal violet solution (2 mg mL ™) was added
in each well containing both the coated samples glass and the
non-functionalized glass (as control), incubated at room
temperature for 15 min, and subsequently washed three times
with PBS buffer. For SEM analysis, after incubation, the wells
were washed with PBS buffer three times, and 1 mL methanol
(Sigma-Aldrich, Spruce Street, 3050, Saint Louis, MO 63103,
USA) was added. After 15 min, methanol was removed and the
plates were dried.

2.4.3 Cell culture experimental models. Human epithelial
embryonic kidney HEK293T cells (ECACC, Porton Down, UK)
and human melanoma A375 cells (ECACC, CRL-1619, Porton
Down, UK) were cultured in Dulbecco's Minimal Essential
Medium (DMEM) medium (Gibco, Life Technologies, NY, USA),
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (all from Gibco, Life Technologies, NY,
USA).

Murine melanoma B16F1 (CRL-6323) and B16F10 (CRL-
6475) cells (ECACC, Porton Down, UK) were cultured in RPMI
1640 medium (PAN Biotech, Aidenbach, Germany) containing

antimicrobial

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

View Article Online

Nanoscale Advances

glutamine, 10% heat inactivated FBS (v/v), and 1% penicillin/
streptomycin.

All cell lines were maintained at 37 °C in a humidified 5%
CO, atmosphere and used in a biological study at more than
90% viability as checked by trypan blue dye staining (Invitrogen,
Thermo Fischer Scientific, Life Technologies Co, Eugen, Ore-
gon, USA).

All in vitro experiments were performed in triplicate, twice.

2.4.4 Cell proliferation assay-indirect method. The prolif-
eration of HEK293T, B16F1, B16F10, and A375 cells was evalu-
ated by MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium, inner
salt]) assay (CellTiter 96® Aqueous Non-Radioactive Cell
Proliferation Assay, Promega, Fitchburg, WI, USA) following the
manufacturer's instructions.

All materials were immersed in 500 pL complete culture
medium for 24 h at 23 °C (T, < LCST), and then the eluates were
added to the cells previously grown for 24 h in 96 wells (1 x 10*
per well). After 24 h of incubation (37 °C, 5% CO,), the medium
was removed and a mix of MTS reagent and cell culture medium
(1:5) was added to each well. After 10-15 min of incubation,
100 pL of the culture solution was transferred to a 96-well clear
bottom plate (Nunc, Thermo Fisher Scientific, CA, USA), and the
optical density at 450 nm was measured by a microplate reader
(Mithras LB 940 Berthold Technology, Bad Wildbad, Germany).
Cells grown on coverslip (CS) in the presence of culture medium
represented the positive control (CTRL+), while cells treated
with 70% ethanol for 5 min were the negative control (CTRL—).

2.4.5 Fluorescent microscopy. Cells (1 x 10" per well grown
on CS in 48 wells microplates) incubated for 24 h with 24 h-
eluates from materials were fixed with 4% paraformaldehyde
(RT, 10 min), washed with PBS, permeabilized with 0.2%
TritonX-100 and blocked with 0.5% bovine serum albumin
(BSA) in PBS for 30 min. Cells were labelled with anti-Ki67
antibodies (dil. 1:200, MA5-14520, Thermo Fisher Scientific,
CA, USA) for 30 min at RT and then in the absence of light for
1 h with goat anti-rabbit Alexa-Fluor 594 antibodies (R37117,
Invitrogen, Thermo Fisher Scientific, CA, USA) (emission into
red TxRed channel). The negative control (Ki67-absent) was
obtained by treating the cells with 70% ethylic alcohol (3 min)
while untreated cells represent the positive control (Ki67+).
Actin filaments were labelled with Alexa Fluor 488-conjugated
Phalloidin (dil. 1:50, A-12379 Invitrogen, Thermo Fisher
Sci., CA, USA) (emission into green FITC channel), and Hoechst
(1 pg mL™' H-21492 Life Technologies, Molecular Probes,
Eugene, OR, USA) for nuclei staining (emission into the blue
DAPI channel). ProlongGold Antifade Mountant Reagent
(P-36934 Molecular Probes, Life Technologies, Eugene, OR,
USA) was applied on all specimens and mounted on Marienfeld
Superior™ glass slides. Fluorescence images were acquired
using a Zeiss Axiocam ERc5s Apotom 2 microscope with EC
Plan-Neofluar 40x objective and finally analysed with the Axi-
oVision Rel. 4.8 software (Zeiss).

2.4.6 Flow cytometry cell cycle and apoptosis

2.4.6.1 Apoptosis. Cells were seeded (5 x 10* per well in 24
wells microplates) and left to attach overnight before

Nanoscale Adv., 2024, 6, 2038-2058 | 2041
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incubation with the material extracts for 24 h. Next day, to
retain any cells lifting from the cultures due to apoptosis,
culture supernatants were collected together with the fractions
containing the PBS wash, and the cells still attached to the
plastic harvested using trypsin-0.05% EDTA solution. The
identification of apoptotic and necrotic cells was performed
using Annexin V Apoptosis Detection Kit with 7-AAD (BioL-
egend, San Diego, CA, USA). Briefly, cells were washed twice
with cold Cell Staining Buffer, resuspended in Annexin V
Binding Buffer before staining for 15 min with Annexin V-FITC
reagent for early apoptotic cells' detection. To distinguish
between the necrotic and apoptotic cells, the samples were also
stained with 7-amino-actinomycin D (7-AAD) solution. Early
apoptotic cells exclude 7-AAD, while late stage apoptotic and
necrotic cells will stain positive for 7-AAD, which binds to DNA
in the nucleus. Cells were analysed using a BD FACSVerse™
Flow Cytometer (BD Biosciences). The signal emitted by 7-AAD
labelled cells was detected on the PerCP-Cy5.5 channel of the
cytometer, while Annexin V positive cells were detected on the
FITC channel.

2.4.6.2 Cell cycle. Cells used for apoptosis investigation
were fixed in 70% ethanol solution, a process that preserves the
cell cycling state, makes cells permeable and allows for
extended period of storage at —20 °C until it was further assayed
for cell cycle investigation. Briefly, the suspension cells were
washed twice in cold PBS, then stained with 10 pg mL™"
Hoechst at 37 °C for 30 min and finally analysed using a BD
FACSAria™ III Cell Sorter (BD Biosciences) in order to quantify
the percentage of cells in each cell cycle phase. The fluorescence
intensity of Hoechst was detected on a DAPI channel in a linear
scale. Single stained controls for FITC, 7AAD and Hoechst were
acquired to assess potential spectral overlap between signals
and to exclude any interference in the DAPI channel.

All cytometry data were exported and analysed using the web-
based Cytobank software: https://community.cytobank.org. The
gating strategy included steps to eliminate doublets (FSC-A vs.
FSC-H and DAPI-A vs. DAPI-W dot plots, respectively) before
analysing the populations of apoptotic and necrotic cells or cell
cycle phases. FMO controls were used for carefully setting up
the apoptosis assay gates.

2.4.7 Peptide nanoLC-MS/MS analysis and quantification.
The samples containing the peptides extracted in PBS were
desalted and analysed as previously described.”® Briefly, the
samples were acidified and loaded on top of in-house con-
structed Stage-Tips pre-equilibrated in loading buffer (0.5%
AcOH) and washed using the same solvent before elution with
0.5% AcOH, 80% acetonitrile (ACN). The samples were then
concentrated under low pressure and reconstituted in solvent A
(0.06% formic acid (FA) and 2% ACN) and injected on a trap
column and separated using reversed-phase C18 liquid chro-
matography, under a 40 min gradient obtained by a combina-
tion of two solvents, A and B (0.06% FA, 80% ACN). The eluted
peptides were detected using an LTQ-Orbitrap Velos Pro
instrument (Thermo Fisher Scientific) using a DDA method in
which the top five most abundant ions from the survey scan
were selected for fragmentation. The dynamic exclusion option
was enabled with a repeat count of 1, repeat duration of 30 and
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a list size of 500. Details about the method have been published
elsewhere.” Raw data were manually analyzed in Xcalibur v3.0
and for MS/MS ion assignment, the Sequest algorithm inte-
grated in Proteome Discoverer v1.4 was used. Peptide concen-
tration was estimated for samples extracted only in water, which
were centrifuged and the supernatant was subject to OD 280 nm
absorbance evaluation. The final concentration was calculated
taking into account the corresponding sequence-specific
extinction coefficient.

2.5 Statistical analysis

All values from cell viability experiments are expressed as mean
+ SD. Data were analysed with one-way ANOVA, followed by
Tukey's multiple-comparison post-test using GraphPad Prism
software for Windows version 5 (GraphPad Software, Inc.,
version 5; La-Jolla, CA, US). Differences in statistical signifi-
cance between groups were set at p values <0.05.

The results obtained in microbiological investigation were
analysed using GraphPad Prism 9.5.1 software, and statistical
interpretation was carried out with a 2-way ANOVA test, fol-
lowed by Dunnett's multiple comparisons test. Differences with
statistical significance between groups were set at p values
<0.0001.

3. Results and discussion
3.1 Preparation of pNIPAM-co-BA coatings

PNIPAM-co-BA Mel, pNIPAM-co-BA MG and pNIPAM-co-BA Mel-
MG were prepared as described in Materials and methods
Section 2.2.

First, to establish the amount of Mel and MG to be coated on
PNIPAM films, we determined the half maximal inhibitory
concentrations (IC50). HEK239T, A375, B16F1 and B16F10 cells
were seeded at 1 x 10" cells per well in 96 microplates. Next day,
the cells were incubated with serial dilutions 0-16 pg mL™" for
Mel and 0-100 pg mL~" for MG for another 24 h, and the cell
viability was determined by the MTS assay.

It is worth noting that the values obtained for Mel depicted in
Fig. S21 are in the range reported by others for the same type of
cells.***** Based on the ICs, values for Mel, the 10 pg per sample
was chosen for single as well as dual coating. In the case of MG,
the peptide was not cytotoxic up to 100 ug mL " for all cell lines
tested; thus, 100 pg was used for single peptide as well as in Mel-
MG combinatorial formulation. The sample used in our further
experiments are presented below: Cop (pNIPAM-co-BA), Cop-Mel
(pNIPAM-co-BA_Melittin), Cop-MG (pNIPAM-co-BA_Magainin),
and Cop-Mel-MG (pNIPAM-co-BA_Melittin_Magainin).

The morphology and thickness of the copolymer layer are
key factors to consider in the development of future bio-
intelligent cell cultures or drug delivery platforms/carriers. For
example, the presence of pores can be beneficial for a variety of
applications, and it has been reported that increasing the size of
the pores facilitates the diffusion and adsorption of drugs and
metabolites, such as peptides or proteins from the extracellular
matrix."** The results of the previous work related to the
composition of the target, the type of solvent and fluence
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showed that the use of DMSO solvent and a fluence of 350 m]
ecm~? resulted in a uniform, homogeneous coating with an
undamaged chemical profile. Also, the surface morphology
analyses revealed the presence and uniform distribution of
nanopores on the material surface.”

Within the context of porous polymeric platforms relevant
for loading with antitumor and antimicrobial bioactive
compounds, in this study, pNIPAM-co-BA coatings (Cop coat-
ings) were obtained by MAPLE using DMSO as a matrix and 72k
pulses.

As shown in Fig. S3,T coatings with porous interface, with the
dimensions of pores varying between 20 to 100 nm, uniformly
distributed and a layer average thickness of 460 nm were ob-
tained. The AFM and SEM image analysis of the dried samples
(Fig. 1) revealed major changes in the surface morphology of the
platforms, after MG, Mel or Mel-MG incorporation into the
matrix. Thus, the pore diameter varied from up to 2 microns to
a surface smoothening or decreased below 100 nm or even pore
disappearance when both peptides are incorporated. This was
especially observed in the case of MG incorporation, where an

100

o,

100

-200

100 um 20um

100 pm

Cop-Mel-MG

100 um

Fig.1 AFM (A) and SEM (B) images of the topography of the copolymer layers deposited by MAPLE on Si at a laser fluence of 350 mJ cm™
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increase in pore diameter and reorganization occurs as
compared to the pNIPAM-co-BA alone (Fig. S37).

In the case of combinatorial formulation, the lack of pores
was reported. As the loading of peptides was done by casting, we
could relate the differences observed in pore formation to the
thermodynamic stability and biomaterial-solvent affinity, which
can be involved in differences in liquid-liquid demixing during
phase separation, resulting in surfaces characterized by
different pore sizes.

These observations were in concordance also with the
measured average value of surface roughness for pNIPAM-co-
BA-MG (119 nm) as compared to the significantly decreased
values after the incorporation of Mel (up to 55 nm) or both
compounds (up to 4 nm) into the copolymer films.

3.2 Physical-chemical characteristics of pNIPAM-co-BA
coatings

When a polymer substrate is in contact with cells, its capacity
from protein adsorption to cell adhesion, growth and prolifer-
ation depend mainly on the surface characteristics (ie.,

Cop-Mel-MG

20

10

10

2pm 400 nm

2 um 400 nen

2, and

a number of laser pulses of 72 000 using DMSO as a solvent matrix, in which MG, Mel and both the peptides were incorporated. SEM magni-

fications are 20 000x, 40 000x and 150 000 x.
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wettability, energy of the substrate, surface functional groups,
and topography). Therefore, understanding both the physical
and chemical characteristic of the interface is crucial for
correlating to the biological output.

3.2.1 Contact angle (CA) and surface energy measure-
ments. As previously studied, pNIPAM-co-BA coatings suffer
a hydration phenomenon when immersed in liquid.* As shown
in (Fig. 2A), the CA values measured immediately after the drop
deposition indicated a hydrophilic surface character for all
samples with or without peptides. Cop and Cop-Mel layers had
lower contact angles, ~46° and ~32° than Cop-MG (~59°) and
Cop-Mel-MG (~68°), respectively, revealing better wetting
behaviour for these materials (Fig. 2A).

After 10 seconds, a clear decrease in contact angle values for
all samples was observed, except the one containing MG.
Exhibiting amphipathic property, MG can interact with both
water and lipid-based membranes through the hydrophobic
and hydrophilic domains of its structure.*®*® Nonetheless, at 10
seconds, the Cop-Mel-MG sample showed lower contact angle
(~21°), suggesting that the incorporation of both peptides may
improve the long-term wettability of the copolymer. The incor-
poration of active compounds, Mel and MG into the copolymer
structure, appears to enhance the wettability of the resulting
material, a property which could potentially lead to better
cellular adhesion and biocompatibility suitable for biomedical
applications. For example, the relationship between cellular
behaviour and the surface energy of polymer surface investi-
gations revealed that cells generally prefer to grow on surfaces
with higher energy as the polar groups on the polymer surfaces
interact with the cell surface groups and form chemical bonds.
In the case of nonpolar groups, nonspecific interactions occur
over short distances, such as the van der Waals interaction.?”

In our case, the results of the surface free energy (SFE)
analysis show that the copolymer containing Mel had the
highest total SFE value among all the samples, 64.26, indicating
a greater affinity towards polar and dispersive liquids. The
copolymer loaded with both Mel and MG had the second
highest SFE value (64.21), followed by the copolymer alone
(61.03) and the copolymer containing MG (53.08). These find-
ings suggest that the incorporation of Mel or Mel-MG

A Contactangles

5
60 56.
4
3
o 24.2
o 48,
Cop-MG Cop-Mel

after 10s

m after 1s

Fig. 2
energy measurements for pNIPAM-co-BA-based coatings.
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combination into the copolymer structure
improves its surface properties.

In addition, the polar and dispersive components of surface
free energy can provide information on the chemical composi-
tion of the surface and the nature of intermolecular forces that
are involved in surface interactions. Materials with higher polar
components on their surface, such as hydroxyl or carbonyl
groups, exhibit stronger hydrogen bonding and dipole-dipole
interactions with other materials. The polar component value of
surface free energy was highest for the copolymer (28.22), fol-
lowed by the copolymer incorporated with Mel (13.46), copol-
ymer incorporated with Mel and MG (13.41), and the copolymer
with MG (2.28) (Fig. 2B).

3.2.2 Fourier transform infrared spectroscopy (FTIR) and
X-ray photoelectron spectroscopy (XPS) analysis. Regarding the
chemical characteristics, FTIR analyses (Fig. 3) demonstrated
the successful incorporation of the 2 bioactive compounds into
the polymer platform, identifying the characteristic vibrations
of the functional groups within the Cop thin layers, as well as
those characteristic of MG and Mel. The characteristic absorp-
tion peaks of both peptides and of the pNIPAM-co-BA copolymer
confirm the preservation of the functionality of the peptides
following their incorporation into the copolymer (Fig. 3). Thus,
characteristic peaks appear at 3301 cm™ " (NH), 1653 cm
(amide I) and 1540 cm ™ * (amide II), while the peaks observed at
1740 cm™ " correspond to the carbonyl C=0 stretching of the
Cop-BA copolymer.*

From FTIR analyses, we can observe that the bands assigned
to C-H deformation modes are observable in the range of 1350-
1450 cm™ " (absorption bands at 1388-1368 cm™ '), bands that
are characteristic to the symmetric deformation of the hydro-
phobic isopropyl group -C(CHj3),. These observations are in
addition to the specific peaks corresponding to the hydrophilic
amide bonds that were specified earlier. We also observe
a number of absorption bands, unique to the peptide/protein
secondary structure,” in the “fingerprint region” (spectral
region between 1700 and 700 em™"). The peaks observed at
1645 cm " and 1537 cm ™, corresponding to the most prom-
inent vibrations in this region, corresponds to the amide I (C=
O stretching) and amide II bands (N-H bending and stretching
vibrations, respectively C-N).

significantly

Surface free energy

myp myd y_tot

(A) Contact angle values for pNIPAM-co-BA-based coatings (at 1 second and 10 seconds after the droplet was deposited). (B) Surface
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Fig. 3 FTIR spectra of the reference AMPs as separate compounds
and combination formula. Comparison MAPLE obtained at 350 mJ
cm~2 and DMSO as the solvent vs. the control copolymer layers.

It is known that the modification of surface chemistry can be
performed to decrease or increase protein/surface interactions.
Since such a change can occur using the different bioactive
compounds, the changes in the surface chemical composition
of the Cop containing Mel, MG or their combination were
further analysed by XPS. The obtained XPS survey spectra show
the typical signals associated with C 1s (carbon), N 1s (nitrogen)
and O 1s (oxygen) for the copolymer layers deposited by the
MAPLE technique at the laser fluence of 350 mJ cm™~> (Table 1).

The lack of the Si 2p peak in all other deposition types is an
indicator for a homogeneous coverage of the Si substrate with
Cop (i.e., comparable C 1s intensity in different areas after
MAPLE and peptide incorporation). The Cop before (drop-cast)
and after MAPLE deposition showed XPS peaks corresponding
to C 1s at 284.8 eV, N 1s at 399 eV and O 1s at 531.5-533 €V, in
agreement with the coating elemental composition. XPS spectra
analysis shows that all samples presented a peak at 284.8 eV,
corresponding to aliphatic carbons. Furthermore, the peak
position at 533 eV (ie.,, C=0) for MAPLE deposition is

View Article Online
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consistent with the presence of organic matter on the surface
of the copolymer layer containing the C=0 groups of pNI-
PAM-co-BA.

3.3 Morphology and stability of films containing active
compounds

Further, morphological changes of the films during immersion
in tumour (pH 6.4)-relevant environments were investigated by
AFM, while the modifications occurred after immersion for 24 h
in different pH solutions simulating normal (pH 7.3), and
tumoral pH values were analysed by SEM.

Previous studies® reported that the exposure of pNIPMA-co-
BA surfaces to solutions with basic pH value and T = 36 °C was
characterized by the hydration phenomenon, resulting in
a reduced number of pores. Fig. 4A shows the AFM image of
PNIPAM-co-BA films deposited by MAPLE at the fluence of 350
mJ ecm 2, 72k pulses, before being immersed in the pH 6.4
solutions, where the surface is characterized by the presence of
pores and microglobular structures as the effect of polymer
deposition by the MAPLE method. The in-liquid scan revealed
an increase in the roughness, from its initial value of 168 nm in
air to 221 nm (Fig. 4B). After drying, despite some slight
modifications of the morphology, such as a decrease in the
diameter of microglobular structures, the value of the rough-
ness was close to the initial one (Fig. 4C, 167 nm).

Nevertheless, as pNIPAM-co-BA has LCST 25 °C, we per-
formed AFM analysis in liquid with both pH of 6.4 and
temperature of 25 °C. When compared to the copolymer loaded
with peptides coatings in air (Fig. 4A, D and G), those analysed
upon immersion in solution of pH 6.4 (Fig. 4B, E and H), the
modifications observed for the coatings with incorporated
peptides followed similar trend, a decrease of roughness being
observed when measured both in liquid, and also after drying.
The large pores observed for the MG-loaded samples dis-
appeared (Fig. 4F), and uniformly distributed small non-
globular structures are observed. The coatings with
incorporated Mel suffered less changes, with no pores evi-
denced on the surface after immersion (data not shown), due to
the fact that Mel could make considerable hydrogen bonds
within copolymeric matrix when hydration occurs. When both
peptides are loaded within pNIPAM-co-BA platform and the
surface is exposed to acid pH medium, nanopores are
predominant (Fig. 4H). When both peptides are loaded within
the pNIPAM-co-BA platform and the surface is exposed to acid
pH medium, nanopores are predominant (Fig. 4H). Neverthe-
less, as measured in liquid, the surface roughness decreased
below 5 nm for all the samples containing peptides, showing

Table 1 XPS survey spectra showing typical signals associated with C 1s (carbon), N 1s (nitrogen) and O 1s (oxygen) for copolymer layers
deposited by MAPLE technique using DMSO as the deposition matrix at a laser fluence of 350 mJ cm™2

Drop-cast Drop-cast Drop-cast Drop-cast
Atomic% cop. 2% MG Mel Mel-MG Cop 2 wt% Cop-MG Cop-Mel Cop-Mel-MG
O 1s 13.39 20.86 24.84 20.47 15.6 16.27 16.7 16.1
N 1s 13.22 17.39 7.65 18.39 13.45 11.26 16.7 14.41
C1s 73.39 61.75 67.51 61.14 70.95 72.47 66.6 69.49
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Fig. 4 AFM images of pNIPAM-co-BA-based coatings before (A-Cop, D-Cop-MG, G-Cop-Mel-MG), during immersion in solution with pH 6.4
(B-Cop, E-Cop-MG and H-Cop-Mel-MG) and after drying (C, F and I). The in-liquid scans were made after an immersion time of 30 minutes. For
drying, the samples were kept in ambient air for 24 h before scanning again.

a swollen characteristic, as shown in Fig. S4.1 One explanation
can also be related to the fact that at pH with different values
than pK,, the charge-charge repulsion and an increase in the
material's osmotic pressure are responsible for the swelling
behaviour. As a result of swelling, the pores are diminished as
well and could therefore delay the fast release. The swelling
behavior of pNIPAM-co-BA-based coatings, when exposed to
acidic fluids, is contingent upon several factors, including the
hydrophilicity of its components, the presence of static charges,
and the counter ions within. Upon contact with a liquid
medium, hydrophilic and polar groups are attracted to water
molecules, initiating absorption and diffusion into the coating's
pores. Subsequently, as polymer chains relax, a loosening and
expansion occurs, akin to the three stages of hydrogel
swelling.*® This interaction causes hydrophobic BA segments to
engage with water molecules, creating an osmotic driving force
that enhances water retention. Furthermore, the swelling of
hydrogels containing acidic or basic pendant groups on poly-
mer chains is influenced by the pH of the surrounding medium
relative to the respective pK, values of these pendant groups. In
the case of a cationic network, the protonation (ionization) of
pendant groups leads to an increase in fixed positive charges
along polymer chains and mobile negative charges within the
solution.”*°

2046 | Nanoscale Adv, 2024, 6, 2038-2058

As our targeted application of the designed porous polymeric
coatings imply bacteria and cancer cells, the exposure of both
type of coatings, polymeric as well as peptides loaded coatings
were exposed for 24 h to acidic medium, and then the samples
were analysed by SEM for understanding the changes induced by
pH. Solutions of 7.3 pH were used as controls. As shown in the
sequence of SEM images, there are significant differences when
the coatings were subjected to acidic medium as compared to
those simulating normal cellular environment. If the modifica-
tions observed by AFM after 30 minutes immersion in solution
with pH 6.4 revealed a decrease in roughness values; after 24 h,
the SEM images revealed an opposite trend, especially for
copolymeric coatings containing Mel and Mel-MG peptides, with
surface revealing an increased number of pores. One possible
explanation for the increased number of pores and their diam-
eters observed in the coatings containing peptides could be
related to considering the analogy on how the water-soluble
amphipathic peptides, in our case Mel, have the ability to bind
to cell membranes and form transmembrane pores (Fig. 5).

3.4 Validation of antimicrobial capacity of pNIPAM-based
coatings containing active compounds

One way to prevent bacterial infection and biofilm formation
could be the use of antimicrobial peptides (AMPs), which act

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00947e

Open Access Article. Published on 27 February 2024. Downloaded on 3/5/2026 4:08:29 PM.

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

(cc)

Paper

against a broad-spectrum of microorganisms through multiple
complex mechanisms including cell wall- and membrane-
targeting, intracellular effects and inhibition of biofilm
formation.®** Several studies revealed that their combination
with conventional antibiotics or a combination between
cationic peptides proved to be an efficient strategy for dealing
mainly with biofilm-associated bacterial infections.***®

In our study, the antibacterial efficiency of scaffolds
embedded with MG, Mel and their combination was validated
using Staphylococcus (S.) aureus ATCC 29213, Escherichia (E.) coli
ATCC 25922, and Pseudomonas (P.) aeruginosa ATCC 27853. The
results presented in Fig. 6A revealed that the cell viability of
bacterial strains was not influenced by the presences of glass
(used as reference), Cop, Cop-MG and all samples including

Cop
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controls generated growth of around 10" cells per mL. Cop-Mel
and Cop-Mel-MG reduced the number of E. coli cells from 10'°
cells per mL to below 10 cells per mL. In the case of S. aureus,
the cell viability decreased to 10° cells per mL for Cop-Mel and
to 52 cells per mL for Cop-Mel-MG, respectively, for the most
resistant bacterial strain P. aeruginosa, the presence of Cop-Mel
and Cop-Mel-MG lowered the bacterial cells number to 10 cells
per mL and to 10° cells per mL, respectively, compared to the
control (10" cells per mL). The results are in accordance with
other reported data regarding antimicrobial activity of Mel
against Gram positive and Gram-negative bacteria.®"*
Although in our study MG did not induce an inhibitory effect
(probably too low amount), its presence in the combinatory
formulation seems to modulate the inhibitory action of Mel and

Cop-MG
pH6.4

pH7.3

20 um

Cop-Mel-MG

pH6.4 pH7.3

20 um

Fig. 5 SEM images sequence of pNIPAM-co-BA-based coatings immersed in solutions with acid and basic pH depicting the morphological
changes occurred due to the pH solutions that simulate tumoral and normal cell environment.
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Fig. 6 (A) Bacterial cell viability in the presence of MG, Mel and Mel-

MG after 24 h of incubation. Statistically significant differences were
obtained only for samples Mel and Mel-MG as compared with the
control (**** = p < 0.0001). (B) The biofilm formation in the presence
of MG, Mel and Mel-MG after 48 h of incubation. Statistically significant
differences were obtained compared with the control (d = p < 0.0001).
(C) SEM images of E. coli, S. aureus and P. aeruginosa adhesion on Cop
and Cop coatings loaded with MG, Mel and Mel-MG.
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further studies are needed to elucidate these findings. The
results presented in Fig. 6B confirmed the data obtained by SEM
analyses. The ability of the prepared samples, with or without
AMPs, to inhibit the biofilm formation of P. aeruginosa ATCC
27653, S. aureus ATCC 29213 and P. aeruginosa ATCC 27653
strain. S. aureus ATCC 29213 was tested by staining with crystal
violet, a dye able to stain both bacterial cells and the extracel-
lular matrix. As shown in Fig. 6B, the coating containing Mel-
MG was shown to have the highest ability to inhibit biofilm
formation of all the tested strains as compared to cells incu-
bated on glass only. In particular, the percentages related to
reduction in biofilm formation obtained were shown to be
depending on both the compound/composition as well as on
the bacterial species tested. Interestingly, in the case of E. coli,
a reduction of more than 75% in biofilm formation was ob-
tained in the copolymeric layer embedding Mel and the copol-
ymeric layer embedding both Mg and Mel, while for S. aureus
ATCC 29213, the biofilm was not inhibited for the MG-
containing sample (Fig. 6B) but inhibited by more than by
50% polymer alone, Cop-Mel and Cop-Mel-MG. In the case of P.
aeruginosa ATCC 27653 strains, the copolymeric layer inhibited
the biofilm formation almost 50% in a similar manner to Cop-
Mel-MG. These observations suggests that the prevention of the
biofilm can be attributed to a classical inhibitory/bactericidal
effect of the compounds against planktonic biofilm forming
cells but also that the copolymer alone could prevent biofilm
formation in the case of the specific strain of P. aeruginosa by
interfering with adhesion or with the bacterial communication
machinery by hydration/swelling.

Further, the changes in bacterial adherence, cell morphology
and biofilm inhibition were assessed by SEM. The images pre-
sented in Fig. 6C showed that in the case of Cop, all bacterial
cells display normal, unaffected adherence and morphology. On
the contrary, both Cop-MG and Cop-Mel exhibited similar
effect, altering the membrane integrity and inducing significant
changes in the morphology of bacterial strains. Thus,
membrane disruption, leading to cytoplasmic leakage, was
observed, and the leaked material was found to be around the
membrane. According to the above images, the number of
vesicles on bacterial membranes (only in the case of Mel for
Pseudomonas sp.), number of ghost doughnut shapes and
induction of hole formation in S. aureus, extent of disruption in
membranes, aggregation of bacterial cells, and cell lysis can be
seen (Fig. 6C). A similar effect on roughness, depression and
dent formation induced by antimicrobial compound Curcumin
I on S. aureus or cell degradation and hole formation action of
caerin on Klebsiella sp. was reported by others.”>”® Anti-biofilm
activity of Mel alone or in combination with other AMPs or
antibiotics against Gram-negative and Gram-positive bacteria
was reported.>>”*

In the case of Mel-MG combination, an enhanced effect
compared to single treatment was observed (Fig. 6B). We
appreciate that this is due to the capacity of the both peptides to
disrupt the cell membrane through pore formation and thereby
increasing the permeabilization of bacterial cells. The differ-
ence observed in the level of inhibitory capacity of Mel-MG
combination against the tested strains could be explained by
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differences in membrane fluidity and lipid composition of
bacterial membrane (lipopolysaccharide on Gram-negative and
lipoteichoic acid on Gram-positive, respectively) involved in the
interactions with antimicrobial peptides. Another important
factor could be the concentration ratio between the two
components. In the study focused on the effect of different
AMPs combinations on E. coli MG1655 strain, Yu et al.”® re-
ported that Mel-apidaecin was synergistic in low-concentrations
but antagonistic in high concentrations. However, the most
common phenomenon in antimicrobial peptides killing action,
including MelPex (Pex, MG analog) combination, was syner-
gism. The molecular mechanism of antagonism is not entirely
known, but the synergism could be the result of the conjugation
of the two peptides, leading to the formation of supermolecules
that stabilize the pores.”

3.5 Invitro cancer activity of peptides released from
PNIPAM-based coatings

Cationic AMPs exhibit both antimicrobial and anticancer
activity through the electrostatic interactions with negatively
charged phospholipids on the surfaces of bacterial and cancer
cells followed by pore formation and subsequently either
membrane disruption or cell penetration, leading to apoptosis/
necrosis. The affinity of AMPs for cancer cells is weaker
compared to that of the bacteria due to a low density of negative
charges present on mammalian cell surface and the rigidifying
effect induced by cholesterol on the membrane.”"” The multi-
functional capacity of AMPs raised the interest for their appli-
cations as antimicrobial and antitumor drugs. In this respect,
several studies focused on the evaluation of combinatory
treatment potential on a stronger effect than that of individual
cationic peptide, most of the investigations being performed
from a microbiological point of view and less on the antitumor
activity.**7?

Here, the anticancer capacity of Mel, MG and their combi-
nation released from a stimuli responsive pNIPAM-based poly-
mer on the cell proliferation and morphology was investigated
using mammalian, normal and melanoma cell lines. By
applying in vitro approaches, we aimed to assess whether a two-
way peptide combination extract from scaffolds exhibits a more
efficient anticancer effect compared to single peptide action.

3.5.1 Validation of peptides release. To confirm the iden-
tity of the extracted peptides, the PBS Mel and MG extracts were
compared with the standard Mel and MG solutions by LC-MS/
MS. As can be observed in Fig. 7A, the retention time and
precursor isotope pattern for MG match with the ones found in
the PBS extraction solution from materials covered with a solu-
tion containing a combination of both peptides. Moreover, the
analysis of the fragment match spectrum confirmed the amino
acid sequence (Fig. 7C). Similar results were also obtained when
we compared the retention time, isotopic pattern and MS/MS
spectra of the extracted solution from the material covered
with only a single peptide (Fig. S5A and Bt). We also compared
the retention time and isotopic pattern for Mel and confirmed
that indeed the PBS extract contains the peptide (Fig. 7B). The
fragment match spectra also confirmed the peptide identity in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the material extracted containing the combination of the two
peptides (Fig. 7C). Similar results were obtained when we
compared the extracted material from the surface containing
only Mel (Fig. S5C and Df). These results confirm that indeed,
when incubating the biomaterials with PBS, the peptides are
extracted. To quantify the amount of released peptide, we took
advantage that Mel contains aromatic amino acids in its
sequence and used the absorbance properties (OD at 280 nm) to
estimate the concentration in the released aqueous solution
(Fig. S5Et). We have estimated ~7.31 £ 1.04 pg (n = 3, technical
replicates) of the peptide in the sample extracted from the
biomaterial covered with the combination of both the peptides
and 10.00 £ 1.03 pg (n = 3, technical replicates) from the one
covered only with Mel, respectively. After 48 h, none of the
peptides were present in the extracts (Fig. S5Ef). All
together, these results suggest a good peptide recovery from the
biomaterial; therefore, the peptides extracts obtained after 24 h
at 23 °C were used in biological investigations.

3.5.2 Effect on normal and melanoma cell growth and
morphology. In order to define the biocompatibility of
a biomaterial scaffold, one of the most important parameters to
be investigated is its potential cytotoxic effect. Cell viability and
proliferation are essential for the biomedical application of
a material. In our study, the MTS method that evaluate mito-
chondrial activity was used to assess the effect induced by
different extracts containing Mel, MG and Mel-MG released
from Cop on mammalian cell growth in vitro. Since cytotoxicity
is dependent on the cell type, we have performed experiments
on normal human HEK293T cells and human malignant A375
cells as well as murine melanoma B16F1 and B16F10 primary
and highly metastatic cells, respectively. All cells were treated
for 24 h with extracts released from pNIPAM-co-BA coatings in
cell culture medium after prior 24 h incubation at 23 °C. As seen
in Fig. 8A, MTS quantitative assay results showed that super-
natants obtained from pNIPAM-co-BA matrices alone did not
suppress cell growth irrespective of the type of cell line tested,
compared with the control (CTRL+). Similar results were ob-
tained after incubation with the extraction culture medium
from copolymer matrices loaded with MG peptide alone, no
cytotoxic effect was observed on any of the tested cell lines,
regardless of their characteristics. On the contrary, the cell
viability decreased significantly (p < 0.0001) compared with
untreated cells when incubated in the presence of Mel extract,
HEK293T cell being less affected than melanoma cells (~25%
vs. over 50%). In our experiment, the concentration of Mel
released (~10 pg mL™"), which induced cell proliferation inhi-
bition falls into the range reported by others for different cancer
cells.”* Also, treatment with combinatory formulation Mel-MG
induced a significant reduction of viable cells (p < 0.0001)
between 55% for normal HEK cells and ~60-70% for tumour
cells, in comparison with the untreated cells. MG presence in
two-peptide formulation mainly affected murine melanoma cell
viability (B16F1 cells (p < 0.05), B16F10 cells (p < 0.001)), sug-
gesting a potential of this peptide to improve Mel cytotoxic
action.

Further, cell viability and proliferation were analysed also by
immunofluorescence microscopy using Ki-67 protein as

Nanoscale Adv., 2024, 6, 2038-2058 | 2049
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Fig. 7 LC-MS/MS analysis of MG and Mel. (A) Extracted ion chromatograms (XIC) (left panels) and the precursor monoisotopic patterns for m/z
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for Mel. (C). MS/MS fragment match spectra for the MG peptide observed in the extracted sample (upper panel) and the standard peptide (lower

panel). (D) Similar as in (C) but for Mel.

a marker for discriminating proliferating cells within a cell
population (Fig. 8B). The results were correlated with observa-
tions regarding adhesion and morphology obtained by fluo-
rescence and scanning electron microscopy of normal human
HEK293T, human melanoma A375, murine B16F1 and B16F10
melanoma cells incubated for 24 h at 37 °C with the extracts
released from the copolymer support at 23 °C. The supernatants
obtained from the matrices alone as well as the one containing
MG only did not induce morphological or proliferation changes
for the normal human cell line HEK293T within cells being Ki-
67+ (red), similar to untreated cells and displaying strong actin
filaments (green). The images show that cells exhibit normal
stellate shape, keep their adhesion capacity and growth in
clusters due to good cell-cell contact. Contrary to that,

2050 | Nanoscale Adv.,, 2024, 6, 2038-2058

treatment with Mel and Mel-MG combination led to a decrease
in the number of adhered cells. However, cells show a normal
morphology and are distributed in cell groups. Moreover,
adhered cells are proliferating, as indicated by Ki-67+ (Fig. 8B).
Like in the case of non-cancerous HEK293T cells, the
morphology of A375, B16F1 and B16F10 melanoma cells is less
or not affected by the treatment with supernatants released
from the Cop and Cop-MG matrices. Cells exhibit morphology
similar to the normal phenotype (untreated cells, CTRL) in all
cases, and many adherent Ki-67+ cells presenting cell-cell and
cell-surface contacts can be observed (Fig. 7B). Previously,
cytotoxicity observed by the MTS assay of Mel and Mel-MG
eluates released from pNIPAM-co-BA coatings (Fig. 8A) was
confirmed by the reduction of adhesion in all cancer cell lines

© 2024 The Author(s). Published by the Royal Society of Chemistry
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studied compared to untreated controls or cells treated with
Cop or Cop-MG supernatants observed in immunofluorescence
microscopy investigation. The few remaining attached cells
generally present changes in morphology, have a round or
spherical shape with cortical actin, shrinkage similar to the
apoptotic cells and do not register a signal for the Ki-67 protein
(Ki-67—). Also, multiple nuclear debris can be found (no cyto-
plasmic body).

Cell morphology observations obtained by SEM technique
are strongly in accordance with the fluorescence microscopy
ones; electronic micrographs (Fig. 8C) present similar effects of
the released peptides alone or in combination on normal and
tumoral cells. All cells treated with supernatants obtained from
Cop matrices alone or loaded with MG lacked any significant
impact on cell morphology. Cells displayed normal shape
similar with that observed on untreated cells. Mel and Mel-MG
extracts are effective against both human and murine mela-
noma cells, exhibiting significant cytotoxic activity, resulting in
dramatically decreased cell size and modified morphology
toward a rounded shape similar to that observed in fluorescent
microscopy analysis.

3.5.3 Mel-MG coating extract shift melanoma cell cycle
towards an aneuploidy state. We next tested the effect of Mel-
MG released from pNIPAM matrices onto the cell cycle of
mouse and human melanoma cells. Hoechst staining revealed
a progressive decrease in DNA content of all cell lines tested
when cells were treated for 24 h with Mel or Mel-MG released
within 24 h from the pNIPAM matrices. However, treatment
with MG extract or Cop extract did not produce significant
changes in the DNA content profile as compared to negative
controls (Fig. S6,f FACS histograms). The proposed Mel-
containing treatments hence showed a potential to increase
aneuploidy in melanoma cells as well as in non-cancerous
HEK293T cells, most probably due to its pleiotropic effect of
producing pores in cell membranes. Noteworthily, data quan-
tification demonstrated that the effect of Mel-MG extract was
enhanced in primary B16F1 mouse melanoma cells, where
~40% of cells were in sub-G1 cell cycle phase, as compared to
the paired metastatic B16F10 cell line, which contained ~20%
sub-G1 cells (Fig. 9A, graphs). A modest increase in this cell
fraction was obtained by Mel alone in B16F1 and B16F10 cells,
while in A375, it was more potent than the combination to
increase sub-G1 fraction on the expense of G2/M proliferative
cells. Our cell cycle analysis results are consistent with the
inhibition of cell proliferation observed by the MTS assay
(Fig. 8A) and fluorescence microscopy (Fig. 8B).

Mechanistically, DNA content analysis shows an opposite
effect of Mel-containing formulations to cisplatin (CisPt),
a standard cytostatic drug used in chemotherapy.””” CisPt-
treated cells (at the used concentration of 72 uM) suffered an
overall increase in DNA content due to the inhibition of cell
division (Fig. S61) and a blockage in the S to G2/M transition in
drug-sensitive cell lines (B16F1, B16F10, Hek293T) (Fig. 9A).
These observations are also supported by the FACS morpho-
logical parameters analysis (Fig. S7-S91), which show
a progressive decrease in size and granularity of cells treated
with Mel and Mel-MG formulations as opposed to cells treated
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with CisPt that show an increase in median cell size and gran-
ularity for CisPt-sensitive cells. The morphological modifica-
tions induced by Mel and Mel-MG extracts are in line with those
observed by fluorescence and SEM analysis (Fig. 8B and C).
Further, we have performed experiments to see whether the
cytotoxicity induced by Cop-Mel and Cop-Mel-MG extracts is
mediated by apoptosis and/or necrosis. The quantitative anal-
ysis of cell death by flow cytometry following annexin V-FITC
and 7AAD dual labelling indicated that Cop-Mel and Cop-Mel-
MG cytotoxicity were dominantly mediated by late apoptosis/
necrosis in murine melanoma cells (Fig. 9B). Thus, after treat-
ment with Cop-Mel extract alone for 24 h, the amount of late
apoptotic/necrotic cells increased compared to untreated cells
and Cop extract from 2.55% and 1.69%, to 36.19% in B16 F1
cells and from 1.65% and 1.6% to 21.24% in B16F10 cells,
respectively. Interestingly, the Cop-MG extract does not affect
the cell viability of primary melanoma cells (1.34% late
apoptotic/necrotic cells) and only in a limited extend (6.36%)
that of metastatic cell line with respect to the controls. The
absence of the MG cytotoxic effect is probably due to the
amount of peptide released from Cop (Fig. S5), which is less
than the ICs, (=100 umol L") reported for many cancer cell
lines.”® However, the Cop-Mel-MG combination exposure
induced a dramatic enhance in the late apoptosis/necrosis
process in both primary and metastatic mouse melanoma
cells investigated (65.77% and 64.74%, respectively).

In the case of human normal and melanoma cells, the effect
of either Cop-Mel or Cop-Mel-MG combination resulted in early
apoptosis with only a small percentage of cells in late apoptosis/
necrosis (Fig. 9B).

The ability of Mel to trigger early apoptosis in A375 human
melanoma was shown by an increased percentage of cells in the
sample treated with Cop-Mel extract alone (33.17%) when
compared with controls (0.52% for untreated and 0.54% for
Cop). In HEK293T cells, the toxicity of Mel was reflected by
increased early apoptosis rates (20.35%), after 24 h treatment
with the extract as compared to the controls (3.38% for
untreated and 3.62% for Cop extract). Although the Cop-MG
early apoptotic rate was 4.11%, this is not statistical relevant
as compared to the untreated and Cop (3.38% and 3.62%,
respectively). Also, the percent of HEK293T cells in late
apoptosis/necrosis was significantly higher for the Cop-Mel
sample (18.19%) as well as for the combination Cop-Mel-MG
(21.21%) as compared to the untreated and Cop controls
(1.28% and 2.85%, respectively). This behaviour of HEK293T
cells after treatment with extracts containing either the peptide
alone or in combination can partially be explained by the
enhanced sensitivity of the normal cell line as suggested by the
higher percentage (3.38%) of early apoptosis observed in
untreated cells compared to all tumour cells investigated (0.51-
2.01%) (Fig. 9B). Here, the apoptotic effect induced by Mel and
Mel-MG was supported by the observed morphological modifi-
cations (Fig. 8B and C) and MTS results (Fig. 8A), such as cell
shrinkage, round and spherical cells, decrease in viable cells
and presence of multiple nuclear debris.

Altogether the assessment of cell growth, morphology and
cell cycle analysis indicated that Mel and Mel-MG released by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymer coatings produces damage to mitochondrial activity
and impairs the growth of all tested cells, normal cells are less
sensitive compared to cancer cells.

The more damaging cancer cell membrane capacity of Mel
compared to that exhibited on normal cells is well docu-
mented.”* The mechanism of Mel action on cancer cells is
through either apoptosis or necrosis depending on the cell
line.**®' Thus, in the experiment performed by Lim et al.** with
human A375S and SKMEL-28 cells and murine B16F10 mela-
noma cells, Mel was found to induce an increased amount of
early and late apoptosis when compared to the basal level in
untreated cells. Mel derived from Apis florea was proposed as an
apoptosis inducer in cancer cells through its capacity to activate
cytochrome-c and to trigger caspase-3 release in A375 cells.*” An
increase in the proportion of late apoptotic and necrotic cells
was also reported by Tipgomut et al.** in Mel-treated human
bronchogenic carcinoma cells, normal fibroblasts being less
sensitive to peptide action. Also, the effect of Mel could be

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

influenced by the capacity of cells to form clumps as revealed in
the investigations performed on gastric and colorectal cancer
cells.®

In addition, the membrane lipid profile of various cancer
cells also differs, a reduced level of certain lipids resulted in
increased membrane permeability, while high lipid content
account for more rigidity, leading to drug resistance.® Ganpule
et al.®® have demonstrated that the Mel action is influenced by
membrane cholesterol content and changes in lipid membrane
organization, consequently affecting cell viability. It has been
reported that the lower level of cholesterol in some cancer cell
membranes compared to normal cells led to an increased
fluidity, thus potentiating cationic peptides effect.”®

Another important aspect regarding the anticancer action of
cationic peptides is the possibility to modulate their action
using a combinatorial formula with other molecules, thus
reducing the non-specific toxicity and potentiating the biolog-
ical effect. For example, a synergistic potential of Mel
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combination with plasma or phospholipase A2 was reported as
a promising approach for cancer therapy.***” Also, magainin II
was conjugated with penetratin in order to enhance its cytotoxic
effect in tumour cells.®®

All these observations could explain, at least in part, the
different response induced by pNIPAM copolymer Mel-MG
extracts to the different cell lines, normal and tumoral used in
our experiments. Also, some other factors such as the difference
between Mel and MG regarding the pore formation rate and
stability should be taken into account to understand the
mechanism(s) of their action in combinatorial formulations.*”

Overall, for the cell lines investigated, the outcome indicated
that MG modulates the apoptotic/necrotic effect of Mel when
combinatorial formulation is used through a mechanism(s)
that requires further studies to be elucidated. Also, it will be
important to understand the potential enhanced effect of Mel-
MG treatments on primary cancer cells as compared to meta-
static ones.

4. Conclusions

Our study revealed that the nanoporous pNIPAM-co-BA coatings
obtained by MAPLE were suitable to be used as bio-
nanoplatforms for Mel and MG incorporation, allowing the
penetration of the peptides within the copolymeric layer and
not only at the surface. The presence of pores with dimensions
from 20 nm to 100 nm uniformly distributed on the surface of
the copolymeric coatings provided an advantage for the incor-
poration of MG, Mel and Mel-MG. AFM and SEM images anal-
ysis of platforms surface morphology revealed a variation in the
size of pores diameter—from 2 microns to a surface smooth-
ening—depending on the presence of MG, responsible for large
pores, or Mel, responsible for lowering the surface roughness to
a minimum of 4 nm when both MG and Mel are incorporated
into the copolymer films.

The hydrophilic characteristic of the copolymeric coatings
was maintained after the incorporation of the two peptides;
however, the highest decrease in the contact angle was obtained
when Mel was embedded. The FT-IR studies revealed that
neither the MAPLE process nor the peptides’ incorporation
affect the presence and characteristics of the functional groups
of copolymer or peptides.

As the nanoporous bioplatforms were designed to be func-
tional in acidic medium, when subjected to environment
simulating tumour and normal cell medium, the surfaces
revealed an increased surface porosity for those immersed in
acid pH as compared to pH 7.3, especially for those containing
MG. pNIPAM-based scaffolds embedded with Mel-MG exhibited
the capacity to impair bacterial growth and to delay the devel-
opment and evolution of biofilm formation. The results of in
vitro study evidenced the potential of Mel-MG extracts released
by pNIPAM-co-BA to significantly reduce cancer cell prolifera-
tion through apoptosis/necrosis process induced mainly in
murine melanoma cell line B16F1 and B16F10. The presence of
MG in two-peptide formulation was shown to modulate the
cytotoxic action of Mel depending on the cell lines.
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Together, our findings are promising in terms of how
a nanoporous polymeric platform embedded with two cationic
peptides could be directed towards modified nano-biointerfaces
with a beneficial impact for the treatment of key pathological
processes, such as cancer and bacterial infection.
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