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ABSTRACT: The rapid emergence of multidrug-resistant bacteria has intensified
interest in antimicrobial peptides (AMPs) as alternative therapeutics due to their
potent broad-spectrum activity and low propensity for inducing resistance. However,
the clinical translation of AMPs is hindered by their inherent low stability and  Alecoees N AMPs - MSNs
susceptibility to proteolytic degradation. In this study, we investigated a pH- sns)

responsive delivery system using mesoporous silica nanoparticles (MSNs) to
encapsulate frog-derived temporin B and scorpion-derived BmKn2—two AMPs that {2 e - o
have shown particular promise—aiming to enhance their stability and enable | #*eworsie w R
targeted eradication of Staphylococcus aureus biofilms. AMPs were efficiently l CEL - ATICE
adsorbed onto MSNis via electrostatic interactions, achieving a high loading capacity. 7o

The release of peptides was minimal at physiological pH (7.4) but was significantly @ 8o

accelerated under mildly acidic conditions (pH S.5), typical of biofilm environments. e o . § et
This tunable release behavior enabled controlled delivery and improved protection S queeeset

of the peptides from enzymatic degradation. In vitro studies demonstrated that AMP-loaded MSNs retained antibacterial and
antibiofilm activity against Staphylococcus aureus, comparable to that of free peptides, while offering stability. The adaptability of this
MSN-based platform to other AMPs with similar physicochemical properties highlights its broader potential for combating resistant
bacterial infections.

Loading at basic pH
—

Log (CFUmI)

B INTRODUCTION adapt to pH variations allows it to colonize diverse niche
including the skin, mouth, vaginal tract, abscesses, and even

Bacterial infections and biofilm formation are major clinical s
phagolysosomes inside immune cells.™ > S. aureus infection

concerns affecting millions of people worldwide.! Chronic

infections remain a leading cause of mortality among severely has long been treated with f-lactam antibiotics.'® For serious
ill, hospitalized patients and pose both a clinical and economic invasive infection caused by MRSA, the current first-line
burden to global healthcare systems.” The growing incidence treatment involves glycopeptide antibiotics such as vancomycin
of antimicrobial resistance has compromised the efficacy of and teicoplanin. Despite their potency, these antibiotics
conventional therapeutics, leading to treatment failures and present significant limitations due to their intravenous
prolonged hospital stays.” A key contributor to this crisis is administration route and poor tissue penetration, and their
Staphylococcus aureus (S. aureus), a Gram-positive pathogen increased resistance further complicates their clinical utili-
capable of infecting a range of human tissues—from superficial ty.'”'® Consequently, the development of alternative therapies
layers such as the skin and eyes to deeper regions such as the capable of overcoming existing resistance mechanisms is
heart, bones, and gastrointestinal tract.® S. aureus is also a essential. To counteract the growing threat of multidrug-
common agent of postsurgical infections, especially those resistant pathogens, antimicrobial peptides (AMPs) have
involving implanted devices including prosthetic joints and emerged as promising alternatives.'” Typically ranging from
artificial valves, even in developed healthcare settings.s’6 12 to S0 amino acids, they possess an amphipathic structure

Eradication of such infections is particularly difficult due to
the persistence mechanisms and immune evasion strategy of
the bacterium.”® One of the most challenging aspects of S.
aureus pathogenesis is its ability to form biofilms—complex,
structure-adhering bacterial communities embedded within a
self-produced extracellular matrix comgosed of polysacchar-
ides, proteins, and extracellular DNA.”'° The biofilm acts as a
physical and biochemical barrier, protecting the embedded
bacteria from antibiotics and immune cells."' Furthermore, the
biofilm environment is often more acidic (pH ~ 5—6.5) than
the surrounding healthy tissues.'”"” The ability of S. aureus to

and are rich in positively charged residues such as lysin and
arginine and are grouped into four categories based on the
presence of key secondary structures such as a-helices, f-
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sheets, and various turns and loops.””*' This allows them to
interact with negatively charged bacterial membranes, causin
membrane disruption or interfering with intracellular targets.”
AMPs exhibit a broad spectrum of antimicrobial, antiviral,
antifungal, and even anticancer activity.””** Notably, they
demonstrate rapid antibacterial action, low likelihood for
resistance development, and potential immunomodulatory
functions. In vitro studies have shown that AMPs can be
synergistic with traditional antibiotics, enhancin§ bacterial
membrane permeability and antibiotic uptake.”***° However,
despite their promising pharmacodynamics, clinical translation
of AMPs is limited. Many AMPs are susceptible to proteolytic
degradation in plasma, have poor metabolic stability, and
undergo ragid renal clearance, leading to a short systematic
half-life.””** To address these limitations, there is a growing
interest in developing strategies to enhance the AMP stability
and delivery, including peptide engineering and incorporation
into nanocarriers.”” Both organic and inorganic nanoparticles
have been explored as delivery systems to improve the AMP
pharmacokinetics, control release, and reduce off-target
t0)<icity.30’31 Among inorganic platforms, mesoporous silica
nanoparticles (MSNs) have gained significant attention due to
their unique physicochemical properties.”” ** MSNs offer a
high surface area, tunable pore diameter, large loading capacity,
and biocompatibility.” The release of payloads from MNPs
can be triggered by environmental cues such as pH, redox
conditions, temperatures, enzymes, or competitive binding
agents.” Electrostatic interactions are commonly used to load
cationic peptides into the negatively charged silica matrix of
MSNs.>® Based on these principles, we investigated the pH-
responsive  MSN-based platform to deliver two a-helical
AMPs—temporin B and BmKn2—two nondisulfide AMPs.
Temporin B is a 13-residue peptide derived from the skin of
Rana temporary (European red frog), while BmKn2 is a
peptide derived from the venom of the scorpion Butkus
martensii  Karsch.””*® Both peptides have shown activity
against Gram-positive pathogens including S. aureus, with
reported minimum inhibitory concentration (MIC) values
ranging from 2.5 to 20 yM. In this work, we examined the
loading efficiency, pH-dependent release profiles, protease
stability, and antimicrobial activity (against planktonic and
biofilm forms of S. aureus) of AMP-loaded MSNs. Our results
demonstrate that both peptides retain their bactericidal and
antibiofilm properties after MSN loading and that the peptide
release is significantly enhanced under acidic conditions.
Moreover, MSNs conferred strong protection against proteo-
Iytic degradation. Together, these findings support the
potential of MSN-based platforms for delivering AMPs in a
controlled and pH-triggered manner, providing a proof of
concept for the treatment of biofilm-associated infections and a
promising direction for future antimicrobial nanomedicines.

B MATERIALS AND METHODS

Materials. Fmoc-protected amino acids, Rink Amide AM
resin support, and benzotriazol-1-yloxytripyrrolidinophospho-
nium hexafluoro phosphate (PyBoP) were purchased from
Novabiochem. Trifuoroacetic acid (TFA), triisopropylsilane
(TIS), cetyltrimethylammonium bromide (CTABr), tetraethyl
orthosilicate (TEOS), ammonia solution (38%), nutrient broth
(NB), proteinase K, phosphate-buffer saline (PBS), and agar
were purchased from Sigma-Aldrich. The Staphylococcus aureus
ATCC 25923 strain was obtained from the American Type
Culture Collection. The Calgary biofilm device (CBD) was

purchased from Innovotech, and MRC-5 cells were purchased
from ATCC (Manassas, VA). Cell lines were grown according
to the manufacturers’ instructions.

Solid-State Peptide Synthesis. Temporin B
(LLPIVGNLLKSLL) and BmKn2 (FIGAIARLLSKIF) were
synthesized on the MultiPep RSi synthesizer (Intavis) by
standard Fmoc solid-phase chemistry on a Rink Amide AM
resin (0.01 mmol scale, 100—200 mesh loading 0.52 mmol/g).
The coupling step was conducted twice for each amino acid (6
equiv, 0.4 M solution in DMF) using the PyBOP (5.5 equiv,
0.4 M solution in DMF) and NMM (9 equiv, 4 M solution in
DMF) coupling system. Fmoc groups were removed using a
20% (v/v) solution of piperidine in DMF. The final peptides
were deprotected and cleaved from the resin using a TFA/
TIS/water mixture (95/2.5/2.5 v/v) for 3 h at room
temperature under vigorous shaking. The peptide was
precipitated with cold diethyl ether (50 mL), centrifuged,
resuspended, and washed with diethyl ether (20 mL X 2). The
peptide was further purified with a preparative reversed-phase
high-performance liquid chromatography (RP-HPLC) C18
column, linear gradient with a mobile phase composed of
eluent A (99.9% v/v H,0, 0.1% v/v TFA) and eluent B (99.9%
v/v acetonitrile, 0.1% v/v TFA) at a flow rate of 20 mL/min.
The purified peptides were freeze-dried and dissolved in Milli-
Q_water. The purity of the peptides was assessed by analytical
RP-HPLC (LC PerkinElmer). The molecular mass was
confirmed by liquid chromatography mass spectrometry
(LC/MS) analysis (Agilent 1260 Infinity) (Figure S1). Due
to the absence of aromatic residues in the peptide sequence,
the concentrations were extrapolated from calibration curves
generated using six different concentrations in the range of
0.5-0.015 mg/mL using an RP-HPLC CI18 column, at a
wavelength of 220 nm, and a linear gradient with a mobile
phase composed of eluent A (99.9% v/v H,0, 0.1% v/v TFA)
and eluent B (94.9% v/v acetonitrile, 5% v/v H,0, and 0.1%
v/v TFA) at a flow rate of 1 mL/min. The calibration curves
show good linearity in the analyzed range of R* = 0.999
(Figure S2).

MSN Synthesis. MSNs were synthesized as described
elsewhere.” In a glass flask, a quantity of CTABr (5.7 g) and
ammonia solution (0.38 mL) was dissolved in water (142 mL)
and ethanol (48 mL) solution under stirring at room
temperature for 15 min at S00 rpm. After the complete
solubilization of the compounds, TEOS (S mL) was added
dropwise, and the mixture was stirred vigorously (500 rpm) for
2 h at 30 °C. The final colloidal solution was centrifuged at
9000 rpm, and the recovered solid was washed several times
with ETOH and H,0 (50% v/v) and dried at 60 °C overnight.
To remove the surfactant, the product was calcined at 550 °C
at a rate of 2 °C/min for 5 h. The obtained sample was
referred to as MSNs.

AMP Adsorption. Temporin B and BmKn2 (0.5 mg each)
were incubated separately with 1 mg of MSNs in PBS at pH
values of 5.5, 7.4, and 10 for 24 h, shaking at 150 rpm.
Unabsorbed peptides were separated from the MSNs by
centrifugation at 12 000 rpm for 10 min and washed twice to
remove the remaining unabsorbed peptides. The concen-
trations of the adsorbed peptides were measured after 24 h of
incubation using the RP-HPLC C18 column, following the
procedure described above.

AMP Release. The pH-triggered release efficiency of
temporin B and BmKn2 from MSNs was assessed at different
pH values (5.5, 7.4, and 10). The released peptides were
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separated from the MSNs by centrifugation at 12,000 rpm for
10 min, and the peptide concentrations were measured at
different time points using RP-HPLC C18, following the
procedure described above.

Antibacterial and Antibiofilm Activity. The antimicro-
bial activity of the peptides was evaluated using a standard
liquid dilution method in NB medium. S. aureus ATCC25923
cells were cultured overnight at 37 °C in NB, then diluted in
the same medium to an initial concentration of 1 X 10° cells/
mL. In a 96-well sterile microtiter plate, SO uL of this bacterial
suspension was added to 100 uL of serially diluted peptide
solution, resulting in a total volume of 150 uL per well
Concentrations of the peptides loaded onto MSNs range for
temporin B from 133 to 1 yg/mL and for BmKn2 from 50 to 1
ug/mL. Empty MSNs (control; 200—2.7 ug/mL) with PBS
serve as the final negative control. The 96-well sterile
microtiter plates were incubated at 37 °C for 24 h with
shaking at 150 rpm. Bacterial growth was assessed by
measuring the optical density at 600 nm (ODgy,) using a
Synergy Biotek microplate reader. To account for any
interference from the nanoparticles themselves, the optical
density of wells containing only the nanoparticles was
subtracted from the measured OD values. The MICs were
determined as the lowest peptide concentration that
completely inhibited bacterial growth (100%).

The antibiofilm activity was assessed using the CBD,
employing a 96-well plate with pegs built into the lid, which
serve as the surface for biofilm formation. S. aureus
ATCC25923 was cultured in NB medium and allowed to
form biofilm on the pegs for 48 h at 37 °C. Following the
biofilm formation, the pegs were rinsed to remove planktonic
cells and then transferred to a flat-bottom microtiter plate
containing various concentrations of AMPs for an additional
24 h incubation at 37 °C. For both temporin B—MSNs and
BmKn2—MSNs, a range of concentrations similar to the MIC
determination was used, adjusting as necessary based on the
initial antibiofilm activity observations. After the treatment, the
pegs were rinsed again and placed into a fresh, AMP-free
medium in a biofilm recovery plate. The plate was then
sonicated for 30 min to dislodge the biofilm from the pegs into
the medium. Serial 10-fold dilutions of each sample, including
positive and negative controls, were plated on NB-agar. The
plates were incubated for 24 h at 37 °C, and the minimum
biofilm eradication concentration (MBEC) was determined
based on colony counting.

Proteolytic Stability. Peptides loaded onto MSNs, as
described above at pH 10, were used to investigate the
proteolytic protection by incubating 0.42 mg/mL temporin B
loaded in 1 mg/mL MSNs and 0.45 mg/mL BmKn2 loaded in
1 mg/mL MSN with proteinase K (10 yg/mL) in PBS at pH
7.4. Mixtures were incubated at 37 °C in a thermoblock. After
4, 8, and 16 h, 100 uL samples were taken, mixed with 100 uL
of filtered-sterilized H,O with 0.1% v/v TFA to quench the
reaction, centrifuged at 12 000 rpm for 10 min, and
characterized using an RP-HPLC C18 column at a wavelength
of 220 nm and a linear gradient with a mobile phase composed
of eluent A (99.9% v/v H,O, 0.1% v/v TFA) and eluent B
(94.9% v/v acetonitrile, 5% v/v H,O and 0.1% v/v TFA) at a
flow rate of 1 mL/min. This method was adapted from a
previous study, which utilized a similar approach to evaluate
the peptide stability.*

In Vitro Cytotoxicity Assay. Lung fibroblasts (MRC-5)
were grown at 37 °C in a controlled atmosphere containing 5%

CO, according to the supplier instructions. 1 X 10* cells/well
were seeded in 96-well plates. The day after seeding, AMP-
loaded MSNs were added with a serial dilution of 1:5, with six
different concentrations in triplicate, with concentrations
ranging from 0.5 mg/mL for the AMPs. After 96 h, the cell
viability was measured using CellTiter-Glo (Promega,
Madison, WI, USA) with BioTek Synergy HI. Logarithmic
dose—response curves were used to calculate the ICy, using
GraphPad Prism (La Jolla, CA, US). Averages were obtained
from triplicate, and the errors are standard deviations.

B RESULTS

MSNs were synthesized using a sol—gel method following the
procedure detailed in the Materials and Methods section. The
mean pore size of the particles was about 2.5 nm, as
determined by nitrogen sorption analysis with the BJH
method. The specific surface area SBET was 1165 m*/g, and
pore volume 0.6 cm®/ g. The isotherm, shown in Figure 1a, is a
type IV (according to the IUPAC classification). Representa-
tive electron microscopy images of MSNs are shown in Figure
1b, and the particle size, obtained from scanning electron
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Figure 1. Characterization of MSNs. (a) Nitrogen adsorption—
desorption isotherm and pore size distribution of MSNs, confirming
the mesoporous structure. (b) Particle size distribution determined by
dimensional analysis of SEM images.
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microscopy (SEM) images analyzed using Image] software,
shows a monodisperse distribution centered at 85 nm.
Adsorption of the AMPs temporin B and BmKn2 onto the
MSNs was performed in PBS. The optimal peptide loading
occurred at pH 10, where the highest adsorption capacity was
observed. The loading efficiency for each peptide was
quantified using the drug loading capacity (DLS%), calculated
as follows:
dmgadded ~ dmgﬁ‘ee
drug

DLC% = X 100

added

Here, drug,q.q represents the initial amount of the peptide
introduced into the MSNs, while drugg,.. indicates the amount
of peptide remaining in the supernatant (i.e., not loaded within
the MSNS).

To evaluate the release behavior of the peptides, the
cumulative release (Cr%) over time was calculated using the
following formula:

drug free

rug total

Cr% = X 100

In the above formula, drug, refers to the total amount of
the peptide loaded into the MSNs, and drugg,. corresponds to
the amount released in the solution over time, as determined
by the RP-HPLC analysis.

Both the drug loading capacity and cumulative release
profiles were found to be pH-dependent, as shown in Table S1
and Figure 2a,b. The adsorption and subsequent release
behavior of the AMPs temporin B and BmKn2 varied
significantly with pH. At alkaline pH (pH 10), peptide
adsorption onto MSNs was enhanced, whereas acidic
conditions (pH 5.5) promoted peptide release. Specifically,
at pH 10, BmKn2 demonstrated a slightly higher adsorption
efficiency than temporin B, achieving maximum adsorption
concentrations of 0.45 and 0.42 mg/mL, respectively, in the
presence of 1 mg/mL MSNs. Based on the estimated
molecular volumes (1680 A® for temporin B and 1700 A® for
BmKn2), the total peptide volumes adsorbed per gram of
MSNs were calculated to be approximately 0.30 and 0.33 cm®/
g, respectively. These values are well within the measured pore
volume of the MSNs (0.6 cm?/g), supporting the hypothesis
that the peptides are predominantly adsorbed within the
mesoporous network. Moreover, the approximately 2 nm size
of each peptide is smaller than the average MSN pore diameter
(2.5 nm), which further supports this conclusion. In terms of
the release behavior, both peptides exhibited rapid release
under acidic conditions (pH $.5), with significant release
accruing during the 24 h of testing. Temporin B showed a
maximum release of 81% of its loading amount, while BmKn2
exhibited 89% release under the same conditions. As the pH
increases, the surface of the MSNs becomes more negatively
charged, enhancing electrostatic interaction with the cationic
peptides. Notably, BmKn2 carries two positive charges, while
temporin B carries only one, which likely accounts for the
higher adsorption efficiency of BmKn2 (Figure S3). At
physiological pH (7.4), the peptide release was minimal
(~10%), indicating that MSN’s can retain a substantial portion
of the loaded peptide under neutral conditions. This suggests
that for compartments where the pH is close to neutral,
premature peptide release is minimized. Upon arrival at the
infection site, where the microenvironment tends to be more
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Figure 2. pH-dependent release profiles of the peptide-loaded MSNs.
(a) Cumulative release of temporin B from MSNs at pH values of 5.5,
7.4, and 10. (b) Cumulative release of BmKn2 from MSNs at pH
values of 5.5, 7.4, and 10. Data are shown as mean + SEM (n = 3).
Statistical differences among pH conditions were analyzed using one-
way ANOVA followed by Tukey’s multiple comparisons test (a =
0.05). Significant increases in peptide release were observed at acidic
pH (5.5) compared with neutral (7.4) and basic (10.0) conditions. p
< 0.05 was considered statistically significant. * = p < 0.05; ** = p <
0.01; *#* = p < 0.001; ns = not significant. Complete statistical details
are provided in Tables S2 and S3.

acidic for S. aureus, the MSNs trigger a pH-responsive release.
This pH-responsive release behavior enables targeted delivery
of AMPs specifically at the pathological area such as infected
tissue. As a result, the system is enhanced selectively while
reducing off-target toxicity often associated with the passive
diftusion-based drug-delivery.

The antibacterial efficacy of peptide-loaded MNSs was
evaluated in vitro against Staphylococcus aureus ATCC 25923
(Figure 3a—d). MSNs loaded with temporin B were tested at
an initial concentration of 133 pg/mL, while BmKn2-loaded
MSNs were tested at 50 pg/mL with serial dilutions down to 1
pug/mL. An equivalent concentration of free peptide was used
for comparison, based on their respective release profiles. The
minimum inhibition concentrations (MICs) of the peptide-
loaded MSNs were comparable to those of the free peptides:
complete bacterial inhibition was observed at 16 ug/mL for
temporin B and 6.25 ug/mL for BmKn2. Importantly,
unloaded MSNs showed no antibacterial activity, confirming
that the antibacterial activity was due solely to the peptides.
The optical density measurement at 600 nm (ODggg ym),
shown in Figure 3a,b, reflects bacterial growth inhibition and
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Figure 3. Antimicrobial and antibiofilm activities of free peptides, MSNs, and peptide-loaded MSNs against Staphylococcus aureus ATCC 25923.
(a) Planktonic bacterial growth following treatment with free temporin B, free MSNs, and temporin B-loaded MSNs. (b) Planktonic bacterial
growth following treatment with free BmKn2, free MSNs, and BmKn2-loaded MSNG. (c) Eradication of biofilm by free temporin B, free MSNs, and
temporin B-loaded MSNs. (d) Eradication of biofilm by free BmKn2, free MSNs, and BmKn2-loaded MSNs. MSNs were tested at silica
concentrations equivalent to those in the respective peptide—MSN formulations. Data are shown as mean + SEM (n = 3). Statistical comparisons
were performed using Welch’s ANOVA followed by Dunnett’s T3 multiple comparisons test (@ = 0.05). p < 0.05 was considered statistically
significant. *p < 0.05; **p < 0.01; ns = not significant. Detailed statistical results, including mean differences, 95% confidence intervals, adjusted p-

values, and significance levels, are provided in Table S4.

correlates the MIC values observed. To ensure accurate
quantification, the background absorbance due to MSNs was
accounted for by subtracting the ODyy ,,, of the correspond-
ing MSN-only controls (MSN without peptide or bacteria) for
each concentration. This correction confirmed that the MSNs
themselves did not interfere with or influence the absorbance
measurement at 600 nm.

To further evaluate efficacy, we assessed the antibiofilm
activity of temporin B-MSNs and BmKn2-MSNs against an S.
aureus mature biofilm using CBD (Figure 3c,d). The biofilm
was treated with both free peptide and peptide-loaded MSNs
at serial diluted concentrations. The MBEC for both peptides
was determined to be 50 pg/mL, at which no viable colonies
were detected after 24 h. As expected, empty MSNs had no
antibiofilm activity, confirming that biofilm eradication was
due to the antimicrobial properties of the peptides themselves.

In addition to their antibiofilm activity, MSNs also conferred
protection to the peptides against enzymatic degradation. To
assess this, we investigated the stability of the free peptide and

MSN-loaded peptides in the presence of proteinase K, a broad-
spectrum protease. Free peptides were incubated with the
enzyme for 10, 30, and 60 min, while peptide-loaded MSNs
were incubated with the enzyme for extended periods (4, 8,
and 16 h) at 37 °C. Chromatographic analysis (Figure 4a—d)
revealed that free peptides were rapidly degraded, with
significant cleavages occurring as early as 10 min and near
complete degradation by 60 min. In contrast, peptides loaded
onto the MSNs showed minimal degradation even after 16 h,
with degradation corresponding only to the amount released
during incubation. This protection is likely due to the steric
hindrance provided by the silica matrix, which shields the
encapsulated peptides from enzymatic access. The RP-HPLC
analysis was performed after using Milli-Q water containing
0.1% trifluoracetic acid showed that acidification triggers
peptide release from the MSNs. Importantly, lowered pH also
resulted in proteinase K denaturation, further protecting the
released peptide from degradation prior to analysis. As shown
in Figure 4a,b (temporin B) and Figure 4c,d (BmKn2),
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Figure 4. Enzymatic degradation of peptides by proteinase K. (a) Digestion of free temporin B by proteinase K. (b) Digestion of temporin B
loaded into MSNs (temporin B-MSNs). (c) Digestion of free BmKn2 by proteinase K. (d) Digestion of BmKn2 loaded into MSNs (BmKn2-
MSNs). The assay evaluates the protective effect of MSNs on peptide stability against enzymatic degradation.

peptides released at pH 7.4 retained their integrity with only
minor cleavage observed, confirming the protective and

controlled release functionality of MSNs.

To evaluate the biocompatibility, we evaluated cytotoxicity
using normal lung fibroblast cells (MRC-S). Cells were treated
with various concentrations of free peptide and peptide-loaded
MSNs. As shown in Figure Sab, neither free peptide nor
temporin B-loaded MSNs caused significant cytotoxicity, with
the cell viability exceeding 90% across all tested concen-
trations. Notably, BmKn2-MSNs exhibited reduced cytotox-
icity compared to the free peptide, particularly at higher
concentrations (ICs, = 201 pg/mL), suggesting that loading
within MSNs mitigates peptide-associated toxicity. A previous
work from our group also confirmed the biocompatibility of
MSNs alone.”

These findings suggest that MSNs not only provide a
protective environment for the peptides but also mitigate their
potential toxic effects on healthy cells.

B DISCUSSION

MSNss were selected as a delivery platform for this study due to
their high stability, low cost, and biocompatibility, making
them ideal models for biomedical applications.”’ The
escalating rates of antimicrobial resistance have underscored
the urgent need to develop new therapeutic strategies against
drug-resistant pathogens. AMPs, part of the innate immune
system, offer a promising alternative to conventional antibiotics
due to their broad-spectrum activity and minimal risk of
resistance development.”” However, the direct application of
the AMPs in clinical settings is limited due to their inherent
low stability and consequently poor bioavailability.* Several
recent reviews have highlighted the advantages and limitations
of various nanocarrier systems for AMP delivery. For example,
lipid, polymeric, and metal nanosystems have been compared,
with emphasis on issues such as instability, toxicity, and limited
control over the release in physiological vs pathological
environments."* Other studies have focused specifically on
biofilm-forming infections, showing that carrier penetration
and sustained delivery in acidic microenvironments remain
major challenges.45 To address these limitations, we success-
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Figure 5. Cytotoxic evaluation of peptide formulations. (a)
Cytotoxicity of free temporin B and temporin B-loaded MSNs
compared to the untreated control. (b) Cytotoxicity of free BnKn2
and BmKn2-loaded MSNs compared to the untreated control. Data
are presented as mean + SEM (n = 3). Statistical analysis was
performed using Welch’s ANOVA followed by Dunnett’s T3 multiple
comparisons test (@ = 0.05). No statistically significant differences
were observed among the treatment groups (p > 0.05). Full statistical
details are provided in Table SS.

fully loaded two AMPs temporin B and BmKn2 into MSN,
achieving peptide loading and controlled release behavior. The
pH-responsive nature of the MSNs allows for selective peptide
release at infection sites characterized by acidic environments,
while minimizing premature release in physiological conditions
(pH 7.4). This targeted delivery is crucial in enhancing
therapeutic efficacy and reducing systemic toxicity, as
confirmed by the low release observed at pH 7.4 and the
significant release at pH 5.5 as detailed in the release profiles
(Figure 2). Our in vitro studies demonstrated that the loaded
AMPs retained their antibacterial and antibiofilm activities.
Specifically, the MIC values for both peptide-loaded MSNs
were similar to those of the free peptides, showing complete
inhibition of Staphylococcus aureus ATCC25923 at 16 pug/mL
for Temporin B and 6.25 pg/mL for BmKn2 (Figure 3a,b).
This indicates that the activity of the peptides is preserved after
loading and release, underscoring the protective roles of MSNs
against potential degradation in biological environments.
Additionally, the antibiofilm assays using CBD for both
temporin B and BmKn2, when loaded into MSNs, effectively

eradicated a mature biofilm at a concentration of 50 ug/mL, as
evidenced by the absence of viable bacterial colonies after
treatment (Figure 3c,d). The antibiofilm activity is particularly
relevant for tracking persistent infections associated with
medical devices where biofilm formation contributes to
increased resistance and recurrence. One of the significant
challenges in AMP development is their susceptibility to
proteolytic degradation.”® Our study demonstrated that the
MSNs provide a protective environment for the peptides,
preventing rapid enzymatic breakdown. Free peptides were
almost entirely degraded by proteinase K within 60 min, while
those loaded into MSNs were protected from proteolytic
degradation even after 16 h of incubation (Figure 4). This
suggests that the MSNs effectively shield the peptides from
proteolytic degradation, likely due to steric hindrance where
the large enzyme molecules are unable to access the peptides
loaded within the nanopores.”” The pH-triggered release
mechanism of MSNs further enhances their protective
capability. When the peptide-loaded MSNs were exposed to
acidic conditions, the release of the peptides was initiated,
while the activity of proteinase K was simultaneously inhibited
by the drop in pH. This dual functionality ensures that the
peptides are released in an active form only when they reach
the targeted infection site, minimizing their therapeutic
potential.

The mechanism of action of temporin B and BmKn2
(Scheme 1) seems to be dependent on its interaction with the
microbial membranes, similar to what has been demonstrated
for many other AMPs. The first step in this interaction is the
electrostatic attraction between the cationic peptide and the
negatively charged components of the bacterial cell wall. After
that, the peptide reaches the inner membrane, perturbing its
permeability and causing rapid cell death.”” AMP delivery
through nanocarriers, as the MSNs used in this study, has the
potential to be employed in a wide range of applications.*
Pathological conditions that could particularly benefit from the
use of such nanosystems are those that occur at mucosal/skin
surfaces and require multiple (daily) and long-term drug
administrations for the prevention/treatment of microbial
infections. These conditions might include wound infections in
burn or diabetic patients.** The low tendency to induce
bacterial resistance of the delivered AMPs, and the strong
antibacterial properties, together with the continuous release
kinetics, are all properties that could likely contribute to the
long-lasting control of microbial infections in the above-
mentioned conditions, meanwhile reducing the number of
drug administrations and increasing the compliance of the
patient.”” In our study, S. aureus was used as a model Gram-
positive bacterium. Temporin B and BmKn2 have also
previously shown activity against a broad range of nosocomial
Gram—gositive and, to a lesser extent, Gram-negative
strains.””***° Thus, the nanocarrier described herein may
represent a versatile tool to allow long-term control of
microbial infections sustained by different clinically relevant
bacterial species.

Bl CONCLUSIONS

The development of AMPs as novel therapeutic agents holds
great promise in addressing the growing challenge of drug-
resistant bacterial infections. However, the clinical application
of AMPs has been limited by their low stability, rapid
degradation, and low bioavailability. In this work, we
successfully loaded two model alfahelical AMPs, temporin B

https://doi.org/10.1021/acsomega.1c04410
ACS Omega 2025, 10, 60142—-60151


https://pubs.acs.org/doi/10.1021/acsomega.1c04410?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04410?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04410?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04410/suppl_file/ao1c04410_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04410?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 1. Possible Delivery Mechanism of Temporin B and BmKn2
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and BmKn2, into MSNs. The results demonstrated that this
nanosystem provides multiple advantages: it enhances peptide
stability by protecting against enzymatic degradation, enables
pH-responsive release, and retains the bactericidal and
antibiofilm activity against Staphylococcus aureus, a clinically
relevant pathogen. This study targets both planktonic bacteria
and biofilm-associated infections, the latter being notably more
resistant to standard treatments. The protective effect of MSNs
against proteolytic degradation is a critical factor for in vivo
applications, where AMPs are exposed to various proteolytic
enzymes, which can limit their therapeutic potential. Addi-
tionally, pH-responsive release is a key feature for achieving
high therapeutic concentrations at the site of infection while
minimizing side effects. While the in vitro findings of our study
are encouraging, further in vivo or ex vivo studies are essential
to validate the therapeutic potential of the nanosystem. Future
research should focus on evaluating the biodistribution,
pharmacokinetics, and pharmacodynamics of MSNs-loaded
AMPs in an animal model of infection.

Additionally, exploring the efficacy of this delivery system
against a broader range of pathogens, including Gram-negative
bacteria and multiresistant strains, will provide valuable
insights into its versatility and clinical applicability. Moreover,
the adaptability of the MSNs to load various AMPs or other
therapeutic agents suggests that this platform could be tailored
to combination therapies. By codelivering AMPs with
conventional antibiotics or other antimicrobial agents, it may
be possible to enhance the overall antibacterial efficacy and
reduce the likelihood of resistance development.

The successful translation of such nanosystems into clinical
practices could mark a significant advancement in the fight
against antimicrobial resistance, offering new strategies to
enhance the effectiveness of peptide-based therapeutics and
improve patient outcomes.
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