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ABSTRACT

Objective(s): Pseudomonas aeruginosa (P. aeruginosa) is « Gi.. . negative bacterium capable of
causing acute and chronic infections. Treating these in ectior.s is increasingly challenging as this
bacterium develops antibiotic resistance. Antimicrobiui pe, tides (AMPs) have emerged as promising
therapeutic candidates due to their broad-spezac 1 ac ‘vity. Cecropin-Melittin-11 (CM11), a cationic
AMP, has shown antimicrobial activity agai:. * varius pe “iogens. However, the progression of AMPs
from preclinical research to clinical applicatior. ‘s hindered by enzymatic degradation, short systemic
half-life, and cytotoxicity. To overcome these chai. nges, poly(lactic-co-glycolic acid)(PLGA) particles
for peptide delivery have gained attenti. 1.

Materials and Methods: CM11-loadec PLC A nanoparticles (NPCM11) and microparticles (MPCM11)
were prepared using a double-emulsic 1 sol 2nt evaporation (W1/O/W2) method and characterized
for particle size, morphology, encap.ula.._.. efficiency, and in vitro release. Their antibacterial activity
against planktonic and biofi'm-fc ming P. aeruginosa was evaluated using broth microdilution assay.
Their cytocompatibility was valuc ~u using 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) assay.

Results: Optimum form ilations of NPCM11 and MPCM11 were synthesized, exhibiting spherical
morphology with avc ge ~i= s of 281 nm and 7.63 pm, respectively. The encapsulation efficiency
(EE%) of NPCM11 and MPCM11 was 63.5% and 60.3%, respectively, while the in vitro CM11
release was 82% and 5276. According to broth microdilution and biofilm inhibition assays, NPCM11
outperforme 1. = CM11 and MPCM11 against planktonic bacteria, whereas both NPCM11 and
MPCMT11 - ‘=re su, zrior to free CM11 in biofilm inhibition. MTT assay revealed that NPCM11 and
MPCM11 sig_ ificantly reduced CM11 cytotoxicity.

“onc usion, Overall, NPCM11 and MPCM11 were promising formulations of CM11 for treating P.
aerug, *osa infections.
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Introduction

The emergence of antibiotic resistance is a serious threat
to global health. The mortality rate from antibiotic-resistant
bacterial infections is expected to reach 39 million people
within the next 25 years. These forecasts underscore the need
to develop novel and effective antimicrobial therapeutics (1).
Pseudomonas aeruginosa is a Gram-negative, rod-shaped
bacterium commonly found in freshwater reservoirs and
capable of causing acute and chronic infections, especially
in immunocompromised hosts with a variety of diseases,
such as cancer, AIDS, cystic fibrosis, burns, neutropenia,
and bronchiectasis. P. aeruginosa also poses a serious threat
to patients who undergo surgery and receive implant-based

treatments, as this strain is highly inclined to form biofilms
(2, 3). Treating related infections is becoming increasingly
challenging as this bacterium develops antibiotic resistance
through several mechanisms, including intrinsic antibiotic
resistance (restricted membrane permeability), antibiotic-
inactivating enzymes, and efflux systems. The issue of
antibiotic resistance is further aggravated in cases of biofilm
formation, e.g., in cystic fibrosis and other lung-related
diseases. Biofilms are associated with approximately 65%
of bacterial infections. The World Health Organization
(WHO) has identified P. aeruginosa among the top three
important antibiotic-resistant microbial strains (3, 4).
Antimicrobial peptides (AMPs) have emerged as
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promising therapeutic candidates for microbial infections
due to their broad-spectrum activity and various
mechanisms of action, which reduce the likelihood of
resistance development (5, 6). Contrary to conventional
antimicrobial drugs, AMPs employ multiple mechanisms,
including disruption of intracellular metabolic pathways,
membrane lysis, and biofilm formation inhibition, to
hinder bacterial infection. This diversity in mechanisms
of action makes it difficult for bacterial strains to develop
resistance to AMPs. Moreover, use of AMPs in combination
with conventional antimicrobial drugs has been shown to
resensitize resistant strains to those drugs (7, 8).

Among AMPs, CMIll—a cationic hybrid peptide
derived from cecropin A and melittin—has shown potent
antimicrobial activity against a wide range of pathogens.
CM11 comprises 11 amino acids. It was designed to be less
cytotoxic than both cecropin A and melittin while retaining
their antimicrobial effectiveness. Its short amino acid
sequence also makes production cost-effective. However,
the progression of AMPs like CM11 from preclinical
research to clinical application is hindered by susceptibility
to enzymatic degradation, a short systemic half-life, and
potential cytotoxicity at high concentrations (9-12).

To overcome these challenges, biodegradable polymeric
carriers for controlled peptide delivery have gained
significant attention. PLGA, an FDA-approved polymer,
offers biocompatibility, tunable degradation rates, and
proven efficacy as a drug delivery vehicle (13). Encapsulation
of AMPs in PLGA nanoparticles (NPs) and microparticles
(MPs) can protect them from premature degradation and
enhance bioavailability (14-17). However, studies directly
comparing PLGA NPs and MPs for AMP delivery are
relatively limited, and such comparisons have not be.>
reported for CM11 to the best of our knowledge.

This study addresses this gap by comparatively evalt ating
NPCM11 and MPCMI1 for treating acute and ~hru..c
bacterial infections caused by P. aeruginosa. We ay ~otb >size
that the difference in rate of CM11 release {1, m NrCM11
and MPCMI11 determines their suitak'ity t .~ treating
acute or chronic infections, charactciized by planktonic
bacteria and biofilms, respecti.ely. The i terature reports
that PLGA NPs release thei: payloaa [isier than MPs due
to a smaller hydrodynamic size (18-20). We hypothesize
that this increased rate of rele. ~ rexiders NPs more suitable
for acute infections, where a high concentration of drug is
needed at the site of infection to immediately hinder the
spread of planktonic microbial cells (20, 21). On the other
hand, MPs, which depict a more sustained release profile,
are hypothesized to be more suitable for treating chronic
conditions characterized by biofilm formation (21-23) by
maintaining a high drug concentration for alonger duration.

PLGA NPs and MPs were synthesized using a W1/O/
W2 method, and their physicochemical properties were
characterized by dynamic light scattering (DLS), Fourier
transform infrared (FTIR) spectroscopy, and field emission
scanning electron microscopy (FESEM). The in vitro release
of CM11 from NPCM11 and MPCM11 was evaluated to
elucidate the influence of particle size on peptide release.
Furthermore, antibacterial activity was assessed using a
broth microdilution assay and a biofilm inhibition assay.
Finally, the cytocompatibility of NPCM11 and MPCM11 was
examined via an MTT assay. By comparing the performance
of NPCM11 and MPCM11, this study provides insights into
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the potential applications of PLGA NPs and MPs for the
treatment of acute and chronic P. aeruginosa infections.

Materials and Methods
Materials

PLGA (50:50, MW =30-60 kDa), ethyl acetate, phosphate-
buffered saline (PBS), MTT, and polyvinyl alcohol (PVA,
MW=72 kDa) were purchased from Merck Co., Germany.
CM11 was kindly provided by our colleague, Dr. Mehrdad
Moosazadeh Moghaddam (GenScript Co., China). The
Human Foreskin Fibroblasts (HFF) cell line was kindly
provided by our colleague, Dr. Marzieh Dehghani (Obtained
from Motamed Cancer Research Institute, Iran).

Particle synthesis

A series of experiments was designed using the single-
factor analysis approach to optimize the W1/O/W2 method
for synthesizing NPCM11 and MPCM11 within suitable size
ranges. The studied parameters included oil-to-secondary
aqueous phase volume ratio | ):W2), PLGA concentration
(mg/mL), PVA concentration ‘%w/v), ultrasonic probe
power input (W), and duraion (t). Fixed values were
assigned to other noraineters, including centrifugation
speed and time, sonicacon cycle, and primary aqueous-
to-oil volume pliase atio (W1:0). The range of values for
the parrine. s analyzed by the single-factor method and
the valu > o1 fixea parameters were determined through
extensive li. rature review (18-20, 24-28).

~n prepare NPCM11 and MPCM11, PLGA was initially
dissor. ~d in ethyl acetate by vigorous vortex mixing. The
nr.mary aqueous phase was gradually added to the oil
phase, and the W1/O emulsion was formed by an additional
7 s of vortex mixing (W1:0=0.1, CM11 Concentration:
500 pg/ml). The emulsion was then subjected to probe-
mediated ultrasonication (sonication cycle=0.7) in
10-second intervals with cooling breaks in an ice bath. Next,
the emulsion was gradually added to a secondary aqueous
phase containing PVA under stirring. For the next step, in
the case of NPCM11, the resulting W1/O/W2 emulsion was
immediately subjected to probe-mediated ultrasonication
(sonication cycle=0.7) in 10-second intervals with
cooling breaks in an ice bath. For MPCM11, this step was
skipped, and the double emulsion was vortexed for only
10 sec. The emulsion was then stirred overnight to allow
complete evaporation of ethyl acetate and hardening of
the PLGA particles. To remove impurities, the emulsion
was centrifuged (For NPs: 18000 g, 20 minutes — For MPs:
5000 g, 20 minutes) at 4 ‘C. The supernatant was removed
for calculating EE% and loading capacity (LC%). The
precipitate was resuspended in distilled water or PBS by
vigorous vortexing.

Particle characterization

NPCM11 and MPCM11 sizes were determined using DLS
by a Malvern Zetasizer Nano ZS instrument and FESEM by
a TESCAN Mira2 instrument, respectively. The criterion for
an optimized monodisperse NPCM11 formulation was a
polydispersity index (PDI) below 0.1, which is an acceptable
upper limit for Z-average reliability. Because DLS is not
suitable for accurately measuring micron-sized particles,
it was used only as a screening tool to identify MPCM11
formulations for subsequent FESEM analysis (29).

NPCM11 and MPCM11 morphology was studied using
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FESEM. The samples for FESEM were prepared by the air-
drying method. A droplet of each sample was placed on
a microscope slide and allowed to air-dry under a fume
hood. The samples were then coated with a layer of gold for
enhanced electron conductivity and image resolution.

To calculate synthesis yield, MPCM11 and NPCM11
solutions were freeze-dried after centrifugation, and their
weight was compared with the initial PLGA+CM11 weight.
To evaluate particle stability during storage in aqueous
suspension, the Z-average and PDI of the optimized
NPCM11 sample were monitored for a month. For
MPCM11 stability assessment, FESEM images were taken
after a month.

CM11 encapsulation

To calculate EE% and LC% of CM11, the supernatant
from centrifuged samples was extracted, which contained
unloaded CM11. By subtracting the amount of unloaded
CM11 from its initial amount, EE% and LC% were
calculated using equations 1 and 2, respectively. In these
equations, LD denotes the weight of loaded CM11, which
was calculated by subtracting the weight of unloaded CM11
from its initial weight (ID). P denotes the weight of PLGA
used in the synthesis protocol.

EE%=(LD/ID)x100% (1)
LC%=(LD/(P+LD))x100% (2)

To determine the amount of unloaded CM11 from the
supernatant, the absorbance of the samples was read at 278
nm using UV-visible spectroscopy. CM11 demonstrates a
sharp peak at this wavelength. To correlate absorbance and
CMI1 concentration, a calibration curve was produced
using absorbance-concentration data from a series of CM11
samples with known concentrations.

To qualitatively verify CMI11 encapsulation within
PLGA particles, FTIR spectroscopy was used. Dry samp. s
of PLGA, blank NP (NP-blank), blank MP (MP-hl: rk),
NPCM11, and MPCM11 were analyzed.

In vitro CM11 release

Equal concentrations of NPCM11 and MF "M.11 were
suspended in multiple microtubes containi. ~ 1.cc PBS (pH
7.4) and incubated in an incuba ‘on shakér at 37 °C (180
rpm). At each predetermined timc ~oint.-a microtube was
removed and centrifuged (18000 g, 2u min). Supernatant,
which contained the released CM11, was extracted and
its absorbance was read at 278 nm to determine the
concentration of released CM11 at the given time point.

Broth microdilution and biofilm inhibition assay

To determine the values of minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC) for free CM11, NP-blank, MP-
blank, NPCM11, and MPCM11, a broth microdilution
assay was performed for Escherichia coli (ATCC 25922),
Staphylococcus aureus (ATCC 25923), and P. aeruginosa
(ATCC 27853) according to CLSI protocols in U-bottom
96-well plates (30). Isolated colonies of each strain from 24-
hr incubated agar plates were suspended in a saline solution,
and turbidity was adjusted to 0.5 McFarland standard (equal
to 1x10® CFU/ml). This suspension was diluted 1:20 to yield
5x10° CFU/ml, and 0.01 of the resulting suspension was
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used to inoculate the wells (final bacterial concentration:
5x10* CFU/well). The standardized suspensions were used
to inoculate 96-well plates (10 pl/well). Stock solutions of
each formulation in Mueller-Hinton broth (MHB) were
prepared by dissolving freeze-dried samples at the highest
tested concentration and diluted two-fold in the adjacent
wells until reaching 1 pg/ml in the final well. The final
concentration of standardized suspensions of free CM11,
NPCM11, and MPCM11 was 256 pg/ml in terms of CM11
concentration. The final concentration of standardized
suspensions of NP-blank and MP-blank was 14 mg/ml in
terms of PLGA concentration. Each well contained a total
volume of 200 pl. The positive control group consisted of
wells inoculated with the standardized suspensions, without
receiving any treatment from the prepared formulations.
The positive control consisted of wells inoculated with the
standardized suspensions of each strain, without receiving
any treatment from the prepared formulations. The
negative control consisted of wells with sterile medium.
The purpose of the negative controu: was to ensure absence
of any contamination. To elucida’e'the MIC, after 24 hr
of incubation, the wells were stainc? with resazurin dye
and incubated for an additionar * hr Samples from the
MIC well and higher concen -atiors were used for MBC
determination. To this erd, 5 'l o1 each sample was poured
on Mueller-Hinton agir '"MH)-containing plates of each
strain and incvbl »d'y r 24 hr.

To asses.  th. cajucity of the abovementioned
formulations to ‘nhibit P. aeruginosa biofilm formation,
a crysta’ violet st ining method was adopted from the
literature (- 1). Briefly, an overnight culture of P. aeruginosa
was dilt *ed it ‘resh medium to the desired inoculum density
(consistennc with the 0.5 McFarland standard). The final
Corncentr ation of standardized suspensions of free CM11,
1'°CM11, and MPCM11 was 128 pg/ml in terms of CM11
concentration. Similar to the broth microdilution assay,
.nese suspensions were used to treat wells inoculated with
P aeruginosa, and serial dilutions of free CM11, NPCM11,
and MPCM11 were prepared in sterile 96-well plates. After
24 hr of incubation under static conditions at 37 °C in flat-
bottom 96-well plates, the well supernatants were removed
to separate planktonic cells. The wells were then gently
washed with distilled water three times and air-dried before
being stained with 1% (w/v) crystal violet solution and
incubated at room temperature for 15 min. Next, the wells
were washed with distilled water to remove excess crystal
violet. The stained biofilm was dissolved in 95% ethanol
and transferred to new wells. The absorbance of the wells
was read at 595 nm using an ELISA microplate reader. The
percentage of biofilm growth in each well was calculated
as the ratio of that well’s absorbance to that of the positive
control. The positive control consisted of wells inoculated
with the standardized suspensions of P. aeruginosa, without
receiving any treatment from the prepared formulations.
The negative control consisted of wells with sterile medium.
The purpose of the negative control group was to ensure the
absence of any contamination.

MTT assay

To determine the cytotoxicity of free CM11, NP-blank,
MP-blank, NPCM11, and MPCM11, an MTT assay was
performed on the HFF cellline in a flat-bottom 96-well plate.
In each well, 5000 cells were seeded using 200 pl of Dulbecco’s
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Table 1. Single-factor analysis for optimizing poly (lactic-co-glycolic acid) nanoparticles and microparticles

Test No. O:W2 PLGA Conc. PVA Ultrasonic power Ultrasonic time Z-average Polydispersity index  Zeta potential
(VIV) (mg/ml)  (BW/V) (watt) (seconds) (nm) (PDI) (mV)
S1 0.5 10 1 200 120 281+13 0.05+0.03 -0.33+0.28
S2 0.5 10 2 200 120 368+18 0.24+0.07 -1.82+0.18
S3 0.2 10 1 200 120 46023 0.24+0.11 -6.90+-2.03
S4 0.5 10 1 200 60 334+£15 0.19+0.06 -0.85+0.33
S5 0.5 20 1 200 120 327+14 0.19+0.09 -3.15+0.62
S6 0.5 10 1 100 120 349+14 0.15+0.06 -1.98+0.49
S7 0.125 10 0.1 80 30 1539+152 0.94+0.05 -8.45+1.03
S8 0.2 20 0.1 80 30 323+13 0.17+0.04 -3.64+0.86
S9 0.2 20 0.1 Vortex only Vortex only 1563+155 0.96+0.03 -2.35%0.52
S10 0.5 20 0.1 Vortex only Vortex only 6384 +442 0.48+0.19 -4.00£1.17
S11 0.5 20 1 Vortex only Vortex only 5893+368 0.39+0.14 -1.81+0.41
S12 0.33 10 1 Vortex only Vortex only 4650+315 0.46+0.18 -0.54+0.23

Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. The
plate was incubated at 37 °C for 24 hr. After confirming cell
attachment via optical microscopy, the medium was replaced
with fresh medium containing the above-mentioned
formulations. The fresh media were prepared by dissolving
freeze-dried powders of each formulation in DMEM at the
highest tested concentration. The lower concentrations
were obtained using 2-fold dilutions. Following medium
replacement, the plate was incubated for another 24 hr.
Then, the medium was replaced with a mixture of MTT
solution and fresh medium and incubated for an additional
4 hr. To dissolve the formed formazan crystals, dimethyl
sulfoxide (DMSO) was added to the wells, and absorbarce
was read using an ELISA microplate reader at 570 nm "i%e
positive control group contained cells without r>c¢iving
any treatment. The negative control group contamec =" ak
medium without cells to ensure absence of cor.cani nation in
the plate. Statistical analysis was performed us'ng GraphPad

SEM HV: 15.00 kV WD: 5.000 mm MIRAW TESCAN
SEM MAG: 5000 kx  Det: InBeam 1 pm -
View field: 4,334 um  Dale(m/dfy): 08/31/25 n

Prism. Two-way ANOVA was sed 5 conduct the analysis.
Experiments were perform.~d in triplicate. The alpha value
was set at 0.05.

Results
Particle s; the is an. ! characterization

NPCM1: «nd MPCM11 were prepared by the W1/O/
W2/ nethod, a: 1the protocol’s parameters were optimized
using-. agle-factor analysis. Table 1 shows the results of the
anal rsis.

Tes.2vo. 1 to 6 were performed to synthesize NPCM11
with’ minimum PDI and Z-average. According to the
results, the sample from Test No. 1 (S1) was the optimum
cormulation with PDI=0.05, Z-average=281 nm, and zeta
potential=-0.33 mV. Figure 1 presents FESEM images of S1,
confirming the formation of spherical, monodisperse NPs.

Tests No. 7 to 12 were performed to synthesize MPCM11
with minimum PDI as the superior candidates for FESEM
analysis. The sample from Test No. 11 (S11) with PDI=0.39

SEM HV: 15.00 kV WD: 5.000 mm MIRAW TESCAN
SEM MAG: 75.00kx  Del: InBeam 7

500 nm
View field: 2.889 um  Dale(m/dfy): 08/31/25 n

Figure 1. Field emission scanning electron microscopy images of S1 (optimized nanoparticle)-Left panel (scale bar=1 um); Right panel (scale bar=500 nm)
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was chosen for this purpose. Figure 2 presents FESEM
images of S11, confirming the formation of spherical MPs
with sizes ranging from 3 to 14 um. The average size of S11
particles, calculated by measuring several particles from
sample FESEM images, was 7.62 um.

The yields of NPCM11 and MPCM11 were 73% and
93%, respectively. Because larger particles precipitate more
readily during centrifugation, the higher yield of MPCM11
compared with NPCM11 was expected. To assess NPCM11
stability over time, S1 was analyzed by DLS after one week,
two weeks, and four weeks, and the results are shown in
Table 2. Figure 3 shows FESEM images of S1 after 1 month
of storage in a refrigerator.

Table 2 shows that particle size and monodispersity
were maintained over four weeks of storage, with no
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Table 2. Results of dynamic light scattering analysis for sample 1 over time

Week Z-average Polydispersity index (PDI) ~ Zeta potential (mV)
0 281£13 0.05+0.03 -0.33 +£0.28
1 274+18 0.05+0.02 -0.55+0.13
2 233+28 0.12+0.05 -2.31+0.43
4 269+16 0.05+0.02 -1.33+£0.24

evidence of aggregation. The zeta potential remained near
neutral throughout the four-week storage period. Figure 3
corroborates the DLS findings, showing that the particles
retained their spherical morphology and nanoscale size
after storage.

[T

SEM HV: 15.00 KV
SEM MAG: 5.00 kx
View field: 43.34 pm

SEMHV; 1500 k¥ WD: 5,008 mm MIRAY. ™~ ~CAN
SEMMAG: 1000 kx  Det: InBeam 5 pum £
View field: 21.67 ym  Dale(m/dAy): 09/27/25 n

WD: 5,005 mm MIRAW TESCAN
Det: InBeam 10 pm 7
Date(m/d/y): 09/27/25 u

Figure 2. Field emission scanning electron microscopy iruage of < imple 11 (optimized microparticle)-Left panel (scale bar=5 pm); Right panel (scale
bar=10 pm)

WD: 4.769 mm
Det: InBeam 1um 7
Date(m/dly): 09/27/25 u

“WD: 4.789 mm
SEM MAG: 25.00kx  Det: InBeam 2um u'

SEM HV: 15.00 kV MIRAW TESCAN SEM HV: 15.00 kV
SEM MAG: 50.00 kx
View field: 4.334 pm

View field: 8.668 ym  Date(m/dAy): 09/27/25

Figure 3. Field emission scanning electron microscopy images of sample 1 after four weeks in storage-Left panel (scale bar=2 um); Right panel (scale bar=1
pm)
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SEMHV:1500kV  WD:6.014 mm Loty ] MIRAN TESCAN
SEM MAG: 5.00 kx Del: InBeam 10 pm 2
View field: 43.34 ym  Date(m/dly): 10/15/25 u
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SEMHV:15.00kV  WD: 6.014 mm  EFErVE B MIRAW TESCAN
SEM MAG: 5.00 kx Det: InBeam 10 pm i
View field: 43.34 ym  Date(m/dly): 10115725 n

Figure 4. Field emission scanning electron microscopy images of sample 11 after four weeks in storage-Left panel (scale b. =10 um); Right panel (scale bar=10

pm)

FESEM images of S11 were obtained after four weeks to
evaluate MPCM11 stability (Figure 4). As shown in Figure 4,
no noticeable changes in particle morphology, aggregation,
or mean particle size were observed after one month of
storage, indicating the physical stability of MPCM11.

CM11 encapsulation in PLGA NP and MP

To verify CMI11 encapsulation, FTIR analysis was
performed. Figure 5 demonstrates FTIR spectra of PLGA,
NP-blank, MP-blank, NPCM11, and MPCMI11. The
characteristic FTIR bands for PLGA include C=0O stretching
at 1724 cm™, C-H stretching at 2865 and 2942 cm™, C=0
bending at 1363, 1411, and 1467 cm™, and C-O stretching
at 1101 and 1169 cm? (32, 33). These bands have b >en
maintained in the spectra of NP-blank and MP-blank: In the
spectra of NPCM11 and MPCM11, new bands<ppe =i g at
3300 cm™ and 627 cm™ indicate stretching «ad « ending of
the N-H bond, respectively (34, 35). These'a. ditionial bands
confirm the successful encapsulation ¢t Cr.711,

To optimize EE% and LZY%, di.feren. CM11:PLGA
weight ratios (0.005, 0.01, 0 05) were used to synthesize
NPCM11 and MPCM11. A  shown in Table 3, EE%
increases noticeably from CM1..7.GA=0.005 to 0.01 for
both formulations. However, increasing CM11:PLGA to
0.05 increases EE% only slightly, indicating that particles
are saturated at this weight ratio. The maximum EE%

Table 3. Values of encapsulation efficiency (EE%) and loading capacity
(LC%) for different peptide to polymer (CM11: PLGA) weight ratios

Sample CM11:PLGA  Encapsulation efficiency %  Loading capacity %
(w/w) (EE%) (LC%)
0.005 269 +11.0 1.3+0.2
NPCM11 0.01 57.8+6.3 0.6+0.5
0.05 63.5+4.9 0.3+0.1
0.005 24.9+7.8 1.2+0.3
MPCM11 0.01 56.7+5.5 0.6+0.4
0.05 60.3+8.3 0.3+0.2
6

for NPCM11 and MPCi111 it CM11:PLGA=0.05 were
63.5% and 60.3%, rcspcuiciy. For both formulations,
LC% declined conrtii uous.y with increasing CM11:PLGA,
reaching aslow 7 0.3% «. CM11:PLGA = 0.05.

In vitro Ci. "1 release assay

Tigure 6 dv »onstrates the release profile of CM11 from
NPC: "11 and'MPCM11 over the course of 192 hr in vitro.
General, ' NPCMI11 demonstrated a higher release rate
uan »TCM11, with a larger portion of CM11 released over
the tzst period. In the first 12 hr, the amount of burst release
1o NPCM11 and MPCM11 was 39% and 30%, respectively.
for NPCM11, 48% of CM11 was released in the first 24 hr,
which was 12% higher than that of MPCM11. In the next
168 hr, NPCM11 consistently released more of its payload
and reached over 80% cumulative release. The release rate
for MPCM11, on the other hand, was slower, and cumulative
release reached roughly 60% by the end of the test.

N-H Bending N-H Stretching =i
=
8,
I-o:. N3 Bencling N-H Stretching —
[%2]
c
(]
=
= W
e —— MPCM11
*M C-H Stretching ™ NP BIaRK
C=0 Bending —— NPCM11
—— NP-Blank
T T 0 stretehing —— PLGA

T X T ' T x T L T X T T T
1000 1500 2000 2500 3000 3500 4000
Wavelength (cm™)

Figure 5. Fourier transform infrared spectra of blank poly(lactic-co-
glycolic acid) nanoparticles (NP-Blank) and microparticles (MP-Blank)
and CM11-loaded poly(lactic-co-glycolic acid) nanoparticles (NPCM11)
and microparticles (MPCM11)
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100

Cumulative Released CM11%

—=— NPCM
—e— MPCM

" T T i T u T
0 50 100 150 200
Time (h)

Figure 6. Release profile of CMI11 from CM11-loaded poly(lactic-co-
glycolic acid) nanoparticles (NPCM11) and microparticles (MPCM11)

MIC-MBC and biofilm inhibition assay

Table 4 reports the values of MIC/MBC obtained from
the broth microdilution assay. The values for free CM11,
NPCM11, and MPCM11 are reported as the concentration
of CM11, whereas the values for NP-blank and MP-blank
are reported as the concentration of PLGA. Neither NP-
blank nor MP-blank exhibited antibacterial activity against
any of the tested strains at the highest tested concentration
(>14 mg/ml PLGA). For E. coli, NPCM11 demonstrated the
lowest MIC (8 pg/ml), whereas free CM11 and MPCM11
exhibited MIC values of 32 pg/ml. For S. aureus, the MIC
values of free CM11 and NPCM11 were identical (32 pg/
ml), while MPCM11 exhibited a higher MIC of 64 pg/ml.
Against P aeruginosa, free CM11 and NPCM11 showed
identical MIC values (16 ug/ml), whereas MPCM11
exhibited an MIC of 32 ug/ml. A similar pattern /was
observed for the MBC values.

Table 4. Minimum inhibitory concentration (MIC)/mininim ba *=-"_idal
concentration (MBC) values from broth microdilution -sa,
Bacterial strain Formulation 7 MBC
Free CM11 2 ue’/ml 64 pg/ml
CM11-loaded nanoj rticle 8 ug/ml 32 ug/ml
E. coli CM11-loaded micropartic.c 32 ug/ml 64 pg/ml
Blank nanoparticle >14mg/ml  >14 mg/ml
Blank microparticle >14mg/ml  >14 mg/ml
Free CM11 32 ug/ml 64 pg/ml
CM11-loaded nanoparticle 32 pug/ml 32 pg/ml
S. aureus CM11-loaded microparticle 64 pug/ml 128 ug/ml
Blank nanoparticle >l4mg/ml  >14 mg/ml
Blank microparticle >l4mg/ml  >14 mg/ml
Free CM11 16 pg/ml 32 ug/ml
CM11-loaded nanoparticle 16 pg/ml 64 pg/ml
P aeruginosa ~ CM11-loaded microparticle 32 ug/ml 128 ug/ml
Blank nanoparticle >l4mg/ml  >14 mg/ml
Blank microparticle >l4mg/ml  >14 mg/ml
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Figure 7. Results of Pseudomonas aeruginosa biofilm inhibition assay
reported as growth percentage of biofilm for each formulation at different
concentrations (pg/ml)

Figure 7 reports the result. of the P. aeruginosa biofilm
inhibition assay for each form.'ation and concentration
based on growth percentage 1. 'ativ< to the positive control
group. At higher concent atiors, NPCM11 produced the
greatest reduction in bion. 1 viomass, followed by MPCM11
and free CM11. Th'51 end yvas also observed at intermediate
concentratic =,/ vhere both particulate formulations
generally rest.ted .. lower biofilm growth percentages
than free C.111. At the lowest tested concentrations, the
inh.hitory effe. s of all formulations were reduced.

M1T ass. y

The results of the MTT assay for investigating
bior ompatibility of formulations can be observed in Figure
8. Statistical analysis by calculating P-values was employed to
assess the level of cytotoxicity of each formulation. As shown
in Figure 8, free CM11 induced significant cytotoxicity at
all tested concentrations compared with the control group.
Encapsulation of CM11 in MPs markedly reduced its
cytotoxicity, with no significant toxicity observed even at
500 pg/ml. NP encapsulation also reduced CM11-induced
cytotoxicity up to 250 pg/ml; however, NPCM11 remained
cytotoxic at 500 pg/ml. NP-blank and MP-blank showed no
significant cytotoxicity compared with the control group.
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Figure 8. MTT Assay with Human Foreskin Fibroblasts (HFF) cell line
for free CM11, blank nanoparticles (NP-Blank) and microparticles (MP-
Blank), and CM11-loaded nanoparticles (NPCM11) and microparticles
(MPCM11)

ns: non-significant, "P-value<0.05, ""P-value<0.0001) - X-axis denotes different
concentrations (pg/ml)
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Discussion

Based on the results of single-factor analysis from Table
1, the power and duration of the ultrasonic probe and O:W2
ratio are the main parameters that determine whether the
protocol yields NPCM11 or MPCM11. Compared with S1,
cutting duration and power input of the ultrasonic probe
by 50% in S4 and S6, respectively, led to an increase in
Z-average from 281 nm (S1) to 334 nm (S4) and 349 nm
(S6). In S8, all parameters, including O:W2, PVA %w/v,
ultrasonic power, ultrasonic time, and PLGA concentration,
were shifted to favor MP formation. However, even the
lowest power input (80 W) for 30 sec of ultrasonic probe
exposure led to the formation of NPs (Z-average=323 nm).
Therefore, to synthesize MPCM11, the ultrasonic technique
was replaced with vigorous vortexing to minimize size
reduction, while ensuring uniform emulsion droplet
formation and distribution. Regarding O:W2, comparing
S9 and S10 indicates a negative correlation between this
parameter and PDI, meaning that higher O:W?2 ratios are
favored for monodispersity. Additionally, the significant
increase in Z-average in S3 compared with S1 can be
attributed to the decline of O:W2 from 0.5 to 0.2. Overall,
these results advocate for higher O:W2 ratios for both
MPCM11 and NPCM11.

Regarding the stability studies, the small changes in the
zeta potential of S1 over four weeks likely reflect normal
physicochemical fluctuations during storage, such as minor
surface rearrangement of the PLGA matrix, rather than
substantial alterations in particle surface properties. DLS
measurements were not performed for S11 during the
stability study because the technique is not well suited for
accurate sizing of micron-scale particles (29). Therefore, thi
stability of S11 was assessed by FESEM through comparijs<a
of particle morphology and size before and after storag:

Regarding CM11 encapsulation, to make a coniprom...
between EE% and LC%, CM11:PLGA=0.01 s 2 more
appropriate choice, maintaining higher val.>s ot poth
parameters compared with higher or /ower ‘:vels of
CM11:PLGA. Overall, the LC% values= e vory low. This
was expected since we decided tc usela hig. concentration
of PLGA to achieve higher FE%. This .pproach has been
reported in the literature (36)

We compared the release =rofie of NPCMI1 and
MPCM11 with several other particulate-based formulations
reported in the literature. Moosazadeh Moghaddam et
al. (10) studied chitosan NPs for CM11 delivery to treat
Helicobacter pylori. In that study, roughly 60% of CM11 was
released in 96 hr in vitro. Our PLGA formulation extended
the duration of release twofold and increased the fraction
of released CM11 by approximately 33%. Ali et al. (37)
studied the in vitro release of SAAP-148 from PLGA NPs
and observed a burst release of 50% within just 5 hr, which
is considerably uncontrolled compared with our 39% burst
release within 12 hr. The significantly lower size of their
NPs (<100 nm) could be responsible for such a pronounced
burst release. Water et al. (38) studied the in vitro release of
plectasin from PLGA NPs at different LC% values (0.625,
1.25, 2.5%) and observed a negative correlation between
LC% and burst release. Nonetheless, all nanoformulations
demonstrated burst release levels above 70% in the first
hour. Sharma et al. (39) studied the in vitro release of
HHCI10 peptide from PLGA NPs and observed roughly
45% burst release in less than 12 hr and nearly complete
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release of the peptide in a week. Cheng et al. (13) studied
the in vitro release of OP-145 peptide from PLGA MPs and
observed a 40% burst release in the first hours, with 80%
of the peptide released in just three days. Compared with
many reports of AMPs in the literature, our formulation
has alleviated the burst release while prolonging the overall
duration of release.

The range of MIC and MBC values obtained from the
broth microdilution assay was in agreement with the
ranges reported by Moosazadeh Moghaddam et al. (11).
They conducted experiments on 30 to 40 clinical isolates
of each investigated strain from Table 4. The obtained
MIC values ranged from 2 to 64 pg/mL, depending on the
isolate. NPCM11 consistently matched or outperformed
free CM11. This finding indicates that NPCM11 not only
preserves CM11 activity but can also enhance its effective
interaction with bacterial cells under planktonic conditions.
NPCM11 provides a favorable balance between protection
and bioavailability. A fraction ¢ CM11 is shielded from early
degradation or nonspecific bindii. ~, while sufficient peptide
is released rapidly enough to exert antimicrobial effects
within the assay timeframe 24 br). In addition, the colloidal
stability of NPCM11 allo. s it to remain suspended and in
proximity to plaLkt nic bacteria, potentially increasing
the local 2o »ntition of released CM11 at the bacterial
membran, - Togethe., these effects explain why NPCM11
can display . ual or superior apparent activity compared
with, free CM.1 despite the latter being fully available
throug. out the incubation period. Although full availability
is Leneficial for rapid growth inhibition, it makes free
CM11 susceptible to degradation and loss of antimicrobial
2oty during the incubation period. Dos Santos et al. (36)
investigated antifungal activity of a synthetic peptide, Ctn
(15-34), in free form and nanoformulation and observed
a similar trend of superiority of the nanoformulation
to the free drug. Compared with the free drug, the
nanoformulation decreased yeast cell viability by 75%.
Sharma et al. (39) encapsulated HHCI10 peptide in PLGA
NPs and studied its antimicrobial activity against E. coli. In
vitro antibacterial testing revealed that while free HHC10
and the nanoformulation show similar antibacterial effects at
low concentrations, the superiority of the nanoformulation
becomes noticeable at higher concentrations of HHC10.

In contrast, MPCM11 exhibited reduced apparent activity
in terms of MIC/MBC values relative to both free CM11
and NPCM11. This outcome reflects the intended function
of MPs as long-acting depot systems rather than immediate
inhibitors of planktonic growth. MPCMI1 releases CM11
more slowly and tends to sediment under static assay
conditions, limiting early peptide-bacterium contact and
delaying the attainment of inhibitory concentrations. As a
result, MPCM11 is intrinsically disadvantaged in short-term
planktonic assays like broth microdilution that emphasize
rapid growth inhibition and peak drug exposure (40). Jiao
et al. (41) evaluated antimicrobial activity of OH-CATH30
peptide in free form and microformulation against E. coli, S.
aureus, and P. aeruginosa. In all cases, the microformulation
demonstrated comparable or slightly inferior antimicrobial
activity to the free peptide.

An exception to the overall trend was observed for E. coli,
where NPCM11 exhibited a markedly lower MIC than free
CML11. This strain-specific enhancement reflects features of
the Gram-negative outer membrane that favor NP-mediated
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peptide delivery. In E. coli, adsorption of NPCM11 to the
lipopolysaccharide (LPS)-rich surface may increase the local
concentration of released peptide at the bacterial envelope,
partially overcoming permeability barriers and reducing
susceptibility to peptide degradation (42, 43). Such effects
would be less pronounced in S. aureus, which lacks an outer
membrane, and in P, aeruginosa, which possesses additional
AMP resistance mechanisms.

Importantly, the absence of antibacterial activity in
NP-blank and MP-blank confirms that these trends arise
from differences in CM11 availability rather than any
contribution from the polymeric carrier. The divergent
performances of NPCM11 and MPCMI11 underscore a
central principle of antimicrobial drug delivery: particle
size governs the balance between immediate efficacy and
sustained exposure (44). The results indicate that NPCM11
occupies an intermediate regime in which the CM11 release
pattern is compatible with the temporal demands of MIC/
MBC assays, whereas MPCMI11 prioritizes prolonged
release at the expense of early effectiveness.

The key difference between this assay and the broth
microdilution assay was the use of flat-bottom 96-well
plates instead of U-bottom ones. We made this difference
because flat surfaces are better at promoting cell adhesion
and consequent biofilm formation. Regarding the biofilm
inhibition assay, the antibacterial efficiency of free CM11
observed from MIC/MBC values can be attributed to its
immediate bioavailability and rapid membrane disruption
against planktonic bacteria. However, while highly effective
in inhibiting planktonic growth due to its immediate
bioavailability, free CM11 is susceptible to degradation,
adsorption, and neutralization during incubation, leading
to a decline in its effective concentration over time. This loss
of sustained antimicrobial effectiveness allows surviv «g
bacteria to attach to the surface and initiate bicfiln.
formation. Additionally, free CM11 is susceptible tc rapid
inactivation by extracellular polymeric substaricis (7"70)
and proteolytic enzymes secreted by the biofilm. " cor trast,
NPCM11 and MPCM11 provide a continuox : releasc of the
peptide throughout the incubation period, raintaining
inhibitory concentrations during critical *ages of surface
attachment and biofilm develormen" (40, '5). Consequently,
both of the particulate forraulations erionstrate superior
biofilm inhibition to free C. 111. Cresti et al. (46) studied the
antibiofilm activity of SET-M. 3, encapsulated in PLGA NPs,
against P. aeruginosa. The nanotormulation demonstrated
antibiofilm activity comparable to free SET-M33.

The biofilm inhibition profiles further highlight the
functional distinction between NPCM11 and MPCMI1.
While both formulations suppress biofilm formation more
effectively than free CM11 across the tested concentration
range, NPCM11 consistently exhibits stronger inhibition
than MPCM11, particularly at lower and intermediate
concentrations. This behavior reflects differences in
how the two systems deliver CM11 during the dynamic,
multistage process of biofilm development. NPCM11
remains well dispersed in the culture medium. It is more
likely to interact with bacterial cells during early attachment
and biofilm formation, enabling a more uniform and
sustained distribution of released CM11 at the cell-surface
interface. In contrast, MPCM11 tends to sediment and act
as a localized depot, releasing CM11 more slowly and less
uniformly throughout the well (41). Although this sustained
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release is sufficient to inhibit biofilm formation relative to
free CM11, it provides weaker and spatially heterogeneous
antimicrobial ~pressure compared with NPCMII,
particularly during the early stages when attachment and
EPS production are initiated. Consequently, NPCM11 more
effectively disrupts the processes that contribute to biofilm
biomass accumulation, whereas MPCM11 exerts a delayed
but still beneficial inhibitory effect. These results reinforce
the conclusion that NPCM11 is better suited for interfering
with biofilm initiation under planktonic-to-surface
transition conditions. At the same time, MPCM11 functions
as a longer-term reservoir whose advantages become more
pronounced in applications requiring prolonged local
delivery rather than maximal early inhibition.

Because the formulations were added simultaneously with
the bacterial inoculum, the biofilm inhibition assay cannot
fully distinguish between inhibition of biofilm formation
and inhibition of planktonic bacterial growth. Therefore, the
reduced biofilm biomass observed at concentrations equal
to or greater than the MIC 1uay be partially attributable to
growth inhibition. Neverthe »ss, the assay remains useful for
evaluating the overall ability 0. the formulations to prevent
biofilm establishment duri. v the early stages of bacterial
attachment and develo} ment, especially in concentrations
below the MIC. Hrnce, rccording to MIC values from Table
4, the biofilm irlhi. ition effects observed at concentrations
below 147, /o’ for tree CM11 and NPCM11, and below
32 pgi~L for My CMI11 can be attributed to the biofilm
inhibition. -apacity of the formulations.

1t shoulc be noted that a 24 hr incubation period
is" g merally insufficient to establish a mature biofilm
a~d, t .erefore, does not support conclusions about the
eraucation of preformed biofilms. Our intention was not to
e aluate biofilm eradication. Instead, we aimed to determine
whether free CM11, NPCM11, and MPCM11 could inhibit
biofilm formation during the initial stages of bacterial
attachment and biofilm development. Accordingly, the assay
was intentionally designed as a biofilm inhibition assay, in
which the formulations were added simultaneously with the
bacterial inoculum and remained present throughout the 24
hr incubation period.

Regarding the MTT assay, the more pronounced
cytotoxic effects of NPCM11 compared with MPCM11
at 500 pg/mL can be attributed to a higher release rate of
CM11 from NPCM11. The faster release results in HFF cells
being exposed to a higher concentration of CM11 during
the assay.

Conclusion

NPCM11 and MPCM11 were successfully developed and
characterized as potential delivery systems for treating P
aeruginosa infections. Both formulations exhibited sustained
peptide release and enhanced inhibition of biofilm formation
compared with free CM11. In antimicrobial susceptibility
testing, NPCMI11 demonstrated superior antibacterial
activity to MPCMI11. Among the tested formulations,
NPCM11 showed the most favorable overall performance
against both planktonic bacteria and biofilm formation.
These findings suggest that NP-based delivery of CM11 may
be a promising strategy to improve the therapeutic efficacy
of AMPs against P aeruginosa infections. Further studies
are warranted to evaluate the in vivo performance and
therapeutic potential of these formulations.
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