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Abstract

Conventional antibiotics are facing significant microbial resistance, which has recently reached previously unnoticed critical levels.
As a result of this situation, a large proportion of antimicrobial agents currently used in the clinic have significantly reduced thera-
peutic potential. Antimicrobial peptides (AMPs) may offer the medical community an alternative strategy to traditional antibiotics
in the fight against microbial resistance. Current research efforts are focused on developing technologies that may reduce AMP tox-
icity while retaining their potent antimicrobial activity and possibly improving their delivery. The ionotropic gelation method was
used to encapsulate a novel in-house designed potent ultrashort antimicrobial peptide (USAMP) into chitosan-based nanoparticles
(CS-NPs) in this study. WRWRWR -CS-NPs were tested for antibacterial kinetics against two strains of Staphylococcus aureus for
four days, and the developed WRWRWR -CS-NPs showed a 3-log decrease in the number of colonies when compared to CS-NP
and a 5-log decrease when compared to control bacteria. Loaded WRWRWR into CS-NPs could represent an innovative approach
to develop delivery systems based on NPs technology for achieving potent antimicrobial effects against multi-drug resistant and
biofilm forming bacteria with negligible systemic toxicity and reduced synthetic costs that are obstructing the clinical development
of AMPs generally.
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Introduction
the stage for humanity to enter the dreaded post-antibi-

otic era (Hey and Kesselheim 2017). As a result, there is

Bacterial resistance to conventional antibiotics has in- an urgent need to develop new classes of antimicrobial

creased significantly in recent decades, owing to massive
overuse and misuse of antibiotics, which was triggered and
facilitated by the medical community (Reuter et al. 2016).
The growing problem of microbial resistance has been lin-
ked to a significant decrease in the number of antibacterial
drugs currently being developed and reaching the clinic.
Antibiotic resistance has reached critical levels, with re-
ports of the emergence of pan-resistant bacteria, setting

compounds to limit the problems of microbial resistance.
To combat the threat of bacterial and biofilm infections,
global research is currently focused on finding novel alter-
native agents with different mechanisms of action rather
than using conventional antibiotics (Carlet et al. 2014). In
this regard, antimicrobial peptides (AMPs) have recently
been one of the categories that have piqued the interest of
researchers as potential alternatives to conventional anti-
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biotics (Bochenska et al. 2015). Because of their unique
therapeutic efficacy, AMPs are regarded as an excellent
alternative. AMPs are amphipathic cationic peptides that
are part of the innate host defense of many living eukaryo-
tic organisms, including plants, bacteria, fungi, and yeast.
AMPs are small (10 kDa) molecules with a variable length
and amino acid sequence (10-50 amino acids) (Brunetti et
al. 2016). AMPs have positive charges ranging from (+2 to
+9) and contain more than 30% hydrophobic residues with
amphipathic properties. When AMPs come into contact
with plasma membranes or membrane mimics, they form
amphipathic structures that allow them to induce pore for-
mation. Unfortunately, despite the initial enthusiasm for
AMPs as a potential antibiotic replacement, many obstacles
have hampered their development and clinical use. These
limitations are attributed to poor biological fluid stability
as a result of inactivation by lipoproteins and anionic albu-
mins. Furthermore, AMPs have poor antimicrobial target
selectivity, resulting in undesirable interactions with host
macromolecules and high systemic toxicity (Zasloft 2002).
Because of these constraints, the majority of current re-
search efforts are focused on improving AMPs stability and
reducing systemic toxicity. In this regard, the encapsulation
of antimicrobial peptides by nanocarriers may represent
an innovative approach to overcoming some of the issues
associated with the limited clinical use of AMPs (Nguyen
et al. 2011). Nanotechnology has advanced rapidly in a
variety of fields, including infectious diseases and micro-
biology (Brandelli 2012). When compared to traditional
drug-delivery systems, nanotechnology involves struc-
tures or materials sized 1 to 100 nanometers that exhibit
a powerful and potential leverage in drug-delivery system
purposes. Nanoparticles (NPs) are biodegradable materi-
als with nanometric sizes ranging from natural to synthetic
polymers and lipids. Because of their high biocompatibility,
NPs can contain both hydrophilic and lipophilic drugs. An-
timicrobial activity of NPs with loaded drugs may be syn-
ergistic. NPs must have specific drug delivery properties in
order to be developed for drug delivery (de Jong 2008).
Chitosan (CS) is a high molecular weight biodegradable
and biocompatible poly cationic polysaccharide (Soppimath
et al. 2001). As a result, encapsulating AMPs in CS would
create novel nano-therapeutics for the treatment of micro-
bial infections, as well as potentially providing an alternative
solution to the limitations that are currently impeding the
clinical development of AMPs. Ultrashort Cationic antimi-
crobial peptides (USAMPs) with fewer than 8 residues are a
promising class of AMPs that meet the criteria for novel an-
timicrobial drug development due to their unrivaled mode
of action, which is due to their high diversity in terms of
peptide length, amino acid sequence, and structure (Denk-
bas and Ottenbrite 2006). Furthermore, USAMPs exhibit
high antimicrobial activity with negligible or very low tox-
icity to mammalian host cells. Developing USAMPs is also
appealing due to the low production costs, low likelihood
of resistance development, and low or negligible hemolytic
toxicity associated with these peptides when compared to
traditional AMPs. Because of the short sequence of these
peptides, the production cost of these molecules is also

advantageous. There have been no published studies that
demonstrate the incorporation of Ultra-Short Cationic an-
timicrobial peptides into CS-NPs. The current study aims
to assess the ability of CS to encapsulate USAMPs and the
efficacy of incorporating USAMPs in chitosan nanoparti-
cles as molecule carriers for maintaining USAMP activity
while reducing mammalian cell toxicity.

Materials and methods

Materials

Medium molecular weight Chitosan (Mw 108 kDa) with
deacetylation ~92% and sodium tripolyphosphate TPP
were employed in all experiments (Sigma-Aldrich. USA).

The antimicrobial peptide employed in the present study
is the novel ultrashort cationic antimicrobial peptides (US-
AMP) with six amino acid WRWRWR. The peptide was
designed in house and has no similar to any other peptide
deposited in official protein databases. The WRWRWR
was obtained from (GL Biochem Ltd., Shanghai, China).

Acetic acid was purchased from Prolabo, France. Mi-
cro BCA Assay Kit was purchased from Thermo Scientific,
USA. Mueller Hinton Agar was obtained from (Scharlap,
S.L, Spain). Phosphate buffer saline (PBS) was purchased
from Oxoid, England. Mammalian Vero cell line was pur-
chased from (ATCC, USA). tryptone soy broth (TSB)
(EcoBio, Hungary). MTT Formazan was purchased from
Santa Cruz biotechnology, USA.

Instruments

Water Bath (Germany) , Elisa Plate Reader (Biotech USA)
, Incubator (USA) , Hot plate (USA) , Liquid Chromato-
graphy-Mass Spectrometry (LC-MS) (Germany), Reverse
Phase High-Performance Liquid Chromatography (RP-
HPLC) ( Germany) and matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-
TOF-MS) (China).

Bacterial strains

The following bacterial strains were obtained from the
American type tissue culture collection (ATCC) for the
determination and testing of the WRWRWR - CS-NP:
The control strain was Staphylococcus aureus (ATCC
29213). Staphylococcus aureus (ATCC BAA-41) was also
used in the study, which was clinically isolated in a hospi-
tal in New York City in 1994 (MRSA).

Synthesis and purification of peptides

WRWRWR was synthesized using the solid-phase method
and Fmoc chemistry, and it was purified using reverse pha-
se high-performance liquid chromatography with an ace-
tonitrile / H20-TFA gradient. We used arginine (R) to dis-
play the positive charge of the peptide and use tryptophan
(W) to increase the hydrophobicity of the peptide. The
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peptide’s identity was confirmed using ESI-MS mass spec-
trometry (GL Biochem Ltd., Shanghai, China).

Chitosan nanoparticles ( CS-NPs) and
WRWRWR -CS-NPs preparation

The CS-NPs and WRWRWR -CS-NPs were prepared
using the simple ionic gelation method described pre-
viously, with minor modifications (Yang et al. 2011).To
summarize, chitosan was dissolved in 1.75 percent (v/v)
acetic acid in a final concentration of about (1 mg/ml),
the pH was adjusted to 5 using 1 M sodium hydroxi-
de (NaOH) , and TPP was dissolved in deionized water
(1 mg/ml). 500 g of WRWRWR was added to the CS so-
lution for WRWRWR -CS-NP preparation. Nanoparticles
were formed after adding 1 mL of TPP aqueous solution
dropwise to 5 mL of CS solution. Magnetic stirring was
used during the formation, and the mixture was stirred at
room temperature for 2 hours. Centrifugation at 2980 g
for 2 hours purified the NPs suspension.

Nanoparticles (NPs) characterization

The hydrodynamic radius of NPs was measured using dy-
namic light scattering (DLS). At 20 degrees Celsius, 1 ml
(0.5 mg/ml) of each sample was added to disposable po-
lystyrene cuvettes. The developed NPs’ zeta potential (ZP)
was measured using a zetasizer ZS (Malvern, UK) at 25 °C
in 10 mM phosphate buffer saline PBS, pH 7.4. The sam-
ples (0.5 mg/ml) were filtered through a 0.45 m filter unit
before being injected into folded capillary cells.

The kinetics of nanoparticles (NPs) re-
lease in vitro and the evaluation of WR-
WRWR loading capacity

Following WRWRWR -CS-NPs purification, the amount of
WRWRWR found in the supernatant was measured at 562
nm using the Micro BCATM protein assay according to the
manufacturer’s recommendations (Thermo Fisher, USA).

The Encapsulation Efficiency (EE%)= Loaded WRWRWR *100

Total amount (500 pg)

Loaded WRWRWR
Dry Weight

Whereas, Loading content (L%) = *100

Purified WRWRWR -loaded CS-NPs were redispersed
in 1 ml of PBS, pH 7.4, and stirred in a shaking incubator at
37 °C. At various time intervals, the sample was centrifuged
at 2980 g for 2 hours at 4 °C, and 1 ml of fresh PBS medium
was added to replace the collected supernatant. The amount
of peptide released from the nanoparticle was determined
using the Micro BCA protein assay (Barani et al. 2012).

MTT cell proliferation assay

Yellow tetrazolium (3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide) MTT is reduced to

purple formazan inside the cell by reductase enzymes.
As a result, only metabolically active cells can catalyze
this reaction and generate the purple formazan crystals.
Although these purple crystals are insoluble in water,
they can be dissolved in Dimethyl Sulfoxide (DMSO).
These crystals’ generated color can be measured spec-
trophotometrically at 550 nm wavelength. Cells were
seeded in 5 x 103 cells per well in a flat-bottomed 96-
well plate for the MTT assay, and the plates were incuba-
ted for 18-24 h at 37 °C supplemented by 5% CO2 for
the attached on the bottom of the plates. The following
day, different concentrations of WRWRWR -CS-NPs
were suspended in RPMI as the dissolving media and
added to the cells in the plates (2.5, 5, and 10 mg/ml,
loaded with 255, 510, and 1020 g/ml of WRWRWR, res-
pectively). As a control, the untreated medium is used.
The plates were incubated for 24 hours at 37 °C with 5%
CO2 added. After 24 hours, 20 1 of the MTT solution
(2.5 mg/ml) was added to each well, and the plates were
incubated for 2-5 hours at 37 °C, 5% CO2. The well con-
tent was removed after this incubation period (ensure
that all the solution in the wells is removed). Each well
received 100 1 of DMSO, which was thoroughly mixed
by pipetting to dissolve the Formazan crystals at the bot-
tom of the wells until a clear purple color was obtained.
The plates were then placed on an Elisa Microplate Rea-
der (BioTek, USA) and the absorbance at = 550 nm was
measured (Chen and Liang 2013).

Results

Peptide synthesis structure

We use three units of tryptophane and three unites of ar-
ginine amion acid to made our hexapetide after that we
combined it with 1-(2, 6-difluorobenzyl)-1H-1, 2, 3-tria-
zole-4-carboxylic acid to increase its efficacy, the structure
of the peptide shown in Fig. 1.

F
HNYNHZ HN_ _NH, HN_ _NH,
NH NH NH
e, O 0
§ o
N
N N N 2
H H H
HN TS ~“NH ~°NH

1-(2, 6-difluorobenzyl)-1H-1, 2, 3-triazole-4-carboxylic acid -WRWRWR NH2

Figure 1. Structure of WRWRWR peptide.

CS-NPs and WRWRWR -CS-NPs Pre-
paration and Characterization

The CS-NPs and WRWRWR -CS-NPs were made using
a simple ionic gelation method. The average diameter of
the formulated NPs was determined using dynamic light



258

Salama A: USMPs potantial effect

scattering. The analysis clearly showed that WRWRWR loa-
ding increased the average diameter of the NPs. The average
diameter of the CS-NP increased from 110.27 0.5 to 118.13
1.01 for the WRWRWR-CS-NP (Table 1). Both CS-NP and
WRWRWR -CS-NP had positive Zeta potential values in
PBS at pH 7.4 (Table 1), which was most likely due to the
cationic nature of CS. The loaded WRWRWR significantly
reduced the NP formulation’s Zeta potential value.

Table 1. The characterization of CS-NPs and WRWRWR -CS-
NPs: surface charge (Zeta potential) and average size diameter.

Formulation Zeta potential (mV + SD)  Size (nm + SD) Pdr®
CS-NP +42.3 +3.42 110.27 £ 0.5 0.255
WRWRWR -CS-NP +332+26 118.13 £ 1.01 0.272

¢ Polydispersity index of the diameter distribution peak.

WRWRWR loading capacity assessment

The encapsulation efficacy and loading capacity of WR-
WRWR into CS-NPs were measured at 562 nm using
the Micro BCATM protein assay, as shown in Fig. 2 and
(Table 2). The reported results for WRWRWR showed an
encapsulation efficacy of 53.23 percent and a loading ca-
pacity of 10.11 percent, respectively.

Table 2. The characterization of CS-NPs and WRWRWR -CS-
NPs: Encapsulation Efficacy (EE), Loading Capacity (L), and
formulations yield (Yield).

Formulation EE (% + SD) L (% + SD) Yield (% + SD)
CS-NP - - 40.66 + 1.25
WRWRWR -CS-NP 53.23 £1.52 10.11+£0.2 40.61 +0.55

The kinetics of NP release in vitro

For 14 days, the WRWRWR release kinetics from
WRWRWR -CS-NPs were studied in PBS at pH 7.4.
(Fig. 2). The best release model that mathematically fits
with this profile, according to the DDsolver software
program, is Korsmeyer-Peppas. For 14 days, the system
exhibits a slowly released pattern followed by a progres-
sive linear release.

Cumulative Release %

0 T T T T T T T

Time ( Days)

Figure 2. Release kinetics of the WRWRWR from 5 mg/ml
WRWRWR -CS-NPs in PBS, pH 7.4.

Assay for bacterial susceptibility

Preparatory experiments were carried out in order to op-
timize the antibacterial activity of CS-NPs and WRWR-
WR -CS-NPs over long periods of time. The optimal con-
centration of TSB in PBS for sustaining bacterial growth
for four days has been reported to be 1.25 percent (v/v).
Furthermore, it was discovered that 5 mg/ml of RBRBR-
CS-NPs was optimal for determining the formula’s activity
over a 4-day period. The 5 mg/ml of WRWRWR -CS-NPs
displayed significant antimicrobial activity against all the
studied bacterial strains. The encapsulated WRWRWR
-NP was able to inhibit the growth of all the studied bac-
terial strains employed in this study. The antibacterial ac-
tivity of WRWRWR -CS-NPs was assessed by measuring
the cell viability, which was expressed as log,, CFU/ml for
each tested bacterial strain. Then it was compared to that
5 mg/ml of CS-NPs and to the control (Table 3).

Table 3. Antibacterial activity of WRWRWR -CS-NPs as com-
pared to CS-NPs and Control against MRSA S. aureus (ATCC
33591), (ATCC 43300), and clinically isolated MRSA S. aureus
(ATCC BAA-41). (+ SD).

Log CFU/ml 5 mg/ml Log CFU/ml 5 mg/ml Log CFU/ml Positive

ATCC WRWRWR -CS-NP CS-NP control
29213 2.51 +£0.045 5.96 +0.052 10.79 £ 0.017
BA-41 3.11 £0.043 7.06 £ 0.026 9.02 £0.012

Assay for cell proliferation using MTT

The developed NP successfully reduced the toxicity of the
same amount of loaded WRWRWR against normal cell
lines. The results of the cytotoxicity assay revealed that
RBRBR has an IC50 value of 187.2 g/ml (Fig. 3). The WR-
WRWR -CS-NP IC50 was reported to be 6.62 mg/ml.

100

80 -

@
o
L

Cell Viability (%)
3

20 +

0 T T T T T
0 200 400 600 800 1000

RBRBR concentation (ug/ml)

Figure 3. Cytotoxicity of free concentration WRWRWR after
treatment with Vero mammalian cell line. The IC_| of free WR-
WRWR reported was 187.2 pg/ml after 24 h incubation.

Discussion

The current work aims to take advantage of NP advan-
cement and USAMPs by encapsulating the in-house
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designed novel USAMP named WRWRWR into CS-NPs
to determine if the incorporation of WRWRWR into CS-
NPs might retain the peptide’s antimicrobial activity whi-
le reducing its toxicity. When we synthesis the peptide we
take into consideration the balance between the hydrop-
hilic and hydrophobic part, so we use arginine (R ) to give
the peptide the optimum charge ( +3) and we use tryptop-
han to give the hydrophobicity of the peptide , also we co-
mined our peptide with 1-(2, 6-difluorobenzyl)-1H-1, 2,
3-triazole-4-carboxylic acid to increase the antimicrobial
activity of the peptide due to the good activity of triazole
compound against different type of bacteria.

Tonic gelation was used to prepare the formulated WR-
WRWR -CS-NP, which was then tested for physio-chem-
ical characterization, release kinetics, bacterial suscepti-
bility, and cytotoxicity. Because of the positive charge of
CS in acidic media, electrostatic repulsion with the cat-
ionic WRWRWR is possible (Almaaytah et al. 2012). To
overcome the repulsion, the pH was set to 5 to reduce
the positive charge of the CS. The zeta potential was cal-
culated to better understand the interaction of charged
molecules and to assess the stability of the nanosystem.
Because of the cationic charge of CS, the expected posi-
tive value of zeta potential was observed. This value was
significantly reduced (p 0.05) by loading WRWRWR
into CS-NPs, which was attributed to CS charge confor-
mation and rearrangement (Zhang et al. 2010). Further-
more, WRWRWR -CS-NPs have nanoscale dimensions
and a statistically significant increase in average diam-
eter when compared to blank NPs, demonstrating the
incorporation of WRWRWR into CS-NP. Surprisingly,
the nanosystem exhibits continuous progressive linear
release over a long period of time. The novel WRWR-
WR was loaded into CS-NPs in this study, which provide
high-quality features of an improved nanoscale system,
such as a stable formula and kinetic release in a linear and
controlled pattern (Pollini et al. 2017). The results of this
study demonstrated that WRWRWR -CS-NPs was active
against both the wild type and the multi-drug resistant
clinical isolates of Gram-positive bacteria used in this
study. WRWRWR loaded-CS-NPs demonstrated more
potent and broad-spectrum antimicrobial effects against
all tested bacterial strains, including resistant strains,
when compared to empty CS-NPs. The peptide concen-
tration released from the nanocarrier is responsible for
the significant reduction in bacteria viability, according
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