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Purpose: Acinetobacter baumannii antibiotic resistant infections in high-risk patients are 
a great challenge for researchers and clinicians worldwide. In an effort to achieve potent 
bactericidal outcomes, a novel chitosan–mastoparan nanoconstruct (Mast-Cs NC) was 
designed and assessed for its therapeutic potential through in silico, in vitro and in vivo 
experimentation against clinical multidrug-resistant (MDR) A. baumannii.
Methods: Optimized 3D structures of mastoparan and chitosan were coupled computation-
ally through an ionic cross-linker to generate a circular ring of chitosan encasing mastoparan. 
The complex was assessed for interactions and stability through molecular dynamic simula-
tion (MDS). Binding pocket analysis was used to assess the protease–peptide interface. Mast- 
Cs NC were prepared by the ionic gelation method. Mast-Cs NC were evaluated in vitro and 
in vivo for their therapeutic efficacy against drug-resistant clinical A. baumannii.
Results: MDS for 100 ns showed stable bonds between chitosan and mastoparan; the first at 
chitosan oxygen atom-46 and mastoparan isoleucine carbon atom with a distance of 2.77 Å, 
and the second between oxygen atom-23 and mastoparan lysine nitrogen atom with 
a distance of 2.80 Å, and binding energies of −3.6 and −7.4 kcal/mol, respectively. Mast- 
Cs complexes approximately 156 nm in size, with +54.9 mV zeta potential and 22.63% 
loading capacity, offered >90% encapsulation efficiency and were found to be geometrically 
incompatible with binding pockets of various proteases. The MIC90 of Mast-Cs NC was 
significantly lower than that of chitosan (4 vs 512 μg/mL, respectively, p<0.05), with 
noticeable bacterial damage upon morphological analysis. In a BALB/c mouse sepsis 
model, a significant reduction in bacterial colony count in the Mast-Cs treated group was 
observed compared with chitosan and mastoparan alone (p<0.005). Mast-Cs maintained good 
biocompatibility and cytocompatibility.
Conclusion: Novel mastoparan-loaded chitosan nanoconstructs signify a successful strategy 
for achieving a synergistic bactericidal effect and higher therapeutic efficacy against MDR 
clinical A. baumannii isolates. The Mast-Cs nano-drug delivery system could work as an 
alternative promising treatment option against MDR A. baumannii.
Keywords: Acinetobacter baumannii, mastoparan, antimicrobial resistance, simulation, 
chitosan, antimicrobial peptides, therapeutic efficacy, interactions

Introduction
Antibiotic-resistant bacterial infections are a critical healthcare challenge which is 
being faced globally.1 Acinetobacter baumannii has rapidly gained significant attention 
over the time, from being an innocuous organism to a superbug. It is one of the leading 
pathogens in nosocomial infections, responsible for ventilator-associated pneumonia, 
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wound infections, septicemia and urinary tract infections, 
especially in the immunocompromised patients.2,3 Its gen-
ome has the ability to acquire resistance and to adapt its 
virulence mechanisms with the passage of time.4,5 Some 
A. baumannii strains even show resistance to the last-line 
available drugs, such as carbapenems and colistin.6 The 
Infectious Diseases Society of America has included 
A. baumannii in the hit list of the top six priority pathogens 
(ESKAPE) against which either no or very limited treatment 
options are available.7 In a nationwide surveillance program 
in China, conducted during 2005–2014, high resistance 
against imipenem (57%) and meropenem (61%) was 
reported in Acinetobacter spp.8 Drug-resistant 
A. baumannii can contribute as much as 63% to nosocomial 
infections.9 The mortality rate in ventilator-associated pneu-
monia caused by extensively drug-resistant A. baumannii 
strains can be as high as 84.3%.10 The alarmingly high 
disease burden of resistant A. baumannii has led to the 
exploration of alternative approaches. A phototheranostic 
nanoparticle-based antibiotic,11 photothermal eradication of 
bacterial biofilms,12 physical cavitation through laser 
irradiation,13 photodynamic therapy14 and polylactic co–gly-
colic acid nanocapsules15 have been applied to address the 
bacterial resistance phenomenon.

The therapeutic potential of antimicrobial peptides 
(AMPs) has been highlighted over the years. The unique 
electrostatic interactions between AMPs and bacterial cells 
have shown promising therapeutic results. Furthermore, 
AMPs, being small in nature, have the ability to penetrate 
cells and tissues and can show effective antimicrobial 
activity against both Gram-positive and Gram-negative 
bacteria without any specific binding to receptors.16–19 

LL-37, melittin, indolicidin, Cec4, Agelaia-MP1, poly-
bia–MPII, PolydimI and Con10 have shown high bacter-
icidal activity against A. baumannii.20–24 LysAB2 P0–P3 
has also demonstrated reasonably good in vitro and in vivo 
antibacterial activity (minimal inhibitory concentration 
[MIC] 4–64 μM) against multidrug-resistant (MDR) 
A. baumannii.25

Mastoparan is a 1479-Da positively charged peptide, 
extracted from wasp venom, which contains 14 amino acid 
residues (Ile–Asn–Leu–Lys–Ala–Leu–Ala–Ala–Leu–Ala– 
Lys–Lys–Ile–Leu–NH2).26 It is rich in hydrophobic residues 
(71%) and forms amphipathic helical structures. The pro-
posed mechanism of action of mastoparan 
includes disruption of the cell membrane, through the barrel 
stave, toroidal pore, carpet or interfacial model,27 causing 

increased membrane permeability, cell lysis and ultimately 
death.

The in vitro and in vivo behavior of AMPs against 
bacteria can be predicted using in silico methodologies. 
Majumder et al applied a quantitative structure–activity 
relationship model based on an artificial neural network, 
and rationally predicted the MIC for mastoparan to be 14 
μg/mL.28 Similarly, Ramachandran et al conducted mole-
cular docking and free energy calculations to understand 
the drug interactions with oxacillinases produced by 
A. baumannii.29–31 The presence of proteases (serine 
protease, lysosomal acid alpha-glucosidase, cysteine pro-
tease, human calpain-1, prolylcarboxypeptidase, thimet 
oligopeptidase, dipeptidyl peptidase) lowers the stability 
of AMPs in biological fluids. This impedes the therapeu-
tic application of AMPs in clinical practice.19,32,33 

Several researchers have suggested encapsulating AMPs 
in smart and efficient drug delivery nanosystems, which 
not only provide protection from proteolytic degradation 
but also have the ability to generate synergistic 
effects.34–38 Fu et al reported a synergistic effect of 
chitosan and polymyxin B-loaded liposomes against bio-
film producing A. baumannii.39 Similarly, Tamara et al 
used chitosan nanovehicles for protamine to enhance the 
antimicrobial activity toward Escherichia coli.40 In 
a study by Pourhajibagher et al, chitosan nanoparticles 
were used as an efficient vehicle for indocyanine green 
against A. baumannii.41

The aim of the present work is to develop a novel 
smart chitosan-encapsulated mastoparan drug delivery sys-
tem and to assess its therapeutic efficacy against MDR 
A. baumannii clinical isolates both in vivo and in vitro. 
We have adopted innovative approaches to study the sta-
bility parameters of Mast-Cs NC using in silico molecular 
dynamic simulation (MDS). The suggested nanocomplex 
has been shown to be bactericidal against these bacteria, 
and may be a promising treatment solution against rapidly 
emerging drug resistance in A. baumannii organisms.

Materials and Methods
Ethical Approval
The Institutional Review Board at the Armed Forces 
Institute of Pathology, National University of Medical 
Sciences, Rawalpindi, approved the whole study, including 
the cell-line work (PhD-PATH-17-01/READ–IRB/19/202 
NUMS, dated 4th March 2019), and the National Institute 
of Health, Islamabad, approved the use of animals (F.1-5/ 
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ERC/2019, dated 29th July 2019). The handling and use of 
animals followed International Council for Harmonisation 
guidelines.42 Human rhabdomyosarcoma (RD) cells ATCC 
CCL 136 were received as a gift from the National 
Institute of Health, Islamabad, Pakistan, for the cytocom-
patibility study only.

Materials
The mastoparan sequence (INLKALAALAKKIL-NH2), 
retrieved from antimicrobial peptide database AP00201, 
was synthesized with a purity of 97.48% and molecular 
weight of 1478.94 Da (Bio Basic, Canada). Chitosan (mole-
cular weight 210 kDa, titration 77%, degree of deacetylation 
92%). Other materials were acquired as follows: sodium 
tripolyphosphate (TPP, Na5P3O10; Daejung, Korea); acetic 
acid (Merck, Germany); MicroBCA assay kit (Bio Basic, 
Canada); DMEM, bovine calf serum, L-glutamine, 
Dulbecco’s phosphate-buffered saline (PBS), penicillin/ 
streptomycin and MTT 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (Sigma Aldrich, USA). 
Immunocompetent BALB/c male mice weighing 16–20 
g and aged 4–6 weeks were obtained from the National 
Institute of Health, Islamabad, Pakistan.

Confirmation of Multidrug-Resistant 
A. baumannii from Clinical Specimens
Acinetobacter baumannii was isolated from clinical speci-
mens (including blood, pus, intravenous catheter tip and 
bronchoalveolar lavage) at the Armed Forces Institute of 
Rawalpindi, Pakistan, and confirmed biochemically. 
Antimicrobial susceptibility was checked using the Kirby– 
Bauer disk diffusion method/broth microdilution for cefotax-
ime (30 μg), ceftriaxone (30 μg), ceftazidime (30 μg), mer-
openem (10 μg), imipenem (10 μg), amikacin (30 μg), 
gentamicin (10 μg), tobramycin (10 μg), ciprofloxacin (5 
μg), doxycycline (30 μg), minocycline (30 μg), tetracycline 
(30 μg), trimethoprim–sulphamethoxazole (1.25/23.75 μg) 
and polymyxin B (MIC ≤2 μg/mL sensitive; ≥4 μg/mL 
resistant). Results were interpreted as “sensitive” or “resis-
tant” according to Clinical and Laboratory Standard Institute 
(M100) guidelines.43 The isolates that were concurrently 
resistant to more than one antimicrobial agent were further 
confirmed by PCR for aminoglycosides, quinolones and 
tetracyclines.44 The PCR mix was prepared as a volume of 
25 μL comprising 200 µM dNTPs, 1.5 mM MgCl2, 1.25 
U Taq DNA polymerase, 0.5 µM of each primer (forward 
and reverse of each gene), 5 µL PCR buffer (10×) and 2.5 µL 

DNA template. The PCR conditions were 95°C for 4 min, 30 
cycles of 95°C for 50 s, 58°C for 60 s, 72°C for 45 s and final 
extension at 72°C for 5 min. Gel electrophoresis of the PCR 
amplified product was carried out in 1.5% agarose gel in 1× 
TBE buffer for 30 min at 80 V, stained with ethidium bro-
mide. The gel was examined under ultraviolet illumination 
(Fisher Scientific, USA). A 100-bp ladder was used as the 
standard for determining the molecular mass of PCR pro-
ducts (Table 1).

In Silico Positioning and MDS of Mast-Cs 
Complex
The structure of mastoparan with PDB ID 1D7N 
(INLKALAALAKKIL) was retrieved from the RCSB data-
base. The three-dimensional (3D) structure of mastoparan 
was prepared by correcting the bond orders, addition of 
hydrogens and filling in missing side chains in Maestro soft-
ware, using the default parameters.45 Mastoparan was energy 
minimized to 0.3 Å RMSD. The two-dimensional (2D) struc-
ture of chitosan was sketched in MarvinSketch (https://che 
maxon.com/) and converted to the 3D structure in Maestro 
visualizer.46 Ten monomers of chitosan were connected with 
TPP, as an ionic cross-linker, to create a circular ring. The 
structure was minimized using Macromodel with the Merck 
Molecular Force Field (MMFF).46 UCSF Chimera (1.13.1) 
was used to align the chitosan ring with mastoparan.47

MDS of the Mast-Cs complex was carried out for 100 ns 
using the Desmond module in Schrodinger.48 The complex 
was solvated using water model TIP3P in a cubic box. 
Counter ions were added to neutralize system charge. 
Desmond’s default minimization protocol was used to mini-
mize the system. A temperature of 300K and 1 bar pressure 
were selected for equilibration. Finally, the system was simu-
lated for 100 ns. A total of 1000 frames were collected. 
Trajectories were further investigated using the Simulation 
Quality Analysis tool available with Desmond.48 Root mean 
square deviation (RMSD), ligand torsion, hydrogen bonding 
and radius of gyrations were calculated to predict the complex 
structural changes and conformations in Mast-Cs. The com-
plex was analyzed for interactions using Molecular Operating 
Environment (MOE) software.49 Electrostatic interactions of 
Mast-Cs were assessed using Pymol version 2.2.0.50

Computational Analysis of Enzyme– 
Peptide Behavior
Peptides are sensitive to degradation by proteases in serum. 
Vlieghe et al listed human proteolytic enzymes that are 
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frequently involved in peptide degradation.19,51 The role of 
protein binding pockets is crucial for interaction specificity. 
To understand the interaction of Mast-Cs NC with human 
proteases, surface area, volume and binding pocket analysis 
was conducted.52 The surface binding analysis tool in UCSF 
Chimera (1.13.1) was used to analyze the total surface area, 
depth and enclosed volume of Mast-Cs nanoconstruct. The 
DoGsiteScorer (https://proteins.plus/) binding pocket analy-
sis tool was used for the proteases, including serine protease, 
prolyl oligopeptidase, human neutrophil elastase, human 
chymotrypsin C, lysosomal acid alpha glucosidase, cysteine 
protease, human calpain-1, prolylcarboxypeptidase, thimet 
oligopeptidase and dipeptidyl peptidase.53 The algorithm 
behind the tool is a grid-based method which uses the dif-
ference of Gaussian filter to detect binding pockets, and 
calculates the size, shape and chemical features of pockets. 
Based on volume, hydrophobicity and enclosure, it gener-
ates a druggability score. Various binding pockets were 
detected for the analyzed proteins, centered on 3D heavy 
atom coordinates of the enzyme/protein (Table 2).

Synthesis of Mast-Cs Nanoconstructs
Mast-Cs NC were prepared by an ionic gelation method.54 In 
brief, a stock solution of TPP was prepared in double-distilled 

water (5 mg/mL). Mastoparan (400 μg) was added to chitosan 
(1 mg/mL) in mild acetic acid (1% v/v, pH 5) under continuous 
stirring (600 rpm) at room temperature (22–25°C). 
Nanoformulations were sonicated with a probe sonicator of 
6 mm diameter for 10 min, with sonication amplitude 60%, 
and pulse rate set at 40 s on, 20 s off (Vibra-Cell; Sonics, 
USA). They were then centrifuged for 10 min at 14,000 g and 
4°C. The supernatant was assessed for the unconjugated 
mastoparan.

Characterization of Mast-Cs NC
The hydrodynamic size and zeta potential of Mast-Cs NC 
were measured by dynamic light scattering (DLS) 
(Nanotrac Wave II; Microtrac, USA). The formulation 
was diluted (1:1000) for testing. The dielectric constant 
of acetic acid as the solvent and the refractive index of 
chitosan at 25°C were adjusted. The morphology of Mast- 
Cs NC was studied by scanning electron microscopy 
(TESCAN Mira3; Alpha Contec, Germany).

Encapsulation Efficiency and Loading 
Capacity of Mast-Cs NC
The encapsulation efficiency (EE) and loading capacity 
(LC) were calculated using the bicinchoninic method 
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Table 1 Susceptibility and Genotypic Characterization of Acinetobacter baumannii Clinical Isolates Used in the Current Study

Isolate 

ID

Patient’s  

Age 

(Years)

Gender Specimen 

Type

Antibiotic Susceptibility Pattern (Kirby–Bauer Disk Diffusion Test; for Polymyxin B, MIC Breakpoints (<2=S, >4=R) PCR for Antibiotic Resistance Genes

Ceftazidime 

30 µg

Cefotaxime 

30 µg

Ceftriaxone 

30 µg

Meropenem 

10 µg

Imipenem 

10 µg

Amikacin  

30 µg

Gentamicin  

10 µg

Tobramycin  

10 µg

Doxycycline 

30 µg

Minocycline 

30 µg

Tetracycline 

30 µg

Ciprofloxacin 

5 µg

Trimethoprim/ 

Sulphamethoxazole  

1.25/23.75 µg

Polymyxin 

B

Ciprofloxacin 

(gyrA)

Aminoglycosides 

(STrB)

Tetracycline 

(TetB)

B1 53 M Pus 13 11 10 11 15 12 18 9 6 19 17 10 7 S + + +

B2 51 M Blood 12 9 11 9 12 10 17 9 16 18 16 11 7 S + + +

B3 25 M NBL 10 9 10 8 12 9 17 11 7 10 17 10 8 S + + +

B4 2 F Blood 11 10 9 9 11 11 9 7 8 19 18 9 5 S + + +

B5 14 M Pus 12 10 9 20 23 10 8 8 8 19 19 12 6 S + + +

B6 16 M Sputum 11 10 8 11 13 11 9 10 17 20 18 11 6 S + + +

B7 7 M Blood 11 8 11 10 15 21 19 10 6 7 17 10 7 S + + +

B8 23 M CVP tip 12 10 10 21 22 9 10 11 4 6 18 9 4 S + + +

B9 50 M Sputum 12 11 9 9 13 11 9 7 5 17 18 11 5 S + + +

B10 16 M Pus 10 10 8 9 10 8 10 8 6 6 16 4 7 S + + +

B11 58 M Sputum 11 11 9 20 22 11 11 8 6 18 17 12 8 S + + +

B12 55 F NBL 12 10 9 21 23 20 9 9 5 6 16 13 9 S + + +

B13 26 M Pus 10 11 10 9 10 10 8 9 6 7 19 12 5 S + + +

B14 45 M NBL 9 11 9 8 11 7 8 10 4 5 18 12 6 S + + +

B15 35 M NBL 10 9 10 9 10 21 19 11 4 7 17 11 6 S + – +

Notes: Acinetobacter baumannii was isolated from clinical samples (blood, pus, intravenous catheter tip and bronchoalveolar lavage specimens). Antibiotic susceptibility  
testing was performed by the standard Kirby–Bauer disk diffusion and Etest method (for polymyxin B only). Polymerase chain reaction was conducted to confirm the  
presence of antibiotic resistance genes (gyrA, STrB, Tetb) in the isolates using primers: gyrA-F, ACAAGAAATCTGCTCGT, gyrA-R, CGAAGTTACCCTGACCATC;  
strB-F, ATGGGGTTGATGTTCATGCCGC, strB-R, CTAGTATGACGTCTGTCGCAC; tetB F, CAGTGCTGTTGTTGTCATTAA, tetB R, GCTTGGAATACTGAGTGTAA.  
Zone sizes as per CLSI 2019 guidelines: ceftazidime ≤14=R, ≥18=S, cefotaxime ≤14=R, ≥23=S, ceftriaxone ≤13=R, ≥21=S, meropenem ≤14=R, ≥18=S, imipenem  
≤18=R, ≥22=S, amikacin ≤14=R, ≥17=S, gentamicin ≤12=R, ≥15=S, tobramycin ≤12=R, ≥15=S, doxycycline ≤9=R, ≥13=S, minocycline≤12=R, ≥16=S, tetracycline ≤11=R,  
≥15=S, ciprofloxacin ≤15=R, ≥21=S, trimethoprim sulphamethoxazole ≤10=R, ≥16=S. Zone of inhibition is measured in mm.
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Table 1 Susceptibility and Genotypic Characterization of Acinetobacter baumannii Clinical Isolates Used in the Current Study

Isolate 

ID

Patient’s  

Age 

(Years)

Gender Specimen 

Type

Antibiotic Susceptibility Pattern (Kirby–Bauer Disk Diffusion Test; for Polymyxin B, MIC Breakpoints (<2=S, >4=R) PCR for Antibiotic Resistance Genes

Ceftazidime 

30 µg

Cefotaxime 

30 µg

Ceftriaxone 

30 µg

Meropenem 

10 µg

Imipenem 

10 µg

Amikacin  

30 µg

Gentamicin  

10 µg

Tobramycin  

10 µg

Doxycycline 

30 µg

Minocycline 

30 µg

Tetracycline 

30 µg

Ciprofloxacin 

5 µg

Trimethoprim/ 

Sulphamethoxazole  

1.25/23.75 µg

Polymyxin 

B

Ciprofloxacin 

(gyrA)

Aminoglycosides 

(STrB)

Tetracycline 

(TetB)

B1 53 M Pus 13 11 10 11 15 12 18 9 6 19 17 10 7 S + + +

B2 51 M Blood 12 9 11 9 12 10 17 9 16 18 16 11 7 S + + +

B3 25 M NBL 10 9 10 8 12 9 17 11 7 10 17 10 8 S + + +

B4 2 F Blood 11 10 9 9 11 11 9 7 8 19 18 9 5 S + + +

B5 14 M Pus 12 10 9 20 23 10 8 8 8 19 19 12 6 S + + +

B6 16 M Sputum 11 10 8 11 13 11 9 10 17 20 18 11 6 S + + +

B7 7 M Blood 11 8 11 10 15 21 19 10 6 7 17 10 7 S + + +

B8 23 M CVP tip 12 10 10 21 22 9 10 11 4 6 18 9 4 S + + +

B9 50 M Sputum 12 11 9 9 13 11 9 7 5 17 18 11 5 S + + +

B10 16 M Pus 10 10 8 9 10 8 10 8 6 6 16 4 7 S + + +

B11 58 M Sputum 11 11 9 20 22 11 11 8 6 18 17 12 8 S + + +

B12 55 F NBL 12 10 9 21 23 20 9 9 5 6 16 13 9 S + + +

B13 26 M Pus 10 11 10 9 10 10 8 9 6 7 19 12 5 S + + +

B14 45 M NBL 9 11 9 8 11 7 8 10 4 5 18 12 6 S + + +

B15 35 M NBL 10 9 10 9 10 21 19 11 4 7 17 11 6 S + – +

Notes: Acinetobacter baumannii was isolated from clinical samples (blood, pus, intravenous catheter tip and bronchoalveolar lavage specimens). Antibiotic susceptibility  
testing was performed by the standard Kirby–Bauer disk diffusion and Etest method (for polymyxin B only). Polymerase chain reaction was conducted to confirm the  
presence of antibiotic resistance genes (gyrA, STrB, Tetb) in the isolates using primers: gyrA-F, ACAAGAAATCTGCTCGT, gyrA-R, CGAAGTTACCCTGACCATC;  
strB-F, ATGGGGTTGATGTTCATGCCGC, strB-R, CTAGTATGACGTCTGTCGCAC; tetB F, CAGTGCTGTTGTTGTCATTAA, tetB R, GCTTGGAATACTGAGTGTAA.  
Zone sizes as per CLSI 2019 guidelines: ceftazidime ≤14=R, ≥18=S, cefotaxime ≤14=R, ≥23=S, ceftriaxone ≤13=R, ≥21=S, meropenem ≤14=R, ≥18=S, imipenem  
≤18=R, ≥22=S, amikacin ≤14=R, ≥17=S, gentamicin ≤12=R, ≥15=S, tobramycin ≤12=R, ≥15=S, doxycycline ≤9=R, ≥13=S, minocycline≤12=R, ≥16=S, tetracycline ≤11=R,  
≥15=S, ciprofloxacin ≤15=R, ≥21=S, trimethoprim sulphamethoxazole ≤10=R, ≥16=S. Zone of inhibition is measured in mm.

Table 2 Estimation of Mast-Cs–Proteases Interface

Name PDB ID Volume (Å3) Surface (Å2) Depth (Å) Simple Score

Mast-Cs 3262 1890 4.58 0

Endopeptidases

Serine protease
Serine protease 1HXE 928.77 1293.6 27.9 0.59
Lysosomal acid alpha glucosidase 5NN3 707.09 834.7 23.56 0.43

Human chymotrypsin C 4H4F 849.54 1130.66 16.59 0.49

Prolyl oligopeptidase 3DDU 800.83 940.88 17.92 0.51
Human neutrophil elastase 3Q76 565.12 777.97 20.54` 0.33

Cysteine protease
Human calpain-1 2ARY 1029.94 1460.61 23.21 0.61

Cysteine protease 1CJL 524.54 714.97 17.9 0.29

Aspartic acid protease
Pepsin 1PSO 539.71 493.18 21.26 0.28

Metalloproteases
Thimet oligopeptidase 1S4B 1030.86 1245.94 24.73 0.61

Exopeptidase
Human prolylcarboxypeptidase 3N2Z 512.5 649.07 18.66 0.35

Human dipeptidyl peptidase 1R9M 1330.9 1273.2 29.86 0.59

Notes: Binding pockets and their characteristic descriptors of human proteases and Mast-Cs were calculated using DoGSiteScorer and UCSF Chimera, respectively; the 
table shows the volume (Å3, cubic angstrom), surface area (Å2, square angstrom), depth (Å, angstrom) and score of the largest binding pocket of each of analyzed protease; 
the greater the score and depth cavity, the greater the chance of potential binding of the protease with the substrate (Mast-Cs).
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(MicroBCA protein assay kit; Bio Basic, Canada) 
with standard controls. Optical density was measured 
at 562 nm (UV-1900, UV-visible spectrophotometer; 
Shimadzu, Japan). EE and LC were calculated using 
the formula:

Encapsulation
efficiency ð%Þ ¼

Total peptide added � Free non
entrapped petide=Total peptide
added � 100 

Loading
capacity ð%Þ ¼

Amount of total entrapped
petide=Total nanoparticle
weight � 100 

Fourier Transform Infrared Spectroscopy 
(FTIR) of Mast-Cs NC
Functional groups involved in Mast-Cs interactions were 
assessed by FTIR spectroscopy. The results were recorded 
in the mid-IR range 4000−400 cm−1 using an FTIR spec-
trophotometer, with OMNIC™ version 6.0a software 
(Thermo Fisher Scientific, USA). FTIR spectra of opti-
mized Mast-Cs NC, mastoparan alone and chitosan alone 
were compared to analyze interactions.

In Vitro A. baumannii Bactericidal Assay of 
Mast-Cs NC
Mast-Cs NC, mastoparan alone and chitosan (control) 
were tested against MDR A. baumannii using the broth 
microdilution method described by Weigand et al.55 

Chitosan was used as the control for the test. For chitosan, 
concentrations ranging from 512 to 2 μg/mL were used. 
One row was used for each isolate, with up to 10 different 
dilutions of mastoparan and Mast-Cs solution (32, 16, 8, 4, 
2, 1, 0.5, 0.25, 0.125 and 0.0625 μg/mL). Thus, 50 μL of 
each of the tested solutions (Mast-Cs, chitosan and mas-
toparan solution) was added to each well. Bacterial dilu-
tions were prepared to obtain final concentrations of 5×105 

CFU/mL. For the purity plate, 10 μL from the growth 
control well was taken and added to 990 μL of sterile 
saline. It was further diluted (1:10) in sterile saline and 
100 μL of the dilution was plated in nutrient agar plates. 
Microtiter plates were read after incubation at 37°C for 
16–20 h using an ELISA plate reader (EZ Read 400 
Microplate Reader; Biochrom, UK).

Data analysis was carried out using GraphPad Prism 
version 8.4.2. The t-test with 95% confidence 
intervals was used for statistical analysis of MIC values 
obtained for Mast-Cs NC, chitosan and mastoparan. 
A p-value <0.05 was taken as statistically significant.

Morphological Analysis of A. baumannii 
Treated with Mast-Cs NC
The copper grid was sputtered with gold using a Smart 
Coater (JEOL, USA) containing 0.1 mm gold target. Gold- 
coated grids were fixed with bacterial suspension (control, 
Mast-Cs NC treated and chitosan treated) for 30 s. The 
cells were stained with a drop of 1% phosphotungstic acid, 
pH 7.2, for 30 s. The excess stain was removed with filter 
paper. The grid was air dried before viewing. Images were 
recorded at magnifications ranging from 3000 to 18,000× 
under a scanning electron microscope (JSM IT200; JEOL, 
USA). An A. baumannii suspension without any treatment 
was taken as the control group.

Biocompatibility Assay of Mast-Cs NC
For this assay, 500 μL of washed red blood cells (RBCs) 
was suspended in PBS (10% in volume), mixed with Mast- 
Cs and mastoparan solution in varying concentrations 
(0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 and 16 μg/mL), and 
incubated for 1 h at 37°C. The supernatant was measured 
for hemoglobin content along with the negative control 
(RBCs in PBS) and positive control (RBCs exposed to 1% 
Triton X-100). Percent hemolysis was calculated as 
follows:

Hemolysis ð%Þ ¼
OD of Mast Cs NC � OD of negative
control=OD of positive control
� OD of negative control 

Results were expressed as the mean ± SD of triplicate 
experiments. The t-test (GraphPad Prism version 8.02) 
was used to compare the groups; a p-value <0.05 was 
taken as significant.

Cytocompatibility Assay of Mast-Cs NC
For the in vitro cytocompatibility assay, 3×103 RD 
cells were seeded in 96-well plates. After 24 h at 37°C 
in 5% CO2 and 85% humidity, the culture medium was 
removed and wells were exposed with Mast-Cs NC and 
mastoparan (concentrations ranging from 0.28 to 36 μg/ 
mL) for a further 24, 48 and 72 h at 37°C in 5% CO2. 
Cells in DMEM alone were used as the blank. At the 
prescribed times, the formulations were removed and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) (diluted 1:10) was added and incubated 
for 4 h at 37°C. The salt was reduced to formazan only 
by metabolically active cells. The solution was removed, 
and the formazan crystals were dissolved in DMSO. 
Measurement of formazan dye absorbance was carried 
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out and cytocompatibility was expressed in terms 
of percent viability, Mast-Cs and mastoparan-treated 
cells were observed under a cell imager (EVOS FL; 
Life Technologies, UK) establish their morphology. 
Statistical analysis was performed using GraphPad 
Prism version 8.02. The t-test was used to compare the 
groups; a p-value <0.05 was taken as significant.

Bactericidal Activity of Mast-Cs NC in 
A. baumannii Sepsis Mouse Model
The sepsis model was optimized in BALB/c immunocom-
petent mice using MDR A. baumannii strain B10 (Table 
1). Four groups (n=5 per group) of mice were categorized 
according to time of exposure of bacteria (a: 30 min; b: 
1 h; c: 2 h; d: 4 h). The groups were challenged with 
a bacterial concentration of 1×107 CFU/mL. At specified 
time intervals, mice were anesthetized for exsanguination 
and cardiac blood was collected. Then, 100 μL of collected 
blood thoroughly mixed in normal saline was used to 
make 10-fold serial dilutions. Each dilution (500 μL) was 
streaked on MacConkey’s agar plates, than incubated for 
24–48 h at 37°C, followed by colony counts and culturing.

The group that was exposed for 1 h showed the highest 
bacterial count in blood. Therefore, the time interval of 1 
h was selected for subsequent experiments. The Mast-Cs 
NC, chitosan (control) and mastoparan (control) were 
injected into mice in groups A, B and C, respectively, 
with five mice per group, at 1 h postinfection; group 
D was kept as a control without any treatment. At 30 
min postinjection, mice were anesthetized for exsanguina-
tion and blood was drawn by cardiac puncture. The same 
procedure was followed for serial dilutions, culturing and 
colony counts as mentioned in the previous paragraph.

Statistical Analysis
Statistical analysis was carried out using GraphPad 
Prism version 8.02. Data are presented as mean with 
standard deviation where applicable. Student t-test was 
applied to assess statistical differences between the 
groups.

Results
In Silico Analysis of Mast-Cs Complex
We adapted innovative in silico approaches to under-
stand the molecular interactions between mastoparan 
and chitosan before performing wet laboratory experi-
ments. 3D structures of mastoparan and chitosan were 

positioned and Mast-Cs interactions were analyzed using 
MOE software.49 Interactions were observed between 
chitosan oxygen atom-46 and mastoparan isoleucine 
carbon atom with a distance of 2.77 Å, and between 
oxygen atom-23 and mastoparan lysine nitrogen atom 
with a distance of 2.80 Å. The binding energies of the 
two hydrogen bonds were found to be −3.6 and −7.4 
kcal/mol, respectively. These factors resulted in the sta-
bility of the complex. Figure 1B shows the basic amino 
acids as pink circles with a blue outline, greasy as green 
circles with a gray outline, receptor exposure as clear 
white circles with a light blue glow and ligand exposure 
as dark blue circles with a dark blue glow. Electrostatic 
interactions were assessed on the Mast-Cs complex by 
Pymol version 2.2.0. Mastoparan is an amphiphilic pep-
tide with both hydrophilic and hydrophobic ends, and 
the chitosan ring with anionic TPP encloses the peptide 
in its center. During in vitro experiments, the pH was 
kept at 5 (after repetitive optimizations), which enabled 
the repulsion of the two structures to be overcome. This 
led to the enhancement of the loading content of mas-
toparan in the nanoconstruct (Figure 1A–C).

Mastoparan’s interactions with chitosan were evalu-
ated during 100 ns molecular dynamics simulations in 
Desmond. RMSD values of the mastoparan and chitosan 
(ligand) were calculated relative to the structure present 
in the minimized equilibrated system. The ligand RMSD 
indicated the stability of chitosan with respect to mas-
toparan, while mastoparan RMSD demonstrated the sta-
bility of mastoparan throughout the simulation. The 
maximum RMSD found to be 2.5 Å at 5 ns, and the 
plot reached a plateau at 5 ns which remained nearly 
constant until 100 ns. This showed the stability of the 
complex during the simulations. The initial change in 
the RMSD that was observed between 1 and 4 ns may 
be due to adjustments of steric hindrances and atomic 
interactions. After 5 ns, the complex remained stable 
without any major conformational changes. The root 
mean square fluctuation (RMSF) showed the average 
mobility of mastoparan residues in the complex from 
its mean position. The interacting residues of masto-
paran showed minor fluctuations. This caused adjust-
ments of the molecules with each other and and an 
increase in stability (Figure 2A and B).

The mastoparan–chitosan (ligand) contact was 
assessed and plotted against time. This demonstrated the 
contribution of each amino acid to the interactions with 
chitosan. Lysine and isoleucine showed stable hydrogen 
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bonding throughout the 100 ns simulation. The chitosan/ 
ligand torsion plot demonstrated the conformational evo-
lution of the ligand over the course of the trajectory. 
Mastoparan’s secondary structure (alpha helix) was mon-
itored during the entire simulation. The secondary struc-
ture element (SSE) distribution was observed as the 
residue index. The secondary structure remained globally 
conserved during the entire simulation. The chitosan/ 
ligand RMSD, intramolecular hydrogen bond within the 
ligand molecule, molecular surface area, solvent- 
accessible surface area and polar surface area were calcu-
lated during the 100 ns simulation study. The radius of 
gyration maintained a relatively steady value, which con-
firmed that the chitosan/ligand remained compact during 
the simulation (Figure 2C–H).

Computational Analysis of Enzyme– 
Peptide Behavior
Binding pocket analysis is an advanced and innovative 
approach which was used in this work to explore the 
effect of proteases on Mast-Cs nanocomplexes. The 
overall volume of the Mast-Cs structure was estimated 
as 3262 Å3 and the surface area as 1890 Å2. The 
volume of Mast-Cs NC was much greater than the 
volume of the largest binding pocket size of each of 

the analyzed proteases/peptidases. The interaction of 
the enzyme with the substrate depends on binding 
pocket conformation.56 The ligand binds with pockets 
when they are geometrically compatible with 
binding site assembly.57 A binding site score of zero 
for the Mast-Cs complex indicated that mastoparan 
binding sites were well encapsulated in the chitosan 
ring and there was no opportunity to interact with 
proteases and peptidases. This made the Mast-Cs nano-
complex suitable for in vivo therapeutic evaluation 
(Table 2).

Characterization of Mast-Cs NC
The prepared suspension of nanoparticles appeared 
homogeneous and opalescent. The hydrodynamic size 
of Mast-Cs NC was measured as approximately 156 
nm and the zeta potential as +54.9 mV by DLS. 
Scanning electron microscopy estimated the size of 
particles as 93±8 nm (Figure 3). The formulation was 
kept at 2–8°C and continuously monitored for 4 days. 
The size remained constant at approximately 150 nm, 
with a zeta potential of about 54 mV. The FTIR spec-
trum of raw chitosan indicated a characteristic broad 
absorption peak at 3448 cm−1, which corresponded to 
the amino and hydroxyl group stretching vibrations 

Figure 1 Computational analysis of the Mast-Cs complex. (A) Side view of the complex showing mastoparan surface (cyan) encapsulated by 10 chitosan monomers 
(attached by TPP) (green). Oxygen atoms are highlighted in red, nitrogen in blue and hydrogen in white. (B) Mastoparan–chitosan interactions obtained by Molecular 
Operating Environment software. Interactions were observed between chitosan oxygen atom-46 and mastoparan LEU9 carbon atom with a distance of 2.77 Å (blue dotted 
line) and between oxygen atom-23 and mastoparan LYS11 nitrogen atom with a distance of 2.80 Å (green dotted line). The binding energies of the two hydrogen bonds were 
−3.6 and −7.4 kcal/mol, respectively. Basic amino acids are presented as pink circles with a blue outline, greasy as green circles with a gray outline, receptor exposure as clear 
white circles with a light blue glow, and ligand exposure as dark blue circles with a dark blue glow. (C) Electrostatic interactions between mastoparan and chitosan were 
calculated by Pymol 2.2.0, demonstrated by positive (blue) and negative (red) charges on mastoparan, and chitosan, being positively charged, tends to attach to the negative 
end of mastoparan. 
Abbreviations: TPP, sodium tripolyphosphate; LEU, isoleucine; LYS, lysine.
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(N–H and O–H bonds, stretch). The peak at 2870 cm−1 

was responsible for –CH2 stretching (C–H bond, 
stretch). The characteristic bend at 1388 cm−1 repre-
sented the C–H bend. Mastoparan alone showed angu-
lar deformations at N–H bonds of the amino groups at 
1540 cm−1. The spectrum of the conjugated formula-
tion of mastoparan and chitosan indicated conforma-
tional change in peaks and bands: the N–H and O– 

H peak had broadened at 3200 cm−1, the N–H bands/ 
peaks had widened at 1540–1590 cm−1, and the 
1130 cm−1 peak had disappeared, owing to the interac-
tion between mastoparan and the polymeric structure of 
chitosan (Figure 4). The EE was found to be 90.54%, 
indicating the high percentage of mastoparan enclosed 
in the nanoconstruct, while the LC was estimated as 
22.63%.

Figure 2 In silico analysis of chitosan and mastoparan. (A) RMSD plot for Mast-Cs complex during 100 ns of molecular dynamic simulation. Mastoparan is shown in blue and 
chitosan in red. The RMSD values of mastoparan (left y-axis) and chitosan (right y-axis), calculated in angstroms (Å), were plotted against simulation time (x-axis 0–100 ns). (B) RMSF 
of mastoparan (Å) illustrated no/less fluctuation in the structure, and more rigidity in α-helices of mastoparan. (C) Mastoparan–chitosan interactions. Mastoparan–chitosan/ligand 
interactions are presented with interaction fractions on the y-axis and amino acids on the x-axis (green represents hydrogen bonding, pink represents ionic interactions, blue 
represents water bridges, purple representes hydrophobic interactions). (D) Timeline illustration of the Mast-Cs interactions presented with amino acids on the y-axis and time 
from 0 to 100 ns on the x–axis. The orange band on the right-hand side of the graph represents the number of contacts, ranging from zero (white) to more than four (dark orange). 
The graph shows alanine 7, alanine 10, isoleucine 13 and lysine 4 contributing to stable backbone hydrogen bonding throughout the 100 ns simulation. (E) Ligand torsion analysis 
over the course of the trajectory (0–100 ns). Each rotatable bond in the chitosan (ligand) is color coded. The dial plot (0–180°) represents the conformational changes in the bond 
over time. (F) Chitosan (ligand) properties over 100 ns simulation. Ligand RMSD (cÅ), radius of gyration (Å), intramolecular hydrogen bond, MolSA (Å), SASA (cÅ) and PSA Å) 
values during the simulation (y-axis) are presented with reference to time (100 ns on the x-axis). (G and H) Graphical illustrations of SSE analysis, with SSE (α-helix) represented in 
orange. SSE vs residue index (amino acids) shows an α-helix distribution by residue index; time (100 ns) vs residue index shows the SSE composition for each frame over the 100 ns 
simulation, and the plot shows the contribution of each residue over time. The structure of Mast-Cs remained globally conserved throughout the 100 ns simulation. 
Abbreviations: RMSD, root mean square deviation; RMSF, root mean square fluctuation; MolSa, molecular surface area; SASA, solvent-accessible surface area; PSA, polar 
surface area; SSE, secondary structure element.
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Susceptibility and Molecular 
Characterization of A. baumannii Clinical 
Isolates
Fifteen different clinical isolates of A. baumannii were 
tested in the present work. According to the age-wise 
distribution, three were isolated from patients in the age 
group 0–15 years, five in the age group 16–30 years, two 
in the age group 31–45 years and five in the age group 
46–60 years. The male to female ratio was 13:2. Four 
isolates were from nasobronchial lavage, three from 

sputum, three from blood and two from pus, and one 
came from an intravenous catheter specimen. Fourteen 
different antibiotics were tested against these clinical iso-
lates. All 15 A. baumannii strains were MDR and simulta-
neously resistant to more than one antimicrobial agent, ie, 
ceftazidime, ceftriaxone, cefotaxime, ciprofloxacin, tobra-
mycin, tetracycline and trimethoprim–sulphamethoxazole. 
With regard to other antibiotics, A. baumannii was resis-
tant to meropenem (73%), imipenem (73%), amikacin 
(80%), gentamicin (67%), doxycycline (87%) and 

Figure 3 (A–C) Scanning electron microscopy (SEM) micrographs and dynamic light scattering analysis (DLS) of Mast-Cs NC. (A) SEM micrograph at magnification 70.0 k×, 
voltage 10.0 kV, working distance 11.91 mm, with 500 nm scale bar. (B) SEM micrograph at magnification 70.0 k×, voltage 10.0 kV, working distance 12.65 mm, with 500 nm 
scale bar. The size of synthesized nanoparticles on micrographs ranged from approximately 85 to 101 nm. (C) DLS particle size distribution graph represented with percent 
passing on the y-axis and size (nm) on the x-axis. The hydrodynamic size of Mast-Cs NC was measured as approximately 156 nm. 
Abbreviations: kV, kilovolts; Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A baumannii, Acinetobacter baumannii.

Figure 4 Fourier transform infrared spectra of Mast-CS NC, chitosan and mastoparan. The y-axis shows the percent transmittance and the x-axis the wave number (cm−1). 
The spectrum of raw chitosan (black line) indicates the characteristic broad absorption peak at 3448 cm−1, which corresponds to the amino and hydroxyl group stretching 
vibrations (N–H and O–H bonds, stretch). The peak at 2870 cm−1 is responsible for –CH2 stretching (C–H bond, stretch). The characteristic bend at 1388 cm−1 shows the 
C–H bend. Mastoparan (red line) shows angular deformations at the N–H bonds of the amino groups at 1540 cm−1. The spectrum of Mast-Cs NC (blue line) 
indicates conformational change in peaks/bands; the N–H and O–H peak has broadened at 3200 cm−1, and N–H bands/peaks have widened at 1540–1590 cm−1; the 
1130 cm−1 peaks have disappeared, owing to the interaction between mastoparan and the polymeric structure of chitosan. 
Abbreviations: N–H, nitrogen–hydrogen; O–H, oxygen–hydrogen; C–H, carbon–hydrogen; Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, Acinetobacter 
baumannii.
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minocycline (54%). All isolates were sensitive to poly-
myxin B. Antibiotic resistance genes for aminoglycosides 
(94%), quinolones (100%) and tetracyclines (100%) were 
observed in the strains. B10 isolate, which was used in the 
in vivo A. baumannii studies, was resistant to all 13 anti-
biotics, with the exception of polymyxin B (Table 1).

Mast-Cs NC Inhibits Bacterial Growth (In 
Vitro)
The antibacterial activities of Mast-Cs NC, chitosan 
(control) and mastoparan alone were tested against all 
clinical MDR A. baumannii isolates by both the spec-
trophotometric method and visual inspection.58 The 
MIC was taken as the lowest concentration that inhibits 
the growth of bacteria. Using the spectrophotometric 
method, the MIC was taken as the concentration of 
formulation where there is an abrupt decline in the 
absorbance value compared to drug-free growth con-
trol. The MIC50 and MIC90 were calculated using the 
formula (n + 1) × 0.5 and n × 0.9 (as n is an odd number 
of tested organisms in this study), respectively. 
Chitosan was used as the control and concentrations 
from 512 to 2 μg/mL were tested. The MIC50 for 
chitosan was calculated as 256 μg/mL and the MIC90 

as 512 μg/mL; the MIC50 and MIC90 for Mast-Cs NC 
were calculated as 2 and 4 μg/mL, respectively; while 
for mastoparan alone, the MIC50 and MIC90 were cal-
culated as 8 and 16 μg/mL, respectively (Figure 5A– 
C). The chitosan inhibited bacterial growth at high 
concentrations. It was observed that the addition of 
mastoparan with chitosan increased the antibacterial 
activity at low concentrations. A statistically significant 
difference (p<0.05) was found between the MIC values 
for Mast-Cs NC: chitosan alone and Mast-Cs NC: 
mastoparan alone.

The effect of Mast-Cs NC against bacteria was ana-
lyzed by fluorescence microscopy (Evos FL, Cell Imaging 
System; Thermo Fisher Scientific). The bacterial cells 
were treated with Nile red stain and imaged with 
a fluorescent microscope under a GFP cube. The untreated 
live bacteria appeared as fluorescent and maintained clear 
round structures, while the bacteria after treatment with 
Mast-Cs NC ceased to fluoresce and appeared deformed 
(Figure 6).

Morphology of A. baumannii Cells Treated 
with Mast-Cs NC Under SEM
In SEM micrographs, bacterial cells appeared dark when 
imaged on gold-coated grids with negative staining. The 

Figure 5 In vitro bactericidal assays of Mast-Cs NC against MDR A. baumannii. The MIC was measured for Mast-Cs NC, mastoparan and chitosan using a broth 
microdilution assay against 15 different MDR A. baumannii strains. (A) Graph showing absorbance (OD) on the y-axis and Mast-Cs NC concentration (μg/mL) on the x-axis. 
The MIC90 for Mast-Cs NC was calculated as 4 μg/mL. The patterns in MIC by visual turbidity in 96-well microtiter plates after treatment with Mast-Cs NC are presented 
below the graph. (B) Graph showing absorbance (OD) on the y-axis and chitosan concentration (μg/mL) on the x-axis. The MIC90 for chitosan alone (used as control) was 
calculated as 512 μg/mL. Patterns in MIC by visual turbidity in 96-well microtiter plates after treatment of A. baumannii with chitosan alone are presented below the graph. 
(C) Graph showing absorbance (OD) on the y-axis and mastoparan concentration (μg/mL) on the x-axis. The MIC90 for mastoparan was calculated as 16 μg/mL. The 
patterns in MIC by visual turbidity in 96-well microtiter plates after treatment with mastoparan alone are presented below the graph. 
Abbreviations: MIC, minimum inhibitory concentration; Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, Acinetobacter baumannii; MDR, multidrug- 
resistant; OD, optical density.
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untreated A. baumannii (control) cells had a smooth sur-
face with an intact membrane. After treatment with Mast- 
Cs NC, the A. baumannii cells lost their integrity and 
extracellular thread-like structures appeared around the 
cells. Chitosan-treated cells had intact surface integrity, 
with relatively round cells (Figure 7A–C). The synergistic 
action of nano-based formulations is supported by other 
studies. Mei et al reported increased membrane damage 
due to the activity of multicomponent nanostructures 
against Gram-positive and Gram-negative bacteria.59,60

Biocompatibility of Mast-Cs NC
Evaluation of the biocompatibility of synthesized Mast-Cs NC 
is essential for biomedical applications. The effect of different 
concentrations of Mast-Cs NC on total blood hemoglobin 
demonstrated that it remained biocompatible. No hemolysis 

was observed, even at higher concentrations, compared to the 
positive control. The intrinsic biocompatible nature of the 
polymer helped to maintain the integrity of RBC membranes. 
Mastoparan when tested alone showed dose-dependent hemo-
lytic activity. There was increasing hemolysis as the concen-
tration of mastoparan increased. The amino acid residues in 
mastoparan interacted with the zwitterionic membrane of the 
RBCs, leading to cytolysis. With a 95% confidence interval, 
16 degrees of freedom and tcrit at 2.649, a two-tailed p-value of 
<0.0001 was obtained between the Mast-Cs and chitosan 
groups, which showed a statistically significant reduction in 
the two groups (Figure 8A and B).

Cytocompatibility of Mast-Cs NC
Human RD cells were exposed to different concentrations 
of Mast-Cs NC and mastoparan. At 24, 48 and 72 h of 

Figure 6 Antibacterial effect of Mast-Cs NC against A. baumannii by fluorescence microscopy (Evos FL, Cell Imaging System; Thermo Fisher Scientific). (A and B) The A. baumannii 
cells were stained with Nile red and imaged with a fluorescent microscope under a GFP filter. Untreated live bacterial cells (10×X) (A) appeared as fluorescent and maintained clear 
round structures, while bacteria after treatment with Mast-Cs NC (6b) ceased to fluoresce and appeared deformed. (C and D) Unstained bacterial cells imaged with a fluorescent 
microscope. Untreated live bacterial cells (100×) (C) appeared as uniform round structures while bacteria after treatment with Mast-Cs NC (D) appeared distorted. 
Abbreviations: Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, Acinetobacter baumannii; GFP, green fluorescence protein.
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incubation, approximately 98% viability was observed 
with Mast-Cs NC compared to mastoparan, which pre-
sented 42–56% viability. Statistically significant differ-
ences (p<0.05) were observed for the two formulations 
tested at 24 and 48 h. RD cells maintained their regular 
morphology when treated with Mast-Cs NC, whereas mas-
toparan-treated cells lost their regular morphology after 
24, 48 and 72 h of exposure (Figure 9A–D).

Bactericidal Activity of Mast-Cs NC in 
A. baumannii Sepsis Mouse Model
The mice in the control group, 1 h postinoculation, were 
lethargic and showed decreased physical activity. The 
mice showed normal physical activity in the group that 
was treated with Mast-Cs NC. At 30 min, blood was 
withdrawn from each group, serially diluted and cultured. 
After 18–24 h of incubation at 37°C, the bacterial load in 
the control group was 4.47 log10 ±29,000 CFU/mL, com-
pared to 3.53 log10 ±3400 CFU/mL in Mast-Cs NC, 4.33 
log10 ±22,000 CFU/mL in the mastoparan test group and 
4.2 log10 ±12,500 CFU/mL in the chitosan test group. 
Statistically significant differences were observed between 
the groups. With a 95% confidence interval, 4 degrees of 
freedom and tcrit at 14.48, a two-tailed p-value of <0.0001 
was obtained between the Mast-Cs and chitosan groups, 
which indicated a statistically significant reduction in the 

study groups. Similarly, with a 95% confidence interval, 4 
degrees of freedom and tcrit at 17.93, the student t-test was 
applied between mastoparan alone and Mast-Cs NC, 
which revealed a two-tailed p-value of <0.0001. 
A significant reduction in colony count (p<0.05) was 
seen in the in Mast-Cs NC-treated group compared to the 
control chitosan and mastoparan-treated groups. Thus, 
Mast-Cs NC led to significant bactericidal activity in the 
MDR A. baumannii septicemic mouse model (Figure 10).

Discussion
Treatment of drug-resistant A. baumannii infections is 
a challenge for clinicians all over the world. Bacteria 
acquire resistance against conventional antibiotics through 
various mechanisms including decreased uptake of anti-
biotics, plasmid-mediated antibiotic resistance genes, 
enzymic inactivation of antibiotics and activation of efflux 
pumps.61 These rapidly emerging drug-resistant pathogens 
impede the development process of novel antibiotics, as 
these evolve rapidly to resist the effects of antibiotics. 
Alternate approaches such as antimicrobial peptides and 
chitosan-based nano-drug delivery systems offer promis-
ing directions.62 These can be deployed in nanotherapeu-
tics to treat microbial infections. Nanotechnology has 
undoubtedly opened new avenues, particularly with regard 
to their function as vehicles for drug delivery. In the 

Figure 7 Scanning electron microscopy of A. baumannii treated with Mast-Cs NC and chitosan (control). (A) Image taken in high vacuum mode, magnification 14,000×, at 
a working distance of 12.3 mm, landing voltage 5.0 kV, FOV 9.143×6.857 µm, probe current 35.0, scan rotation 21.1°, with scale bar 1 µm. A. baumannii cells appeared as 
coccobacilli with an average diameter of 1.301 µm. The untreated bacterial cells were taken as a control group. (B) Image taken in high vacuum mode, magnification 18,000×, 
working distance 12.8 mm, landing voltage 5.0 kV, FOV 7.111×5.333 µm, probe current 35.0 A, scan rotation 21.1°, with scale bar 1 µm, showing A. baumannii cells after 
treatment with Mast-Cs NC. The damage to the cells’ integrity and extracellular projections can be observed. (C) Image taken in high vacuum mode, magnification 13,000×, 
working distance 12.7 mm, landing voltage 5.0 kV, FOV 9.846×7.385 µm, probe current 35.0 A, scan rotation 21.1°, with scale bar 1 µm, showing that bacterial cell surface 
integrity was maintained after exposure to chitosan. 
Abbreviations: FOV, field of view; kV, kilovolts; Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, Acinetobacter baumannii.
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present work, mastoparan-loaded chitosan nanoconstructs 
were developed which effectively targeted MDR 
A. baumannii clinical isolates, both in vitro and in vivo. 
Moreover, computational studies on Mast-Cs complex 
helped us to understand their behavior at the molecular 
level (Figure 11).

Mastoparan, an amphiphilic antimicrobial peptide, is 
derived from wasp (Vespula lewissi) venom. Upon inter-
action with bacterial cell membrane, it binds along its long 
axis to the phospholipid bilayer, thus interfering with 
expansion of the outer structure of the bilayer. AMPs 
confer a distinctive mode of interaction with the bacterial 
cell wall, which evades specific protein binding sites or 
receptor-mediated uptake mechanisms.63 Vila-Farres et al 
reported that mastoparan inhibits bacterial growth with an 
MIC90 of 8 μg/mL.34 The MIC50 of mastoparan against 
A. baumannii isolates was observed to be 8–16 μg/mL.64 

In our study, Mast-Cs NC showed a lower MIC90 value (2 
μg/mL) compared to mastoparan alone (16 μg/mL). It is 

worth mentioning that in our study a statistically signifi-
cantly reduction (p<0.05) in MIC values was observed 
with Mast-Cs NC compared to those of chitosan and 
mastoparan alone. Entrapment of mastoparan in chitosan 
nanovehicles enhanced its therapeutic efficacy. This con-
firms the success of this nanoformulation and its potential 
application against rapidly prevailing antibiotic-resistant 
strains.

Computational approaches were found to be helpful in 
understanding the dynamics of the interaction between chit-
osan and mastoparan. Chitosan is computationally aligned 
with mastoparan to achieve a spherical shape/structure. It is 
assumed that mastoparan becomes encased in the polymer 
matrix. Initially, during positioning, chitosan and TPP 
demonstrated structural steric clashes between amine groups 
and sodium groups, respectively. The repulsive forces due to 
overlapping electronic clouds may result in steric effects. 
Energy minimization was performed to overcome this hin-
drance and obtain a stable conformation. The resulting 

Figure 8 Biocompatibility assay of Mast-Cs NC and mastoparan. (A) Percent hemolysis is presented on the y-axis and concentration (μg/mL) on the x-axis. Mast-Cs 
NC percent hemolysis is shown in purple and mastoparan percent hemolysis is shown in blue. Mast-Cs NC at different concentrations (0.0625, 0.125, 0.25, 0.5,1, 2, 4, 8, 16, 
32 μg/mL) showed 0% hemolysis. In contrast, mastoparan showed dose-dependent increasing hemolytic activity (0.0625, 0.125, 0.25, 0.5,1, 2, 4, 8, 16, 32 μg/mL). (B) 
Microtiter plate wells with mastoparan-treated RBC, Mast-Cs NC-treated RBC and Triton X-100-treated RBC (as positive control). No visible hemolytic phenomenon was 
observed with Mast-Cs NCs compared to the positive control of Triton X-100, which showed 100% hemolysis. 
Abbreviations: Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, Acinetobacter baumannii; RBC, red blood cells.
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structure had reduced imprecision and formed a stable shape. 
MD simulations predicted the stable behavior of two struc-
tures as early as 5 ns, and supported in vitro and in vivo 
experimentation. Hydrophobic interactions were observed 
between mastoparan (amino acids) and chitosan, which 
were responsible for increases in EE and LC for mastoparan. 
Protease stability plays a pivotal role in the success of 
peptides.63,65 Zha et al used nanofibers to stabilize an antic-
ancer peptide, which otherwise could be degraded by hyalur-
onidase enzyme.66 The lock-and-key interaction of enzymes 
with substrates is crucial for their substantial activity.52 In our 
study, computational examination showed that the total 
volume and surface area of the nanocomplex were geome-
trically incompatible with the protease binding pockets. This 
led to the good clinical outcome of the nanocomplex in the 
in vivo study.

During in vitro preparation, the size of the nanoconstruct 
was optimized by chitosan, with optimal TPP, temperature, 
pH of the solution and stirring rate. The polyphosphoric 
groups of TPP interacted with the ammonium groups of 
chitosan.67 The nanosize (85−101 nm) provided a larger 

Figure 10 Bactericidal activity of Mast-Cs NC in an A. baumannii sepsis mouse 
model. The mean log(10) CFU/mL (blood) is presented on the y-axis, and control 
(black), chitosan (blue), Mast-Cs NC (yellow) and mastoparan (light blue) groups 
are presented on the x-axis. Bacterial load in the control group at 1 h 30 min after 
inoculation was 4.47 log10 CFU/mL. Bacterial load in the test group (Mast-Cs NC) 
at 30 min postinfection was 3.53 log10 CFU/mL, in the mastoparan test group at 30 
min postinfection was 4.33 log10 CFU/mL and in the chitosan test group at 30 min 
postinfection was 4.2 log10 CFU/mL. Significant bactericidal activity was seen after 
treatment with Mast-Cs NC in multidrug-resistant septicemia. A statistically sig-
nificant reduction in colony count (p<0.005) in the Mast-Cs NC-treated group was 
observed compared to the control and mastoparan-treated groups. 
Abbreviations: Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, 
Acinetobacter baumannii; CFU, colony-forming units; p value, level of significance/ 
probability value.

Figure 9 Cytocompatibility assay of Mast-Cs NC against human RD cell lines. (A) Percent viability is presented on the y-axis and concentration (μg/mL) on the x-axis. 
Mastoparan results at 24, 48 and 72 h exposure are presented in light blue, purple and pink, respectively. Mast-CS NC results at 24, 48 and 72 h exposure are presented in 
green, dark blue and dark purple. The graph shows the rhabdomyosarcoma cell lines exposed to Mast-Cs and mastoparan concentrations (ranging from 0.28 to 36 μg/mL) 
for different durations (24, 48 and 72 h). At 24, 48 and 72 h of incubation with cell lines at ambient temperature, approximately 98% viability was observed with Mast-Cs NC, 
compared to mastoparan, which showed 42–56% viability. (B) Real-time microscopy of untreated RD cell lines, which are used as control (untreated cells). (C) Real-time 
microscopy of RD cells after treatment with Mast-Cs NC; the cells maintained their regular morphology, which is indicative of the viability of cells. (D) Real-time microscopy 
of mastoparan-treated cells, which have lost their regular morphology, indicating the cytotoxic effect of mastoparan. 
Abbreviations: Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, Acinetobacter baumannii; RD, rhabdomyosarcoma.
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surface area to volume ratio and increased the concentration 
gradient for mastoparan. The high encapsulation efficiency 
(90.54%) achieved in the present work undoubtedly 
demonstrates the success of the method. The appropriate 
size of the nanoparticles (~93 nm) attained in our work is 
a notable feature. It has been reported previously that a size 
of 200 nm or more can lead to the immediate activation of the 
lymphatic system and clearance from the body.68 Charge 
repulsion between chitosan and mastoparan is reduced by 
keeping the pH of solution acidic during preparation. The 
average particle size (93±8 nm) observed by SEM was less 
than that seen by DLS, which is attributed to the hydrody-
namic diameter of nanoparticles compared to the microsco-
pically observed particle size. A positive zeta potential (54.9 
mV) of the nanoformulation was observed, which resulted in 
increased stability owing to the large electrostatic repulsion 
between particles.69

Chitosan has been reported to have bactericidal potential 
as a result of electrostatic interactions.70 Liu et al reported 
that chitosan-treated E. coli showed altered outer membranes 
in electron micrographs.64 Costa et al reported MIC values of 
0.5–1 mg/mL against A. baumannii, while another study 

reported chitosan MIC ranging from 160 to 310 μg/mL.71,72 

In the present in vitro experiments, chitosan alone showed an 
MIC50 of 256 μg/mL, whereas the Mast-Cs complex showed 
bacterial inhibition at concentrations as low as 2 μg/mL. The 
synergistic effect of chitosan with mastoparan led to a greater 
bactericidal effect, ie, an MIC90 of 512 μg/mL, and scanning 
electron micrographs confirmed the damage. Tamara et al 
also proved the synergistic effect of a combination of prota-
mine (an AMP) and chitosan against pathogenic E. coli.40

A sepsis model was created by intraperitoneal inocula-
tion of an extensively drug-resistant clinical strain of 
A. baumannii in BALB/c mice. In previous work, low- 
virulence A. baumannii strains were used to create sepsis 
models, and in order to achieve sustained infection, immu-
nosuppressive agents were used.73 In our study, we used 
a highly virulent clinical MDR strain and studied the effect 
of a novel nanoconstruct in immunocompetent mice. This 
approach is also supported in other studies in which 
researchers have developed successful models using clin-
ical isolates.74,75 Considering the bacterial inocula, freshly 
grown culture during the exponential phase were used. 
This helped to avoid the presence of dead bacterial cells 

Figure 11 Illustrative diagram depicting the workflow of the present work: synthesis of Mast-Cs NC followed by in vitro characterization (DLS, SEM and FTIR), in silico 
analysis (MDS and peptide–enzyme behavior), in vitro studies (biocompatibility and cytocompatibility, broth microdilution MIC) and in vivo therapeutic efficacy studies. 
Abbreviations: Mast, mastoparan; Cs, chitosan; NC, nanoconstruct; A. baumannii, Acinetobacter baumannii; DLS, dynamic light scattering; SEM, scanning electron 
microscopy; FTIR, Fourier transform infrared spectroscopy; MDS, molecular dynamic simulation; MIC, minimum inhibitory concentration.
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in the inoculation dose. A significant reduction (p<0.05) in 
bacterial count was seen with Mast-Cs NC compared with 
mastoparan and chitosan alone. This indicated that once 
mastoparan had been encapsulated in the chitosan nano-
carrier, it remained effective in the in vivo environment. 
However, results obtained in mouse sepsis models may not 
manifest all of the pathological mechanisms occurring in 
the human body. Despite the intrinsic limitations of the 
models, the present work provides fundamental under-
standing of antimicrobial-based nanosystems in an 
in vivo environment. Further work is warranted to evaluate 
the pharmacokinetic behavior of the suggested 
nanosystems.

Conclusion
The clinical utility of antimicrobial peptides can be 
enhanced with the use of nano-drug delivery systems. 
The present study has proposed a therapeutic solution for 
resistant microbial infections. Multiple in silico 
approaches have been used in an innovative way to under-
stand and confirm the molecular interactions between mas-
toparan and chitosan prior to wet laboratory synthesis of 
Mast-Cs NC. We have successfully evaluated our hypoth-
esis on the conjugation behavior of mastoparan with chit-
osan. In addition, the binding pocket score of “zero” of the 
Mast-Cs nanocomplex reveals that this nano-drug delivery 
system can evade the effects of proteases and peptidases. 
Mast-Cs NC causes a synergistic bactericidal effect, dama-
ging the integrity of the bacterial cell surface more than 
mastoparan and chitosan alone. The lower MIC against 
A. baumannii signifies the potential worth of this system as 
an effective therapeutic tool. In an in vivo A. baumannii 
sepsis model created against extensively drug -resistant 
indigenous clinical isolates, this novel mastoparan chito-
san drug delivery system led to good clinical outcomes. In 
this post-antibiotic era, when clinicians face challenges in 
treating drug-resistant infections, such innovative antimi-
crobial peptide-based nanosystems will be a valuable addi-
tion to the fields of clinical microbiology and 
nanomedicine.
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