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Abstract

Background: Wound infection is a common problem in hospitals and is typically caused by the antibiotic-resistant Staphylococcus aureus,
which is a major pathogen for skin and soft tissue infections worldwide.

Objectives: The aim of this study was to investigate the synergistic antibacterial effect of plant peptide MBP-1 and silver nanoparticles on
infected wounds caused by S. aureus.

Materials and Methods: The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of MBP-1 and
silver nanoparticles both on their own and in combination form were determined against S. aureus via macrodilution and microdilution
methods. The synergistic antibacterial effect of silver nanoparticles and MBP-1 was investigated on infected wounds caused by S. aureus in
amouse model.

Results: The MIC and MBC of MBP-1were found to be 0.6 and 0.7 mg/mL, respectively. MIC and MBC of silver nanoparticles were determined
to be 6.25 and 12.5 mg(L, respectively. MIC and MBC of the silver nanoparticles and MBP-1 combination were found to be 3.125 mg/mL, 0.5
mg/L;and 6.25 mg/mL, 0.6 mg(L, respectively. The infected wound healed properly after the combined use of MBP-1and silver nanoparticles.
Conclusions: The synergistic effect was found on the healing of infected wounds caused by S. aureus by using an MBP-1 and silver

nanoparticles combination in a mouse model.
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1. Background

Staphylococcus aureus is a very common cause of infec-
tion in hospitals and is most liable to infect newborn
babies and surgical patients (1, 2). Skin infections due to
S. aureus frequently begin as minor boils or abscesses,
which may later progress to severe infections involving
muscle or bone, and may even disseminate to the lungs
or heart valves (i.e., endocarditis) (1). The capacity for S.
aureus to produce human disease has not been dimin-
ished by the introduction of new antibiotics; the exces-
sive use of antibiotics has even led to the emergence of
multiple drug-resistant S. aureus strains (3).

Plants are constantly exposed to attack by a large range
of pathogens. Under attack conditions, they synthesize
antimicrobial peptides as their innate defense (4, 5).
The antimicrobial peptides have diverse structures and
functions, and they interact with the cell membranes of
invader cells by disturbing the membrane integrity that
leads to cell lysis and later, to their death. Pourothionins,
isolated from wheat (Triticum aestivum) in 1972, was the
first plant antimicrobial peptide reported to have the
ability to inhibit the growth of several plant pathogens

(6). Over the years, antibacterial peptides have become
interesting tools in the development of new techniques
for the control of crop losses, as well as in the production
of novel antibiotics for the treatment of many human
infections (7, 8). The antimicrobial activity of plant pep-
tide MBP-1, isolated by Duvick et al. from Maize Kernels in
1992, has been reported as effective against both Gram-
negative and Gram-positive bacteria as well as against
several filamentous fungi (9).

The antimicrobial activity of silver nanoparticles (SNPs)
has been reported extensively in the killing of Gram neg-
ative and Gram positive bacteria (10, 11). Silver is a more
toxic element to microorganisms than many other met-
als, it exhibits low toxicity to mammalian cells, and has a
lower propensity to induce microbial resistance than any
other antimicrobial materials (12, 13).

In recent years, skin and soft-tissue infections (SSTIs)
have been encountered in clinical settings with greater
frequency due primarily to multidrug-resistant patho-
gens (14). Giacometti et al. investigated the activities of
buforin II, cecropin P1, indolicidin, magainin II, and ra-
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nalexin alone and in combined form along with eight
clinically used antimicrobial agents against twelve mul-
tidrug-resistant nosocomial isolates of Acinetobacter bau-
mannii in 2000 (15). They showed that a synergistic effect
occurred when magainin II was combined with p-lactam
antibiotics. Ruden et al. also studied the interaction be-
tween silver nanoparticles and membrane-permeabiliz-
ing antimicrobial peptides (AMPs), and reported the syn-
ergistic effect between them against Gram-negative and
Gram-positive bacteria in 2009 (16).

2. Objectives

The aim of this study was to investigate the antibacte-
rial effect of plant peptide MBP-1 and silver nanoparticles
alone and in combined form against wound infections
caused by S. aureus in a mouse model.

3. Materials and Methods

3.1. Material and Media

Staphylococcus aureus ATCC: 29213 was purchased from
the microbial bank in Pasteur Institute, Tehran, Iran.
BALB/c mice (7 - 8 weeks old and weighing 25 - 35 g) were
purchased from Pasteur Institute, Tehran, Iran. Silver
nanoparticles ranging in size from 3 -18 nm and in a con-
centration of 4000 mg/L was purchased from NanoNasb
Pars Company, Tehran, Iran. All microbial media were
obtained from Merck, Germany. Plant peptide MBP-1 was
purchased from BIOMATIK Company, Canada.

3.2. MIC and MBC of Silver Nanoparticles

A macrodilution method was used for determination
of the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) and was
performed according to the broth macrodilution guide-
line from the Clinical and Laboratory Standards Institute
(17). Serial dilutions of silver nanoparticles (0.78, 1.5, 3.1,
6.2,12.5,25,50,100, 200, and 400 mg/mL) were prepared
in the Mueller-Hinton Broth in tubes. Then, 5 x 10> CFU|
mL of S. aureus suspension was added to each tube. The
samples were then incubated at 37°C and the tubes were
examined for turbidity 24 hours later. The lowest concen-
tration of silver nanoparticles that inhibited growth of S.
aureus was considered as the MIC. For the calculation of
the MBC, 0.1 mL of inoculum from each tube was sub-cul-
tured on the Mueller-Hinton agar plates. The number of
colonies in the Mueller-Hinton agar plates were counted
and compared with the number of CFU/mL in the origi-
nal inoculums 24 hours later. The lowest concentration
of silver nanoparticles that could kill 99.9 percent of bac-
teria was determined as the MBC (13, 18).

3.3. MIC and MBC of Plant Peptide MBP-1

The microdilution method was performed to determine
the MIC and MBC of plant peptide MBP-1 (15, 16). The MIC

was determined in a 48-well microtiter plate according
to the broth microdilution guideline by the Clinical and
Laboratory Standards Institute (17). In it, 0.0125, 0.025,
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mg/mL concentra-
tions of plant peptide MBP-1 were prepared in a double
Mueller-Hinton Broth with the volume adjusted to 250
nL. Then, 5 x 10°> CFU/mL of bacterial suspension was add-
ed to each well, up to 500 uL. The rest of the procedure
was performed as described in section 3.2.

3.4. MIC and MBC of MBP-1 and SNPs Combination

The microdilution method was used to determine MIC and
MBC for the MBP-1 and silver nanoparticles combination (15,
16). In each well of a 48-well micro titer plate, 0.0125, 0.025,
0.05,0.1,0.2,0.3,0.4,0.5,0.6,and 0.7 mg/mL of plant peptide
MBP-1 was combined with 0.78, 1.5, 31, 6.2, 12.5, 25, 50, 100,
200, and 400 mg/mL of silver nanoparticles, respectively, to
prepare different concentrations in a double Mueller-Hin-
ton Broth, with the volume adjusted to 250 uL Then, the bac-
terial suspension with a 0.5 McFarland turbidity standard
was added to each well, up to 500 pL. The rest of procedure
was performed as previously described in section 3.2.

3.5. Mouse Model

Twenty female BALB/c mice were anesthetized via injec-
tion of a mixture of xylozine (5 mg per kg body weight) and
ketamin (50 mg per kg body weight) intraperitoneally. The
mice were shaved on the back and the shaven area was dis-
infected with alcohol. Three wounds were created via a sur-
gical blade at a length of 1 cm to the shaven area. Bacterial
suspension of S. aureus, calibrated to 1.5 x 108 CFU/mL, was
applied to the wounds and left undressed to the open envi-
ronment. The animals were divided into 4 groups of 5 and
individually kept in separate cages. The treatment was start-
ed 48 hours after the inoculation of the bacteria. Eucerin
was used as the ointment base and trial ointments were pre-
pared with the MIC concentration of silver nanoparticles,
plant peptide MBP-1, and their combination. The mice were
treated with MBP-, silver nanoparticles, the MBP-1and silver
nanoparticles combination, and Eucerin alone (as the con-
trol group). All wounds were covered with special pads. The
sampling of treated wounds was performed two days later
using sterile swabs (19,20). The sampling swabs were stirred
in different tubes containing normal saline. Then, 104,107,
and 10 dilutions of samples were prepared and cultured
in Mueller-Hinton agar plates. Next, after the plates were
incubated at 37°C for 24 hours, the colonies were counted
and the results were reported as CFU/ml (11, 20). All animal
experiments were approved by the Animal Care Committee
of Tarbiat Modares University, Tehran, Iran.

3.6. Statistical Analysis

The findings were analyzed by the one-way ANOVA test
using SPSS (version 18) software (Illinois, USA) to compare
the results of the colony counting study in vitro and in
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vivo. A P value of 0.05 was considered statistically signifi-
cant. All tests were performed in triplicate.

4. Results

4.1. MIC and MBC

The results of the MIC and MBC studies proved the an-
tibacterial effect of MBP-1 and silver nanoparticles alone
and in combined form against S. aureus. The MIC and
MBC of silver nanoparticles, MBP-1, and their combined
form are shown in Table 1.

4.2. Mouse Model

In the animal model study, S. aureus colonies were
counted 24 hours after wound sampling and reported as
CFU/ml. The results are shown in Table 2.

Figure 1A shows a representative mouse treated with Eu-
cerin alone (as a control) and Figure 1B shows a represen-
tative mouse treated with the MBP-1and silver nanoparti-
cles combination two days after treatment. Considerable
healing can be observed in the mouse treated with the
combined form of MBP-1 and silver nanoparticles when
compared to the control mouse.

Table 1. MIC and MBC of Silver Nanoparticles, Plant Peptide MBP-1, and Their Combined Form

Treatments MIC, mg/mL MBC, mg/mL
Silver nanoparticles 6.25 12.5
Plant peptide MBP-1 0.6 0.7
Combined form of silver nanoparticles and plant peptide MBP-1
SNPs 3.125 6.25
MBP-1 0.5 0.6
Table 2. Number of S. aureus Colonies Counted 24 Hours after Wound Sampling?
Group Trials Number of Colonies
1 Plant Peptide MBP-1 95 x10°%+14 x 103
2 Silver Nanoparticles 82 x10° 92 x 103
3 MBP-1 and Silver Nanoparticles Combination 79 x 104+ 96 x 102
4 Control (Eucerin alone) 251x107 +34 x10°

3Data are presented as mean * SD.

Figure 1. Representative Mice Two Days After Treatment

A, was treated with Eucerin alone (control); B, was treated with the MBP-1and silver nanoparticles combination.
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5. Discussion

Antimicrobial peptides are widespread among a di-
verse range of living organisms, from bacteria to in-
sects, plants, and animals. One of the most important
advantages of antimicrobial peptides in contrast to con-
ventional antibiotics is that they have several targets
and several modes of action simultaneously (21). The
antimicrobial peptides are small, cationic, and amphi-
philic peptides, characterized by antimicrobial activity
against bacteria, fungi, viruses, and other pathogens
(4). Therefore, resistance against such antibacterial sub-
stances is apparently more difficult to form in compari-
son with existing antibiotics (21). However, some human
pathogenic bacteria have developed resistance against
human antimicrobial peptides during evolution. Know-
ing this, plant antimicrobial peptides may prove useful
for treating infectious diseases in humans because they
have had no or rare contact with human pathogens to
induce any such resistance mechanisms. So far, the an-
timicrobial activity of plant peptide MBP-1 alone and in
combination with silver nanoparticles on S. aureus has
not been studied. In this study to obtain a more effec-
tive antimicrobial compound to treat infected wounds
caused by S. aureus, the antibacterial effect of the com-
bined form of plant peptide MBP-1 and silver nanopar-
ticles was investigated.

The results of the macrodilution tests showed that silver
nanoparticles have a good antimicrobial effect against S.
aureus at low concentrations, which is consistent with the
results of recent researches performed by Alizadeh et al.
(22) and Bokaeian et al. (23). Also, the microdilution test
showed the antibacterial activity of plant peptide MBP-1
against S. aureus. The results of the broth dilution method
showed a strong synergistic effect between silver nanopar-
ticles and plant peptide MBP-1. This effect had also been ob-
served in a previous study performed in 2009 by Ruden et
al. between silver nanoparticles and membrane-permeabi-
lizing antimicrobial peptides against some Gram-negative
and Gram-positive bacteria (16).

The animal study demonstrated the antibacterial activ-
ity of plant peptide MBP-1 and silver nanoparticles alone
and in combined form in regards to the healing of infected
wounds caused by S. aureus. There was a significant differ-
ence between the number of bacteria colonies counted in
all experimental groups (treated with plant peptide MBP-1,
silver nanoparticles, and their combination) and the control
group (P value < 0.05). This study showed that the combina-
tion of silver nanoparticles with peptide MBP-1 increased
wound healing rates and decreased the colonization of S. au-
reus significantly (Table 2). These results confirm the syner-
gistic effect between MBP-1 and silver nanoparticles in heal-
ing infected wounds caused by S. aureus.
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