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Abstract 
Objective: Mastitis is one of the most costly diseases in dairy cows, which greatly decreases milk 
production. Use of antibiotics in cattle leads to antibiotic-resistance of mastitis-causing bacteria. 
The present study aimed to investigate synergistic effect of silver nanoparticles (AgNPs) with 
neomycin or gentamicin antibiotic on mastitis-causing Staphylococcus aureus. Materials and Me-
thods: In this study, 46 samples of milk were taken from the cows with clinical and subclinical 
mastitis during the august-October 2015 sampling period. In addition to biochemical tests, nuc 
gene amplification by PCR was used to identify strains of Staphylococcus aureus. Disk diffusion test 
and microdilution were performed to determine minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC). Fractional Inhibitory Concentration (FIC) index was 
calculated to determine the interaction between a combination of AgNPs and each one of the anti-
biotics. Results: Twenty strains of Staphylococcus aureus were isolated from 46 milk samples and 
were confirmed by PCR. Based on disk diffusion test, 35%, 10% and 55% of the strains were re-
spectively susceptible, moderately susceptible and resistant to gentamicin. In addition, 35%, 15% 
and 50% of the strains were respectively susceptible, moderately susceptible and resistant to 
neomycin. According to FIC index, gentamicin antibiotic and AgNPs had synergistic effects in 50% 
of the strains. Furthermore, neomycin antibiotic and AgNPs had synergistic effects in 45% of the 
strains. Conclusion: It could be concluded that a combination of AgNPs with either gentamicin or 
neomycin showed synergistic antibacterial properties in Staphylococcus aureus isolates from mas-
titis. In addition, some hypotheses were proposed to explain antimicrobial mechanism of the 
combination. 
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1. Introduction 
Mastitis is caused by a range of pathogenic microorganisms but mammary infections caused by Staphylococcus 
aureus are considerably important, which greatly affect global livestock industry due to decrease in milk pro-
duction and quality, cost of treatment, etc. [1]. Various studies have shown that S. aureus is a pathogenic micro-
organism causing subclinical and clinical mastitis in buffalo species [2]. Staphylococcus genus belongs to Mi-
crococcus family. These bacteria are gram-positive, non-motile, non-spore-forming rods and facultative anae-
robes. Members of this genus have more than 20 species spread in different habitats. Some of them inhabit in the 
skin, skin glands and mucous membranes of animals. Thereby, these microorganisms are transferred to animal 
products such as cheese, milk, meat and peripheral resources such as soil, sand and dust, air and natural water 
[3]. 

Mastitis is treated by antibiotic. Thus, antibiotic resistance is increasing among mastitis-causing strains [4] [5]. 
From non-economic perspective, antibiotic resistance and its transmission to humans can be cited. From eco-
nomic perspective, reduced milk production, eliminated replacement costs, reproductive problems, discarded 
milk, increased labor and predisposed animals to other diseases can be noted. Therefore, scientists have looked 
for compounds that can be used instead of antibiotics or be used in combination with antibiotics [6] [7]. 

Nanotechnology refers to the study and construction of nanometer-scale materials in 1 - 100 nanometers. 
These nanoscale materials have unique and new physical, chemical and biological properties in comparison with 
larger particles [8] [9]. Silver nanoparticles (AgNPs) are the most widely used nanoparticles next to carbon na-
notubes with numerous applications in medicine [10]. Several studies have been conducted for identification of 
antimicrobial effects of AgNPs [11]-[13]. Nano silver technology refers to suspension form of colloidal silver 
ions in an aqueous solution. AgNPs have unique physical and chemical properties, which enhance antimicrobial 
activity. Antimicrobial uses of AgNPs were greatly considered with regard to emergence of antibiotic-resistant 
bacteria [14] [15]. The most important mechanism of AgNPs is manifested through attacking respiratory chain 
of different microorganisms, which affect other cellular processes that ultimately leads to cell death [16]. In-
creased activity of antibiotics in combination with silver was investigated in some studies [17]-[19]. On the oth-
er hand, it is confirmed that low concentration of AgNPs has low toxicity to humans. Therefore, it is recom-
mended to simultaneously use AgNPs and common antibiotics. However, further studies are needed to realize 
the efficiency of this method. The present study aimed to investigate synergistic effect of AgNPs with either 
neomycin or gentamicin antibiotics on mastitis-causing S. aureus. 

2. Materials and Method  
2.1. Sampling 
Milk samples were taken from the cows with clinical and subclinical mastitis in sterile conditions in industrial, 
semi-industrial and traditional cattle farms in Sanandaj during the august-October 2015 sampling period. The 
cows with clinical mastitis were detected through observation and palpation of the breast, clots in milk and 
mammary gland inflammation. California mastitis test (CMT) was also performed for detection of subclinical 
mastitis (one positive and above one positive) [20]. The breast teats were sterilized with 70% ethyl alcohol to 
collect milk samples. Some milk was discarded. Then, 10 ml of milk was milked into a sterilized tube. The sam-
ples were kept at −20˚C until the time of the tests. 

2.2. Isolation and Identification of Bacteria 
Milk samples were removed from the freezer to be melted. Then, 0.01 ml of each sample was cultured on Man-
nitol salt agar that contains: Peptone (10 g/L), Mannitol (10 g/L), Sodium chloride (75 g/L), Phenol red (0.025 
g/L) and Agar (15 g/L). The cultures were incubated at 37˚C for 24 hours. Finally, yellow colonies were initially 
identified as S. aureus by Gram staining as well as catalase, DNase and coagulase tests [21]. 

2.3. Molecular Identification of Strains 
The kit manufactured by Cinnagen Company (Karaj-Iran) was used for extraction of DNA of strains cultured in 
BHI. The nuc gene was amplified by polymerase chain reaction for molecular identification of S. aureus strains. 
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The primers used for amplification of nuc gene were F (5’-GCGATTGATGGTGATACGGTT-3’) and R (5’-AG- 
CCAAGCCTTGACGAACTAAAGC-3’) based on previous studies. The product size was 279 bp [22]. PCR 
reactions were performed in a final volume of 25 ml containing 12.5 µl master mix (with 2x concentration), 1 µl 
of each primer, 2 µl of extracted DNA and 8.5 ml of double distilled water. Distilled water and the DNA ex-
tracted from Staphylococcus aureus PTCC 1112 standard strains were used instead of DNA sample respectively 
in positive and negative control. PCR reaction was performed in thermocycler manufactured by Senso Quest 
Company (Germany). Following conditions were setup: initial denaturation (5 minutes at 95˚C), 35 cycles of 
denaturation (1 min at 94˚C), annealing (30 seconds at 55˚C), elongation (1.5 min at 72˚C) and final elongation 
(at 72˚C and 3.5 minutes). PCR product was electrophoresed in 1.5% agarose gel. 

2.4. Disc Diffusion 
Disc diffusion method was used to evaluate antibacterial activity of neomycin and gentamicin antibiotics alone 
and in combination with AgNPs. According to CLSI Standard, selective concentration of neomycin was 10 UI 
while selective concentration of gentamicin was 10 µg [23]. Selective concentration of AgNPs was 10 µg. Bac-
terial suspension was prepared as follows: a colony was grown in nutrient broth overnight. Turbidity was 
matched with McFarland Standard 0.5. Then, the colony was cultured on Mueller Hinton agar medium and 6 
mm disks impregnated with standard concentrations of antibiotics and AgNPs were placed on the culture me-
dium. The disks impregnated with standard concentrations of antibiotics were used for combined disks in which 
10 µg of AgNPs were added. Finally, the plates were incubated at 37˚C for 24 hours. Growth inhibitory zone 
was measured by subtracting diameter of the disc from diameter of growth inhibitory zone. Experiments are 
done in triplicate. 

2.5. MIC and MBC Determination 
For this purpose, the microdilution method with 96-well microplates was used with slight modifications. Mini-
mum inhibitory concentration (MIC) refers to the lowest concentration of the combination that inhibits growth 
of microorganisms. In this study, MIC and MBC were calculated for neomycin and gentamicin antibiotics alone 
and in combination with AgNPs. 

The bacterial inoculated was a fresh cultured in nutrient broth. Turbidity was matched with McFarland Stan-
dard 0.5. Different concentrations of AgNPs and antibiotics were prepared in following ranges: 5 - 50 μg/ml (5, 
10, 15, 20, 30, 40 and 50). The 96-well plates were prepared through distribution of 95 µl of Mueller-Hinton 
broth media and 5 µl of bacterial inoculated in each well. Furthermore, 100 µl of each prepared solution was 
poured into the wells to examine MIC of AgNPs or antibiotics. Moreover, 50 µl AgNPs and 50 µl antibiotics 
were poured into the wells to examine MIC of AgNPs and antibiotics in combination. Different concentrations 
of ampicillin standard antibiotic were used as positive control. The microplates were incubated for 24h at 37˚C. 
Growth rate was determined by absorption at a wavelength of 600 nm using microplate reader (stat fax 2100, 
United States) [24]. Contents of each well (200 ml) were transferred to an Eppendorf tube (Eppendorf, Hamburg, 
Germany) with 2 ml of BHI medium to examine MBC. The tube was incubated at 37˚C for 12 hours. Finally, 20 
ml of the Eppendorf with no turbidity was inoculated in BHI agar and incubated at 37˚C for 24 hours. MBC re-
fers to the lowest concentration with 100% reduction in CFU/ml compared to a positive control (without using 
antimicrobial agent) [24]. 

The synergy between anti-bacterial drugs is usually expressed by sum of Fractional Inhibitory Concentration 
(FIC) of the two combinations. FIC is calculated by the following formula for combination A: 

MIC of antibacterial A in combinationFIC=
MIC of antibacterial A alone

 

FIC was also calculated for combination B with the same formula. Thus: 

FIC=FIC of antibacterial A+FIC of antibacterial B∑  

FIC∑  index was used to identify nature of the interaction between the two antibacterial combinations. The 
interaction was either synergism, antagonism, additive or indifferent. The index is interpreted as follows: 1 ≥ 
synergistic; 1 = additive; 1.1 - 2.0 = indifferent (non-interactive); 0.2 ≤ antagonistic [25] [26]. 
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3. Results 
In this study, 46 milk samples were collected from infected cattle. After inoculation and biochemical tests, 24 
strains were detected as S. aureus. Finally, molecular identification was performed by nuc gene amplification 
where 20 strains were confirmed as S. aureus. Studied primers properly amplified 279bp segment of nuc gene. 
Gel electrophoresis relevant to seven strains is shown in Figure 1. 

In all samples, growth inhibition zone around disc of combination of AgNPs with either gentamicin or neo-
mycin antibiotics was larger than the zone around the discs impregnated with antibiotics alone (Figure 2). Mean 
diameters of growth inhibition zone in 20 strains of S. aureus isolates are shown in Diagram 1. 

 

 
Figure 1. Gel electrophoresis. Wells 1, 2, 4 and 5: strains confirmed by nuc 
gene amplification, Wells 3, 6 and 7: unconfirmed strains 

 

 
Figure 2. Growth inhibition zone around the discs. 
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Diagram 1. Mean diameter of growth inhibition zone of 20 Staphylococcus aureus isolates. 

 
In Diagram 2, mean of MIC and MBC is given by the type of antimicrobial material. According to the dia-

gram, MIC and MBC of AgNPs in combination with any of the antibiotics increased antibacterial effect of the 
antibiotics. In addition, mean of MIC and MBC of the combinations were lower than each antibiotic alone. In 
this diagram, mean of MIC and MBC are given for studied 20 strains. The results of the FIC may vary in each 
strain. Totally, averages represent synergistic effect of the combinations. 

FIC Index 
Table 1 shows FIC index for determining the type of interaction between antimicrobial agents for each strain. 
The results showed synergistic effect of gentamicin antibiotic and AgNPs in 50% of strains as well as synergis-
tic effect of AgNPs and neomycin antibiotic in 45% of strains. The rate of synergistic effect was acceptable; 
therefore, a combination of these drugs can be used to treat the disease. 

4. Discussion 
Among 46 samples taken from cattle, 38 cattle had clinical mastitis and 8 cattle had subclinical mastitis based on 
California mastitis test. In this study, 24 strains were identified as S. aureus by biochemical tests among which 
20 strains were confirmed by PCR. As cited earlier, biochemical tests alone are not enough for identification of 
bacteria. Therefore, it is essential to use molecular tests. In total, 20 (43.47%) S. aureus strains were isolated 
from 46 milk samples, which showed high prevalence of mastitis-causing S. aureus in cattle population in Sa-
nandaj. Among the 20 strains, 18 strains were isolated from the cattle with clinical mastitis and 2 strains were 
isolated from the cattle with subclinical mastitis. 

According to CLSI standardized disk diffusion testing, 35%, 10% and 55% of the strains were respectively 
susceptible, intermediate and resistant to gentamicin and 35%, 15% and 50% of the strains were respectively 
susceptible, intermediate and resistant to neomycin. Therefore, prevalence of resistance isolates to antibiotics is 
high. Growth inhibition zone of combination of antibiotics with AgNPs was compared with CLSI standards. The 
results showed that the resistance to gentamicin and neomycin was respectively reduced to 15% and 45%. Thus, 
it can be concluded that combination of gentamicin and AgNPs was more effective than neomycin and AgNPs 
based on disk diffusion tests. 

According to FIC index, gentamicin and AgNPs had synergistic effects in 50% of the strains. In addition, 
neomycin and AgNPs had synergistic effects in 45% of the strains. The only antagonistic effect was observed in 
strain 20. The interaction in the rest of the strains was mostly indifferent and additive in some cases. High rate of 
synergistic interactions and low rate of antagonistic interactions suggested use of combination of these drugs for 
treatment of mastitis caused by S. aureus. 
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Diagram 2. Mean of MIC and MBC by type of antimicrobial regent. 

 
Table 1. FIC index to determine the interaction between antimicrobial agents. 

Strain No. AgNPs + gentamycin Interaction AgNPs + neomycin Interaction 

1 1 Additive 1.25 Indifferent 

2 0.416 Synergistic 1.5 Indifferent 

3 0.333 Synergistic 0.666 Synergistic 

4 1.166 Indifferent 0.416 Synergistic 

5 1.8 Indifferent 1.8 Indifferent 

6 0.666 Synergistic 1.166 Indifferent 

7 1.33 Indifferent 1.25 Indifferent 

8 1.5 Indifferent 0.416 Synergistic 

9 0.291 Synergistic 0.75 Synergistic 

10 1 Additive 1.166 Indifferent 

11 0.5 Synergistic 0.583 Synergistic 

12 2.33 Indifferent 1 Additive 

13 0.66 Synergistic 0.833 Synergistic 

14 1.166 Indifferent 0.375 Synergistic 

15 0.416 Synergistic 1 Additive 

16 0.5 Synergistic 1.166 Indifferent 

17 0.625 Synergistic 0.75 Synergistic 

18 0.833 Synergistic 0.583 Synergistic 

19 1.6 Indifferent 1.6 Indifferent 
20 2.13 Antagonistic 2.66 Antagonistic 

 
So far, scientists have identified mechanism of action of neomycin and gentamicin antibiotics [27]. Several 

mechanisms have been proposed for AgNPs. Some theories suggest that these particles disrupt cellular respira-
tion chain by reacting with oxygen. In addition, reaction of AgNPs with bacterial cellular membrane leads to cell 
death [28]. Some studies have shown that antibacterial effect of AgNPs is manifested through inhibition of un-
winding of DNA [29]. Mechanism of the interaction between gentamicin and neomycin antibiotics and AgNPs 
can be explained as follows: 
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1) As cited earlier, AgNPs, gentamicin and neomycin can kill bacteria through different mechanisms. If the 
bacteria are resistant to one of the antibiotics, another antimicrobial agent can kill bacteria through a completely 
different mechanism. This type of combination of drugs is frequently used especially when the bacteria become 
resistant. 

2) Active hydroxyl and amide groups are found in gentamicin and neomycin. These groups easily react with 
and bind to AgNPs. We know whenever an antimicrobial agent more enters the bacterial cell its effect is hig-
hlighted. The synergistic effect may be due to drug delivery of AgNPs to the cell. It is well-known that hydro-
phobic groups are found in cellular membranes. Gentamicin and neomycin are hydrophilic but AgNPs are hy-
drophobic. Thereby, AgNPs unlike antibiotics can easily pass cellular membrane. It can be concluded that sil-
ver-nanoparticle-bound antibiotics can be easily delivered to the cell. 

3) Batarseh showed that silver inhibits unwinding of DNA [29]. When AgNPs reacts with DNA, nanopar-
ticles-bound antimicrobial molecules inhibit unwinding of DNA due to spatial restrictions, which leads to more 
serious damage to the cell. 

5. Conclusion 
The results of this study showed antibacterial synergistic effect of combination of AgNPs and gentamicin or 
neomycin in S. aureus isolates from mastitis. Some hypotheses were offered to explain antimicrobial mechanism 
of these combinations. Further studies are needed to highlight efficiency of AgNPs against other bacteria and 
other antibiotics. In addition, detailed empirical evidence is needed to clarify mechanism of this synergistic ef-
fect. 
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