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This study aims to evaluate the prevalence of multidrug-resistant (MDR) and biofilm-forming pathogens from
animal source compared to clinical ones. In addition, to assess the antibacterial and antibiofilm activity of silver
nanoparticles (AgNPs) alone and/or mixed with vancomycin. Out of 62 bacterial isolates from animal respiratory
tract infection (RTI), 50.00% were defined as MDR, while among human ones, 44.00% were MDR. The bacteria
Staphylococcus aureus, Pseudomonas aeruginosa, and Streptococcus pneumoniae were the predominant isolated
bacteria from both animal and human origin with frequency percentage of 50.00, 22.32, and 18.75, respectively.
Among Staph. aureus strains, mecA gene was detected in 60.00% and 61.54% of animal and human isolates,
respectively, while mecALGA251 (mecC) gene was detected in 13.33% and 15.38% of animal and human isolates,
respectively. Biofilm formation ability among animal isolates was 83.87%, while among human ones was
86.00%. AgNPs were effective in inhibiting planktonic cells with minimal inhibitory concentration (MIC) values
(0.625–10mg/mL), as well as eradicating biofilm with minimal biofilm eradication concentration values (1.25–
10mg/mL). Noticeable low MIC of AgNPs was required for the isolates from animal source (0.625–5mg/mL)
compared to clinical ones (0.625–10mg/mL). Remarkable reduction in AgNP effective concentration was ob-
served after combination with 1/4 MIC of vancomycin with minimum recorded concentration of 0.08mg/mL. In
conclusion, the prevalence of MDR among RT pathogens was recorded with high ability to produce biofilm and
virulence factors from both animal and human pathogens. AgNPs showed strong antibacterial and antibiofilm
activity alone and mixed with vancomycin, with up to fourfold reduction of AgNP inhibitory dose.

Keywords: silver nanoparticles (AgNPs), vancomycin, biofilm, respiratory tract infection (RTI)

Introduction

Pathogenic bacteria remain a major health concern
responsible for causing a large number of hospitali-

zations and deaths each year, and due to the extensive
usage of antibiotics, bacteria are exponentially gaining
resistance to those antibiotics at an alarming rate.1,2 The
scarcity of new drug development by the pharmaceutical
industry, due to reduced economic incentives and chal-
lenging regulatory requirements, complicates the treatment
of infectious diseases.3 Indeed, exposure of pathogens to
antimicrobial agents such as antibiotics gives high oppor-
tunities for bacterial pathogens to become less susceptible
toward antibiotics, by altering the cell structure as well as
cellular metabolism.4

Respiratory tract infections (RTIs) are one of the most
common causes of illness from infectious pathogens world-
wide and the leading cause of increased mortality in geriat-
rics, children, and immunocompromised persons, due to the
lack of medication.5 RTIs are known as any infectious dis-
ease of the upper (URTIs) or lower (LRTIs) respiratory tract.
URTIs involve the common cold, tonsillitis, rhinitis, and
others, while LRTIs include acute bronchitis and pneumo-
nia.6 The traditional way to prevent and treat infections such
as RTIs is the use of commercial antibiotics, but currently,
the outbreak of resistant bacteria makes antibiotics invalu-
able weapons to fight against pathogens, which brings a great
concern to the health of both humans and animals.7

The URT would appear to be an ideal target for bacterial
colonization and biofilm growth because it is moist, warm,
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and easily accessible to airborne pathogens. It was reported
that many of URT pathogens are known to form biofilms
efficiently.8 Many studies demonstrated that, the high re-
sistance rate recorded in those biofilms seems to not be
genotypic; instead, it is rather due to multicellular strategies
and/or to the ability of individual cells, contained inside the
biofilm, to differentiate in a protected phenotypic state.9,10

Over the past few years, synthesis and characterization of
nanoparticles have gained increasing momentum and has im-
mense potential to revolutionize in the biomedical research by
developing new and improved products for clinical diagnosis
and therapy.11 Silver has become one of the most universal
antimicrobial substances, especially after expanding the surface
area of silver particles by nanoengineering.12,13

Nowadays, great attention was given toward biomedicine-
related assessment of silver nanoparticles (AgNPs), as uncon-
ventional antimicrobial agents. Even though there is no enough
information about their toxicity as well as their in vivo bio-
logical behavior, these structures were used as antimicrobial
agents in different fields such as health care, cosmetic products,
medicinal devices sterilization, and others for a long time.14

The main problem remaining in the use of AgNPs is the toxicity
concerns; therefore, effective antimicrobial dose of AgNPs
with low concentration against the multidrug-resistant (MDR)
pathogens is a crucial goal of many researchers.

This study aimed to evaluate the prevalence of antibiotic
resistance, virulence factors and biofilm formation ability of
RTI pathogens from human pathogens compared with animal
ones. In addition, to study the antibacterial and antibiofilm
activity of AgNPs alone and/or mixed with antibiotics against
RTI pathogens to reduce the effective antimicrobial dose and
consequently, reduce the possible AgNP negative in vivo bi-
ological behavior in host.

Materials and Methods

Bacterial collection and identification

This study was performed on 112 unduplicated bacterial
isolates collected from two different places: Kasr El-Ainy
hospital (50 isolates) during the period of March 2014 to
June 2014, and National Center for Research on Animal
Health (62 isolates) from November 2013 to March 2014.
Identification was done using microscopic examination and
biochemical identification according to Bergey manual.15

Isolates were identified biochemically based on colony
morphology on MacConkey’s agar and blood agar, Gram
staining, and laboratory biochemical tests, including cata-
lase, coagulase, urease, citrate, oxidase, motility indole or-
nithine, methyl red, triple sugar iron, Voges Proskauer, and
lactose fermentation ability. Subsequently, selective media
such as mannitol salt agar and cetrimide agar were used for
Staphylococcus aureus and Pseudomonas aeruginosa culti-
vation, respectively.

Antibiotic susceptibility test

The susceptibility of all bacterial isolates was determined
on Müller Hinton agar (MH; Laboratories Conda SA, Ma-
drid, Spain) by disc diffusion method according to Clinical
and Laboratory Standards Institute (CLSI) recommenda-
tions16 using available antibiotic discs (Oxoid, Basingstoke,
UK) of gentamicin (10mg), vancomycin (30 mg), ampicillin
(10mg), ciprofloxacin (5 mg), erythromycin (15 mg), amoxi-
cillin (30mg), clindamycin (2 mg), and cefoxitin (30mg).
After incubation at 37�C for 24 h, zones of inhibition were
measured, and isolates were classified as susceptible (S),
intermediate (I), or resistant (R) according to the criteria of
the CLSI guidelines.17

Detection of mecA and mecC genes
by polymerase chain reaction

DNA extraction and primers used. Genomic DNA was
extracted by using Gene JET Genomic DNA purification kit
(Thermo Scientific), in which lysostaphin (Sigma-Aldrich,
St. Louis, MO) was added to an overnight grown bacterial
culture at final concentration of 100mg/mL and then incu-
bated at 37�C for 1 h. The presence of mecA and mecC
(mecALGA251) was detected by polymerase chain reaction
(PCR) as described before using primers listed in Table 1.18

Reaction conditions. PCR was performed in a total
volume of 25 mL, containing 3 mL genomic DNA template
(*50 ng), 1 mL of each primer, and 12.5mL OnePCR� Plus
master mix (GeneDirex), and finally, water was added to
make volume up to 25mL. PCR amplification was done with
thermal cycler (Applied Biosystems 9700; PE Life Sciences,
New York) programmed with initial denaturation for 5 min
at 94�C, and then 30 cycles: denaturation for 30 sec at 94�C,
annealing for 30 sec at 55.5�C, extension at 72�C for 30 sec,
and a final extension at 72�C for 7 min. After amplification,
10mL of each PCR product was analyzed on 1.5% agarose
gel stained with ethidium bromide (0.5 mg/mL) and then
visualized under ultraviolet light. The Gene Ruler 100 pb
DNA ladder (GeneDirex) was used as a DNA size marker.18

Detection of virulence factors

Enzymatic activity. Phenotypic detection of blood he-
molysis and gelatinase, and DNase tests were done according
to the recommended method.19 Brain heart infusion (BHI)
agar (Oxoid) supplemented with 5% (v/v) horse blood was
used to test blood hemolysis, at which the formation of clear
colorless (a-hemolysis) or clear greenish (b-hemolysis)
zones around the bacterial growth was considered a positive
result. For gelatinase activity, the positive result was deter-
mined by liquefaction of gelatin medium after refrigerator
incubation for 4 h. DNase activity was tested using DNase
agar medium plates inoculated with the test organism,

Table 1. Primers Used in This Study

Primer Sequence Amplicon size (bp)

mecA P4 5¢-TCCAGATTACAACTTCACCAGG-3¢ 162
mecA p7 5¢-CCACTTCATATCTTGTAACG-3¢
mecALGA251 5¢-GAAAAAAAGGCTTAGAACGCCTC-3¢ 138
mecALGA251 5¢-GAAGATCTTTTCCGTTTTCAGC-3¢
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incubated at 37�C for 18–24 h, and then the plates were
flooded with 1 N hydrochloric acid. Observation of a clear
zone around the streak was considered a positive result.

Biofilm formation. The presence and activity of biofilm
formation were assessed with colorimetric methods based on
crystal violet dye. Briefly, a 0.5 MacFarland bacterial culture
in BHI broth was used to inoculate wells in a 96-well mi-
crotiter polystyrene plate. After incubation for 18 h at 37�C,
the plates were gently washed thrice with phosphate-buffered
saline (PBS) pH 7.4. The adherent bacterial films were left to
air dry and then stained with 1% crystal violet aqueous so-
lution for 20 min, then excess stain was rinsed off with tap
water. Optical densities (OD) were measured at 570 nm by
an automatic microplate reader (Stat Fax-2100; GMI, Inc.).

The ability to form biofilm was scored and categorized as
follows: (OD £ ODc), (2 ODc < OD £4 ODc), and (4 ODc <
OD) as non-biofilm, moderate biofilm, and strong biofilm
forming, respectively, where ODc is the cutoff value, which
is defined as three standard deviations above the negative
control mean OD.20

Preparation and characterization of AgNPs

AgNPs prepared by chemical reduction of silver nitrate
(AgNO3) with glucose in the presence of protective agent
polyvinylpyrrolidone (Sigma-Aldrich) were used. Sodium
hydroxide was used to enhance the reaction velocity.21 The
UV-Vis absorption spectra were obtained using spectro-
photometer USB2000+VIS-NIR (Ocean Optics, Inc., Du-
nedin, FL). By using high-resolution transmission electron
microscopy (TEM) JEM-2100 ( JEOL Korea Ltd., Korea),
size and shape of AgNPs were characterized at an acceler-
ating voltage of 20 kV.

Antibacterial effect of AgNPs against bacterial isolates

Minimum inhibitory concentrations. Antibacterial activity
of AgNPs was carried out by microtiter broth dilution method
according to CLSI document M07-A9.16 As a diluent, MH
broth was used where about 105 CFU/mL cells (0.5 Mac-
Farland bacterial cultures) were inoculated, at which the final
volume in each microtiter plate well was 100mL. The mi-
crotiter plates were sealed with parafilm and incubated for
24 h at 37�C to determine the minimum inhibitory concen-
tration (MIC) values. The MIC is defined as the lowest
concentration of AgNPs, which inhibited 90% of the growth
when compared with that of growth control in mg/mL.

Minimum bactericidal concentration. After MIC deter-
mination of the AgNPs, an aliquot of 10mL from all wells in
which no visible bacterial growth was observed was seeded
in MH agar plates. The plates were then incubated overnight
at 37�C for 24 h. The minimum bactericidal concentration
(MBC) is defined as the lowest concentration of antimicro-
bial agent that kills >99.9% of the initial bacterial population
where no visible growth of the bacteria was observed.16

Minimal biofilm eradication concentration. The biofilm
degrading activity of AgNPs was determined and measured on
overnight grown biofilm. Briefly, all the tested bacteria were
grown overnight in BHI broth, and then 100mL of bacterial
culture (0.5 MacFarland) was dispensed into each well of

microtiter plate. After 24 h of incubation at 37�C, the wells of
microtiter plate were gently washed thrice with PBS pH 7.4 to
remove the planktonic cells, and then filled with 100mL
twofold dilutions of the AgNPs in MH broth, ranging from
MIC to 10 · MIC. The plates were incubated for 24 h at 37�C,
then the medium was discarded, and each well was washed
twice with PBS, dried, then stained for 20 min with crystal
violet solution (1% w/v), and finally washed with sterile wa-
ter. The stained biofilms were resuspended using 200mL ab-
solute ethanol. The absorption was measured at 570 nm using
a microplate reader. The negative control was MH broth only,
while the positive control contained biofilm cells alone with-
out treatment.22 The experiment was performed in triplicates.

Preliminary screening for synergistic effect of AgNPs
and vancomycin by disc diffusion method

To determine the synergistic or antagonistic effect between
AgNPs and vancomycin, suspension of vancomycin-resistant
Staph. aureus (0.5 MacFarland) was spread over MH agar
medium. After 10 min, a sterile filter paper loaded with
AgNPs, at the MIC concentration of the tested bacteria, was
put onto the medium and different concentrations of AgNPs
were added to a standard vancomycin disc (30mg). The plates
were incubated for 24 h at 37�C. Vancomycin disc (30mg)
without any AgNP was considered a negative control.23

Combination of AgNPs and vancomycin
by microbroth dilution method

Synergy between AgNPs and vancomycin has been fur-
ther confirmed by using microdilution assay,24 by deter-
mining the MIC of AgNPs in presence of vancomycin at a
low concentration (1/4 MIC). Fifty microliters of vanco-
mycin at 1/4 MIC was added to a well of 96-well polysty-
rene microplate containing 50 mL of AgNP dilution and then
inoculated with 100 mL (0.5 MacFarland) bacterial culture.
MIC was defined as the lowest concentration of AgNPs, in
combination with vancomycin at 1/4 MIC, inhibiting the
visible growth of tested strains.

Statistical analysis

Pearson’s chi-square test was performed to evaluate an-
tibiotic resistance patterns of bacteria among the two groups
(animal and human), at which p values below 0.05 were
considered significant.

Results

In this study, 112 isolates were recovered from different
clinical RTI samples. Identification of bacterial isolates by
biochemical tests is presented in Table 2. By comparing
bacterial resistance pattern from animal and human origin,
noticeable resistance to gentamicin among human isolates
was detected ( p < 0.05) (Fig. 1). The highest resistance
of animal isolates was exhibited against ampicillin (72%)
and erythromycin (74%) (Fig. 1A), while for human ones
(Fig. 1B), the highest resistance was exhibited against
gentamicin (82.26%) and amoxicillin (74.19%). Suscept-
ibility to vancomycin was 41.94% and 40% among animal
and human strains, respectively.

The isolated bacteria were characterized as MDR ac-
cording to the definition of MDR as the nonsusceptibility of
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bacteria to at least one agent in three or more antimicrobial
categories.25 Out of 62 bacterial isolates recovered from
diseased animals, 31 (50%) were defined as MDR, while
among human ones, 22 (44%) MDR isolates were found.
About 15 (50%) and 10 (38.46%) Staph. aureus strains
among animal and human, respectively, were defined as
MDR.

On the other hand, mecA and mecC genes were assayed,
and the results showed that mecA gene was detected in 60%
and 61.54% of animal and human isolates, respectively, while

mecC gene was detected in 13.33% and 15.38% of animal and
human isolates, respectively. On the other hand, 26.67% and
23.08% from animal and human isolates, respectively, were
negative for both genes.

Different virulence factors were screened and as a re-
sult, all Staph. aureus and Ps. aeruginosa isolates from
animal and human sources were found to be positive for
gelatinase production (Table 3). Among animal isolates,
all Staph. aureus (100%) isolates and L. monocytogenes
(100%) were positive for DNase. All Strep. pneumoniae
and L. monocytogenes were positive for haemolysin,
whereas 67% of Staph. aureus isolates and 53.85% of Ps.
aeruginosa were positive for haemolysin. On the other
hand, among human isolates, DNase was detected only in
Staph. aureus (100%). Ps. aeruginosa and Strep. pneu-
moniae were positive for hemolysin (100%), whereas 69%
of Staph. aureus was positive for hemolysin.

Biofilm formation ability was assayed by using tissue cul-
ture plate method. Biofilm formation ability was seen in 52
(83.87%) animal bacterial isolates, in which 39 isolates were
Gram positive and 13 were Gram negative, while among
human isolates, 43 out of 50 bacterial tested isolates had the
ability to form biofilm (86%). Biofilm formers were charac-
terized in 50% and 52% among animal and human bacterial
isolates, respectively (Table 4).

Water-soluble AgNPs had a yellow color in solution at
1,000 ppm concentration (optical prop. [Abs.] kmax = 410
nm, Avg.). The absorption spectra of AgNPs are represented
in Fig. 2, indicating that this sample depicted a well-defined
single plasmon band at *401 nm, which is characteristic for

Table 2. Percentage and Source of Respiratory

Tract Infection Bacterial Isolates Collected

from Animal and Human Samples

Bacterial species

Isolate source

Animal Human

Percentage n Percentage n

Gram positive 69 43 76 38
Staphylococcus aureus 48 30 52 26
Streptococcus

pneumoniae
15 9 24 12

Listeria monocytogenes 6 4 — —

Gram negative 31 19 24 12
Pseudomonas

aeruginosa
21 13 24 12

Klebsiella pneumoniae 10 6 — —

Total 100 62 100 50

FIG. 1. Resistance, intermediate, and
sensitivity rates of antibiotics against
bacterial isolates from animal (A) and
human (B). *Result is significant at
p < 0.05 according to the chi-square
statistic.
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nanosized silver. The TEM micrographs presented in
Fig. 3A showed the spherical shape of AgNPs, in which the
particle size ranged between 5 and 21 nm and an average
size of 11.07 – 2.8 (Fig. 3B).

By comparing MIC and MBC of AgNPs (Table 5), AgNPs
were effective in inhibiting planktonic cells at low concen-
tration, ranging from 0.625–5 mg/mL to 0.625–10 mg/mL for
animal and human isolates, respectively. In most cases,
MBC for tested bacteria was higher than MIC, values
ranging from 1.25–5 mg/mL to 1.25–20 mg/mL for animal
and human isolates, respectively. The eradication activity of
AgNPs against biofilm-embedded bacteria as analyzed by
minimal biofilm eradication concentration (MBEC) re-
vealed that the values of most isolates were higher than MIC
values of planktonic cells, they ranged from 1.25–5 mg/mL to
1.25–10 mg/mL for animal and human, respectively. It was
observed that the bioflm of Staph. aureus human strains was
less affected by AgNPs compared to other bacterial isolates.

Preliminary screening for synergistic effect of AgNPs and
vancomycin was done to vancomycin-resistant Staph. au-
reus grown, showing noticeable inhibition zones/synergistic
effect by adding AgNPs with different concentration to
blank vancomycin antibiotic disk (Fig. 4A, B). Noticed re-
duction in AgNP effective concentration was observed after
combination with vancomycin, which ranged between one
to four bi-fold reductions (Table 6). MIC values of the
mixture were lower than when AgNPs were used alone for
all bacterial isolates, indicating that the combination is
synergistic in nature. The MIC of combination against ani-
mal bacterial isolates ranged from 0.08 to 1.25 mg/mL,
whereas MIC of AgNPs alone ranged from 0.625 to
5 mg/mL. Combination of AgNPs and vancomycin against

human bacterial isolates: the MIC of the combination ranged
from 0.157 to 5 mg/mL, whereas MIC of AgNPs alone
ranged from 0.625 to 10 mg/mL.

Discussion

The prevalence and antibiogram profile data of bacterial
isolates associated with RTI should be continuously updated
due to the change of pathogen development and distribution.
Scarce comparative research was conducted to evaluate the
antibiotic resistance rate, biofilm formation ability, and
virulence of pathogens from different origins; therefore, the
RTI bacterial pathogens among humans as well as animals
were characterized in this study.

The Gram-positive bacteria were the most prevalent re-
spiratory isolates from both infected humans and animals
(Table 2); Staph. aureus was the most frequently isolated
bacterial species, which comes in accordance with previous
studies.26,27 Therefore, all Staph. aureus isolates were
screened for the presence of mecA and mecC genes by
conventional PCR analysis. The mecA gene was found to be
carried by 95.0% of the isolates that display a phenotype of
methicillin resistance and was detected in all multiresistant
Staph. aureus isolates.28,29 Another resistance gene called
mecC, which is a homolog of mecA, has been reported to
have a role in resistance process.30,31

In most reported RTI infections, the bacteria Strepto-
coccus sp. and Staphylococcus sp. were the most recovered
respiratory isolates with the variable percentage.32,33 In
contrast, other reports mentioned the Gram-negative species
Pseudomonas aeruginosa and Klebsiella pneumoniae as the
predominant strains.34–36

Table 3. Comparison of Virulence Factor Percentages Among Animal (n = 62) and Human (n = 50) Isolates

Isolates

Percentage of virulence factor

Gelatinase Dnase Hemolysin

Animal Human Animal Human Animal Human

Gram positive
Staphylococcus aureus 100 100 100 100 66.66 69.23
Streptococcus pneumoniae — — — — 100 100
Listeria monocytogenes — — 100 — 100 —

Gram negative
Pseudomonas aeruginosa 100 100 — — 53.85 100
Klebsiella pneumoniae — — — — — —

Table 4. Categorization of Bacterial Isolates According to Their Biofilm Formation Ability

Isolates

Biofilm formation

Strong Moderate Non-biofilm

Animal
(n = 31),
n (%)

Human
(n = 26),
n (%)

Animal
(n = 21),
n (%)

Human
(n = 17),
n (%)

Animal
(n = 10),
n (%)

Human
(n = 7),
n (%)

Staphylococcus aureus 18 (60.00) 17 (65.35) 10 (33.33) 9 (34.61) 2 (6.66) —
Streptococcus pneumoniae 4 (44.44) 5 (41.66) 3 (33.33) 3 (25.00) 2 (22.22) 4 (33.33)
Listeria monocytogenes 2 (50.00) — 2 (50.00) — — —
Pseudomonas aeruginosa 6 (46.15) 4 (33.33) 3 (23.07) 5 (41.66) 4 (30.76) 3 (25.00)
Klebsiella pneumoniae 1 (16.66) — 3 (50.00) — 2 (33.33) —
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Overall resistance pattern among isolates for commonly
used antibiotics was high, but varied against one antibiotic
to others (Fig. 1). In several countries, the lack of general
antimicrobial resistance surveillance programs leads to in-
appropriate use among patients. Therefore, investigating
antimicrobial resistance patterns is very critical and impor-
tant, mainly in developing countries, where the antibiotic
therapy should aim not only at improving the clinical out-
come but also at eradicating the targeted pathogens or re-
ducing bacterial load.37,38

Vancomycin is the drug of choice against Staph. aureus
with resistance rate 41.94% among animal cases. The high
rate of resistance indicates that the prevalence of vanco-

mycin resistance is on the rise not only in clinical isolates
but also in pathogens from animal sources. This is in line
with a recent study performed in Egypt on uncooked
chicken and beef meat that reported 51% vancomycin-
resistant Staph. aureus.39

These bacterial infections are often dependent on the inter-
play between susceptibility of the host as well as the virulence
of the associated strain. Therefore, evaluating such pathogen
virulence profile helps in the evaluation of the potential out-
come of infection.40 In light of these, we have characterized all
our different isolates for their relative biofilm-forming capacity
(Table 4) and other virulence factors like gelatinase, DNAs,
and hemolysin (Table 3). The Staph. aureus isolates were the
most virulent and strongest biofilm former.

On the other hand, due to the protective nature of the biofilm
extracellular matrix acting as a barrier against antimicrobial
agents, biofilm-associated bacterial infections are difficult to
treat, thereby causing major health care problems.41 We tested
both vancomycin and AgNPs for antibacterial and eradication
activity of formed biofilm against a spectrum of bacterial iso-
lates of human/animal origin representing various antibiotic
resistances, biofilm compositions, and relative biofilm
strengths. AgNPs were effective in inhibiting planktonic cells at
low concentrations (Table 5), while regarding the biofilm
eradication activity, effective values of MBEC were found to be
higher than MIC values of planktonic cells, which comes in line
with other studies that reported higher AgNP concentration
required against biofilm-embedded bacteria, either Gram-
positive or Gram-negative strains.42–44

Recently, attempts have been made to enhance the bio-
activity and effectiveness of various pharmaceutical agents
through the use of nanoparticle delivery methods.45 Me-
chanisms of AgNPs that have been proposed to elucidate the
killing of the bacterial cells are as follows: disruption of
cellular morphology, enzyme inactivation, inhibition of

FIG. 2. Absorption spectrum of silver nanoparticles
(AgNPs). Color images are available online.

FIG. 3. Transmission electron microscopy micrograph of AgNPs dispersed on copper grid at 100 nm scale (A) and
particle size distribution of AgNPs (B). Color images are available online.
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Table 5. Antibacterial Effect of Silver Nanoparticles Against Planktonic and Biofilm Cells

No. Isolates

AgNPs lg/mL

No. Isolates

AgNPs lg/mL

MIC MBC MBEC MIC MBC MBEC

1a Staphylococcus aureus 2.5 2.5 2.5 57a Klebsiella pneumoniae 1.25 2.5 1.25
2a Staph. aureus 2.5 2.5 2.5 58a Kl. pneumoniae 2.5 2.5 2.5
3a Staph. aureus 2.5 5 5 59a Kl. pneumoniae 2.5 5 5
4a Staph. aureus 5 5 5 60a Kl. pneumoniae 1.25 2.5 2.5
5a Staph. aureus 1.25 2.5 2.5 61a Kl. pneumoniae 5 10 —
6a Staph. aureus 1.25 2.5 2.5 62a Kl. pneumoniae 0.625 1.25 —
7a Staph. aureus 1.25 2.5 2.5 1h Staph. aureus 10 20 10
8a Staph. aureus 1.25 5 5 2h Staph. aureus 5 10 5
9a Staph. aureus 2.5 2.5 2.5 3h Staph. aureus 2.5 2.5 2.5

10a Staph. aureus 2.5 2.5 2.5 4h Staph. aureus 2.5 2.5 2.5
11a Staph. aureus 2.5 2.5 2.5 5h Staph. aureus 10 20 10
12a Staph. aureus 2.5 5 5 6h Staph. aureus 5 5 5
13a Staph. aureus 2.5 5 5 7h Staph. aureus 10 20 20
14a Staph. aureus 2.5 2.5 2.5 8h Staph. aureus 10 20 10
15a Staph. aureus 1.25 2.5 2.5 9h Staph. aureus 2.5 2.5 2.5
16a Staph. aureus 2.5 5 5 10h Staph. aureus 10 20 20
17a Staph. aureus 1.25 2.5 2.5 11h Staph. aureus 2.5 2.5 2.5
18a Staph. aureus 2.5 5 5 12h Staph. aureus 10 10 10
19a Staph. aureus 2.5 2.5 2.5 13h Staph. aureus 5 10 5
20a Staph. aureus 2.5 5 5 14h Staph. aureus 5 10 5
21a Staph. aureus 2.5 5 5 15h Staph. aureus 10 10 10
22a Staph. aureus 2.5 2.5 2.5 16h Staph. aureus 5 10 5
23a Staph. aureus 2.5 2.5 2.5 17h Staph. aureus 5 10 5
24a Staph. aureus 2.5 2.5 2.5 18h Staph. aureus 5 10 5
25a Staph. aureus 2.5 5 2.5 19h Staph. aureus 5 10 5
26a Staph. aureus 2.5 2.5 2.5 20h Staph. aureus 2.5 5 2.5
27a Staph. aureus 2.5 2.5 2.5 21h Staph. aureus 2.5 5 1.25
28a Staph. aureus 1.25 2.5 — 22h Staph. aureus 0.625 1.25 1.25
29a Staph. aureus 1.25 2.5 — 23h Staph. aureus 1.25 2.5 2.5
30a Staph. aureus 1.25 2.5 2.5 24h Staph. aureus 1.25 2.5 2.5
31a Streptococcus pneumoniae 0.625 1.25 1.25 25h Staph. aureus 0.625 1.25 1.25
32a Strep. pneumoniae 2.5 5 2.5 26h Staph. aureus 1.25 1.25 1.25
33a Strep. pneumoniae 2.5 5 5 27h Strep. pneumoniae 5 10 5
34a Strep. pneumoniae 2.5 2.5 2.5 28h Strep. pneumoniae 2.5 5 5
35a Strep. pneumoniae 1.25 2.5 2.5 29h Strep. pneumoniae 1.25 2.5 1.25
36a Strep. pneumoniae 0.625 1.25 1.25 30h Strep. pneumoniae 5 10 5
37a Strep. pneumoniae 5 5 5 31h Strep. pneumoniae 1.25 2.5 1.25
38a Strep. pneumoniae 1.25 1.25 — 32h Strep. pneumoniae 2.5 5 5
39a Strep. pneumoniae 1.25 2.5 — 33h Strep. pneumoniae 2.5 2.5 2.5
40a Listeria monocytogenes 0.625 1.25 1.25 34h Strep. pneumoniae 1.25 1.25 —
41a L. monocytogenes 1.25 2.5 1.25 35h Strep. pneumoniae 0.625 1.25 —
42a L. monocytogenes 0.625 2.5 2.5 36h Strep. pneumoniae 1.25 2.5 —
43a L. monocytogenes 2.5 5 5 37h Strep. pneumoniae 0.625 1.25 —
44a Pseudomonas aeruginosa 0.625 1.25 1.25 38h Strep. pneumoniae 0.625 1.25 1.25
45a Ps. aeruginosa 2.5 2.5 2.5 39h Ps. aeruginosa 0.625 2.5 1.25
46a Ps. aeruginosa 2.5 2.5 2.5 40h Ps. aeruginosa 2.5 10 5
47a Ps. aeruginosa 5 5 5 41h Ps. aeruginosa 0.625 1.25 1.25
48a Ps. aeruginosa 0.625 1.25 1.25 42h Ps. aeruginosa 5 10 5
49a Ps. aeruginosa 0.625 1.25 1.25 43h Ps. aeruginosa 0.625 2.5 1.25
50a Ps. aeruginosa 2.5 2.5 2.5 44h Ps. aeruginosa 2.5 10 5
51a Ps. aeruginosa 2.5 2.5 2.5 45h Ps. aeruginosa 2.5 5 2.5
52a Ps. aeruginosa 0.625 1.25 1.25 46h Ps. aeruginosa 1.25 2.5 2.5
53a Ps. aeruginosa 1.25 1.25 — 47h Ps. aeruginosa 0.625 2.5 1.25
54a Ps. aeruginosa 0.625 1.25 — 48h Ps. aeruginosa 0.625 1.25 —
55a Ps. aeruginosa 1.25 1.25 — 49h Ps. aeruginosa 2.5 5 —
56a Ps. aeruginosa 0.625 1.25 — 50h Ps. aeruginosa 1.25 2.5 —

AgNP, silver nanoparticle; MBC, minimum bactericidal concentration; MBEC, minimal biofilm eradication concentration; MIC, minimal
inhibitory concentration.
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DNA replication, formation of reactive oxygen species, and
generation of oxidative stress,46–48 in addition to the fact
that AgNPs can anchor to the bacterial cell wall and con-
sequently infiltrate it, causing physical changes in the bac-
terial membrane, like the membrane damage, which can
lead to cellular content leakage and bacterial death.49,50

In this investigation, AgNPs/vancomycin combination had
been shown to be able to eradicate established biofilm of dif-
ferent bacterial species, resulting in a reduction of vancomycin
effective dose ranging from onefold to fourfold reduction

(Table 6). Despite the effective dose reduction of vancomycin
upon all Staph. aureus strains in our study, from both origins
when combined with AgNPs, opposite reports were found in
the literature, which agreed51,52 and deny this combination
activity of AgNPs/vancomycin on Staph. aureus.53

On the other hand, the combination effect was remarkable
on the tested Gram-negative pathogens Ps. aeruginosa and
Kl. pneumoniae, which comes in line with recent reports.54,55

This combination effect can be explained by the high surface
to volume ratio of the AgNPs as well as the increase in the
bacterial cell membrane permeability damage due to the
hydrophobic nature of AgNPs, leading to the transport and
entrance of antimicrobial agent inside the bacterial cell.46,56

Overall, those dual treatments were more effective than either
treatment alone, which also comes in agreement with other
reports57–59; therefore, the utilization of nanoparticles in
combination with antibiotic is highly regarded.60,61

In conclusion, the possible zoonotic transmission of an-
tibiotic resistance and biofilm growing pathogen is an alarm
to public health. Our study demonstrates the prevalence of
Staph. aureus among RTI pathogens in animal and human.
The prevalence of antibiotic resistance and high ability to
produce virulence factors and biofilm were also reported.
Strong antibacterial and biofilm eradication activity of
AgNPs alone and in combination with reduced concentra-
tion of both agents (1/4 MIC of vancomycin + serial dilution
of AgNPs) were concluded in our study. In addition, the
potential use of effective antimicrobial dose of AgNPs
against MDR pathogens mixed with futile antibiotic is
suggested as a possible final line of treatment.
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Table 6. Bifold Reduction of Silver

Nanoparticles After Combination

on AgNPs with 1/4 Minimal Inhibitory

Concentration of Vancomycin

Isolates

Bifold reduction of AgNPs

1 2 3 4

No. of isolates (%)

Staphylococcus aureus
Animal (30) 5 (16.66) 15 (50) 9 (30) 1 (3.33)
Human (26) 1 (3.85) 9 (34.62) 13 (50) 3 (11.5)

Streptococcus pneumoniae
Animal (9) 3 (33.33) 5 (55.56) 1 (11.11) —
Human (12) — 11 (91.66) 1 (8.33) —

Listeria monocytogenes
Animal (4) 2 (50) 2 (50) — —
Human (0) — — — —

Pseudomonas aeruginosa
Animal (13) — 4 (30.77) 9 (69.23) —
Human (12) 5 (41.66) 7 (58.33) — —

Klebsiella pneumonia
Animal (6) — — 4 (66.66) 2 (33.33)
Human (0) — — — —
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