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Abstract: The excessive use of antibiotics in both human and veterinary medicine has contributed
to the development and rapid spread of drug resistance in bacteria. Silver nanoparticles (AgNPs)
have become a tool of choice that can be used to treat these resistant bacteria. Several studies have
shown that AgNPs have antibacterial and wound healing properties. In this study, we evaluated
the biological activity of anisotropic AgNPs to develop an antimicrobial gel formulation for treating
wound infections. We showed that some anisotropic AgNPs (S2) have an effective antibacterial
activity against bacterial pathogens and low cytotoxicity to keratinocytes and fibroblasts in vitro.
The MIC and MBC values were in the range of 2–32 µg/mL, and cytotoxicity had IC50 values of
68.20 ± 9.71 µg/mL and 68.65 ± 10.97 µg/mL against human keratinocyte and normal human
dermal fibroblast cells, respectively. The anisotropic AgNPs (S2) were used as a gel component and
tested for antibacterial activity, including long-term protection, compared with povidone iodine,
a common antiseptic agent. The results show that the anisotropic AgNPs can inhibit the growth
of most tested bacterial pathogens and provide protection longer than 48 h, whereas povidone
iodine only inhibits the growth of some bacteria. This study suggests that anisotropic AgNPs could
be used as an alternative antimicrobial agent for treating bacterial skin infection and as a wound
healing formulation.

Keywords: silver nanoparticles; anisotropic silver nanoparticles; antimicrobial resistance; alternatives
to antimicrobials; Staphylococcus pseudintermedius

1. Introduction

The frequent use of antibiotics has led to the development of bacterial resistance.
There are reports of bacterial resistance to antibiotics to these species (Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa, Staphylococcus pseudintermedius) in human
and veterinary medicine [1–3]. Moreover, multi-drug resistant staphylococci have gradually
increased worldwide [4]. In animals such as dogs, methicillin-resistant S. pseudintermedius
(MRSP) is an issue of concern [5]. Generally, S. pseudintermedius is commonly found on the
skin and mucosa of healthy dogs and in a small percentage of healthy cats [6,7]. Similarly
to S. aureus, which is considered as a compound of the human normal skin flora [8],
S. pseudintermedius is harmless in healthy individuals, but it is an opportunistic pathogen
if an animal gets injured or sick [9]. With the first single observation made in 1999 from
a dog in the United States, the emergence of MRSP in dogs represents a relatively new
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problem [10]. MRSP is a growing concern in small animal veterinary medicine. A recent
study has reported that methicillin-resistant S. pseudintermedius strains isolated from sick
dogs were 63%, and 78% of these isolates were described as being resistant to at least three
antibiotic classes [11]. These “superbugs” are becoming more difficult to treat because
of ineffective drugs. Therefore, discovering alternative antimicrobial agents to overcome
antibiotic-resistant bacteria is important.

Silver nanoparticles (AgNPs) have attracted special attention because of their extensive
properties, including good conductivity, chemical stability, unique optical and localized
surface plasmon resonance [12]. Consequently, they are used in biological applications, op-
tical imaging, data storage, sensing and as antimicrobial agents. In the last decade, AgNPs
have become known as an effective antimicrobial agent with low toxicity to mammalian
cells [13]. Owing to their ability to kill bacteria with complex mechanisms, they seem to
have a high potential to solve the problem of multi-drug resistance bacteria [14]. Several
studies have demonstrated that AgNPs have wound healing properties [15]. Therefore,
AgNPs have become increasingly popular as antibiotic agents in textiles, wound dressings
and medical devices. In veterinary medicine, AgNPs exhibit a strong antimicrobial effect on
animal pathogens. Gurunathan et al., 2018, reported that AgNPs demonstrated significant
antibacterial and anti-biofilm activities against the multidrug-resistant (MDR) pathogen
of cows [16]. Moreover, AgNPs can be applied as the main antimicrobial compound or as
an adjuvant to antibiotics to improve the treatment of bacterial diseases in animals [17,18].
Therefore, AgNPs could be a promising therapeutic strategy for infections caused by
resistant bacteria.

AgNPs can be divided into two types according to their shape: Ag nanospheres
(AgNSs) and anisotropic Ag nanoparticles (anisotropic AgNPs; have non-spherical shape
such as rods, triangular nanoprisms, diamonds, octagons and thin sheets). Nowadays,
AgNSs are commonly used as antimicrobial agents because of their strong antimicrobial
properties and ease in synthesis. However, other AgNPs, such as anisotropic AgNPs, are
also popular. Anisotropic AgNPs show potential application as chemical and biological
sensors and surface-enhanced fluorescence probes, because of their powerful optical ac-
tivity [19]. Moreover, anisotropic AgNPs have been reported to exhibit highly effective
antimicrobial activity [20,21]. For application, anisotropic AgNPs have been used to colour
wool fabrics and show high antibacterial activity against E. coli [22]. Some studies have
demonstrated that anisotropic AgNPs have significantantibacterial activity against tested
human pathogens compared with AgNSs [23]. In addition, Sukdeb Pal et al., 2007 have
reported truncated triangular Ag nanoplates with a {111} plan showed the strongest bioci-
dal action compared with spherical and rod-shaped nanoparticles [24]. In this study, we
evaluated antimicrobial activity of anisotropic AgNPs against some important bacteria in
both veterinary and human medicine, including their cytotoxicity to human keratinocytes
and fibroblasts. Moreover, we developed an antimicrobial gel containing AgNPs as an easy
way to use an anisotropic AgNP-based antimicrobial formulation for topical use, such as
for infected wounds.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

Five strains of S. pseudintermedius were obtained from the Department of Microbi-
ology, Faculty of Veterinary Science, Chulalongkorn University. All were identified by
the Vitek 2 Compact System (bioMérieux, Marcy l’Etoile, France). The oxacillin-resistant
isolates (MIC ≥ 0.5 µg/mL) further underwent mecA gene existence testing using the PCR
method [25]. E. coli O157:H7, S. aureus ATCC 25923 and P. aeruginosa ATCC 27853 were
obtained from the Protein and Proteomics Research Group, Khon Kaen University. The
details of these strains are shown in Table 1. Bacteria were streaked on Mueller-Hinton
agar and incubated at 37 ◦C for 24 h. A colony was selected and inoculated with 5 mL
Mueller-Hinton broth (MHB) at 37 ◦C overnight and sub-cultured in 5 mL of the same
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medium at 37 ◦C in a 180 rpm shaker-incubator for 3 h to yield a mid-logarithmic growth
phase culture.

Table 1. Bacteria used in this study.

Bacteria Sources

E. coli O157:H7 Human gastrointestinal tract
S. aureus ATCC 25923 Clinical isolate

P. aeruginosa ATCC 27853 Hospital blood specimen
* S. pseudintermedius MIC 407 Crust from skin
* S. pseudintermedius MIC 408 Papule/recurrent pyoderma
* S. pseudintermedius MIC 411 Exudate from wound
S. pseudintermedius MIC 504 Pustule
S. pseudintermedius MIC 509 Deep pyoderma

* Methicillin-resistant Staphylococcus pseudintermedius (MRSP).

2.2. Cell Culture

Human keratinocyte (HaCaT) cells and normal human dermal fibroblasts (NHDF)
were obtained from the Protein and Proteomics Research Group, Khon Kaen University.
The cells were cultured in Dulbecco’s modified Eagle’s medium with 10% heat-inactivated
foetal bovine serum and 1% antibiotic: antimycotic (Gibco, Waltham, MA, USA) in a 5%
CO2-humidified atmosphere at 37 ◦C. Before testing, the cells were harvested using 0.25%
trypsin and seeded in 96-well plates for 24 h.

2.3. Characterisation of AgNPs

AgNSs (S1) were synthesized via reduction of silver nitrate using tannic acid, and
anisotropic AgNPs (S2–S5) were transformed from AgNSs by varying concentrations of
hydrogen peroxide. These AgNPs were given by our collaborator Prime Nanotechnology
Co., Ltd. (Bangkok, Thailand) in a stock solution of 200 µg/mL. The samples were sus-
pended in deionised water at a concentration of 50 µg/mL. Ultraviolet-visible (UV-Vis)
spectra of AgNPs were recorded by a SpectraMax M5 microplate reader (Molecular devices,
San Jose, CA, USA). The shape and dispersion of the AgNPs were confirmed using a
transmission electron microscope (FEI/TECNAI G2 20, FEI Company, Hillsboro, OR, USA)
operating at 200 kV. The size of the AgNPs was calculated directly from the transmission
electron microscopy (TEM) image using Image J software, a Java program developed by
the National Institute of Mental Health, Bethesda, MD, USA).

2.4. Bacterial Susceptibility Test

To investigate the susceptibility of bacteria to AgNPs and antibiotic, the minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were
determined by a serial dilution method in a 96-well plate. Briefly, the AgNPs were diluted
in deionised water by two-fold dilution at 2–200 µg/mL. These solutions were added to
a 96-well plate at 100 µL/well. Bacteria were prepared in MHB broth with OD630 = 0.02
(final OD = 0.01, bacteria 106–7 CFU/mL). Then, bacteria were transferred to a 96-well plate
that contained AgNPs in equal volumes. The plates were incubated at 37 ◦C for 24 h in
an incubator. After incubation, a clear solution was brought to 50 µL for a serial 10-fold
dilution plate count with sterile phosphate-buffered saline (PBS) in triplicate. Then, 10 µL
of each dilution was dropped on MH agar and cultured at 37 ◦C for 24 h to count the
colony forming units per millilitre. A sterile PBS buffer was used as a no-treatment control.
Gentamicin was used as positive control. The MIC value is the lowest concentration of
agent that inhibits 90% of bacterial growth, and the MBC value is the lowest concentration
of agent that inhibits 100% of bacterial growth. The percent inhibition was calculated using
the following formula: [1 − (CFU sample/CFU control)] × 100 [26]. All measurements of
the MIC and MBC values were repeated in triplicate for three independent experiments.
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2.5. Staphylococcus pseudintermedius Cell Morphological Change

To observe the morphology of bacteria after treatment with AgNPs, field emission
scanning electron microscopy (FESEM) and focused ion beam (FIB) or FIB-FESEM, a high-
resolution technique, were used to investigate the morphological changes in cells after
agent treatment. A single colony of S. pseudintermedius MIC411 was grown in MHB broth
at 37 ◦C for 18–20 h. The bacteria were then inoculated with the same broth solution for
3 h. The bacteria were harvested by centrifugation twice in sterile deionised water. The
incubation of cells (106 CFU/mL) with gentamicin or AgNSs or anisotropic AgNPs was
conducted at 37 ◦C for 1.5 h. The cells without treated agents served as the control. The
bacterial cells were washed in PBS three times and dropped on an SEM membrane. The
cells were fixed in 2.5% glutaraldehyde for 1 h and dehydrated with an ethanol series (30%,
50%, 70% and 90%) for 10 min, followed by 100% ethanol three times. After drying, the
samples were observed under FIB-FESEM [27].

2.6. Cytotoxicity Assay

The cytotoxicity of AgNPs was evaluated by the 3-(4,5-dimethylthiazolyl-2)-2,5 diphenyl-
tetrazolium bromide (MTT, AppliChem GmbH, Darmstadt, Germany) assay, the cell pro-
liferation rate, and the reduction in cell viability when metabolic events led to apoptosis or
necrosis. MTT, which is a yellow compound, is reduced by mitochondrial dehydrogenases
into an insoluble purple formazan in living cells. A solubilization agent, such as dimethyl
sulfoxide, is added to dissolve the formazan crystal. The colour can be measured in the range
of 500–600 nm by a spectrophotometer [28].

HaCaT cells and NHDF cells were used to evaluate the cytotoxicity of AgNPs in
different types of human cells. The cells were prepared in a 96-well plate at a concentration
of 1 × 104 and 8 × 103 cells/well for the HaCaT and NHDF cells, respectively. After 24 h,
AgNPs at different concentrations (0–100 µg/mL) were added to the plate. Cells without
treated agents served as the control. To evaluate their viability, the cells were incubated
and examined after 24 h. After this period of treatment, 10 µL of 5 µg/mL MTT stock
solution was added to each well and incubated for 4 h at 37 ◦C. The medium was removed,
and 150 µL of dimethyl sulfoxide (DMSO) was added into each well to dissolve the
formazan crystals. The solution was measured at 570 nm by a Varioskan™ LUX multimode
microplate reader (Thermo Scientific, Waltham, MA, USA). Experiments were performed
in triplicate. Cell viability was presented as a bar graph between the percentage of cell
viability (Y-axis) and the concentrations of AgNPs (X-axis), and a concentration of 50%
cytotoxicity (IC50) was calculated. Cell viability was calculated using the following formula:

Cell viability (%) =
Absorbance of treated cell
Absorbance of control cell

× 100

The IC50 value was calculated from a line graph of cell viability. It was defined as a
50% reduction of the absorbance or 50% of the percentage of cell viability [29].

2.7. Preparation and Formulation of the AgNPs Gel

To use AgNPs in the form of an antimicrobial gel, poly(acrylic acid) (Sigma-Aldrich, St.
Louis, MO, USA) was used to prepare the gel. Briefly, poly(acrylic acid) was dissolved in
sterile deionized water and neutralized by triethanolamine (Sigma-Aldrich, St. Louis, MO,
USA). AgNPs (S1, S2 and S3) were added to the gel containing final AgNPs concentrations
of 40 µg/g gel. The AgNPs gel was stored at room temperature until use.

2.8. Antimicrobial Test and the Prolonged Antimicrobial Effect of the AgNP Gel

The antimicrobial efficiency of the AgNPs gel was determined by the agar well diffu-
sion method. Bacteria were grown in MHB broth at 37 ◦C for 24 h. After inoculation for 3 h,
the bacteria were diluted in the same media at an inoculum of 1 × 107 CFU/mL. Then, the
bacteria were swabbed onto a three-dimensional MH agar plate. A hole with a diameter of
6 mm was punched aseptically with a sterile cork borer. The AgNPs gel was filled into the
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wells at 200 µL and incubated at 37◦C for 24 h. Povidone iodine (Leopard medical brand
Co., Ltd., Nakorn Pathom, Thailand) was used as the positive control, and the gel without
AgNPs as the negative control. After 24 h of incubation, the inhibition zone was measured
on the millimetre (mm) scale. For a prolonged antimicrobial effect of the AgNPs gel, a test
was performed with E. coli, S. aureus, P. aeruginosa and five isolates of S. pseudintermedius.
The plates were incubated continuously in the same incubator for 48 h, and the observed
inhibition zone was compared for 24 h [30].

2.9. Statistical Analysis

All data were expressed as the mean ± standard deviation (SD). The Student’s t-test
was performed to analyze the significance of differences between the treated group and
the control group (without AgNPs exposure). Analysis of variance with Tukey’s test was
used for multiple comparisons. A p-value of less than 0.05 was considered significant.

3. Results
3.1. Characterisation of AgNPs

To evaluate the characteristics of AgNPs, UV-Vis spectroscopy was used to investigate
the formation of AgNPs by assessing the signature surface plasmon resonance (SPR) bands.
These optical features can be used to assess the shape, size and distribution of the nanos-
tructures in the solution. We also monitored and confirmed the shape and size of AgNPs
by TEM. A digital photograph of AgNPs (S1–S5) exhibited different vivid colours in the
following order: pale yellow, dark-orange, light-orange, purple red and blue when viewed
with the naked eye (Figure 1a). AgNSs (S1) appeared in yellow with a clear absorbance
peak at 410 nm, showing the presence of lone spherical Ag nanoparticles (Figure 1b), which
were confirmed by TEM imaging to have an average size of 4.69 nm ± 1.56 nm (Figure 1c).
Anisotropic AgNPs (S2–S5) showed absorbance broad peaks at λmax of 414, 454, 500 and
598 nm, respectively. Additionally, small peaks were found in the absorption spectra
of S2–S5 in the range of 320–360 nm, and low broad peaks were found for S2 and S3 at
500–600 nm. Corresponding to the absorption spectra, the TEM image showed the shape of
S2–S5 with a mixture of nanospheres and nanoplates (i.e., circular disks, truncated triangles
and hexagons), and the amount of those with a spherical shape decreased from S2 to S5.
From the TEM image, we calculated the size of AgNPs using Image J software (the table in
Figure 1c). The average size of S1–S5 tended to increase with an average size of 4.69 ± 1.56,
20.01 ± 6.67, 30.64 ± 11.64, 22.15 ± 10.17 and 49.14 ± 30.14 nm, respectively.

3.2. Bacterial Susceptibility to Antimicrobial Agents

The MIC is the lowest concentration of AgNPs that inhibits the growth of bacteria
after overnight incubation. The bacteria used in this experiment are displayed in Table 1.
The MIC values of S1–S5 of AgNPs against E. coli O157:H7, S. aureus ATCC 25923 and five
isolates of S. pseudintermedius were found to be 1–16, 2–32, 2–100, 4–64 and 8–100 µg/mL,
respectively (Table 2). The MBC is the lowest concentration of AgNPs required to kill bacte-
ria after overnight incubation. The MBC values of S1–S5 AgNPs against the bacteria were
found in the range of 2–32, 2–32, 2–100, 8–100 and 16–100 µg/mL, respectively (Table 2).
In addition, the MIC and MBC values of gentamicin were in the range of 0.25–32 µg/mL
and 0.5–32 µg/mL, respectively. All bacteria were susceptible to gentamicin but S. pseudin-
termedius MIC 407 and MIC 411 were completely resistant to gentamicin. According to a
previous report, the S. pseudintermedius antibiotic breakpoint used for in vitro susceptibility
testing of gentamicin was 8 µg/mL [31]. These results show that AgNPs could inhibit
growth and kill all tested bacterial pathogens. The antimicrobial effect of AgNPs tended
to reduce the antimicrobial efficiency from S1 to S5. Among all AgNPs, S1 and S2 had
the highest antimicrobial activity and were close to antimicrobial efficacy of gentamicin.
Furthermore, the antimicrobial activity of all AgNPs against E. coli (Gram-negative bacte-
ria) was the highest compared with that of other bacteria. For the animal pathogens, the
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resistant bacterial isolates, including S. pseudintermedius MIC 407, 408 and 411, the MIC
and MBC values were slightly higher than the susceptible isolates.

Figure 1. Characterization of AgNPs produced by chemical synthesis. (a) AgNP solution (S1–S5),
(b) UV-Vis absorption spectrum of solutions containing AgNPs and (c) TEM image of AgNPs (scale
50 nm). The table for particle size distribution was produced using Image J software.

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of AgNPs against
bacteria by serial dilution plate count assay.

Bacteria
MIC (µg/mL) MBC (µg/mL)

S1 S2 S3 S4 S5 GENT S1 S2 S3 S4 S5 GENT

E. coli O157:H7 1–4 2–4 2–4 4–16 8–16 0.5 2–4 2–8 2–8 8–32 16–32 1
S. aureus ATCC
25923 8–16 32 16–32 16–64 32–100 1–2 16–32 32 32–64 100 100 2

* MIC 407 2–16 4–32 16–32 32–64 32–100 32 16 4–32 16–32 32–64 32–100 32
* MIC 408 4–16 4–32 8–64 32–64 64–100 2–4 4–16 4–32 16–64 32–100 64–100 2–4
* MIC 411 2–16 4–32 16–100 32–64 32–100 16–32 4–32 8–32 32–100 32–100 64–100 16–32
MIC 504 2–4 4–16 16–32 16–32 32–64 0.5 2–8 4–16 32 32–64 64 1–4
MIC 509 2–4 4–16 4–32 16–64 32–64 0.25 4–8 8–16 16–32 16–64 32 0.5

Range of MIC/MBC 1–16 2–32 2–100 4–64 8–100 0.25–32 2–32 2–32 2–100 8–100 16–100 0.5–32

The MIC value corresponds to the lowest concentration that inhibits ≥ 90% of bacterial growth. The MBC value corresponds to the lowest
concentration that inhibits 100% of bacterial growth. Experiments were performed in triplicate of three independent experiments for each
cell type. The five isolates of S. pseudintermedius are MIC 407, 408, 411, 504 and 509. * Methicillin-resistant Staphylococcus pseudintermedius
(MRSP); S1–S5 = AgNPs, GENT = Gentamicin antibiotic.

3.3. Morphological Changes in Bacterial Cells

We observed morphological changes in bacterial cells to compare cell morphology
after treatment with AgNPs. This study is the first to report on the cell alteration of S.
pseudintermedius using FIB-FESEM. S. pseudintermedius MIC 411 was treated with AgNPs (S1
and S2) or gentamicin at a concentration of MBC for 1.5 h. As shown in Figure 2, the control
cells, which were untreated, exhibited spherical cell integrity with smooth and damage-
free cells (Figure 2a). The treated cells, which were treated with gentamicin, indicated
collapse and distortion of the cells, as shown in Figure 2b. In the cells treated by AgNPs,
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including S1 and S2 (Figure 2c,d), the cells received aggressive damage, as exhibited by
the rough outer cell wall and cell debris around the cell within 1.5 h. In addition, the
bacterial cells treated with AgNPs revealed their distorted cell and membrane damage
with disintegration and pores (Supplementary Figure S1). The results confirm extensive
damage to the cell membrane in the presence of AgNPs compared with gentamicin and
untreated cells.

Figure 2. Cell morphological change of S. pseudintermedius MIC 411 observed by FIB-FESEM. Control
cell (a). The bacterial cells were treated at concentration of MBC level for 1.5 h with gentamicin
(b), AgNSs (c), and anisotropic AgNPs (d).Bacterial cell treated AgNPs (c,d) show the distorted cell,
membrane blebbing, membrane damage, and clumping around the cell.

3.4. Cytotoxicity Assay

To examine the cytotoxic effect of AgNPs on human cells, the mitochondrial metabolic
activities (MTT assay) of the HaCaT and NHDF cells were determined. The viability of the
cells in the medium containing 2–100 µg/mL of AgNPs (S1–S5) was assessed after exposure
for 24 h. The results show that AgNPs had cytotoxic effects in a dose-dependent manner
(Figure 3). As shown in the bar graph, cell viability was clearly different between AgNSs
(S1) and anisotropic AgNPs (S2–S5) in both keratinocytes and fibroblasts (Figure 3a, b). For
the HaCaT cell, there was a statistically significant effect on cell viability in the presence
of 16 µg/mL for AgNSs and 64 µg/mL for all anisotropic AgNPs compared to untreated
control (Figure 3a). For the NHDF, there was a statistically significant effect on cell viability
in the presence of 2 µg/mL for AgNSs, 4 µg/mL for S2–S3, and 32 µg/mL for S4–S5
compared to untreated control (Figure 3b). All AgNPs showed a lower cell viability
of 50% at 100 µg/mL. The results also indicate that S1 had an IC50 value significantly
lower than S2–S5 (p < 0.05). As shown in Figure 3c, the 50% cell viability of S1–S5 in
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HaCaT cells was shown to be 30.80 ± 14.67, 68.20 ± 9.71, 65.39 ± 13.84, 75.27 ± 4.11 and
70.17 ± 14.49 µg/mL, respectively. Similarly, S1–S5 showed a 50% cell viability in NHDF
cells at concentrations of 17.70 ± 13.67, 68.65 ± 10.97, 60.42 ± 19.24, 59.58 ± 17.44 and
63.17 ± 11.51 µg/mL, respectively (Figure 3d). The results show that AgNSs (S1) had a
2–4-fold higher toxic effect than anisotropic AgNPs (S2) and anisotropic AgNPs showed
moderate cytotoxicity to human cells.

Figure 3. Cytotoxicity of AgNPs evaluated by MTT assay. Cell viability of HaCaT and NHDF cells
(a,b) and IC50 of AgNPs in HaCaT and NHDF cells (c,d). The cells were incubated with five types
of AgNPs (S1–S5) at 2–100 µg/mL for 24 h. The cell without AgNPs was the control with 100%
viability. Data represent mean value ± SD (error bar) from two independent experiments carried
out in triplicate (n = 6). An asterisk (*) indicates significant differences in comparison to the control
without AgNPs (p < 0.05). ** Asterisks denote a significantly different p-value (p < 0.05) comparing
AgNSs with other groups.

3.5. Antimicrobial Test of the AgNP Gel and Its Prolonged Antimicrobial Effect

After determining the antimicrobial and cytotoxic effects, we producedan alternative
form to use AgNPs, a gel formulation containing AgNPs for topical use. The gel was formu-
lated from poly(acrylic acid), which was added with AgNPs at an optimal concentration.
AgNSs (S1) and anisotropic AgNPs (S2 and S3) were used because they exhibited a good
antimicrobial effect. A diffusion test was performed to determine the antimicrobial activity
of the AgNP gel. We compared the antimicrobial activity of AgNPs gel with that of povi-
done iodine, which is an antiseptic for the prevention of wound infection in animals. The
AgNP gel (Figure 4) had a vivid colour and suitable viscosity. As shown in the diffusion
test results, all AgNP gels (S1–S3) displayed an inhibition zone on the bacterial agar plate
(Figure 5). The average size of the inhibition zone of the AgNP gel (S1–S3) against the
bacteria was 11.46 ± 0.99, 10.85 ± 0.46 and 9.53 ± 0.31 mm, respectively (Supplementary
Table S1). The average inhibition zone of povidone iodine was 15.36 ± 1.04 mm, and no
inhibition zone was found in the gel with no AgNPs. Based on the results, the inhibition
zone of povidone iodine was significantly larger than that of S1, S2 and S3 (p-value < 0.05).
In the comparison among the groups of AgNPs, the average sizes of the inhibition zones of
S1, S2 and S3 were not significant.
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Figure 4. AgNPs containing formulation (AgNPs gels). (a) Control gel (without AgNPs), (b) AgNPs
gels of S1, (c) S2 and (d) S3.

Figure 5. Antimicrobial activity of the AgNP gel determined by the well diffusion method. The
AgNP gel (S1 [yellow], S2 [orange], S3 [red]), povidone iodine and control gel were dropped into
wells and incubated with pathogens for 24 h at 37 ◦C. The inhibition zones were measured in mm in
diameter. (a) E. coli, (b) S. aureus, (c) P. aeruginosa, (d–h) S. pseudintermedius MIC 407, 408, 411, 504,
509, respectively.

The long-term activity of the antimicrobial agent causes the reduced frequency of
using antimicrobial agents. A prolonged antimicrobial effect test was performed on E. coli,
S. aureus, P. aeruginosa and five isolates of S. pseudintermedius. After the agents were
incubated with bacteria for 48 h, the inhibition zone of the AgNP gel remained the same at
24 h, whereas povidone iodine showed a decreased inhibition zone against S. aureus and
P. aeruginosa (Figure 6). The bacteria could encroach the inhibition zone, thus decreasing
the inhibition zone width from 22.50 mm ± 4.95 mm to 17.00 mm ± 2.65 mm and from
22.50 mm ± 0.71 mm to 15.00 mm ± 0.00 mm for S. aureus and P. aeruginosa, respectively
(Supplementary Table S2). This indicates that the antimicrobial activity of povidone iodine
was reduced after 48 h, whereas that of AgNPs remained active.
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Figure 6. Antimicrobial activity of the AgNPs gel determined by the well diffusion method. The
AgNP gels (S1 [yellow], S2 [orange], S3 [red]), povidone iodine and control gel were dropped into
wells and incubated with pathogens for 48 h at 37 ◦C. The inhibition zones were measured in mm in
diameter at 24 h and 48 h.

4. Discussion

As the resistance of bacteria to antibiotics is increasing in both human and animal
pathogens, AgNPs are considered a new material for treating these pathogens. They are
effective in combating antibiotic-resistant pathogens. The biological activity of AgNPs
depends on size and shape. Our goal was to develop an antimicrobial gel formulation
containing AgNPs, which could be an alternative to conventional antimicrobial agents for
topical use. In this study, AgNSs and anisotropic AgNPs of different shapes and sizes were
investigated for their efficacy against several bacterial pathogens and their cytotoxicity.

AgNPs were obtained from our collaborative company (Prime Nanotechnology Co.,
Ltd. Bangkok, Thailand). The characteristics of AgNPs obtained using UV-Vis spectropho-
tometry and TEM showed that AgNPs had different sizes, shapes and solution colours.
AgNSs are spherical and usually show a single absorbance peak with absorption of about
400 nm [32]. Conversely, anisotropic AgNPs (S2–S5) exhibited more than one peak, in-
dicating the presence of nanoparticles with different shapes. Moreover, they could shift
to longer wavelengths with increasing particle size [33], as confirmed by TEM imaging.
The absorption peaks were in the range of 320–360 nm and 500–600 nm for anisotropic
AgNPs (S2–S5), implying the presence of triangular, hexagonal and truncated triangular
nanoplates, which is similar to the results reported by Tewarak Parnklang et al., 2013
and 2015 [34,35]. Moreover, the red shift of anisotropic AgNPs indicates an increase in
particle size from S2 to S5. Smaller nanoparticles showed absorption maxima at shorter
wavelengths, whereas red shifts in maxima occurred when the particle size increased [36].
Clearly, AgNSs with a small spherical size showed only a single narrow absorption peak,
whereas anisotropic AgNPs could exhibit two or more absorption bands depending on the
shape of the particles.

Studies have investigated the antibacterial efficiency of anisotropic AgNPs (e.g., tri-
angular prisms, hexagons, truncated triangles, etc.) and found that they had a higher
antimicrobial properties than AgNSs [23,24]. The antimicrobial activity of AgNSs and
anisotropic AgNPs was evaluated depending on the physical properties, especially size
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and shape [37,38]. After characterization, we estimated the antimicrobial activity of AgNPs
against human and animal pathogens using the MIC and MBC values. The results show
that the antimicrobial efficiency was followed by S1, S2, S3, S4 and S5, which can be divided
into two groups: S1–S2 (MIC/MBC ≤ 32 µg/mL) and S3–S5 (MIC/MBC ≤ 100 µg/mL).
Our results are the same as a previous report by Gabriele Meroni et al., 2020 and Katarzyna
A et al., 2017 [39,40]; AgNPs have strong antibacterial abilities to S. pseudintermedius. In
a comparison of all AgNPs, S1 and S2 were very close in MIC and MBC. Note that the
antimicrobial activity of AgNPs had a tendency to decrease when particles transformed
into anisotropic particles. The results also imply that the increment of anisotropic shape did
not increase antimicrobial activity. The reason is that due to the transformation of AgNSs
into anisotropic AgNPs resulting in an increased size, size greatly affects the antimicrobial
property, with a larger size indicating a lower antimicrobial activity as shown in a previous
report by Zhong Lu et al., 2013 [41]. A smaller size is able to enter the cell, whereas a larger
size may pass slightly or not pass through into the cytosol [42]. Moreover, the smaller
size could release silver ions more than the larger size, which would affect antimicrobial
activity [43]. For these reasons, anisotropic AgNPs (S2) consisting of small spherical parti-
cles and smaller anisotropic shapes show an antimicrobial activity close to that of AgNSs.
Conversely, other anisotropic AgNPs (S3–S5) with a larger size and consisting of few small
spherical particles had lower antimicrobial activity. In addition, the highest antimicrobial
activity of all AgNPs was found against E. coli because a Gram-negative bacteria has
a membrane much thinner than a Gram-positive bacteria that could act as a protective
layer [44]. The antimicrobial activity of AgNPs against MRSP was slightly lower than that
against MSSP. This could be due to some cell components, or a resistance mechanism not
found in MSSP. This issue should be examined in future research to efficiently manipulate
MRSP using AgNPs.

We observed the cell morphology to study the effects of AgNPs that cause cell death.
The results show that the morphology of bacterial cells was completely different after
treatment with gentamicin and AgNPs. Gentamicin, which is an aminoglycoside antibiotic,
acts by irreversibly binding to the 30s subunit of the bacterial ribosome and interfering
with protein synthesis [45]. Thus, the bacterial cell collapsed and distorted because of the
detrimental effect on the integrity of the cell wall. Conversely, cells treated with AgNPs
(S1 and S2) showed quick and severe cell damage (within 1.5 h), as indicated by the rough
outer cell wall and cell debris around the cell. Many blebs also appeared on the bacterial
surface, implying the loss of cell membrane integrity by cell burst. Our result was the same
as previously reported by Reham Samir Hamida et al., 2020; bacteria treated with AgNPs
exhibited an apoptosis-like response in MRSA [46]. We speculated that this might be caused
by the generation of reactive oxygen species (ROS). As the mechanism of action of AgNPs
is unclear at present, it is possible that bacterial cells may produce many ROS molecules,
such as superoxide anions, hydrogen peroxide and hydroxyl radicals [47]. ROS induction is
considered to have an effect on several steps of the apoptosis cascade. ROS can also induce
a bacterial apoptosis-like response by causing damage to cellular components [48]. These
results show that the morphological change by treatment with AgNSs and anisotropic
AgNPs is not different when observed under a microscope. We assume that the mechanisms
of action of both AgNSs and AgNPs could be similar. AgNSs (S1) and anisotropic AgNPs
(S2), which have a smaller size with a high surface area that could release Ag ions faster,
could provide better contact with the microorganisms by binding to the cell membrane
and penetrating inside [49,50], resulting in the antimicrobial activity of S1 and S2 being
greater than that of other anisotropic AgNPs. Similar to proposed mechanism of action
of AgNPs in the previous review, small particles can penetrate inside cells resulting in
disruption of the bacterial envelope. Moreover, the particles and ions in a cell can bind to
DNA and protein, including the induction of ROS production. These processes denature
the cell membrane and rupture organelles, and even result in cell lysis [51]. However, the
mechanisms of action of AgNPs should be studied more in the future to confirm the action
on cells.
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Aside from antibacterial efficacy, cytotoxicity to mammalian cells is also important
to the development of antimicrobial agents. AgNSs are very toxic, whereas anisotropic
AgNPs are moderately cytotoxic when compared to untreated control. Importantly, the
antimicrobial effects of AgNSs and anisotropic AgNPs (S2) are not different (MIC [S1]
1–16 µg/mL and [S2] 2–32 µg/mL; equal MBC 2–32 µg/mL). Note that anisotropic AgNPs
showed lower cytotoxicity than AgNSs by 2–4-fold (compared to IC50). Our results are the
same as previously studied by Priscila L.L. Freire et al., 2016; AgNSs have shown more
cytotoxicity than anisotropic AgNPs against murine macrophages [52]. AgNSs exhibited
toxic effects that can be explained by the smaller nanoparticle sizes. There was a previous
study that exhibited that AgNSs of 5 nm have high cytotoxicity when compared to others
(25 nm, 50 nm, 110 nm) [53]. Thus, smaller AgNSs showed more toxicity to mammalian
cells. In exhibiting their antimicrobial activity, smaller AgNSs could pass through the
bacterial cell membrane into the cytosol and damage the components in the cytosol, such
as protein, DNA, lipids and organelles [48]. Another way is to release Ag ions from smaller
particles faster than from large particles, as smaller particles have a greater surface-area-
to-volume ratio than large particles, thus oxidising smaller particles more easily [54]. It
is clear how AgNSs showed more cytotoxicity than anisotropic AgNPs. In this case, the
surface-area-to-volume ratio, that is, the rate that particles release Ag ions, is an important
factor in the antimicrobial activity and cytotoxicity of AgNPs. AgNSs showed a more
severe biological activity because AgNSs (S1) are smaller than anisotropic AgNPs. In
contrast, Anisotropic AgNPs (S2) consist of small nanospheres and smaller anisotropic
particles; they show both good antimicrobial action and low cytotoxic effect.

A good antimicrobial agent requires optimum properties, including good antimicro-
bial activity and low cytotoxicity. AgNPs at a concentration of the MBC level with low
cytotoxicity to human cells were collected. The AgNP gel exhibited great antimicrobial
activity in all bacteria. The average inhibition zone of the AgNP gel was smaller than that
of povidone iodine because povidone iodine was in a solution, which shows fast action
and diffuses more than the AgNP gel. Interestingly, the antimicrobial activity of AgNPs
showed long-lasting protection against bacteria compared with povidone iodine. The
remaining inhibition zone of the AgNP gel after 48 h could be caused by the action of Ag
ions released from AgNPs [55,56]. Ag ions can be released in increments, depending on
the oxidation of AgNPs by oxygen, antibacterial substances, chloride and peroxide. Our
results are similar to those of previous studies. AgNPs have a longer activity than Ag ions
and AgNO3 because AgNPs slowly release Ag ions, whereas AgNO3 has fast action in the
entire Ag ion and disperses when neutralized [26,57]. AgNPsare a strong candidate for
antimicrobial agent development because they have the advantage of long-time protection
in animals that does not require frequent wound cleaning.

5. Conclusions

AgNPs have the potential to combat bacteria in infected animals and humans. The
particle size and shape of AgNPs are key factors in their biological activity. As shown in
this study, although the antibacterial activity of AgNSs (S1) was slightly higher than that of
anisotropic AgNPs, it was also highly toxic to human cells. In summary, anisotropic AgNPs
(S2) could be eligible for use as an alternative antibacterial agent because of their combined
spherical and anisotropic shapes. The combination of size and shape resulted in good
antimicrobial activity and reduced toxicity to human cells. In addition, the fast action of
AgNPs to kill bacteria could be useful to reduce the chance that they might induce bacterial
resistance. Therefore, anisotropic AgNPs (S2) might be a promising way to decrease the
amount of antibiotic-resistant bacteria and an alternative antimicrobial agent for animals.
Moreover, the proposed AgNPs gel showed prolonged antimicrobial efficiency, making it
eligible as a treatment agent for infectious wounds in animals. This research also paves the
way for future studies by revealing the optimal ratio of spherical and anisotropic AgNPs to
fight bacteria and prolong antibacterial activity, and their low cytotoxicity to human cells
for the effective use of anisotropic AgNPs.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vetsci8090177/s1, Table S1: Inhibition zone diameter of AgNP gel (S1–S3) and povidone iodine
against two species of human pathogens and animal pathogen (five isolates of S. pseudintermedius),
Table S2: Comparison of the inhibition zone diameter of AgNP gel (S1–S3) with povidone iodine
after the antimicrobial agents were incubated with bacteria for 48 h. Figure S1: Cell morphological
change of S. pseudintermedius MIC 411 observed by FIB-FESEM. The bacterial cells were treated at
concentration of MBC level for 1.5 h with AgNSs (a), and anisotropic AgNPs (b). Bacterial cell treated
AgNPs show the distorted cell and membrane damage with disintegration and pores.

Author Contributions: Conceptualization, S.T. and R.P.; methodology, S.T. and P.S.; validation,
R.P., S.K. and N.P.; formal analysis, S.T.; investigation, S.T. and S.N.; resources, R.P. and S.D.; data
curation, S.T.; writing—original draft preparation, S.T.; writing—review and editing, R.P. and N.P.;
visualization, S.T.; supervision, R.P.; project administration, R.P.; funding acquisition, R.P. and S.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Research and Researchers for Industries (RRi) by the Thailand
Research Fund (TRF), Bangkok, Thailand, grant number PHD59I0052.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The instrument service in this work was supported by the Research Instrument
Center (RIC), Khon Kaen University, and by Central Equipment, Faculty of Science, Khon Kaen
University. Five strains of S. pseudintermedius were kind gifts from Nuvee Prapasarakul, Depart-
ment of Veterinary Microbiology Faculty of Veterinary Science, Chulalongkorn University. E. coli
O157:H7 and S. aureus ATCC 25923 were obtained from Protein and Proteomics Research Center
for Commercial and Industrial Purposes (Procci), Khon Kaen University. The authors wish to thank
our collaborator Prime Nanotechnology Co., Ltd. (Bangkok, Thailand) for kindly giving AgNPs.
Many thanks to Research and Researchers for Industries (RRi) by the Thailand Research Fund (TRF),
Bangkok, Thailand for supporting the scholarship. We would also like to thank Ian Thomas, a retired
lecturer from the Department of Physics, Faculty of Science, Khon Kaen University, Khon Kaen,
Thailand, for the linguistic correction.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wimmerstedt, A.; Kahlmeter, G. Associated Antimicrobial Resistance in Escherichia Coli, Pseudomonas Aeruginosa, Staphylo-

coccus Aureus, Streptococcus Pneumoniae and Streptococcus Pyogenes. Clin. Microbiol. Infect. 2008, 14, 315–321. [CrossRef]
[PubMed]

2. Saputra, S.; Jordan, D.; Worthing, K.A.; Norris, J.M.; Wong, H.S.; Abraham, R.; Trott, D.J.; Abraham, S. Antimicrobial Resistance
in Coagulase-Positive Staphylococci Isolated from Companion Animals in Australia: A One Year Study. PLoS ONE 2017,
12, e0176379. [CrossRef] [PubMed]

3. Yoon, J.W.; Lee, K.-J.; Lee, S.-Y.; Chae, M.-J.; Park, J.-K.; Yoo, J.-H.; Park, H.-M. Antibiotic Resistance Profiles of Staphylococcus
Pseudintermedius Isolates from Canine Patients in Korea. J. Microbiol. Biotechnol. 2010, 20, 1764–1768. [PubMed]

4. Lee, A.S.; de Lencastre, H.; Garau, J.; Kluytmans, J.; Malhotra-Kumar, S.; Peschel, A.; Harbarth, S. Methicillin-Resistant
Staphylococcus Aureus. Nat. Rev. Dis. Prim. 2018, 4, 18033. [CrossRef] [PubMed]

5. van Duijkeren, E.; Catry, B.; Greko, C.; Moreno, M.A.; Pomba, M.C.; Pyorala, S.; Ruzauskas, M.; Sanders, P.; Threlfall, E.J.;
Torren-Edo, J.; et al. Review on Methicillin-Resistant Staphylococcus Pseudintermedius. J. Antimicrob. Chemother. 2011, 66,
2705–2714. [CrossRef] [PubMed]

6. Devriese, L.A.; Vancanneyt, M.; Baele, M.; Vaneechoutte, M.; De Graef, E.; Snauwaert, C.; Cleenwerck, I.; Dawyndt, P.; Swings, J.;
Decostere, A.; et al. Staphylococcus Pseudintermedius Sp. Nov., a Coagulase-Positive Species from Animals. Int. J. Syst. Evol.
Microbiol. 2005, 55 Pt 4, 1569–1573. [CrossRef]

7. Bardiau, M.; Yamazaki, K.; Ote, I.; Misawa, N.; Mainil, J.G. Characterization of Methicillin-Resistant Staphylococcus Pseudinter-
medius Isolated from Dogs and Cats. Microbiol. Immunol. 2013, 57, 496–501. [PubMed]

8. Tong, S.Y.C.; Davis, J.S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G., Jr. Staphylococcus Aureus Infections: Epidemiology,
Pathophysiology, Clinical Manifestations, and Management. Clin. Microbiol. Rev. 2015, 28, 603–661. [CrossRef] [PubMed]

9. Bannoehr, J.; Guardabassi, L. Staphylococcus Pseudintermedius in the Dog: Taxonomy, Diagnostics, Ecology, Epidemiology and
Pathogenicity. Vet. Dermatol. 2012, 23, 253–266. [CrossRef]

https://www.mdpi.com/article/10.3390/vetsci8090177/s1
https://www.mdpi.com/article/10.3390/vetsci8090177/s1
http://doi.org/10.1111/j.1469-0691.2007.01946.x
http://www.ncbi.nlm.nih.gov/pubmed/18261127
http://doi.org/10.1371/journal.pone.0176379
http://www.ncbi.nlm.nih.gov/pubmed/28430811
http://www.ncbi.nlm.nih.gov/pubmed/21193835
http://doi.org/10.1038/nrdp.2018.33
http://www.ncbi.nlm.nih.gov/pubmed/29849094
http://doi.org/10.1093/jac/dkr367
http://www.ncbi.nlm.nih.gov/pubmed/21930571
http://doi.org/10.1099/ijs.0.63413-0
http://www.ncbi.nlm.nih.gov/pubmed/23607810
http://doi.org/10.1128/CMR.00134-14
http://www.ncbi.nlm.nih.gov/pubmed/26016486
http://doi.org/10.1111/j.1365-3164.2012.01046.x


Vet. Sci. 2021, 8, 177 14 of 15

10. Gortel, K.; Campbell, K.L.; Kakoma, I.; Whittem, T.; Schaeffer, D.J.; Weisiger, R.M. Methicillin Resistance among Staphylococci
Isolated from Dogs. Am. J. Vet. Res. 1999, 60, 1526–1530.

11. Hartantyo, S.H.P.; Chau, M.L.; Fillon, L.; Ariff, A.Z.B.M.; Kang, J.S.L.; Aung, K.T.; Gutiérrez, R.A. Sick Pets as Potential Reservoirs
of Antibiotic-Resistant Bacteria in Singapore. Antimicrob. Resist. Infect. Control 2018, 7, 106. [CrossRef] [PubMed]

12. Chung, I.-M.; Park, I.; Seung-Hyun, K.; Thiruvengadam, M.; Rajakumar, G. Plant-Mediated Synthesis of Silver Nanoparticles:
Their Characteristic Properties and Therapeutic Applications. Nanoscale Res. Lett. 2016, 11, 40. [CrossRef]

13. Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.; Morelli, G.; Galdiero, M. Silver Nanoparticles as Potential Antibacterial
Agents. Molecules 2015, 20, 8856–8874. [CrossRef] [PubMed]

14. Rai, M.K.; Deshmukh, S.D.; Ingle, A.P.; Gade, A.K. Silver Nanoparticles: The Powerful Nanoweapon against Multidrug-Resistant
Bacteria. J. Appl. Microbiol. 2012, 112, 841–852. [CrossRef] [PubMed]

15. Paladini, F.; Pollini, M. Antimicrobial Silver Nanoparticles for Wound Healing Application: Progress and Future Trends. Materials
2019, 12, 2540. [CrossRef]

16. Gurunathan, S.; Choi, Y.-J.; Kim, J.-H. Antibacterial Efficacy of Silver Nanoparticles on Endometritis Caused by Prevotella
Melaninogenica and Arcanobacterum Pyogenes in Dairy Cattle. Int. J. Mol. Sci. 2018, 19, 1210. [CrossRef] [PubMed]

17. Smekalova, M.; Aragon, V.; Panacek, A.; Prucek, R.; Zboril, R.; Kvitek, L. Enhanced Antibacterial Effect of Antibiotics in
Combination with Silver Nanoparticles against Animal Pathogens. Vet. J. 2016, 209, 174–179. [CrossRef] [PubMed]

18. Jamaran, S.; Zarif, B.R. Synergistic Effect of Silver Nanoparticles with Neomycin or Gentamicin Antibiotics on Mastitis-Causing
Staphylococcus Aureus. Open J. Ecol. 2016, 06, 452–459. [CrossRef]

19. Loiseau, A.; Asila, V.; Boitel-Aullen, G.; Lam, M.; Salmain, M.; Boujday, S. Silver-Based Plasmonic Nanoparticles for and Their
Use in Biosensing. Biosensors 2019, 9, 78. [CrossRef] [PubMed]

20. Tang, B.; Li, J.; Hou, X.; Afrin, T.; Sun, L.; Wang, X. Colorful and Antibacterial Silk Fiber from Anisotropic Silver Nanoparticles.
Ind. Eng. Chem. Res. 2013, 52, 4556–4563. [CrossRef]

21. Osonga, F.J.; Akgul, A.; Yazgan, I.; Akgul, A.; Ontman, R.; Kariuki, V.M.; Eshun, G.B.; Sadik, O.A. Flavonoid-Derived Anisotropic
Silver Nanoparticles Inhibit Growth and Change the Expression of Virulence Genes in Escherichia coli SM10. RSC Adv. 2018, 8,
4649–4661. [CrossRef]

22. Tang, B.; Wang, J.; Xu, S.; Afrin, T.; Xu, W.; Sun, L.; Wang, X. Application of Anisotropic Silver Nanoparticles: Multifunctionaliza-
tion of Wool Fabric. J. Colloid Interface Sci. 2011, 356, 513–518. [CrossRef] [PubMed]

23. Sangappa, Y.; Latha, S.; Asha, S.; Sindhu, P.; Parushuram, N.; Shilpa, M.; Byrappa, K.; Narayana, B. Synthesis of Anisotropic Silver
Nanoparticles Using Silk Fibroin: Characterization and Antimicrobial Properties. Mater. Res. Innov. 2019, 23, 79–85. [CrossRef]

24. Pal, S.; Tak, Y.K.; Song, J.M. Does the Antibacterial Activity of Silver Nanoparticles Depend on the Shape of the Nanoparticle? A
Study of the Gram-Negative Bacterium Escherichia coli. Appl. Environ. Microbiol. 2007, 73, 1712–1720. [CrossRef]

25. Strommenger, B.; Kettlitz, C.; Werner, G.; Witte, W. Multiplex PCR Assay for Simultaneous Detection of Nine Clinically Relevant
Antibiotic Resistance Genes in Staphylococcus Aureus. J. Clin. Microbiol. 2003, 41, 4089–4094. [CrossRef] [PubMed]

26. Siritongsuk, P.; Hongsing, N.; Thammawithan, S.; Daduang, S.; Klaynongsruang, S.; Tuanyok, A.; Patramanon, R. Two-Phase
Bactericidal Mechanism of Silver Nanoparticles against Burkholderia Pseudomallei. PLoS ONE 2016, 11, e0168098. [CrossRef]
[PubMed]

27. Kim, S.-H.; Lee, H.-S.; Ryu, D.-S.; Choi, S.-J.; Lee, D.-S. Antibacterial Activity of Silver-Nanoparticles against Staphylococcus
Aureus and Escherichia Coli. Microbiol. Biotechnol. Lett. 2011, 39, 77–85.

28. Aslantürk, Ö. In Vitro Cytotoxicity and Cell Viability Assays: Principles, Advantages, and Disadvantages; IntechOpen: London, UK, 2018.
29. Chawalitpong, S.; Srisomsap, C.; Panriansaen, R.; Cherdshewasart, W. Cytotoxic against MDA-MB-231 Breast Cancer Cells by

the Rejuvenating Thai Herbal Plants. In Proceedings of the 50th Kasetsart University Annual Conference, Bangkok, Thailand,
31 January–2 February 2012.

30. Bassetti, S.; Hu, J.; D’Agostino, R.B., Jr.; Sherertz, R.J. Prolonged Antimicrobial Activity of a Catheter Containing Chlorhexidine-
Silver Sulfadiazine Extends Protection against Catheter Infections in Vivo. Antimicrob. Agents Chemother. 2001, 45, 1535–1538.
[CrossRef] [PubMed]

31. Rubin, J.E.; Ball, K.R.; Chirino-Trejo, M. Antimicrobial Susceptibility of Staphylococcus Aureus and Staphylococcus Pseudinter-
medius Isolated from Various Animals. Can. Vet. J. 2011, 52, 153–157. [PubMed]

32. Heard, S.M.; Grieser, F.; Barraclough, C.G.; Sanders, J.V. The Characterization of Ag Sols by Electron Microscopy, Optical
Absorption, and Electrophoresis. J. Colloid Interface Sci. 1983, 93, 545–555. [CrossRef]

33. Saion, E.; Gharibshahi, E.; Naghavi, K. Size-Controlled and Optical Properties of Monodispersed Silver Nanoparticles Synthesized
by the Radiolytic Reduction Method. Int. J. Mol. Sci. 2013, 14, 7880–7896. [CrossRef]

34. Parnklang, T.; Lertvachirapaiboon, C.; Pienpinijtham, P.; Wongravee, K.; Thammacharoen, C.; Ekgasit, S. H2O2-Triggered Shape
Transformation of Silver Nanospheres to Nanoprisms with Controllable Longitudinal LSPR Wavelengths. RSC Adv. 2013, 3,
12886–12894. [CrossRef]

35. Parnklang, T.; Lamlua, B.; Gatemala, H.; Thammacharoen, C.; Kuimalee, S.; Lohwongwatana, B.; Ekgasit, S. Shape Transformation
of Silver Nanospheres to Silver Nanoplates Induced by Redox Reaction of Hydrogen Peroxide. Mater. Chem. Phys. 2015, 153,
127–134. [CrossRef]

36. Kelly, J.; Keegan, G.; Brennan-Fournet, M. Triangular Silver Nanoparticles: Their Preparation, Functionalisation and Properties.
Acta Phys. Pol. A 2012, 122, 337–345. [CrossRef]

http://doi.org/10.1186/s13756-018-0399-9
http://www.ncbi.nlm.nih.gov/pubmed/30186596
http://doi.org/10.1186/s11671-016-1257-4
http://doi.org/10.3390/molecules20058856
http://www.ncbi.nlm.nih.gov/pubmed/25993417
http://doi.org/10.1111/j.1365-2672.2012.05253.x
http://www.ncbi.nlm.nih.gov/pubmed/22324439
http://doi.org/10.3390/ma12162540
http://doi.org/10.3390/ijms19041210
http://www.ncbi.nlm.nih.gov/pubmed/29659523
http://doi.org/10.1016/j.tvjl.2015.10.032
http://www.ncbi.nlm.nih.gov/pubmed/26832810
http://doi.org/10.4236/oje.2016.67043
http://doi.org/10.3390/bios9020078
http://www.ncbi.nlm.nih.gov/pubmed/31185689
http://doi.org/10.1021/ie3033872
http://doi.org/10.1039/C7RA13480K
http://doi.org/10.1016/j.jcis.2011.01.054
http://www.ncbi.nlm.nih.gov/pubmed/21316697
http://doi.org/10.1080/14328917.2017.1383680
http://doi.org/10.1128/AEM.02218-06
http://doi.org/10.1128/JCM.41.9.4089-4094.2003
http://www.ncbi.nlm.nih.gov/pubmed/12958230
http://doi.org/10.1371/journal.pone.0168098
http://www.ncbi.nlm.nih.gov/pubmed/27977746
http://doi.org/10.1128/AAC.45.5.1535-1538.2001
http://www.ncbi.nlm.nih.gov/pubmed/11302823
http://www.ncbi.nlm.nih.gov/pubmed/21532820
http://doi.org/10.1016/0021-9797(83)90439-3
http://doi.org/10.3390/ijms14047880
http://doi.org/10.1039/c3ra41486h
http://doi.org/10.1016/j.matchemphys.2014.12.044
http://doi.org/10.12693/APhysPolA.122.337


Vet. Sci. 2021, 8, 177 15 of 15

37. Cheon, J.Y.; Kim, S.J.; Rhee, Y.H.; Kwon, O.H.; Park, W.H. Shape-Dependent Antimicrobial Activities of Silver Nanoparticles. Int.
J. Nanomedicine. 2019, 14, 2773–2780. [CrossRef]

38. Osonga, F.J.; Akgul, A.; Yazgan, I.; Akgul, A.; Eshun, G.B.; Sakhaee, L.; Sadik, O.A. Size and Shape-Dependent Antimicrobial
Activities of Silver and Gold Nanoparticles: A Model Study as Potential Fungicides. Molecules 2020, 25, 2682. [CrossRef]

39. Wolny-Koładka, K.; Malina, D. Silver Nanoparticles Toxicity against Airborne Strains of Staphylococcus Spp. J. Environ. Sci. Heal.
Part A Toxic Hazard. Subst. Environ. Eng. 2017, 52, 1247–1256. [CrossRef]

40. Meroni, G.; Soares Filipe, J.F.; Martino, P.A. In Vitro Antibacterial Activity of Biological-Derived Silver Nanoparticles: Preliminary
Data. Vet. Sci. 2020, 7, 12. [CrossRef] [PubMed]

41. Lu, Z.; Rong, K.; Li, J.; Yang, H.; Chen, R. Size-Dependent Antibacterial Activities of Silver Nanoparticles against Oral Anaerobic
Pathogenic Bacteria. J. Mater. Sci. Mater. Med. 2013, 24, 1465–1471. [CrossRef]

42. Zhang, L.; Wu, L.; Si, Y.; Shu, K. Size-Dependent Cytotoxicity of Silver Nanoparticles to Azotobacter Vinelandii: Growth
Inhibition, Cell Injury, Oxidative Stress and Internalization. PLoS ONE 2018, 13, e0209020. [CrossRef]

43. Dobias, J.; Bernier-Latmani, R. Silver Release from Silver Nanoparticles in Natural Waters. Environ. Sci. Technol. 2013, 47,
4140–4146. [CrossRef]

44. Slavin, Y.N.; Asnis, J.; Häfeli, U.O.; Bach, H. Metal Nanoparticles: Understanding the Mechanisms behind Antibacterial Activity.
J. Nanobiotechnology 2017, 15, 65. [CrossRef]

45. Tsai, A.; Uemura, S.; Johansson, M.; Puglisi, E.V.; Marshall, R.A.; Aitken, C.E.; Korlach, J.; Ehrenberg, M.; Puglisi, J.D. The Impact
of Aminoglycosides on the Dynamics of Translation Elongation. Cell Rep. 2013, 3, 497–508. [CrossRef]

46. Hamida, R.S.; Ali, M.A.; Goda, D.A.; Khalil, M.I.; Al-Zaban, M.I. Novel Biogenic Silver Nanoparticle-Induced Reactive Oxygen
Species Inhibit the Biofilm Formation and Virulence Activities of Methicillin-Resistant Staphylococcus Aureus (MRSA) Strain.
Front. Bioeng. Biotechnol. 2020, 8, 433. [CrossRef]

47. Dakal, T.C.; Kumar, A.; Majumdar, R.S.; Yadav, V. Mechanistic Basis of Antimicrobial Actions of Silver Nanoparticles. Front.
Microbiol. 2016, 7, 1831. [CrossRef]

48. Qing, Y.; Cheng, L.; Li, R.; Liu, G.; Zhang, Y.; Tang, X.; Wang, J.; Liu, H.; Qin, Y. Potential Antibacterial Mechanism of Silver
Nanoparticles and the Optimization of Orthopedic Implants by Advanced Modification Technologies. Int. J. Nanomedicine 2018,
13, 3311–3327. [CrossRef]

49. Jeong, Y.; Lim, D.W.; Choi, J. Assessment of Size-Dependent Antimicrobial and Cytotoxic Properties of Silver Nanoparticles. Adv.
Mater. Sci. Eng. 2014, 2014, 763807. [CrossRef]

50. Khalandi, B.; Asadi, N.; Milani, M.; Davaran, S.; Abadi, A.J.N.; Abasi, E.; Akbarzadeh, A. A Review on Potential Role of Silver
Nanoparticles and Possible Mechanisms of Their Actions on Bacteria. Drug Res. 2017, 67, 70–76. [CrossRef]

51. Yin, I.X.; Zhang, J.; Zhao, I.S.; Mei, M.L.; Li, Q.; Chu, C.H. The Antibacterial Mechanism of Silver Nanoparticles and Its Application
in Dentistry. Int. J. Nanomed. 2020, 15, 2555–2562. [CrossRef]

52. Freire, P.L.L.; Albuquerque, A.J.R.; Farias, I.A.P.; da Silva, T.G.; Aguiar, J.S.; Galembeck, A.; Flores, M.A.P.; Sampaio, F.C.;
Stamford, T.C.M.; Rosenblatt, A. Antimicrobial and Cytotoxicity Evaluation of Colloidal Chitosan—Silver Nanoparticles—
Fluoride Nanocomposites. Int. J. Biol. Macromol. 2016, 93 Pt A, 896–903. [CrossRef]

53. Perde-Schrepler, M.; Florea, A.; Brie, I.; Virag, P.; Fischer-Fodor, E.; Vâlcan, A.; Gurzău, E.; Lisencu, C.; Maniu, A. Size-Dependent
Cytotoxicity and Genotoxicity of Silver Nanoparticles in Cochlear Cells In Vitro. J. Nanomater. 2019, 2019, 6090259. [CrossRef]

54. Peretyazhko, T.S.; Zhang, Q.; Colvin, V.L. Size-Controlled Dissolution of Silver Nanoparticles at Neutral and Acidic PH Conditions:
Kinetics and Size Changes. Environ. Sci. Technol. 2014, 48, 11954–11961. [CrossRef]

55. Lin, L.; Li, H.; Liu, Y. Release Oscillation in a Hollow Fiber—Part 2: The Effect of Its Frequency on Ions Release and Experimental
Verification. J. Low Freq. Noise Vib. Act. Control 2019, 40. [CrossRef]

56. Valappil, S.P.; Pickup, D.M.; Carroll, D.L.; Hope, C.K.; Pratten, J.; Newport, R.J.; Smith, M.E.; Wilson, M.; Knowles, J.C. Effect
of Silver Content on the Structure and Antibacterial Activity of Silver-Doped Phosphate-Based Glasses. Antimicrob. Agents
Chemother. 2007, 51, 4453–4461. [CrossRef]

57. Thomas, R.; Janardhanan, A.; Varghese, R.T.; Soniya, E.V.; Mathew, J.; Radhakrishnan, E.K. Antibacterial Properties of Silver
Nanoparticles Synthesized by Marine Ochrobactrum Sp. Braz. J. Microbiol. 2015, 45, 1221–1227. [CrossRef]

http://doi.org/10.2147/IJN.S196472
http://doi.org/10.3390/molecules25112682
http://doi.org/10.1080/10934529.2017.1356186
http://doi.org/10.3390/vetsci7010012
http://www.ncbi.nlm.nih.gov/pubmed/31979282
http://doi.org/10.1007/s10856-013-4894-5
http://doi.org/10.1371/journal.pone.0209020
http://doi.org/10.1021/es304023p
http://doi.org/10.1186/s12951-017-0308-z
http://doi.org/10.1016/j.celrep.2013.01.027
http://doi.org/10.3389/fbioe.2020.00433
http://doi.org/10.3389/fmicb.2016.01831
http://doi.org/10.2147/IJN.S165125
http://doi.org/10.1155/2014/763807
http://doi.org/10.1055/s-0042-113383
http://doi.org/10.2147/IJN.S246764
http://doi.org/10.1016/j.ijbiomac.2016.09.052
http://doi.org/10.1155/2019/6090259
http://doi.org/10.1021/es5023202
http://doi.org/10.1177/1461348419874973
http://doi.org/10.1128/AAC.00605-07
http://doi.org/10.1590/S1517-83822014000400012

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Cell Culture 
	Characterisation of AgNPs 
	Bacterial Susceptibility Test 
	Staphylococcus pseudintermedius Cell Morphological Change 
	Cytotoxicity Assay 
	Preparation and Formulation of the AgNPs Gel 
	Antimicrobial Test and the Prolonged Antimicrobial Effect of the AgNP Gel 
	Statistical Analysis 

	Results 
	Characterisation of AgNPs 
	Bacterial Susceptibility to Antimicrobial Agents 
	Morphological Changes in Bacterial Cells 
	Cytotoxicity Assay 
	Antimicrobial Test of the AgNP Gel and Its Prolonged Antimicrobial Effect 

	Discussion 
	Conclusions 
	References

