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Purpose: An important application of silver nanoparticles (Ag NPs) is their use as an
antimicrobial and wound dressing material. The aim of this study is to investigate the
morphological dependence on the antimicrobial activity and cellular response of Ag NPs.
Materials and methods: Ag NPs of various shapes were synthesized in an aqueous
solution using a simple method. The morphology of the synthesized Ag NPs was observed
via TEM imaging. The antimicrobial activity of the Ag NPs with different morphologies was
evaluated against various microorganisms (Escherichia coli [E. coli], Staphylococcus aureus
[S. aureus), Pseudomonas aeruginosa [P. aeruginosa)). The antimicrobial activity of the Ag
NPs was also examined according to the concentration in terms of the growth rate of E. coli.
Results: The TEM images indicated that the Ag NPs with different morphologies (sphere,
disk and triangular plate) had been successfully synthesized. The antimicrobial activity
obtained from the inhibition zone was in the order of spherical Ag NPs > disk Ag NPs >
triangular plate Ag NPs. In contrast, fibroblast cells grew well in all types of Ag NPs when
the cell viability was evaluated via an MTT assay. An inductively coupled plasma mass assay
showed that the difference in the antimicrobial activities of the Ag NPs was closely
associated with the difference in the release rate of the Ag ions due to the difference in
the surface area of the Ag NPs.

Conclusion: The morphological dependence of the antimicrobial activity of the Ag NPs can
be explained by the difference in the Ag ion release depending on the shape. Therefore, it
will be possible to control the antimicrobial activity by controlling the shape and size of the
Ag NPs.

Keywords: silver nanoparticles, Ag NPs, different shape, antimicrobial activity, cell

viability, ion release

Introduction

Silver nanoparticles (Ag NPs) are used for many applications due to their various
advantages including catalytic, optical, electrical and antimicrobial properties.'? Ag
NPs have received considerable attention for use as antimicrobial agents and have been
shown to be effective for such use.> The antimicrobial mechanism of Ag NPs is
generally considered to involve multiple-factors, targets and mechanisms.®® The Ag
NPs can adhere and interact with cell membranes and can damage the intracellular
metabolic activity and permeability of the membrane, resulting in breakage of the cell
morphology and intracellular content leakage.®'® The reactive oxygen species (ROS)
generated by the Ag NPs and Ag ions released from the Ag NPs also damages the cell
membrane and reacts with various functional proteins and DNA to interfere with the
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metabolism and DNA synthesis. The damage of these var-
ious cells eventually leads to apoptosis.®!'' 1

Since the antimicrobial mechanism of the Ag NPs is
complex, the physical and chemical properties, including
the size, shape and surface charge of the NPs, can have
a great influence on their antimicrobial activity.'>™” There
are various studies on the synthesis of NPs with different
sizes, shapes and coatings.'®'® By comparing the antimicro-
bial activity of these various Ag NPs, the influence of the
physical and chemical properties on the antimicrobial activ-
ity can be confirmed. For example, some studies reported that
Ag for antimicrobial capability should be in ionic form of
Ag" of Ag® cluster. The Ag NPs are advantageous in a faster
release of Ag ions because of their high surface area. The first
study on the antimicrobial properties of the Ag NPs with
various forms was reported by Pal et al.>° When comparing
spherical, rod-shaped and truncated triangular Ag NPs, the
truncated triangular Ag NPs showed the best antimicrobial
activity. The difference in the antimicrobial activity could be
interpreted from the viewpoint of surface area. In addition,
the effect of various properties of the Ag and Au NPs on the
antimicrobial activity is currently being investigated.?' >*

In this study, three types of Ag NPs — sphere shape (Ag
NSs), disk shape (Ag NDs) and triangular plate shape (Ag
NTs) — were synthesized in an aqueous solution using simple
method. The effect of the shape of the Ag NPs on the
antimicrobial activity and cell viability was examined. The
antimicrobial activity against Escherichia coli (E. coli),
Staphylococcus aureus (S. aureus), Pseudomonas aerugi-
nosa (P. aeruginosa) was evaluated using the paper disk
method. Furthermore, the antimicrobial activity against

o +
NaBH, PVP

Figure | Schematic illustration for synthesis of the Ag NPs with different shapes.

AgNO3

E. coli was determined via optical density (OD) growth
curve tests. On the other hand, the cell viability of the
fibroblasts was also evaluated using 3-(4,5-dimethylthiazol-
2yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. To
investigate the difference in the Ag ion release from the Ag
NPs with different morphologies, the release rate of the Ag
ion with times was analyzed via inductively coupled plasma
(ICP) mass spectrometry.

Materials and methods

Materials

Various types of Ag NPs were synthesized in aqueous
solution using a simple method. All materials for synthesis
were soluble in water. Poly(vinyl pyrrolidone) (PVP, Mw
40,000) was purchased from Sigma Aldrich (St. Louis, MO,
USA). Silver nitrate (AgNO;) (purity 99.9%, Kojima
Chemicals Co. Ltd., Sayama, Japan) and sodium borohy-
dride (NaBH4) (Samchun Chemicals, Pyeongteak, Korea)
were used as Ag NP precursor and reducing agent, respec-
tively. Hydrogen peroxide (H,O;) (30%, Junsei Chemicals
Co. Ltd., Tokyo, Japan) and sodium citrate tribasic dihy-
drate (NazCA) (Sigma Aldrich) were used as an oxidant and
a reducing agent to control the morphology of the Ag NPs.

Synthesis of Ag NPs with different shapes
The Ag NPs were synthesized in three forms: Ag NSs, Ag NTs
and Ag NDs. All samples were purged through argon (Ar) gas
after the reaction. A detailed synthesis of the three types of Ag
NPs is described in the sections below, and a simple schematic
diagram of the Ag NP synthesis is shown in Figure 1.

)

Ag NSs

NaCA, '
H,0 Il
Mixture

— 3

A
Heating

Abbreviations: Ag NPs, silver nanoparticles; AgNOj, silver nitrate; Ag NDs, disk shape; Ag NSs, sphere shape; Ag NTs, triangular plate shape; H,O,, hydrogen peroxide;

NaBHy, sodium borohydride; PVP, poly(vinyl pyrrolidone).
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Preparation of the Ag NSs

Aqueous AgNOj; solution (0.1 mM), aqueous PVP solution
(0.7 mM) and aqueous NaBH, solution (100 mM) were pre-
pared. Then, the Ag NSs were synthesized by mixing 25 mL
of AgNOj solution, 1.5 mL of PVP solution and 0.14 mL of
NaBH, solution. When all solutions were mixed, the solution
color immediately changed from transparent to yellow. This
confirmed the formation of the Ag NPs.

Preparation of the Ag NTs

After mixing the three solutions in the same manner as the
Ag NSs, NazCA (1.5 ml, 30 mM) and H,O, (90 pl) were
added. As time passed, the solution color changed to blue
through transparent, yellow, red, and violet.

Preparation of the Ag NDs

After the AgNOj3 solution and NaBH, solution (100 mM)
was mixed in the same concentration as the synthesis of
the Ag NSs, PVP (0.06 g), H,O, (240 ul) and Naz;CA
(1.8 mL, 100 mM) were added. After sufficient stirring,
stirring stopped and the change in the solution color was
observed. When the whole solution turned to blue, the Ag
NDs was thermally synthesized in a water bath at 95°C.

Antimicrobial activity test

The antimicrobial activity of the Ag NPs according to the
morphology was confirmed by conducting the paper disk
method and the OD growth curve test.

The paper disk test was incubated into a liquid med-
ium after incubation for one day on an LB agar plate
(E. coli), 30°C nutrient broth (NB) agar plate (S. aureus,
P aeruginosa) using a 37°C incubator. After obtaining
a single colony using the loop, 50 mL medium was
inoculated into shaking flasks (250 mL) for each strain.
After incubation for 24 h with LB (37°C, 150 rpm) and
NB (30°C, 150 rpm) in a shaking incubator, 1 mL was
taken and sterilized in a 15 mL centrifuge tube. Serial
dilutions of up to 10> were performed on 9 mL of the
third distilled water. Then, 100 pL of each plate was
plated on an LB agar plate (E. coli), NB agar plate
(P. aeruginosa, S. aureus) according to the dilution
ratio. After the paper disc was placed on the stained
medium, 0.01 mg/mL of Ag NSs, Ag NDs, and Ag NTs
were injected into the paper disc.

After incubation for 1 day in an LB agar plate
(E. coli, 37°C), NB plate (P,
S. aureus, 30°C), the inhibition zone was observed.
The antimicrobial activity of the Ag NPs (0 mg/mL,

agar aeruginosa,

0.1 mg/mL, 0.3 mg/mL, 0.5 mg/mL and 0.7 mg/mL)
was measured on the basis of a 50-mL culture. After
incubation in an LB agar plate (E. coli) for 1 day, the
colonies were dissolved in 20-mL sterilized distilled
water and seeded at 4% of the total volume at optical
density 1.0-1.1. After that, the growth of E. coli was
measured at 600 nm (ODgg) using a UV-Vis spectro-
meter at various concentrations.

Cell viability assay

The cell viability of the synthesized Ag NSs, Ag NTs and
Ag NDs was confirmed using fibroblast cells (NIH/3T3),
which were purchased from Korean Cell Line Bank
(Korea). The cell culture medium was Dulbecco’s modi-
fied Eagle’s medium (DMEM, WelGENE Inc., Korea)
containing 10% fetal calf serum (FBS, WelGENE Inc.,
Korea) and 1% penicillin G-streptomycin (WelGENE
Inc., Korea). And the cells were cultured in 96-well plates
for 3 days and were tested at 2x10° cells/mL, and the cell
growth was observed for 1, 3, 5 and 7 days. At this time,
the concentration of the Ag NP added to each medium was
set to 1 pg/mL, and the cell viability was evaluated using
an MTT assay. There were also blank controls. Assays
were read using an enzyme-linked immunosorbent assay
(ELISA) reader.

Characterizations

The color of the synthesized Ag NPs with different shapes
was confirmed using photographs and SPR spectra due to
the optical properties of the Ag NPs determined using
a UV-VIS-NIR spectrophotometer (US 8453, Agilent
Technologies, CA, USA). The zeta-potential and dynamic
light scattering (DLS) data of the Ag NPs were obtained
using a Zeta sizer ZS90 (Malvern, Worcestershire, UK).
For the transmission electron microscopy (TEM) (Tecnai
G2 F30, FEI Company, OR, USA), the samples were
prepared by dropping the solution containing Ag NPs
onto the carbon-coated copper grid. The average diameter
of the Ag NPs with various shapes was obtained by ana-
lyzing the TEM images using a custom-code Scope Eye 11
Korea).
dispersive X-ray (EDS) analysis data were taken using
a TEM coupled with an EDS analysis attachment. The
Ag ion release behavior of the Ag NPs with different
morphologies was confirmed using an inductively coupled
plasma (ICP) mass spectrometer (ELAN DRC 11, Perkin-
Elmer, MA, USA) with time.

image analysis program (Masan, Energy-
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Results and discussion
Characterization of the Ag NPs with

different shapes
Various types of Ag NPs were analyzed using UV-VIS-
NIR spectrometry. In Figure 2, the Ag NSs, Ag NTs and
Ag NDs showed yellow, blue and red color, respectively,
and the maximum absorption peaks corresponding to sur-
face plasmon resonance (SPR) were observed at 410, 820
and 510 nm, respectively. For the Ag NTs and Ag NDs,
a weak shoulder around 330 nm was also attributed to the
out-of-plane quadruple resonance of the Ag nanoplate.’
The zeta-potentials of the Ag NSs, Ag NTs and Ag
NDs measured using Zeta sizer were —13.8 mV, —28.6 mV
and —29.2 mV, respectively. And the average sizes of the
Ag NSs, Ag NTs and Ag NDs in aqueous solution were
38.5 nm, 51.1 nm and 50.6 nm, respectively. The morphol-
ogy of the Ag NPs was confirmed via TEM imaging

(Figure 3A). All three types of Ag NPs were observed in
a well-dispersed form, each of which was a sphere, disc
and triangular plate. Both the sphere and disc were circu-
lar, but the disc was a plate with lower density than the
sphere, so it looks a little lighter in color. In addition, the
discs and triangular plates were stacked vertically on the
TEM grid (data not shown). In Figure 3B, all three types
of Ag NSs, Ag NDs and Ag NTs showed the peak of Ag
(3.0 KeV) in the elemental analysis obtained via EDS.%¢

Antimicrobial activity of Ag NPs with

different shapes

The antimicrobial properties of the Ag NPs were examined
using E. coli, S. aureus and P. aeruginosa. The inhibition
zone was evaluated using the disk diffusion method for all
Ag NPs (Ag NSs, Ag NDs and Ag NTs) against E. coli
(Figure 4A). Among these, the Ag NSs showed the widest
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Figure 2 (A) Solution color and (B) UV-VIR-NIR spectra of Ag NPs with different shapes.
Abbreviations: Ag NPs, silver nanoparticles; Ag NDs, disk shape; Ag NSs, sphere shape; Ag NTs, triangular plate shape.
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Figure 3 (A) TEM images and (B) EDS spectra of Ag NPs with different shapes.

Abbreviations: Ag NPs, silver nanoparticles; Ag NDs, disk shape; Ag NSs, sphere shape; Ag NTs, triangular plate shape; EDS, energy-dispersive X-ray.

Figure 4 Inhibition zone around Ag NPs with different shapes impregnated into paper disk: (A) E. coli, (B) S. aureus, (C) P. aeruginosa.
Abbreviation: Ag NPs, silver nanoparticles; NDs, disk shape; NSs, sphere shape; NTs, triangular plate shape.

inhibition region of 4.8 mm. The inhibition zones formed
weakly in all Ag NPs against S. aureus and P. aeruginosa
(Figure 4B and C). Therefore, the three types of Ag NPs
showed a high activity against E. coli, and the antimicrobial
activity was in the order of Ag NSs > Ag NDs > Ag NTs.
The OD growth curves were obtained in Lysogeny
broth (LB) medium supplemented with different Ag NPs.
The antimicrobial activity of the Ag NPs against E. coli
could be evaluated from the growth curve. This indicates

that the longer the delay in growth, the stronger the anti-
microbial activity.®?

From Figure 5, the Ag NSs and Ag NDs showed a higher
antimicrobial activity, and their antimicrobial activity
improved as the concentration of the NPs increased from
0.1 to 0.7 mg/mL. On the other hand, the Ag NTs exhibited
control-like E. coli growth at all concentrations. Interestingly,
the Ag NSs were found to be more effective in delaying the

growth of E. coli than the Ag NDs at the same concentration.
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Figure 5 OD growth curves of E. coil in LB broth at 37°C according to different concentrations of (A) Ag NSs, (B) Ag NDs and (C) Ag NTs.
Abbreviations: Ag NDs, disk shape; Ag NSs, sphere shape; Ag NTs, triangular plate shape.
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Figure 6 Effect of the Ag NPs with different shapes on the viability of the fibroblast cells via the MTT assay.
Abbreviations: Ag NPs, silver nanoparticles; Ag NDs, disk shape; Ag NSs, sphere shape; Ag NTs, triangular plate shape.

30

- N
] o
1 |

Concentration (ppm)
2

Time (hours)

Figure 7 Release rate of Ag ions for different Ag NPs with times.

Abbreviations: Ag NPs, silver nanoparticles; Ag NDs, disk shape; Ag NSs, sphere shape; Ag NTs, triangular plate shape.

That is, the Ag NSs exhibited the strongest antimicrobial
activity against E. coli.

To confirm the applicability of the Ag NPs in the
medical field, the cell viability was evaluated for one
week using fibroblast cells. Figure 6 shows that the cells

were well grown in all Ag NPs regardless of their shape,
similar to the control group. The reason for this difference
in antimicrobial activity is that the Ag NPs express
a mechanism to destroy the cell membrane, leading to
the death of the cell. In the case of the fibroblast cell,
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however, the Ag NPs are absorbed into the cell via
endocytosis.'® This is consistent with the findings that
there is no dependence on the shape of the Ag NPs.

The antimicrobial activity of the three types of Ag
NPs is expected to be due to differences in the surface
area depending on the morphology of the NPs. In the
case of the antimicrobial activity, the Ag ions (Ag")
are released from the NPs (Ag®). Therefore, the
amount of Ag ions that are released is dependent on
the surface area due to the shape of the NPs. When the
surface area was calculated using the average particle
size, the surface areas of the Ag NSs, Ag NDs and Ag
NTs were 1,307+5 cm?, 1,104+109 c¢cm’? and 1,028
+35 cm?, respectively. The surface area of the Ag
NTs was lower than that of the Ag NSs or Ag NTs.
When the release rate of the Ag ions from the Ag NPs
was analyzed via ICP, the amount of Ag ions was
found to have been released in the order of Ag NSs
> Ag NDs > Ag NTs (Figure 7). Obviously, the anti-
microbial activity of the Ag NPs was mainly dependent
on their morphology, which was closely associated
with the total surface areca and the amount of Ag ions
that
mechanism of Ag NPs could be explained by the

were released. Therefore, the antimicrobial
penetration of Ag ions into bacterial cell for efficient
killing, although the antimicrobial actions of Ag NPs

are generally considered to involve various routes.

Conclusion

Ag NPs with spherical, triangular plate and disk shapes
were synthesized in an aqueous solution using a simple
method. The color of the synthesized Ag NPs was
visually confirmed, and the actual morphology was ana-
lyzed via TEM imaging. The TEM images indicated that
the Ag NPs with different morphologies had been suc-
cessfully synthesized. When the Ag NPs were evaluated
using the paper disk method against S. aureus, E. coli
and P. aeruginosa, they showed the highest antimicrobial
activity against E. coli. Therefore, the OD test was
performed on E. coli according to the concentration of
the Ag NPs. As a result, a higher concentration of
spherical Ag NPs was confirmed to result in a higher
antibacterial activity. Therefore, the morphological
dependence of the antimicrobial activity of the Ag NPs
can be explained by the difference in the Ag ion release
depending on the shape. Therefore, it will be possible to
control the antimicrobial activity by controlling the
shape and size of the Ag NPs.
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