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Silver nanoparticles (Ag NPs) exhibit strong antibacterial activity and are widely used in industries such as

medical, food and cosmetics. In this study, Ag nanospheres and Ag nanotriangles are selected as antibac-

terial agents to reveal the distinct mechanism of tip effects towards their antibacterial performance. A

series of antibacterial experiments were implemented, including in situ monitoring as well as studying and

determining the evolution of the inhibition zone, minimum inhibitory concentration (MIC)/minimum bac-

tericidal concentration (MBC) values, growth kinetics, bactericidal curve, bacterial morphologies and intra-

cellular reactive oxygen species (ROS). Ag nanotriangles can eradicate E. coli and S. aureus at extremely

low concentrations in comparison to Ag nanospheres, in particular under sunlight irradiation. The

destroyed bacterial cell walls were examined by scanning electron microscopy. Through the investigation

of ROS production, the generation efficiency of ROS is improved by the merit of sunlight irradiation

thanks to the localized surface plasmon resonance (LSPR) properties of Ag NPs. However, a more signifi-

cant improvement in ROS generation efficiency occurred in the presence of Ag nanotriangles contributed

by the pronounced “tip effects”. This study sheds light on the structure–performance relationship for the

rational design of antibacterial agents.

1. Introduction

One-third of the world’s food for human consumption (about
1.3 billion tons) is wasted annually.1 The main causes of food
spoilage and deterioration are physical, chemical, enzymatic,2

and microbial hazards.3 Microbial contamination is a key
factor in food waste and foodborne diseases.4,5 Food waste
leads to significant economic losses in the food industry.
Furthermore, the occurrence of foodborne diseases is mostly
caused by the consumption of contaminated food.6 Foodborne
pathogens are a major cause of human deaths, hospitaliz-
ations and illnesses. According to the statistics provided by the
Center for Disease Control and Prevention (CDCP) in the
United States, foodborne diseases caused by bacterial contami-
nation alone result in 3000 deaths and 48 million illnesses.7

Traditional antimicrobial drugs can lead to the development
of resistance. Therefore, there is an urgent need for new, safe,
and effective antimicrobial agents to prevent microbial con-
tamination and ensure food safety.

The development of nanotechnology has given rise to new
achievements in the field of antibacterial agents.8–11

Nanomaterials, with their high surface area to volume ratio as
well as their unique physical and chemical properties, have
shown great potential for antibacterial applications.12–14

Importantly, the key factor of drug resistance for nano-
materials against bacteria has decreased significantly. Among
them, Ag-based NPs have often been reported to serve as suit-
able antibacterial nanomaterials due to their excellent optical
and bactericidal properties. Ag NPs, as broad-spectrum anti-
bacterial agents, have good sterilization properties and effec-
tively inhibit the growth of bacteria, fungi and algae.15–17 So
far, several different antibacterial mechanisms have been
described for silver-based NPs.18–20 On one hand, silver ions
leaching from the surfaces of Ag NPs can break the cell mem-
branes and they are investigated for their antibacterial activity
against various microorganisms. Due to electrostatic inter-
actions, Ag+ is adsorbed and enters the bacterial cell mem-
brane, causing damage to it.21 Furthermore, Ag+ can be acti-
vated to produce reactive oxygen species (ROS) in the presence
of water, achieving antibacterial effects.22–24 On the other
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hand, the localized surface plasmon resonance (LSPR) of Ag
NPs is induced by the collective oscillation of their conductive
free electrons under laser irradiation, generating hot electrons
and a huge electromagnetic field.25–27 In this way, the
efficiency of ROS production provoked by the newly generated
hot electrons is enhanced for effective antibacterial killers.28–31

Thus, Ag-based NPs have been regarded as a key player in the
category of antibacterial agents.

As a matter of fact, the antibacterial activity and LSPR pro-
perties of Ag NPs strongly rely on their morphologies.32–34 For
instance, the differences in the particle shape lead to modifi-
cations in the surface area, surface charge and chemical inter-
face, resulting in varying interactions with cells, cell mem-
branes, organelles, proteins and DNA. As previously reported,
rod, prism, cubic and branch-like nanostructures with more tips
can help to apply a more intense electric field surrounding their
tips, enabling the generation of more energetic hot electrons.
From the point of view of chemistry, the tips on the nanoparticles
possess a high surface energy and small curvature, easily releas-
ing Ag+ from the nanoparticles. The high-index facets show a rela-
tively strong tendency to attach to the bacterial surfaces. In
addition, the abundant hot electrons or electromagnetic field
prefers to be localized near the tips of Ag nanotriangles, improv-
ing the ROS production. For instance, El-Zahry et al.35 studied the
antibacterial effects of sphere-like, triangular-like and hexagonal-
like Ag NPs against E. coli, revealing that hexagonal-like Ag NPs
exhibited stronger antibacterial activity and wound healing
efficiency. In contrast, the bacterial cell wall can be physically pro-
truded by the sharp tips of nanoparticles. The sharp tips used as
“nano-needles” can damage the bacterial cell walls upon physical
contact, leading to leakage of cellular components such as DNA,
RNA and proteins.36,37 All these effects on the antibacterial per-
formance of nanoparticles are defined as “tip effects”. Thus,
unravelling the mechanisms of “tip effects” on the Ag antibacter-
ial agents is of great importance in the Ag NP-based nanoscience
and nanotechnology sector.

Herein, we investigated the tip effects regarding the antibacter-
ial activity of Ag hybrid NPs against E. coli and S. aureus, employ-
ing Ag NPs with two distinct morphologies (i.e. spheres and tri-
angles). Ag nanotriangles possessing sharp edges, vertices and
high atomic density (111) planes allow us to explore their pro-
nounced “tip effects”. E. coli and S. aureus are treated with Ag
NPs under dark conditions, permitting us to investigate the anti-
bacterial effects of Ag ions on the tips of Ag NPs. Following this,
light irradiation helped to study the antibacterial effects of Ag
NPs dominated by their LSPR properties. As a result, tip effects of
Ag NPs showing high surface free energy and electromagnetic
field dominate the antibacterial efficiency, revealing the structure-
performance relationship of the antibacterial agents.

2. Experimental
2.1 Materials

Strains: E. coli CMCC and S. aureus CMCC were obtained from
China Industrial Microbial Culture Collection Management

Center; Luria–Bertani (LB) Broth: Beijing Aoboxing
Biotechnology Co., Ltd. AGAR powder: Tianjin Kemiou
Chemical Reagent Co., Ltd. Silver nitrate (AgNO3), hexadecyltri-
methylammonium bromide (CTAB), sodium borohydride
(NaBH4), sodium citrate, hydroxylamine hydrochloride and
ascorbic acid (AA) were bought from Acros. Sodium chloride,
ethanol and glycerol (analytically pure) were purchased from
Tianjin Tianli Chemical Reagent Co., Ltd. DI water (18.25 MΩ
cm).

2.2 Methods

2.2.1 Synthesis of Ag nanospheres. The synthetic method
for Ag nanospheres follows our previous report,38 using
hydroxylamine hydrochloride as the reducing agent and
capping agent. First, 1.485 mL of NaOH (0.1 M) was injected
into 45 ml of hydroxylamine hydrochloride (1.7 mM).
Afterwards, 5 mL of AgNO3 solution (10 mM) were added into
the above solution. The solution was kept still for 2 hours.
Spherical Ag NPs were isolated through centrifugation (8000
rpm; 10 min) and stored in water at 4 °C with a concentration
of 120 μg mL−1.

2.2.2 Synthesis of Ag nanotriangles. The synthesis of Ag
nanotriangles was based on a seed-mediated growth approach.
For seed preparation, 5 mL of AgNO3 solution (20 mM) were
injected into 5 mL of 0.8 mM CTAB, followed by the rapid
addition of 300 μL NaBH4 (10 mM) solution. After stirring for
2 min, the seed solutions were kept in the dark for 1 h.

For the production of Ag nanotriangles, 1 mL of AgNO3

solution (20 mM) and 2 mL of 0.1 M AA were sequentially
added into 40 mL of CTAB (10 mM). Then, 400 μL of the pre-
pared seed solution were added into the above mixture.
Finally, 400 μL of NaOH (1 M) were quickly added and the
resulting solution was stirred for 10 min. A deep blue color
appeared, signifying the formation of triangular Ag NPs. The
synthesized NPs were centrifuged (8000 rpm, 10 min) and
stored in the dark for characterization and applications.

2.3 Characterization

Ultraviolet–visible–near infrared (UV-vis-NIR) absorption spec-
troscopy measurements were recorded with a UV-vis spectro-
photometer (UV-1900 (SHIMADZU)). The particle morphology
was depicted using a Transmission Electron Microscope (TEM,
JEOL JEM-2100Plus) and a Scanning Electron Microscope
(SEM, ZEISS Sigma 300).

2.4 Simulations

The computational domain in the COMSOL simulation is a
cubical volume with each side measuring 350 nm, which is
enveloped by a 50 nm-thick perfectly matched layer (PML). The
incident field is precisely constrained to a power of 1 watt,
with its polarization vector oriented along the y-axis. The
amplitude of the field is directly proportional to its power. As
depicted in Fig. 8c, the silver nanosphere has a radius of
25 nm, and it is subjected to an incident field that propagates
in the x-direction. Fig. 8d illustrates a different scenario where
the incident field is directed along the z-axis, while the polariz-
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ation remains aligned with the y-axis. The silver nanotriangle,
featured in the simulation, boasts a side length of 52.7 nm
and a thickness of 14 nm. Notably, all of its edges are rounded
with a radius of 3 nm. The refractive index of silver was taken
from the experiments of Johnson and Christy.39 Throughout
the simulation process, the silver nanostructures were placed
in a vacuum environment.

2.5 Antimicrobial activity of silver NPs

The synthesized Ag nanospheres and Ag nanotriangles were
tested for their antibacterial activity against the Gram-negative
bacterium Escherichia coli (E. coli) and the Gram-positive bac-
terium Staphylococcus aureus (S. aureus).

2.5.1 Preparation of bacterial suspension. E. coli and
S. aureus were cultured with sterilized LB liquid medium at
37 °C overnight, and then diluted to 1 × 108 colony forming
unit (CFU) per mL with sterile normal saline (the OD600

(optical density at 600 nm wavelength) was about 0.1).
2.5.2 Zone of inhibition test. The antibacterial perform-

ance of Ag NPs was evaluated against E. coli and S. aureus
using the agar well diffusion method40 on LB agar medium.
The test organisms were spread on separate LB agar medium
plates, and wells of 8 mm diameter were constructed. AgNP
suspension at a concentration of 120 μg mL−1 was filled in sep-
arate wells. The plates were incubated at 37 °C for 24 h. After
the incubation period, the antibacterial activities were
assessed by measuring the inhibition zone diameter.

2.5.3 Determination of the minimum inhibitory concen-
tration (MIC) and minimum bactericidal concentration (MBC)
of Ag NPs. The MIC of AgNPs was determined according to the
method described by Naghizadeh and co-workers.41 AgNPs
were twofold serially diluted using sterile LB liquid medium in
a 2 mL centrifuge tube. An equal amount of adjusted test
microorganisms was added to each centrifuge tube. The tubes
were incubated at 37 °C for 24 h. The MIC is defined as the
lowest concentration of an antimicrobial agent to inhibit the
visible growth of a microorganism after 24 h of incubation.

To evaluate the MBC of AgNPs, 100 μL samples were taken
from all tubes without turbidity (from the MIC test) and they
were transferred to LB liquid medium at 37 °C for 24 h. The
MBC was determined as the lowest concentration of the
sample in the tube corresponding to the agar plate without
bacterial growth.42 All tests were performed in triplicate for
each sample.

2.5.4 Bacterial growth kinetics curve analysis. Bacterial sus-
pensions were inoculated into LB liquid media containing Ag
NPs in a range of different concentrations. The suspensions
were co-cultured at 37 °C for 24 h, and the absorbance at
600 nm was measured at 0, 2, 4, 6, 8, 10, 12, and 24 h with a
multi-microplate reader (VarioskanTM LUX, Thermo Fisher
Scientific, Shanghai, China). Untreated bacterial culture served
as the control. Growth curves were plotted based on the OD600

measurements.
2.5.5 Time-dependent killing curve analysis. The time-

dependent killing experiments of E. coli and S. aureus in the
presence of Ag NPs were carried out according to the method

described by Pobiega et al.43 The E. coli and S. aureus were
inoculated into LB liquid medium containing Ag NPs at 1/2
MIC and MIC, respectively. The inoculations were incubated at
37 °C and aliquots were taken to perform colony count every
4 h for 24 h. The viable cells were determined by plating ten-
fold serial dilutions for each sample at suitable time points
and enumerating colonies after a 24 h incubation stage at
37 °C. The time-kill curves were drawn by plotting mean
colony counts versus time.

2.5.6 Relative survival rate analysis. The relative survival
rates of E. coli and S. aureus were calculated following the
method described by Shen et al.44 Bacterial suspensions were
mixed with Ag NPs and co-cultured on a shaker at 37 °C for
4 h. Next, the collected bacteria were diluted 105-fold with
normal saline, and 100 μL of bacterial suspension were spread
on LB nutrition agar plates. After being incubated at 37 °C for
24 h, the colony population of bacteria was counted to evaluate
the antibacterial ability of Ag NPs. The relative survival rate of
bacteria was calculated using the following formula:

Relative survival rate ¼ CFUt

CFU0
� 100%

where CFU0 denotes the number of colonies in the control
group and CFUt signifies the number of colonies in the AgNP
groups.

2.5.7 Morphological changes of bacteria. The morphologi-
cal alterations of bacteria treated with Ag NPs were determined
by SEM. Bacterial suspensions were treated with Ag NPs at the
MIC and sterile saline (control), respectively, at 37 °C for 4 h.
After incubation, cells were collected by centrifugation at 8000
rpm for 10 min, washed with PBS buffer, and then incubated
with 2.5% glutaraldehyde overnight at 4 °C. Following washing
with PBS, the samples were hydrated with ascending concen-
trations of ethanol (30%, 50%, 70, 90%, 100%) with different
ratios of hydrated : tert-butanol (2 : 1, 1 : 1). Then the samples
were dried through freeze-drying. Finally, the dried samples
were fixed on a SEM support and sputter-coated with gold
under vacuum for SEM observation (Hitachi Regulus 8100,
Tokyo, Japan).

2.5.8 Detection of reactive oxygen species (ROS). A ROS
assay kit based on dihydroethidium (DHE) was used to
measure the amount of ROS produced by bacteria. The bac-
teria were treated with different concentrations of AgNPs at
37 °C for 4 h. Afterwards the bacteria cells were washed with
Tris-HCl buffer (10 mM, pH = 7.4), and 10 µM DHE was added.
The bacteria were then incubated in the dark or under light at
37 °C. Untreated bacterial culture acted as a negative control.
The fluorescence intensity (excitation/emission wavelength:
518 nm/610 nm) was recorded at 0, 30, 60, 90 and
120 minutes, and a kinetic curve was plotted.

2.6 Statistical analysis

All tests were conducted in triplicate. Data were expressed as
mean ± SD values. Statistical analysis using one-way ANOVA
analysis was followed by Duncan’s test for posterior analysis
using SPSS software.
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3. Results and discussion

The synthetic strategy followed to obtain Ag nanotriangles was
based on our previous work, using a seed-mediated growth
route.38 As shown in Fig. 1a, the TEM image reveals triangle-
like nanoparticles with an edge length of ca. 42 nm. The mor-
phologies of Ag nanotriangles are depicted in Fig. 1a and b,
illustrating triangular configurations in the presence of tips.
The concentration of Ag nanotriangle dispersions is about
120 μg mL−1, estimated by the total conversion yields of silver
precursors. HRTEM imaging of Ag nanotriangles helped to
study their crystallinity profiles, revealing their {111} facets
(Fig. 1c). In Fig. 1d (black line), there are two typical SPR peaks
in the visible region at 548 nm and 411 nm corresponding to
dipolar in-plane resonance. Meanwhile, there is another LSPR
peak at 340 nm in the UV region assigned to the multipolar
out-of-plane resonance. In contrast, the as-prepared Ag nano-
spheres appear indeed to exhibit a sphere-like shape, as
observed in the SEM images (Fig. S1a†). Only a unique LSPR
peak can be spotted at 405 nm in the visible range due to the
isotropic particle morphology (Fig. S1b†).

In order to investigate the antibacterial performance of Ag
NPs with different morphologies against E. coli and S. aureus,
the main operating parameters, namely the antibacterial zone
diameters, MBC/MIC ratio, growth curves and antibacterial
curves, were screened. The antibacterial zone diameters were
calculated by measuring the transparent circle formed around
the pore, revealing the antibacterial effect of Ag NPs. In this
work, we identified that the antibacterial zone diameters of Ag
nanotriangles (120 μg mL−1) against E. coli and S. aureus were
9 ± 0 mm and 19.67 ± 0.29 mm, respectively. However, Ag
nanospheres with the same concentration did not show any

obvious antibacterial zone diameter, due to the tip effect of Ag
NPs (shown in Table S1†).

The MBC/MIC ratio is a common parameter used for the
evaluation of the bactericidal performance of antimicrobial
agents. More specifically, antimicrobial agents are considered
as bactericidal agents when the MBC/MIC ratio is between 1
and 2. On the other hand, the drug is considered a bacterio-
static agent when the MBC/MIC ratio is ≥4. As shown in
Table S2,† under normal conditions, the MIC values of Ag NPs
were 60 μg mL−1 while the MBC values were greater than 60 μg
mL−1 for either E. coli or S. aureus, respectively. This indicates
that the required antibacterial concentration for Ag nano-
spheres is relatively high, and the MBC/MIC ratio cannot be
determined under these conditions. However, the MBC/MIC
ratio of Ag nanotriangles is 2 for either E. coli or S. aureus, cor-
respondingly. This illustrates that silver nanotriangles can be
employed as bactericidal agents.

Furthermore, the growth curves of the bacteria were moni-
tored according to the modifications of OD600 values in the
UV-Vis spectra, shedding light on the bacterial growth kinetics;
this was quantified by taking into account the absorbance of
bacterial culture density. The effects of different concen-
trations of Ag nanospheres and Ag nanotriangles on the
growth of E. coli and S. aureus are shown in Fig. S2 and S3.† It
can be clearly noticed that the growth curves slow down as the
concentration of Ag NPs increased, for both Ag nanospheres
and Ag nanotriangles. The growth curve is inhibited by the oxi-
dative stress response, due to the damage of bacterial cells via
the tip effects of Ag NPs. Besides, as the concentration of NPs
increased, the inhibition difference between Ag nanospheres
and Ag nanotriangles became significant. In particular, Ag
NPs with a concentration of 60 μg mL−1 totally prevented the
growth of E. coli and S. aureus. Afterwards, the growth kinetics
of the bacteria was examined in the presence of Ag NPs with a
concentration of MIC, 1/2 MIC and 1/4 MIC (the MIC of Ag
nanospheres was 60 μg mL−1 for both E. coli and S. aureus,
while the MIC of Ag nanotriangles was 0.47 μg mL−1 for E. coli
and 0.24 μg mL−1 for S. aureus.), see Fig. 2. In the control
group, the OD600 value of E. coli and S. aureus gradually
increased with time, while the OD600 value was kept constant
at the MIC. Thus, Ag NPs at the MIC are sufficient to hinder
the growth of E. coli and S. aureus. As shown in Fig. 2a and c,
Ag nanospheres at 1/4 MIC (15 μg mL−1) did not display
almost any inhibitory effect. In contrast, the OD600 values of
E. coli and S. aureus in Fig. 2b and d increased very slowly,
implying that the inhibitory effect of Ag nanotriangles at 1/4
MIC (E. coli: 0.12 μg mL−1; S. aureus: 0.006 μg mL−1) is stronger
in comparison to that of Ag nanospheres. In summary, Ag
nanospheres and Ag nanotriangles affect the growth curves of
E. coli and S. aureus, and as the concentration of Ag NPs
increases, the greater the inhibitory effect on the bacteria,
which shows a concentration-dependent trend (Fig. 3).45

Moreover, the antibacterial activity of Ag NPs as a function
of their morphology and dosage was studied against Gram-
negative E. coli and Gram-positive S. aureus. Although both
types of Ag NPs display an antibacterial effect, the death speed

Fig. 1 (a and b) TEM images of Ag nanotriangles with different magnifi-
cations. (c) HRTEM image of Ag nanotriangles. (d) UV-vis-NIR spectrum
of Ag nanotriangles.
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of Gram-positive bacteria was faster than that of Gram-negative
bacteria in the presence of Ag NPs attributed to their different
bacterial membrane structures. In Fig. S4,† the antibacterial
performance of Ag nanospheres and Ag nanotriangles at

different concentrations is demonstrated, revealing a strong
dose-dependent relationship.46 As the concentrations of the
two types of silver nanostructures increased, the growth of
both E. coli and S. aureus decreased. In addition, the antibac-
terial activity of Ag nanotriangles was higher compared to that
of Ag nanospheres. Even when assessing Ag nanotriangles
with a quite low concentration, they still exhibited good anti-
bacterial activity against both types of bacteria tested. The
excellent antibacterial activity of Ag nanotriangles is mainly
attributed to their tip effect, which enables the release of more
Ag ions and the bacterial membrane can be penetrated in a
more facile manner.

To further investigate the antibacterial mechanism of Ag
NPs, the overall morphologies of the cells were monitored with
SEM, depicting the changes in the cell membrane structure. A
whole, robust cell can serve as a protective barrier for the cell
itself while a broken cell membrane shall lead to cell damage.
The cellular contents would leak out, provoking ultimately cell
death. Therefore, investigating the changes in the cell mem-
brane morphology is a critical means to evaluate and better
understand the inhibitory effects of antibacterial agents on
bacteria.48 In addition, the broken cell membrane will inhibit
their growth. As observed in the SEM images in Fig. 4a, E. coli
and S. aureus, which were not treated with Ag NPs or light,
feature a whole rod-like and sphere-like shape enclosed with a
smooth and rounded surface, respectively. Once treated with
Ag NPs, the bacterial morphologies were modified: in particu-
lar, E. coli cells showed cracks, wrinkles, fractures and leakage

Fig. 2 The inhibitory effect of Ag NPs on the growth kinetics of bac-
teria. The growth kinetics of E. coli in the presence of Ag nanotriangles
(a) and Ag nanospheres (c) were monitored by the alterations of OD600

values. The growth kinetics of S. aureus in the presence of Ag nanotrian-
gles (b) and Ag nanospheres (d) were evaluated by considering the
changes of OD600 values. Note: The MIC of Ag nanospheres was 60 μg
mL−1 for both E. coli (c) and S. aureus (d), and the MIC of Ag nanotrian-
gles was 0.47 μg mL−1 for E. coli (a) and 0.24 μg mL−1 for S. aureus (b).

Fig. 3 The bactericidal kinetics of E. coli in the presence of Ag nano-
spheres (a) and Ag nanotriangles (c) were monitored by recording the
alterations of OD600 values. The bactericidal kinetics of S. aureus in the
presence of Ag nanospheres (b) and Ag nanotriangles (d) were examined
by considering the modifications of OD600 values. Note: The MIC of Ag
nanospheres was 60 μg mL−1 for both E. coli (a) and S. aureus (c), while
the MIC of Ag nanotriangles was 0.47 μg mL−1 for E. coli (b) and 0.24 μg
mL−1 for S. aureus (d).

Fig. 4 SEM images of untreated E. coli (a) and S. aureus (b) (no Ag NPs
or sunlight irradiation used). Under non-illumination conditions: SEM
images of E. coli (c) and S. aureus (d) treated with Ag nanospheres; SEM
images of E. coli (e) and S. aureus (f ) treated with Ag nanotriangles.
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of contents, whereas the S. aureus cells shrank and developed
surface holes.

Under light irradiation, Ag displays a stronger localized
surface plasmon resonance (LSPR) property in comparison to
Au and Cu. LSPR will be irradiated into the electromagnetic
field and hot electrons which are applied in the fields of
surface-enhanced spectroscopy, cancer therapy and photocata-
lysis. Concerning antibacterial performance, the environ-
mental oxygen gets oxidized by the hot electrons to superoxide
(e.g. 1O2), which is the main contributor to the antibacterial
activity. LSPR of metal NPs strongly depends on their size,
composition and morphology; therefore the generation
efficiency of 1O2 relies on the particle morphologies to a sig-
nificant extent. In this manuscript, we have utilized Ag nano-
structures with sphere-like and triangular shapes as antibacter-
ial agents. Under the irradiation of sunlight at noon for 0.5 h,
the MIC of Ag nanospheres was 60 μg mL−1 against both E. coli
and S. aureus while its MBC was also 60 μg mL−1 against these
bacteria, respectively. Under the same conditions, the MIC and
MBC of Ag nanotriangles against E. coli were both 0.47 μg
mL−1, while the MIC and MBC of Ag nanotriangles against
S. aureus were both 0.24 μg mL−1. Under sunlight irradiation,
the MBC/MIC ratio for both Ag nanospheres and Ag nanotrian-
gles is equal to 1, whereas such a ratio in the case of Ag nano-
triangles is 2 under normal conditions (no sunlight). This indi-
cates the enhancement of the antibacterial activity of Ag NPs
by applying sunlight irradiation.

Under light irradiation, Ag NPs not only exhibited typical
concentration-dependent antibacterial activity but also showed
the LSPR effect. After being exposed to sunlight, the growth
curves of Ag NPs on E. coli and S. aureus are shown in Fig. S6.†
The Ag NPs displayed good antibacterial properties against
both types of bacteria after light exposure, especially at 1/4
MIC (the 1/4 MIC of Ag nanospheres was 15 μg mL−1 for both
E. coli and S. aureus, while the 1/4 MIC of Ag nanotriangles
was 0.012 μg mL−1 for E. coli and 0.006 μg mL−1 for S. aureus.)
The OD600 of E. coli and S. aureus treated with Ag nanospheres
and Ag nanotriangles was consistently lower than that of the
control group, indicating significant inhibition of bacterial
growth. In particular, the OD600 value was almost kept at zero
when treated with Ag NPs at the MIC, indicating the effect of
light on the antibacterial performance of Ag NPs (the MIC of
Ag nanospheres was 60 μg mL−1 for both E. coli and S. aureus,
and the MIC of Ag nanotriangles was 0.47 μg mL−1 for E. coli
and 0.24 μg mL−1 for S. aureus.) To further investigate the anti-
bacterial behavior of Ag NPs, the viable cell populations of bac-
teria were counted in the dark and under light irradiation,
respectively. In Fig. S6,† the viable cell populations of bacteria
in the control group increased with the incubation time within
24 h. However, at the MIC, the viable cell counts of both bac-
teria treated with Ag nanospheres and Ag nanotriangles signifi-
cantly decreased in comparison to the control group, indicat-
ing their distinct antibacterial activity. For the viable cell
counts of bacteria treated with Ag NPs for 8 h, there were only
inhibitory effects observed, while the bacterial populations
were not completely killed. In contrast, after 0.5 h of light

irradiation, the bactericidal curves of Ag NPs applied to treat
the bacteria are shown in Fig. S7,† revealing no viable cells at
their MIC. At the same MIC of Ag NPs without light
irradiation, there are inhibitory effects and limited bacterial
killing. Light will promote the inhibitory effects and bacterial
killing properties of Ag NPs due to their LSPR properties. At 1/
2 MIC concentration, the LSPR properties of Ag nanotriangles
boost their antibacterial activity within 12 h (the 1/2 MIC of Ag
nanospheres was 30 μg mL−1 for both E. coli and S. aureus,
whereas the 1/2 MIC of Ag nanotriangles was 0.24 μg mL−1 for
E. coli and 0.12 μg mL−1 for S. aureus).

As shown in Fig. S8,† the survival rates of E. coli and
S. aureus under light conditions in the absence of Ag NPs were
94.0% and 93.5%, respectively. Sunlight has a certain bacteri-
cidal effect, but this effect is not significant. After further treat-
ment with 7.5 μg mL−1, 15 μg mL−1 and 30 μg mL−1 Ag nano-
spheres without sunlight irradiation for 4 hours, the relative
survival rates of E. coli decreased to 95%, 84.5%, and 57.9%,
respectively. However, after sunlight irradiation for 0.5 h, the
survival rates decreased to 81.3%, 42.1%, and 28.9%, respect-
ively (Fig. S8a and b†). At a concentration of 60 μg mL−1, no
live bacteria were observed, with a survival rate of 0%.
Similarly, S. aureus showed the same trend after Ag nano-
sphere treatment, implying that sunlight can enhance the anti-
bacterial effects of silver nanoparticles (Fig. S8c and d†). After
being treated with Ag nanotriangles, both E. coli and S. aureus
showed no viable cell counts and exhibited strong antibacterial
properties even at very low concentrations (Fig. 5). As one can
see from the SEM images in Fig. 6a and b, E. coli and S. aureus
untreated with Ag NPs but treated with sunlight for 0.5 h are
depicted: the rod-like shapes of E. coli are broken to a small
degree, while the sphere-like structures of S. aureus are almost
kept intact. Once the bacteria are treated with both Ag NPs
and sunlight, their morphologies become significantly broken
(Fig. 6c–f ). The E. coli aggregate and break when treated with
both types of Ag NPs. Nevertheless, it is clearly shown that the
damage degree of the bacteria treated with Ag nanotriangles is

Fig. 5 The photographs of E. coli (a) and S. aureus (c) treated with
different amounts of Ag nanotriangles and their corresponding survival
rates (b) and (d), respectively (sunlight).
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larger than that treated with Ag nanospheres under sunlight
irradiation.

Oxidative stress is a normal physiological response of cells.
However, when oxidative stress exceeds the capacity of the cell
to handle it, it can cause damage to the cell. The level of oxi-
dative stress is closely related to the level of ROS in microor-
ganisms.47 The production of ROS is considered to be the
main pathway for the antimicrobial effect of Ag NPs, in par-
ticular in the presence of light irradiation. In this manuscript,
the fluorescent probe dihydroethidium (DHE) was used to
quantitatively detect the generation efficiency of reactive
oxygen species (ROS). DHE can freely enter cells through the
cell membrane and is oxidized by ROS inside the cells to form
oxidized ethidium. The oxidized ethidium can intercalate into
chromosomal DNA, resulting in the observation of new red
fluorescence. Thus, the quantities of ROS can be evaluated by
measuring the intensities of the new red fluorescence. In
Fig. 7 and S9,† the quantities of ROS in bacteria treated with
both Ag NPs and light irradiation were the highest in compari-
son to the other ‘partially treated’ samples. When the bacteria
were treated with the same concentration of Ag NPs, the gene-
ration rate of ROS increased with the irradiation time (Fig. 7).
In addition, the generation rate of ROS when bacteria were
treated with Ag nanotriangles was higher than in the case of
treatment with Ag nanospheres under light irradiation.

Therefore, two mechanisms for the antibacterial function
in the presence of Ag NPs are proposed in this manuscript. In
Fig. 8a, Ag NPs can interact with cell membranes and release
silver ions to react with proteins, causing oxidative damage to
microbial cells. The bacterial death is triggered by the release
of Ag ions from Ag NPs on the cell membrane. It is also
observed that bacterial morphologies are damaged when

treated with both types of Ag NPs. Nonetheless, under sunlight
irradiation, LSPR of Ag NPs will be irradiated into the hot elec-
trons, participating in the generation of strong oxidation
agents (i.e., hydroxyl radicals, hydrogen peroxide, superoxide
anions, singlet oxygen (1O2)) (Fig. 8b). These ROS can oxida-
tively damage biomolecules such as lipids, proteins and
nucleic acids, effectively killing microorganisms.49 In addition,
the LSPR of nanoparticles is strongly dependent on their mor-
phologies. From Fig. 8c and d, the tips on the Ag nanotrian-
gles will attract high densities of hot electrons; thus the Ag

Fig. 6 SEM images of E. coli (a) and S. aureus (b) without Ag NP treat-
ment, but treated with sunlight. Under sunlight irradiation conditions:
SEM images of E. coli (c) and S. aureus (d) treated with Ag nanospheres;
SEM images of E. coli (e) and S. aureus (f ) treated with Ag nanotriangles.

Fig. 7 ROS generation curves of E. coli treated with Ag nanotriangles
(a) and Ag nanospheres (b). ROS generation curves of S. aureus treated
with Ag nanotriangles (c) and Ag nanospheres (d). The concentration of
Ag NPs is 1/2 MIC. Note: The 1/2 MIC of Ag nanospheres was 30 μg
mL−1 for both E. coli (a) and S. aureus (c), while the 1/2 MIC of Ag nano-
triangles was 0.24 μg mL−1 for E. coli (b) and 0.12 μg mL−1 for S. aureus
(d).

Fig. 8 (a) The antibacterial mechanism of Ag NPs towards the tested
bacteria under dark conditions; (b) the antibacterial mechanism of Ag
NPs under sunlight irradiation; (c and d) the simulated electromagnetic
field around the Ag nanospheres and nanotriangles.
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nanotriangles show a higher intensity of near-field distri-
bution. This situation will provide abundant sources for the
generation of singlet oxygen (1O2).

4. Conclusions

In this study, two types of Ag NPs (nanospheres and nanotrian-
gles) exhibited antibacterial activity against Gram-positive and
Gram-negative bacteria. Previous studies reported that the
thicker layer of peptidoglycan on the Gram-positive bacteria
S. aureus can protect against the disruption of Ag+ and Ag NPs
on the cell membranes. It has also been reported that the
thinner lipopolysaccharide layer of the Gram-negative bacteria
E. coli makes them more sensitive to Ag antibacterial agents.
However, in the present work, the Gram-positive bacteria
S. aureus were shown to be more sensitive to Ag NPs. In other
words, Ag NPs displayed better antibacterial activity against
S. aureus than against E. coli. This may be due to the stronger
interaction between lipopolysaccharide in Gram-negative bac-
teria and Ag NPs compared to the cell wall of Gram-positive
bacteria, and lipopolysaccharide may block the positively
charged Ag+ coming from Ag NPs. Therefore, a higher amount
of Ag NPs and Ag+ will be needed to kill bacteria of E. coli type.
In addition, the antibacterial performance of Ag NPs was
shown to be highly dependent on their morphologies. Ag
nanotriangles displayed a better antibacterial effect than Ag
nanospheres against both bacterial types irrespective of the
presence of light irradiation; this was ascribed to their tip
effect and LSPR properties.
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