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Abstract: Metallic nanoparticles show plasmon resonance phenomena when irradiated with elec-
tromagnetic radiation of a suitable wavelength, whose value depends on their composition, size,
and shape. The damping of the surface electron oscillation causes a release of heat, which causes
a large increase in local temperature. Furthermore, this increase is enhanced when nanoparticle
aggregation phenomena occur. Local temperature increase is extensively exploited in photothermal
therapy, where light is used to induce cellular damage. To activate the plasmon in the visible range,
we synthesized 50 nm diameter spherical gold nanoparticles (AuNP) coated with polyethylene glycol
and administered them to an E. coli culture. The experiments were carried out, at different gold
nanoparticle concentrations, in the dark and under irradiation. In both cases, the nanoparticles
penetrated the bacterial wall, but a different toxic effect was observed; while in the dark we observed
an inhibition of bacterial growth of 46%, at the same concentration, under irradiation, we observed
a bactericidal effect (99% growth inhibition). Photothermal measurements and SEM observations
allowed us to conclude that the extraordinary effect is due to the formation, at low concentrations,
of a light-induced cluster of gold nanoparticles, which does not form in the absence of bacteria,
leading us to the conclusion that the bacterium wall catalyzes the formation of these clusters which
are ultimately responsible for the significant increase in the measured temperature and cause of the
bactericidal effect. This photothermal effect is achieved by low-power irradiation and only in the
presence of the pathogen: in its absence, the lack of gold nanoparticles clustering does not lead to any
phototoxic effect. Therefore, it may represent a proof of concept of an innovative nanoscale pathogen
responsive system against bacterial infections.

Keywords: gold nanoparticles; light-induced clusterization; pathogen responsive; E. coli infection

1. Introduction

Gold nanoparticles are widely used in the manufacture of numerous products, from
electronics to biomedical devices [1–9]. In particular, they have raised high interest in cell
biology and biomedicine due to their unique chemical, optical and electronic properties
that result from their minute size [10–13]. Interestingly, when light interacts with gold
nanoparticles, it is both scattered and absorbed causing a surface plasmon excitation and
the resulting spectral shape of the absorbed radiation depends on many factors such as
the size, shape, composition, and environment of the nanoparticles [14–20]. Over the
years, scientists around the world have been experimenting with the synthesis of metal
nanoparticles of different shapes and sizes. This is because the properties of nanoparticles
depend on their nanostructure. By changing the nanostructural properties, the plasmonic
properties change accordingly. Great interest has been aroused in the gold nanoparticles,
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which have a plasmon band that falls in the visible range, but can also move towards
the wavelengths of NIR [21–23]. In addition, the surface of gold nanoparticles can be
easily functionalized with amino groups or thiol groups [24], and still biomolecules such
as DNA and proteins are used as covering agents of gold nanoparticles [25]. The ease of
characterization of nanoparticles has also contributed to increased interest in the “nano
world” [26,27].

A key aspect in uncovering more new biomedical applications of gold nanoparti-
cles is their cellular uptake [28,29]. Despite numerous studies in this field, the current
understanding of the factors influencing the cellular internalization of nanoparticles re-
mains very limited. It is accepted that commonly used gold nanoparticles are able to
cross cell membranes, usually via endocytic pathways; however, the effectiveness of ab-
sorption depends on the charge, as well as the size, shape, and surface chemistry of the
nanoparticles [29–38]. Bulk gold is considered to be biologically inert; on the other hand, at
nanoscale size, gold has different attributes due its surface plasmon resonance excitation
features [39]. It is important to underline that, as the nanotechnology field continues to
develop, several studies in understanding the size- and shape-dependent toxicity of gold
nanomaterials are being carried out. These studies are increasingly emphasizing how
different morphologies of the nanoparticles have a different impact on organisms and on
the consequent applications [40–43]. Several studies have been conducted on clusterization
of nanoparticles during their interaction with living cells. The result is that the nanoparticle
cluster greatly enhances diagnostic sensitivity and therapeutic effectiveness compared to
individual nanoparticles [44].

Gold nanoparticles (AuNP) are appealing photothermal candidates because they
show efficient local heating upon excitation of surface plasmon oscillations [45–47]. The
strong absorption, efficient light/heat conversion, and high photostability, contribute
to arousing increasing interest in the photothermal applications of gold nanoparticles
that permit a directional control of the incident radiation on the administration region
of the these phototransducers, resulting in localized heat transfer to the surrounding
environment [28,48–50]. When discussing the photothermal activity of gold nanoparticles,
several important parameters are implicitly considered: the wavelength of the laser, that
should be matched with the peak of the plasmonic band of the used nanoparticles [51], the
power of the laser, and the nanoparticle’s size. In particular, the higher the power of the
laser, the higher the temperature increase [5,46,52,53]. Furthermore, by increasing the size
of the nanoparticles, the temperature increases as well [17]. However, a high-power laser
can itself cause damage to the cellular environment, and it is not possible to administer
nanoparticles with a large size [54].

Herein, we show the interaction between gold nanoparticles and bacterial popula-
tions [55–57], i.e., Escherichia coli [58–61], in dark or light conditions [62–64]. In fact, recently,
gold nanoparticles have also gained interest for their antibacterial properties against differ-
ent microorganisms [65]. We prepared 50 nm-diameter gold nanospheres, covered with
thiolate polyethylene glycol (PEG-SH), well known to not have significant antibacterial
effects [36]. From an accurate study performed by the use of electron microscopies, it was
possible to observe the uptake of nanoparticles within bacterial cells as well as the pleomor-
phism (rough surface) and shrinkage in size because of increased cell death [61,66–70] An
antibacterial test, performed by varying AuNP concentration (from 0.26 to 3.54 µg/mL),
clearly indicates that E. coli exposure to gold nanoparticles inhibits bacterial growth, and
that this inhibition, directly proportional to the nanoparticle concentration, is mainly ob-
served in light conditions. We administered the light to the bacteria simultaneously with the
dosage of the nanoparticles, and this caused the fast aggregation of nanoparticles, induced
by light [71], on the bacterial surface. According to our previous studies [17,18], the clusters
have a greater photothermal effect than single nanoparticles, and this was confirmed by
the total bacterial inhibition growth. Since this clustering occurs only in the presence of
bacteria, this system may represent a proof-of-concept of an innovative nanoscale pathogen
responsive system against bacterial infections. To the best of our knowledge, we are propos-
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ing the first example of a system able to activate only in the presence of the bacterial cells,
and to have a bactericidal effect even at low concentrations. In particular, it is important to
underline that in this work several limitations have been overcome, in fact, a low-power
laser and small-sized gold nanoparticles have been employed obtaining, as the result, a
complete inhibition of bacterial E. coli growth.

2. Materials and Methods

Chemicals. All chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany)
(highest purity grade available) and used as received. Tetrachloroauric acid trihydrate
(HAuCl4·H2O, ≥99.9%), sodium citrate C6H5Na3O7·2H2O (99%), Milli-Q water (resistivity
18.2 MΩ·cm at 25 ◦C) were used in all experiments. All glassware was washed with
aqua regia, rinsed with water, sonicated threefold for 3 min with Milli-Q water, and dried
before use.

Sterile tissue culture plates of polystyrene, 6-well, 35mm, non-treated Biofil. E. coli
(DSM 1576 Medium 1) from DSMZ (German Collection of Microorganisms and Cell Cul-
tures, Braunschweig).

Exponential growth phase. E. coli solution was diluted (1:100 v/v) in 20 mL of fresh
DMS Medium 1 to restart the cell cycle and after 3 h of incubation at 37 ◦C the cells were
synchronized at the log phase of the growth curve, featured with the optical density at
600 nm of 0.4–0.6. At this OD value, the cells divide and the growth rate is constant and the
cells are in exponential growth phase.

Gold spheres covered with sodium citrate (AuNS@Citrate). Seed solution. A water solution of
sodium citrate (6.0 E-2 M) was stirred vigorously and heated until the boiling temperature.
At this point, 1 mL of HAuCl4 0.025 E-3 M was added. Immediately, the reaction was
cooled to 90 ◦C. The decrease in the temperature provides the inhibition of a new nucleation,
favoring the consequent overgrowth of the seeds. Sodium citrate has two functions: it
reduces Au (III) to Au (0) and coats the seed to prevent their aggregation. Within 10 min,
the color of the solution changed from yellow to bluish grey and then to soft pink. Growth
solution. After temperature stabilized to 90 ◦C, 1 mL of sodium citrate (0.060 E-2 M) and
1 mL of a HAuCl4 solution (0.025 E-3 M) were consecutively added. By repeating this
process various times, it was possible to obtain citrate-coated gold nanospheres with an
increasing diameter [17,72]. To accelerate the process, the sample was diluted by extracting
a 55 mL aliquot and adding 53 mL of hot distilled water to it, followed by 2 mL of 0.06 E-3 M
sodium citrate water solution. When the temperature was stabilized at 90 ◦C, 1 mL of
HAuCl4 was added. By repeating the process six times, nanospheres with 50 nm diameter
were obtained, characterized by UV–Vis absorption spectroscopy and TEM.

Gold spheres covered with thiolate polyethylene glycol (AuNS@PEG-SH). A water solution
of PEG-SH was prepared (30 mg in 1 mL) and added to 25 mL of 5 E-4 M water-dispersed
AuNS@Citrate. The sample was left under stirring overnight, and then purified by unlinked
PEG-SH (three centrifuge cycles, 600 rpm). The solid residue was dissolved in water
(Figure 1) [15].

 

 

 

 

 

Fig.1 UV-Vis extinction spectrum and TEM image of AuNS@PEG-SH 
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Fig.2 Secondary electrons (on the left) and backscattered electrons (on the right) paired images demonstrating the uptake of AuNP in both 
non-irradiated (A, B) and irradiated (C, D) E. Coli cells. Irradiated E. Coli cells show greater pleomorphism (rough surface) and shrink in 
size because of increased cell death. Large aggregates of AuNP adhere onto the cell surface.  
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Figure 1. UV–Vis extinction spectrum and TEM image of AuNS@PEG-SH.
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Preparation of microorganism suspension. The antibacterial potential of synthesized
AuNPs with and without irradiation was tested against one human pathogen bacterial
strain: E. coli (DSM 1576 Medium 1), as a model for Gram-negative bacteria. The lyophilized
microorganisms were pre-cultured aerobically, with shaking in 50 mL of DSM Medium 1 for
E. coli for 24 h at 37 ◦C, and were maintained on nutrient agar NA slants (0.5% beef extract,
1% peptone, 0.5% NaCl, and 1.5% agar). The organisms were stored at 4 ◦C and subcultured
at regular intervals of 30 days to maintain the cell viability. The bacterium was transferred
from stored slants at 4 ◦C to 10 mL of nutrient broth (meat extract, peptone, NaCl), and
cultivated overnight at 37 ◦C. Considering that, for E. coli, an OD600 nm of 0.1 corresponds
to a concentration of approx. 108 cells/mL, for experiments, the bacterial cultures were
diluted in sterile PBS (phosphate-buffered saline) to obtain a microorganism suspension of
about 104 cells/mL. To evaluate the antibacterial performances of gold nanoparticles against
E. coli and of their photothermal bactericidal property, we used the growth inhibition assay.
This method determines the number of viable bacteria, colony-forming units (CFU/mL)
after 24 h of contact between microorganism and AuNPs, in the dark and irradiated. The
bacterial suspension of 2 × 104 cells, in the exponential phase of growth, were added to
the gold nanoparticles diluted in the growth DSM Medium 1 (1:500) to reach four final
gold nanoparticle concentrations: 0.26, 0.39, 1.56, 3.54 µg/mL, in a final volume of 2ml,
and placed in petri wells of 35 mm. A duplicate of these samples was irradiated with a
green light source for 5 min. In addition, the bacterial strain sample without nanoparticles
was used as negative control. All petri wells were incubated at 35 ◦C for 24 h with 95%
humidity and were shaken at 200 rpm on a stirrer plate (Orbital Shaker, PSU-10i, Grant-bio).
Cell division occurs slowly because the growth medium is very diluted.

All samples were collected and 100 µL of appropriate dilution was spread over the
surface of the nutritive agar using a sterile bent plastic rod. After incubation at 35 ◦C for
24 h, the number of CFU was evaluated. Each experiment was performed in duplicate and
repeated 3 times. The inhibitory effect was calculated using the following formula:

Percent inhibition = 1 − T/C × 100

where T is the CFU/mL of the test sample after 24 h, and C is the CFU/mL of the control
after 24 h [73,74].

Electron microscopy (TEM and SEM), dynamic light scattering (DLS), photophysical
and photothermal measurements

Transmission electron microscopy (TEM). The size and shape of gold nanoparticles were
characterized using a transmission electron microscope (TEM). Samples for TEM were pre-
pared by depositing a drop of a diluted solution on formvar/carbon-film-coated 300 mesh
copper grids for 15 min. This process was followed by the removal of extra solution using
blotting paper. After that, the grids were allowed to dry prior to measurement. The analysis
was carried out on a JEOL JEM-1400 Plus transmission electron microscope at an operating
voltage of 80 kV [75].

Scanning electron microscopy (SEM). SEM analysis was carried out to investigate the
uptake and effects of AuNP on bacterial cell morphology. Briefly, samples were fixed with
3% glutaraldehyde for 2 h and dehydrated with a graded series of ethanol solutions (50%,
60%, 70%, 80%, 90%, 99%, and anhydrous ethanol) for 10 min each. Prior to observation,
specimens were coated with graphene films and finally viewed under a scanning electron
microscope ZEISS Crossbeam 350 operating at 10.00 kV. Both secondary electrons (SE)
and backscattered electrons (BSE) images were simultaneously acquired and compared.
Acquisition by SE revealed topographic information with excellent resolution. With the
use of BSE, the inorganic AuNP and the organic structures were distinguished by virtue
of their different atomic number. This atomic number sensitivity creates contrast in the
image where the inorganic NPs (with high atomic number) appear as bright spots, while
the organic structures (bacterial cells) with low atomic number appear darker. This enables
the ready visualization of inorganic NPs and their location both outside and/or inside
the cells.
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The analysis of interactions of gold nanoparticles with bacteria and their morphological
effects requires high resolution imaging techniques due the extremely small size of the
plasmonic metal nanoparticles. Nanoparticles are not individually distinguishable with
conventional optical microscopy, since their size is below the resolution limit. Thanks to its
high resolution, transmission electron microscopy (TEM) has proven to be a powerful tool
that allows observation of nanoparticles inside the cells, and is widely used for the analysis
of nanoparticle uptake and relationships with cell and tissue components [76]. However,
sample preparation can be a rather challenging, laborious, and/or time-consuming process,
and the obtained information for each sample is limited to the thickness of the cell slices [77].
A new generation of high-resolution SEM (HRSEM) provides less limitation, with a final
image resolution better than 1 nm, that makes it possible to analyze the interactions/uptake
of metallic nanoparticles by cells. HRSEM benefits from the rapid (but accurate) method
for the sample preparation and the higher depth-of-field imaging, thereby providing
detailed information on the 3D morphological organization of cells. Using this technique,
it is possible to visualize the interaction of NPs with the cell membrane and map their
3D distribution.

Dynamic light scattering (DLS). Size distribution of nanoparticles was measured by
dynamic light scattering, by using a Zetasizer Nano S from Malvern Instruments (632.8 nm,
4 mW HeNe gas laser, avalanche photodiode detector, 175◦ detection). The measurements
were performed in triplicate at 25 ◦C. AuNS@PEG in water and AuNS@PEG in PBS were
characterized. The results are showed in Figure S1 (Supplementary Material).

Photophysical characterization. Perkin Elmer Lambda 900 spectrophotometer was em-
ployed to obtain the absorption spectra [78–80]. An amount of 3 mL of the nanoparti-
cle dispersion was transferred from the reaction flask to a quartz cuvette to carry out
the measurement.

Photothermal characterization. Solutions were irradiated, within a customized thermo-
optical setup, by using a CW laser source (gem532; Laser Quantum, Stockport, UK),
emitting at 532 nm in the high-absorption plasmonic band of the investigated AuNPs. The
laser beam acted perpendicularly (from the top) to the air/solution interface, using three
mirrors, in the central part of a quartz cuvette. A high-resolution thermal camera was used
to map and quantify the temperature increase of the AuNPs solutions under top-pumping
laser excitation. The IR thermoimages were recorded by ThermoCamera FLIR (A655sc),
providing thermal images with 640 × 480 pixels, with an accuracy of ±2 ◦C.

3. Results

The extinction spectrum in Figure 1 shows a 540 nm band due to the plasmonic
resonance of 50 nm- diameter AuNS@PEG-SH, while the TEM image confirms the shape
and size of synthetized gold nanoparticles.

AuNS@PEG-SH were administered to E. coli culture, at different concentrations, in
dark or light conditions. The results of cell inhibition growth are shown in Table 1. In
Table S1 (Supplementary Material), for more clarity, the results of the original experiments
with counting colonies are also reported.

According to these results, in the dark, the administration of gold nanoparticles to
E. coli has no detectable effect at low concentrations (0.26 and 0.39 µg/mL), while at the
concentration of 1.56 µg/mL there is a growth inhibition of 15%, which reaches a greater
bacteriostatic effect at the concentration value of 3.54 µg/mL, causing a growth inhibition of
46%. These results show that the MIC (minimum inhibitory concentration) of AuNS@PEG-
SH in reference to E. coli culture is in the range 0.39–1.56 µg/µL. This behavior is due to the
toxic effect exerted by the gold nanoparticles: due to their nano size, they penetrate cells,
causing cytotoxic damage [81–83]. According to SEM images (Figure 2A,B), SE and BSE
paired images demonstrate the uptake of AuNPs in non-irradiated E. coli cells.
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Table 1. E. coli CFU/mL exposed to different concentrations of AuNP, with and without irradiation,
and the percentage of growth inhibition after 24 h of growth in incubator. No changes were recorded
for the control (E. coli CFU/mL 2.1 × 108 with and without irradiation). The data are reported as the
average of three determinations made in duplicate ± standard deviation.

Dark Condition Under Irradiation

AuNP Concentration E. coli (CFU/mL) % Growth Inhibition E. coli (CFU/mL) % Growth Inhibition

0.26 µg/mL 2.1 × 108 ± 0.179 × 108 0 2.12 × 108 ± 0.133 × 108 0

0.39 µg/mL 2.08 × 108 ± 0.227 × 108 0 2.08 × 108 ± 0.232 × 108 0

1.56 µg/mL 1.8 × 108 ± 0.145 × 108 −15% 0.977 × 108 ± 0.117 × 108 −53%

3.54 µg/mL 1.23 × 108 ± 0.232 × 108 −46% 2.1 × 106 ± 0.219 × 106 −99%
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Figure 2. Secondary electrons (on the left) and backscattered electrons (on the right) paired im-
ages demonstrating the uptake of AuNP (3.54 µg/mL) in both non-irradiated (A,B) and irradiated
(C,D) E. coli cells. Irradiated E. coli cells show greater pleomorphism (rough surface) and shrinkage
in size because of increased cell death. Large aggregates of AuNP adhere onto the cell surface.

To activate plasmon resonance, we irradiated the bacterial cultures by using a 532 nm
laser source (i.e., at a wavelength matching the nanoparticles plasmonic band) with a soft
power of 60 mW. The results reported in Table 1 show that the growth inhibition is equal
to 53%, while at the same concentration in the dark the value was 15%; it increases as the
concentration of nanoparticles increases, reaching the remarkable value of 99% when the
concentration of gold nanoparticles is equal to 3.54 µg/mL (while this value measured in
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the dark was 46%). This exceptional inhibition value, that corresponds to a bactericidal
effect, is attributed to the cytotoxic effect, due the gold nanoparticles’ uptake, combined
with the photothermal one (Figure 2C,D). According to the literature, a bactericidal effect
is obtained when the radiation induces a temperature increase over 60 ◦C [83,84]. By
examining the SEM images of Figure 2C,D, a formation of gold nanoparticles clusters is
clearly visible, which we assume to be responsible for the bactericidal photothermal effect.

Under the same conditions, an aqueous solution of AuNS@PEG-SH at a concentra-
tion of 3.54 µg/mL (i.e., the concentration inducing a bactericidal effect) was irradiated,
achieving a temperature increase of 2 ◦C (Figure S2 in Supplementary Information). This
slight increase in temperature, due to the irradiation of the gold nanoparticles, remained
modest also by increasing the concentration of the nanoparticles: in a saturated solution,
the maximum measured value was 11.6 ◦C (Figure S3 in Supplementary Information).
Interestingly, in these aqueous solutions of AuNS@PEG-SH, cluster formation has never
been observed. The only way to measure a noticeable rise in temperature was to increase
the laser power (1500 mW). Indeed, by irradiating the gold nanoparticle solution with the
concentration showing a bactericidal effect (i.e., 3.54 µg/mL), we measured a temperature
increase of 26 ◦C (Figure S4 in Supplementary Information), while by irradiating the satu-
rated solution, it showed a temperature increase of 35.4 ◦C (Figure S5 in Supplementary
Information); in the latter case, we observed the formation of nanoparticle clusters. In fact,
within seconds, a layer of gold appeared on the surface of the colloidal solution under
irradiation. Upon interrupting the irradiation and shaking the sample, the layer of gold
disappeared; this phenomenon, induced by high-power laser irradiation, is widely reported
in the literature [44,71,85,86].

4. Discussion

The photothermal effect was studied both in the dispersion of nanoparticles alone
(at two different concentrations, i.e., 3.54 µg/mL and saturated solution) and in presence
of bacteria (at the 3.54 µg/mL concentration of nanoparticles). In the colloidal dispersion
of nanoparticles alone, at the 3.54 µg/mL concentration, a relevant photothermal effect
was not observed, while this effect was detected in the saturated solution, where clusters
formation was observed. This leads to the conclusion that the clusters are responsible for
the photothermal effect.

In the bacterial cultures that showed significant growth inhibition, clusters of gold
nanoparticles were formed even at low concentrations (3.54 µg/mL) and with a low-power
laser (60 mW). Since these clusters are formed, at this concentration, only in the presence of
bacterial cells, we suppose that it is the bacterial wall that favors the aggregation of gold
nanoparticles, once irradiated. It is precisely this cluster the effective photothermal tool,
determining an increase of the local temperature, responsible of the observed bacterial
growth inhibition and to the final cell death, as displayed in Figure 2C,D, where irradiated
E. coli cells exhibit greater pleomorphism (rough surface) and shrink in size caused by
cell death.

To obtain a photothermal effect, mediated by gold nanoparticles, it is necessary to
have two requirements: a high-power light source and nanoparticles of considerable size.
These two necessary aspects have disadvantages: the use of high-power lasers can itself be
harmful to the cellular environment in many ways; the use of large nanoparticles makes
administration difficult. In this work we have tried to overcome these two limitations
by using a low-power laser and small size gold nanoparticles. A complete inhibition
of bacterial growth was observed, due to the fact that the low-power laser induced the
formation of gold nanoparticle clusters of such dimensions that are able to induce, under
irradiation, a temperature increase capable of obtaining a bactericidal effect [17]. This
fact, which under the same experimental conditions was not observed in the absence of
bacteria, is due to a sort of catalytic effect exerted by the bacterial wall in the formation of
the clusters, as can be clearly seen from the SEM images.
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5. Conclusions

Local temperature increase is extensively exploited in photothermal therapy, where
light is used to induce cellular damage. Gold nanoparticles, showing plasmon resonance
phenomena when irradiated with electromagnetic radiation, are able to induce relevant
temperature rises mainly dependent on their size.

In this work we present a proof-of-concept nano-sized system for a photothermal
treatment of an E. coli culture. We synthesized 50 nm-diameter gold nanospheres covered
with thiolate polyethylene glycol, AuNS@PEG-SH, and administered these nanoparticles
in water solutions at different concentrations, to a bacterial culture, observing cell growth
in the dark or under light irradiation.

Previously, we have measured the temperature values of the AuNP solutions under
high-power (1500 Mw) laser irradiation, measuring a temperature value of 54.4 ◦C, while,
as expected, low-power laser source (60 Mw) causes a negligible temperature rise; in both
cases the values depend directly on the concentration of the solutions.

Bacterial treatments with AuNS@PEG-SH aqueous solutions show no growth inhibi-
tion at low concentration, while at 1.56 µg/mL and 3.54 µg/mL, we observe, in the dark,
a bacteriostatic effect (46% of growth inhibition at a concentration of 3.54 µg/mL). SEM
images show an uptake of nanoparticles in the bacteria cells, responsible for the observed
bacterial inhibition growth.

To irradiate the bacteria, it was preferred to use a soft-power laser (i.e., 60 mW) in order
to have no harmful effects due to the power of the source alone. Under these conditions,
we observed an AuNP concentration-dependent inhibition of the bacterial growth, which
at the concentration of 3.54 µg/mL leads to a bactericidal effect. To explain this surprising
effect, we collected SEM images of the bacterial culture which was administered the AuNP
solution with a concentration of 3.54 µg/mL, and irradiated with the low-power laser.
We observed the formation of nanoparticle clusters on the bacterial wall. These clusters
are not formed in the absence of bacteria except using high power lasers. These clusters
are responsible for the low-power-induced photothermal effect, and their formation is
catalyzed by the bacterial wall.

In conclusion, the results show that these nanoparticles constitute a proof-of-concept
of a photothermal system able to activate only in the presence of the pathogen, and to have
a bactericidal effect even at low concentrations.
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tion irradiated with a laser source (λ = 532 nm, 60 mW). Room temperature 19 ◦C; Figure S4: Thermal
photo of AuNS@PEG-SH water solution (3.54 µg/mL) irradiated with a laser source (λ = 532 nm,
1500 mW). Room temperature 19 ◦C; Figure S5: Thermal photo of AuNS@PEG-SH-saturated water
solution irradiated with a laser source (λ = 532 nm, 1500 mW). Room temperature 19 ◦C. Table S1.
Results of the original experiments with counting colonies.

Author Contributions: Synthesis of nanoparticles, photophysical and photothermal characteri-
zation, validation data curation A.C.; Conceptualization, investigation, validation data curation,
writing—editing, supervision M.L.D.; Electron microscopy characterization, validation data curation
I.D.P.; Preparation of microorganism suspension, validation and curation of E. coli UFC/mL data
R.D.R.; Photothermal characterization A.G. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/nano13040746/s1
https://www.mdpi.com/article/10.3390/nano13040746/s1


Nanomaterials 2023, 13, 746 9 of 12

Acknowledgments: The authors are grateful to Mariano Davoli—Dipartimento DiBEST—Centro Micro-
scopia e Microanalisi (CM2) Università della Calabria—Rende (CS) for the acquisition of SEM images,
to NLHT- Nanoscience Laboratory for Human Technologies POR Calabria FESR-FSE 14/20 for the
photothermal measurement, and to Nicolas Godbert and Iolinda Aiello for DLS measurements.

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

References
1. Prakash, A.; Ouyang, J.; Lin, J.L.; Yang, Y. Polymer memory device based on conjugated polymer and gold nanoparticles. J. Appl.

Phys. 2006, 100, 054309. [CrossRef]
2. Huang, D.; Liao, F.; Molesa, S.; Redinger, D.; Subramanian, V. Plastic-Compatible Low Resistance Printable Gold Nanoparticle

Conductors for Flexible Electronics. J. Electrochem. Soc. 2003, 150, G412. [CrossRef]
3. Quaresma, P.; Osório, I.; Dória, G.; Carvalho, P.A.; Pereira, A.; Langer, J.; Araújo, J.P.; Pastoriza-Santos, I.; Liz-Marzán, L.M.;

Franco, R.; et al. Star-shaped magnetite@gold nanoparticles for protein magnetic separation and SERS detection. RSC Adv. 2014,
4, 3659–3667. [CrossRef]

4. Liu, F.K. Analysis and applications of nanoparticles in the separation sciences: A case of gold nanoparticles. J. Chromatogr. A 2009,
1216, 9034–9047. [CrossRef]

5. Das, M.; Shim, K.H.; An, S.S.A.; Yi, D.K. Review on gold nanoparticles and their applications. Toxicol. Environ. Health Sci. 2011, 3,
193–205. [CrossRef]

6. Madkour, L.H. Applications of gold nanoparticles in medicine and therapy. Pharm. Pharmacol. Int. J. 2018, 6, 157–174. [CrossRef]
7. Bansal, S.A.; Kumar, V.; Karimi, J.; Singh, A.P.; Kumar, S. Role of gold nanoparticles in advanced biomedical applications.

Nanoscale Adv. 2020, 2, 3764–3787. [CrossRef]
8. Zhang, N.; Xu, A.; Liu, B.; Godbert, N.; Li, H. Lyotropic liquid crystals of tetradecyldimethylaminoxide in water and the in situ

formation of gold nanomaterials. ChemPhysMater 2022, in press. [CrossRef]
9. Zeng, Z.; Chen, Y.; Zhu, X.; Yu, L. Polyaniline-supported nano metal-catalyzed coupling reactions: Opportunities and challenges.

Chin. Chem. Lett. 2023, 34, 107728. [CrossRef]
10. Sun, Y.; Jiang, L.; Zhong, L.; Jiang, Y.; Chen, X. Towards active plasmonic response devices. Nano Res. 2015, 8, 406–417. [CrossRef]
11. Kang, H.; Buchman, J.T.; Rodriguez, R.S.; Ring, H.L.; He, J.; Bantz, K.C.; Haynes, C.L. Stabilization of Silver and Gold Nanoparti-

cles: Preservation and Improvement of Plasmonic Functionalities. Chem. Rev. 2019, 119, 664–699. [CrossRef]
12. Venkatesh, N. Metallic Nanoparticle: A Review. Biomed. J. Sci. Tech. Res. 2018, 4, 3765–3775. [CrossRef]
13. Talarico, A.M.; Szerb, E.I.; Mastropietro, T.F.; Aiello, I.; Crispini, A.; Ghedini, M. Tuning solid state luminescent properties in

a hydrogen bonding-directed supramolecular assembly of bis-cyclometalated iridium(iii) ethylenediamine complexes. Dalton
Trans. 2012, 41, 4919–4926. [CrossRef]

14. Yue, K.; Nan, J.; Zhang, X.; Tang, J.; Zhang, X. Photothermal Effects of Gold Nanoparticles Induced by Light Emitting Diodes.
Appl. Therm. Eng. 2016, 99, 1093–1100. [CrossRef]

15. Candreva, A.; Di Maio, G.; Parisi, F.; Scarpelli, F.; Crispini, A.; Godbert, N.; Ricciardi, L.; Nucera, A.; Rizzuto, C.; Barberi, R.C.;
et al. Luminescent Self-Assembled Monolayer on Gold Nanoparticles: Tuning of Emission According to the Surface Curvature.
Chemosensors 2022, 10, 176. [CrossRef]

16. Candreva, A.; Lewandowski, W.; La Deda, M. Thickness control of the Silica Shell: A way to tune the Plasmonic Properties of
isolated and assembled Gold Nanorods. J. Nanoparticle Res. 2022, 24, 19. [CrossRef]

17. Candreva, A.; Morrone, E.; La Deda, M. Gold Sea Urchin-Shaped Nanoparticles: Synthesis and Characterization of Energy
Transducer Candidates. Plasmonics 2022, 18, 291–298. [CrossRef]

18. Candreva, A.; Parisi, F.; Bartucci, R.; Guzzi, R.; Maio, D. Synthesis and Characterization of Hyper-Branched Nanoparticles with
Magnetic and Plasmonic Properties. Chemistryselect 2022, 7, e202201375. [CrossRef]

19. Candreva, A.; Di Maio, G.; La Deda, M. A quick one-step synthesis of luminescent gold nanospheres. Soft Matter 2020, 16,
10865–10868. [CrossRef] [PubMed]

20. Wang, Y.; Serrano, A.B.; Sentosun, K.; Bals, S.; Liz-marzán, L.M. Stabilization and Encapsulation of Gold Nanostars Mediated by
Dithiols. Small 2015, 11, 4314–4320. [CrossRef] [PubMed]

21. Hamon, C.; Novikov, S.; Scarabelli, L.; Basabe-Desmonts, L.; Liz-Marzán, L.M. Hierarchical self-assembly of gold nanoparticles
into patterned plasmonic nanostructures. ACS Nano 2014, 8, 10694–10703. [CrossRef] [PubMed]

22. Scarabelli, L.; Coronado-puchau, M.; Giner-casares, J.J.; Langer, J.; Liz-marza, L.M. Monodisperse Gold Nanotriangles: Assembly,
and Performance in Surface-Enhanced Raman Scattering. ACS Nano 2014, 8, 5833–5842. [CrossRef] [PubMed]

23. Scarabelli, L.; Grzelczak, M.; Liz-Marzán, L.M. Tuning gold nanorod synthesis through prereduction with salicylic acid. Chem.
Mater. 2013, 25, 4232–4238. [CrossRef]

24. Serrano-Montes, A.B.; De Aberasturi, D.J.; Langer, J.; Giner-Casares, J.J.; Scarabelli, L.; Herrero, A.; Liz-Marzán, L.M. A General
Method for Solvent Exchange of Plasmonic Nanoparticles and Self-Assembly into SERS-Active Monolayers. Langmuir 2015, 31,
9205–9213. [CrossRef]

25. Wang, P.; Wang, X.; Wang, L.; Hou, X.; Liu, W.; Chen, C. Interaction of gold nanoparticles with proteins and cells. Sci. Technol.
Adv. Mater. 2015, 16, 34610. [CrossRef]

http://doi.org/10.1063/1.2337252
http://doi.org/10.1149/1.1582466
http://doi.org/10.1039/C3RA46762G
http://doi.org/10.1016/j.chroma.2009.07.026
http://doi.org/10.1007/s13530-011-0109-y
http://doi.org/10.15406/ppij.2018.06.00172
http://doi.org/10.1039/D0NA00472C
http://doi.org/10.1016/j.chphma.2022.06.001
http://doi.org/10.1016/j.cclet.2022.08.008
http://doi.org/10.1007/s12274-014-0682-x
http://doi.org/10.1021/acs.chemrev.8b00341
http://doi.org/10.26717/BJSTR.2018.04.0001011
http://doi.org/10.1039/c2dt12108e
http://doi.org/10.1016/j.applthermaleng.2016.01.077
http://doi.org/10.3390/chemosensors10050176
http://doi.org/10.1007/s11051-022-05402-w
http://doi.org/10.1007/s11468-022-01751-3
http://doi.org/10.1002/slct.202201375
http://doi.org/10.1039/D0SM02024A
http://www.ncbi.nlm.nih.gov/pubmed/33305775
http://doi.org/10.1002/smll.201500703
http://www.ncbi.nlm.nih.gov/pubmed/26034018
http://doi.org/10.1021/nn504407z
http://www.ncbi.nlm.nih.gov/pubmed/25263238
http://doi.org/10.1021/nn500727w
http://www.ncbi.nlm.nih.gov/pubmed/24848669
http://doi.org/10.1021/cm402177b
http://doi.org/10.1021/acs.langmuir.5b01838
http://doi.org/10.1088/1468-6996/16/3/034610


Nanomaterials 2023, 13, 746 10 of 12

26. Pellas, V.; Hu, D.; Mazouzi, Y.; Mimoun, Y.; Blanchard, J.; Guibert, C.; Salmain, M.; Boujday, S. Gold Nanorods for LSPR
Biosensing: Synthesis, Coating by Silica, and Bioanalytical Applications. Biosensors 2020, 10, 146. [CrossRef]

27. Hammami, I.; Alabdallah, N.M.; Al Jomaa, A.; Kamoun, M. Gold nanoparticles: Synthesis properties and applications. J. King
Saud Univ.—Sci. 2021, 33, 101560. [CrossRef]

28. Shari, M.; Attar, F.; Akbar, A.; Akhtari, K.; Hooshmand, N. Plasmonic gold nanoparticles: Optical manipulation, imaging, drug
delivery and therapy. J. Control. Release 2019, 312, 170–189. [CrossRef]

29. Bhattacharya, S.; Alkharfy, K.M.; Mukhopadhyay, D. Nanomedicine: Pharmacological perspectives. Nanotechnol. Rev. 2012, 1,
235–253. [CrossRef]

30. Mironava, T.; Hadjiargyrou, M.; Simon, M.; Jurukovski, V.; Rafailovich, M.H. Gold nanoparticles cellular toxicity and recovery:
Effect of size, concentration and exposure time. Nanotoxicology 2010, 4, 120–137. [CrossRef]

31. Li, N.; Zhao, P.; Astruc, D. Anisotropic Gold Nanoparticles: Synthesis, Properties, Applications, and Toxicity. Angew. Chem. Int.
Ed. 2014, 53, 1756–1789. [CrossRef] [PubMed]

32. Henriksen-lacey, M. Cellular Uptake of Gold Nanoparticles Triggered by Host−Guest Interactions. J. Am. Chem. Soc. 2018, 140,
4469–4472. [CrossRef]

33. Iswarya, V.; Manivannan, J.; De, A.; Paul, S.; Roy, R.; Johnson, J.B.; Kundu, R.; Chandrasekaran, N.; Mukherjee, A. Surface
capping and size-dependent toxicity of gold nanoparticles on different trophic levels. Environ. Sci. Pollut. Res. 2016, 23, 4844–4858.
[CrossRef]

34. Chen, Y.-S.; Hung, Y.-C.; Liau, I.; Huang, G.S. Assessment of the In Vivo Toxicity of Gold Nanoparticles. Nanoscale Res. Lett. 2009,
4, 858–864. [CrossRef] [PubMed]

35. Pan, Y.; Neuss, S.; Leifert, A.; Fischler, M.; Wen, F.; Simon, U.; Schmid, G.; Brandau, W.; Jahnen-Dechent, W. Size-dependent
cytotoxicity of gold nanoparticles. Small 2007, 3, 1941–1949. [CrossRef]

36. Reznickova, A.; Slavikova, N.; Kolska, Z.; Kolarova, K.; Belinova, T.; Kalbacova, M.H.; Cieslar, M.; Svorcik, V. PEGylated gold
nanoparticles: Stability, cytotoxicity and antibacterial activity. Colloids Surf. A 2019, 560, 26–34. [CrossRef]

37. He, X.; Sathishkumar, G.; Gopinath, K.; Zhang, K.; Lu, Z.; Li, C.; Kang, E.; Xu, L. One-step self-assembly of biogenic Au
NPs/PEG-based universal coatings for antifouling and photothermal killing of bacterial pathogens. Chem. Eng. J. 2021, 421,
130005. [CrossRef]

38. Hu, Y.; Wang, R.; Wang, S.; Ding, L.; Li, J.; Luo, Y.; Wang, X.; Shen, M.; Shi, X. Multifunctional Fe3O4 @ Au core/shell nanostars: A
unique platform for multimode imaging and photothermal therapy of tumors. Sci. Rep. 2016, 6, 28325. [CrossRef]

39. Sani, A.; Cao, C.; Cui, D. Toxicity of gold nanoparticles (AuNPs): A review. Biochem. Biophys. Rep. 2021, 26, 100991. [CrossRef]
40. Vecchio, G.; Galeone, A.; Brunetti, V.; Maiorano, G.; Sabella, S.; Cingolani, R.; Pompa, P.P. Concentration-dependent, size-

independent toxicity of citrate capped AuNPs in drosophila melanogaster. PLoS ONE 2012, 7, e29980. [CrossRef]
41. Wang, S.; Lu, W.; Tovmachenko, O.; Rai, U.S.; Yu, H.; Ray, P.C. Challenge in understanding size and shape dependent toxicity of

gold nanomaterials in human skin keratinocytes. Chem. Phys. Lett. 2008, 463, 145–149. [CrossRef] [PubMed]
42. Demir, E. A review on nanotoxicity and nanogenotoxicity of different shapes of nanomaterials. J. Appl. Toxicol. 2021, 41, 118–147.

[CrossRef] [PubMed]
43. Zoroddu, M.; Medici, S.; Ledda, A.; Nurchi, V.; Lachowicz, J.; Peana, M. Toxicity of Nanoparticles. Curr. Med. Chem. 2014, 21,

3837–3853. [CrossRef] [PubMed]
44. Lapotko, D.O.; Lukianova-Hleb, E.Y.; Oraevsky, A.A. Clusterization of nanoparticles during their interaction with living cells.

Nanomedicine 2007, 2, 241–253. [CrossRef]
45. Barbosa, S.; Agrawal, A.; Rodríguez-Lorenzo, L.; Pastoriza-Santos, I.; Alvarez-Puebla, R.A.; Kornowski, A.; Weller, H.; Liz-Marzán,

L.M. Tuning size and sensing properties in colloidal gold nanostars. Langmuir 2010, 26, 14943–14950. [CrossRef]
46. Borzenkov, M.; Määttänen, A.; Ihalainen, P.; Collini, M.; Cabrini, E.; Dacarro, G.; Pallavicini, P.; Chirico, G. Photothermal effect

of gold nanostar patterns inkjet-printed on coated paper substrates with different permeability. Beilstein J. Nanotechnol. 2016, 7,
1480–1485. [CrossRef]

47. Arguinzoniz, A.G.; Ruggiero, E.; Habtemariam, A.; Hernández-gil, J.; Salassa, L.; Mareque-rivas, J.C. Light Harvesting and
Photoemission by Nanoparticles for Photodynamic Therapy. Part. Part. Syst. Charact. 2014, 31, 46–75. [CrossRef]

48. Sherwani, M.A.; Tufail, S.; Khan, A.A.; Owais, M. Gold Nanoparticle-Photosensitizer Conjugate Based Photodynamic Inactivation
of Biofilm Producing Cells: Potential for Treatment of C. albicans Infection in BALB/c Mice. PLoS ONE 2015, 10, e013168.
[CrossRef]

49. Calavia, P.G.; Russell, D.A.; Bruce, G.; Pérez-garcía, L. Photosensitiser-gold nanoparticle conjugates for photodynamic therapy of
cancer. Photochem. Photobiol. Sci. 2018, 17, 1534–1552. [CrossRef]

50. Hwang, S.; Jung, S.; Doh, H.; Kim, S. Gold nanoparticle-mediated photothermal therapy: Current status and future perspective.
Nanomedicine 2022, 9, 2003–2022. [CrossRef]

51. Pallavicini, P.; Donà, A.; Casu, A.; Chirico, G.; Collini, M.; Dacarro, G.; Falqui, A.; Milanese, C.; Sironi, L.; Taglietti, A. Triton X-100
for three-plasmon gold nanostars with two photothermally active NIR (near IR) and SWIR (short-wavelength IR) channels. Chem.
Commun. 2013, 49, 6265–6267. [CrossRef] [PubMed]

52. Annesi, F.; Pane, A.; Losso, M.A.; Guglielmelli, A.; Lucente, F.; Petronella, F.; Placido, T.; Comparelli, R.; Guzzo, M.G.; Curri, M.L.;
et al. Thermo-plasmonic killing of Escherichia coli TG1 bacteria. Materials 2019, 12, 1530. [CrossRef] [PubMed]

http://doi.org/10.3390/bios10100146
http://doi.org/10.1016/j.jksus.2021.101560
http://doi.org/10.1016/j.jconrel.2019.08.032
http://doi.org/10.1515/ntrev-2011-0010
http://doi.org/10.3109/17435390903471463
http://doi.org/10.1002/anie.201300441
http://www.ncbi.nlm.nih.gov/pubmed/24421264
http://doi.org/10.1021/jacs.7b12505
http://doi.org/10.1007/s11356-015-5683-0
http://doi.org/10.1007/s11671-009-9334-6
http://www.ncbi.nlm.nih.gov/pubmed/20596373
http://doi.org/10.1002/smll.200700378
http://doi.org/10.1016/j.colsurfa.2018.09.083
http://doi.org/10.1016/j.cej.2021.130005
http://doi.org/10.1038/srep28325
http://doi.org/10.1016/j.bbrep.2021.100991
http://doi.org/10.1371/journal.pone.0029980
http://doi.org/10.1016/j.cplett.2008.08.039
http://www.ncbi.nlm.nih.gov/pubmed/24068836
http://doi.org/10.1002/jat.4061
http://www.ncbi.nlm.nih.gov/pubmed/33111384
http://doi.org/10.2174/0929867321666140601162314
http://www.ncbi.nlm.nih.gov/pubmed/25306903
http://doi.org/10.2217/17435889.2.2.241
http://doi.org/10.1021/la102559e
http://doi.org/10.3762/bjnano.7.140
http://doi.org/10.1002/ppsc.201300314
http://doi.org/10.1371/journal.pone.0131684
http://doi.org/10.1039/c8pp00271a
http://doi.org/10.2217/nnm.14.147
http://doi.org/10.1039/c3cc42999g
http://www.ncbi.nlm.nih.gov/pubmed/23728398
http://doi.org/10.3390/ma12091530
http://www.ncbi.nlm.nih.gov/pubmed/31083308


Nanomaterials 2023, 13, 746 11 of 12

53. Guglielmelli, A.; Rosa, P.; Contardi, M.; Prato, M.; Mangino, G.; Miglietta, S.; Petrozza, V.; Pani, R.; Calogero, A.; Athanassiou, A.;
et al. Biomimetic keratin gold nanoparticle-mediated in vitro photothermal therapy on glioblastoma multiforme. Nanomedicine
2021, 16, 121–138. [CrossRef] [PubMed]

54. Yeh, Y.C.; Creran, B.; Rotello, V.M. Gold nanoparticles: Preparation, properties, and applications in bionanotechnology. Nanoscale
2012, 4, 1871–1880. [CrossRef] [PubMed]

55. Umamaheswari, K.; Baskar, R.; Chandru, K.; Rajendiran, N.; Chandirasekar, S. Antibacterial activity of gold nanoparticles and
their toxicity assessment. BMC Infect. Dis. 2014, 14, 2334. [CrossRef]

56. Cui, Y.; Zhao, Y.; Tian, Y.; Zhang, W.; Lü, X.; Jiang, X. Biomaterials The molecular mechanism of action of bactericidal gold
nanoparticles on Escherichia coli q. Biomaterials 2012, 33, 2327–2333. [CrossRef] [PubMed]

57. He, Y.; Dong, H.; Li, T.; Wang, C.; Shao, W.; Zhang, Y.; Jiang, L.; Hu, W. Graphene and graphene oxide nanogap electrodes
fabricated by atomic force microscopy nanolithography. Appl. Phys. Lett. 2010, 97, 133301. [CrossRef]

58. Gouyau, J.; Duval, R.E.; Boudier, A.; Lamouroux, E. Investigation of Nanoparticle Metallic Core Antibacterial Activity: Gold and
Silver Nanoparticles against Escherichia coli and Staphylococcus aureus. Int. J. Mol. Sci. 2021, 22, 1905. [CrossRef]

59. Miller, S.E.; Bell, C.S.; Mejias, R.; Mcclain, M.S.; Cover, T.L.; Giorgio, T.D. Colistin-Functionalized Nanoparticles for the Rapid
Capture of Acinetobacter baumannii. J. Biomed. Nanotechnol. 2016, 12, 1806–1819. [CrossRef]

60. Azam, A.; Ahmed, F.; Arshi, N.; Chaman, M.; Naqvi, A.H. One step synthesis and characterization of gold nanoparticles and
their antibacterial activities against E. coli (ATCC 25922 strain). Int. J. Theor. Appl. Sci. 2009, 1, 1–4.

61. Liu, M.; Zhang, X.; Chu, S.; Ge, Y.; Huang, T.; Liu, Y.; Yu, L. Selenization of cotton products with NaHSe endowing the antibacterial
activities. Chin. Chem. Lett. 2022, 33, 205–208. [CrossRef]

62. Pissuwan, D.; Cortie, C.H.; Valenzuela, S.M.; Cortie, M.B. Functionalised gold nanoparticles for controlling pathogenic bacteria.
Trends Biotechnol. 2010, 28, 207–213. [CrossRef]

63. Lima, E.; Guerra, R.; Lara, V.; Guzmán, A. Gold nanoparticles as efficient antimicrobial agents for Escherichia coli and Salmonella
typhi. Chem. Central J. 2013, 7, 11. [CrossRef] [PubMed]

64. Mubdir, D.M.; Al-shukri, M.S.; Ghaleb, R.A. Antimicrobial Activity of Gold Nanoparticles and SWCNT-COOH on Viability of
Pseudomonas aeruginosa. Ann. Rom. Soc. Cell Biol. 2021, 25, 5507–5513.

65. Zhang, Y.; Dasari, T.P.S.; Deng, H.; Yu, H. Journal of Environmental Science and Health, Part C: Environmental Carcinogenesis
and Ecotoxicology Reviews Antimicrobial Activity of Gold Nanoparticles and Ionic Gold. J. Environ. Sci. Heath Part C Environ.
Carcinog. Ecotoxicol. Rev. 2015, 3, 37–41. [CrossRef]

66. Lai, M.-J.; Huang, Y.-W.; Chen, H.-C.; Tsao, L.-I.; Chang Chien, C.-F.; Singh, B.; Liu, B.R. Effect of Size and Concentration of
Copper Nanoparticles on the Antimicrobial Activity in Escherichia coli through Multiple Mechanisms. Nanomaterials 2022, 12, 3715.
[CrossRef] [PubMed]

67. Das, B.; Mandal, D.; Dash, S.K.; Chattopadhyay, S.; Tripathy, S.; Dolai, D.P.; Dey, S.K.; Roy, S. Eugenol Provokes ROS-Mediated
Membrane Damage-Associated Antibacterial Activity against Clinically Isolated Multidrug-Resistant Staphylococcus aureus Strains.
Infect. Dis. Res. Treat. 2016, 9, IDRT.S31741. [CrossRef]

68. Bao, H.; Yu, X.; Xu, C.; Li, X.; Li, Z.; Wei, D.; Liu, Y. New toxicity mechanism of silver nanoparticles: Promoting apoptosis and
inhibiting proliferation. PLoS ONE 2015, 10, 1–10. [CrossRef]

69. Behera, N.; Arakha, M.; Priyadarshinee, M.; Pattanayak, B.S.; Soren, S.; Jha, S.; Mallick, B.C. Oxidative stress generated at
nickel oxide nanoparticle interface results in bacterial membrane damage leading to cell death. RSC Adv. 2019, 9, 24888–24894.
[CrossRef]

70. Ahmed, B.; Ameen, F.; Rizvi, A.; Ali, K.; Sonbol, H.; Zaidi, A.; Khan, M.S.; Musarrat, J. Destruction of Cell Topography,
Morphology, Membrane, Inhibition of Respiration, Biofilm Formation, and Bioactive Molecule Production by Nanoparticles of
Ag, ZnO, CuO, TiO2, and Al2O3 toward Beneficial Soil Bacteria. ACS Omega 2020, 5, 7861–7876. [CrossRef]

71. Matsuo, N.; Muto, H.; Miyajima, K.; Mafuné, F. Single laser pulse induced aggregation of gold nanoparticles. Phys. Chem. Chem.
Phys. 2007, 9, 6027–6031. [CrossRef] [PubMed]

72. Piella, J.; Bastús, N.G.; Puntes, V. Size-dependent protein-nanoparticle interactions in citrate-stabilized gold nanoparticles: The
emergence of the protein corona. Bioconjug. Chem. 2017, 28, 88–97. [CrossRef] [PubMed]

73. Caligiuri, R.; Di Maio, G.; Godbert, N.; Scarpelli, F.; Candreva, A.; Rimoldi, I.; Facchetti, G.; Lupo, M.G.; Sicilia, E.; Mazzone,
G.; et al. Curcumin-based ionic Pt(ii) complexes: Antioxidant and antimicrobial activity. Dalton Trans. 2022, 51, 16545–16556.
[CrossRef]

74. Policastro, D.; Giorno, E.; Scarpelli, F.; Godbert, N.; Ricciardi, L.; Crispini, A.; Candreva, A.; Marchetti, F.; Xhafa, S.; De Rose, R.;
et al. New Zinc-Based Active Chitosan Films: Physicochemical Characterization, Antioxidant, and Antimicrobial Properties.
Front. Chem. 2022, 10, 884059. [CrossRef]

75. Mastropietro, T.F.; Meringolo, C.; Poerio, T.; Scarpelli, F.; Godbert, N.; Di Profio, G.; Fontananova, E. Multistimuli Activation of
TiO2/α-alumina membranes for degradation of methylene blue. Ind. Eng. Chem. Res. 2017, 56, 11049–11057. [CrossRef]

76. Malatesta, M. Transmission electron microscopy as a powerful tool to investigate the interaction of nanoparticles with subcellular
structures. Int. J. Mol. Sci. 2021, 22, 12789. [CrossRef] [PubMed]

77. Schrand, A.M.; Rahman, M.F.; Hussain, S.M.; Schlager, J.J.; Smith, D.A.; Syed, A.F. Metal-based nanoparticles and their toxicity
assessment. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2010, 2, 544–568. [CrossRef]

http://doi.org/10.2217/nnm-2020-0349
http://www.ncbi.nlm.nih.gov/pubmed/33426900
http://doi.org/10.1039/C1NR11188D
http://www.ncbi.nlm.nih.gov/pubmed/22076024
http://doi.org/10.1186/1471-2334-14-S3-P64
http://doi.org/10.1016/j.biomaterials.2011.11.057
http://www.ncbi.nlm.nih.gov/pubmed/22182745
http://doi.org/10.1063/1.3493647
http://doi.org/10.3390/ijms22041905
http://doi.org/10.1166/jbn.2016.2273
http://doi.org/10.1016/j.cclet.2021.05.061
http://doi.org/10.1016/j.tibtech.2009.12.004
http://doi.org/10.1186/1752-153X-7-11
http://www.ncbi.nlm.nih.gov/pubmed/23331621
http://doi.org/10.1080/10590501.2015.1055161
http://doi.org/10.3390/nano12213715
http://www.ncbi.nlm.nih.gov/pubmed/36364491
http://doi.org/10.4137/IDRT.S31741
http://doi.org/10.1371/journal.pone.0122535
http://doi.org/10.1039/C9RA02082A
http://doi.org/10.1021/acsomega.9b04084
http://doi.org/10.1039/b709982g
http://www.ncbi.nlm.nih.gov/pubmed/18004417
http://doi.org/10.1021/acs.bioconjchem.6b00575
http://www.ncbi.nlm.nih.gov/pubmed/27997136
http://doi.org/10.1039/D2DT01653B
http://doi.org/10.3389/fchem.2022.884059
http://doi.org/10.1021/acs.iecr.7b02778
http://doi.org/10.3390/ijms222312789
http://www.ncbi.nlm.nih.gov/pubmed/34884592
http://doi.org/10.1002/wnan.103


Nanomaterials 2023, 13, 746 12 of 12

78. Cretu, C.; Andelescu, A.A.; Candreva, A.; Crispini, A.; Szerb, E.I.; La Deda, M. Bisubstituted-biquinoline Cu(i) complexes:
Synthesis, mesomorphism and photophysical studies in solution and condensed states. J. Mater. Chem. C 2018, 6, 10073–10082.
[CrossRef]

79. La Deda, M.; Di Maio, G.; Candreva, A.; Heinrich, B.; Andelescu, A.A.; Popa, E.; Voirin, E.; Badea, V.; Amati, M.; Costişor, O.; et al.
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