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Efficient NIR energy conversion of plasmonic silver
nanostructures fabricated with the laser-assisted
synthetic approach for endodontic applications
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Silver nanoparticles were synthesized with the laser-assisted wet chemical approach at room temperature.
The effect of light exposure on the silver nanoparticles’ spatial parameters shaping the localized surface
plasmon resonance has been evaluated. The optical, structural and morphological characterizations of
the Ag nanostructures were conducted with UV-VIS-NIR spectrophotometry, DLS and TEM techniques.
The ability of the light-modified Ag nanostructures for energy conversion under the influence of 445 and
880 nm laser radiation is estimated. We have found that the most efficient heat generation can be
achieved using triangular Ag nanostructures under the NIR irradiation (880 nm). The temperature effect
on the Ag nanostructures’ antibacterial properties has been evaluated against the Staphylococcus aureus
population. The prospects of triangular Ag nanostructures’ application on modern endodontics for the

rsc.li/rsc-advances

Introduction

The fast development of nanotechnology and continuous
improvement of synthetic approaches towards nanomaterials
characterized by the specific and controlled shape, size, struc-
tural and physicochemical properties have led to the extension
of their possible application in various fields of engineering,
energetics, photonics, plasmonics, ecology and other important
directions." Nowadays, trials with implementation of nano-
materials in broadly understood biomedicine, for instance,
periodontics, endodontics, early stage diagnosis, theranostics,
temperature controlled drug release and stimulation of regen-
erative processes or even localized hyperthermia, are extremely
promising.>* The study of the behaviour of nanoscale metal
structures, in particular silver, is of great importance for the
aforementioned purposes™® due to its unique physicochemical,
biological, catalytic and bactericidal properties.”® These
properties are especially manifested under the conditions of
localized surface plasmon resonance (LSPR)."* The LSPR effect
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rapid nano-laser disinfection of the root canal system of the human tooth have been demonstrated.

is characterized by a sharp increase in the optical absorption
and scattering of the electromagnetic radiation by nano-objects
at a certain wavelength of the incident light, which resonates
with the eigen frequency of electron gas oscillations on the
metal nanoparticle surface.’” Thus, engineering metallic nano-
particles with controlled spatial parameters besides the maxi-
mized optical response of the given nanostructures, especially
within the range known as a biological optical window, is
a primary objective and will critically depend on the synthetic
approach.” Preferably, the LSPR peak of the Ag nanostructures
must be located in the spectral range where the electromagnetic
wave has maximal ability to penetrate the irradiated tissue for
theranostic applications. Typically, the plasmonic absorption
peaks of Ag nanoparticles (Ag-NPs) can be found between 390
and 450 nm, which in turn, drastically limits their use in bio-
logical systems." However, this drawback can be overcome by
the modification of the Ag plasmonic properties and their LSPR
through the careful control of the nanoparticles' spatial
parameters (size, shape and structure)*** or properties of the
surrounding medium."® For instance, plasmonic gold and silver
nanomaterials have been explored for treating cancer by pho-
tothermal ablation therapy.” This approach is based on the
nanoparticles’ heat generation from light for destroying cancer
cells, and requires high optical absorption and strong photo-
thermal conversion efficiency. Triangular silver nanoprisms
were also used as coatings for the dental implants to enhance
osteointegration after implantation surgery by reducing post-
implantation infection. It was shown that the Ag triangular
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nanoprisms have higher antibacterial activity in comparison to
spherical ones."®

One of the most effective techniques that allows for precise
control of the optical characteristics of Ag nanoparticles
through modification of their spatial parameters relies on the
utilization of electromagnetic irradiation." This is a very useful
approach in exploiting the property of general nano-objects,
namely their ability to absorb specific wavelengths.>® The
advantage of the laser radiation is coherence,
chromaticity, directionality and high intensity. These features
allow resonant effects on the starting reagents and products of
chemical reactions to occur. Thus, it provides accurate and
precise localization, dosage, absolute sterility and a high rate of
energy input into the reaction zone. Therefore, it is possible to
focus the laser beam on the nanoscale plane and localize
chemical transformations on the nanoscale.”* The photochem-
ical effect is manifested in the occurrence of the chemical
activity of atoms and molecules as a result of direct photon
absorption. This is most easily observed when the electronic
states of atoms and molecules are excited with laser radiation in
the visible range since the activation energy of a chemical
reaction is usually high.** Therefore, photoinduced recovery
allows for obtaining the time-stable metal nanoparticle colloids,
which have certain advantages in comparison with nano-
structures obtained with other wet-chemical techniques. Light
is the purest and almost non-toxic tool for the formation of
silver nanostructures due to their ability to absorb radiation
with a certain wavelength. Moreover, the ease of controlling the
chemical processes in time and space is possible. This cannot
be achieved in other approaches utilizing thermodynamically
and kinetically unstable systems.

Sodium citrate (NazCgHs0;) is the most commonly used
capping agent to obtain stable colloidal suspensions of Ag-NPs.
This is due to its proven non-toxic properties, namely, as
a widely approved food and pharmaceutical additive treated as
a safe compound. This agent does not participate in the
reduction of silver ions, and acts only as a stabilizer since
photoinduced synthesis occurs at room temperature.
Conversely, in the Turkevich method,® it serves as the Ag"
reducer and is responsible for the good stability of Ag nano-
particles in the solution. However, this process is carried out at
a higher temperature close to 100 °C. The stabilizing effect of
the citrate species relies on their immediate adsorption on the
particle surface and provides strong electrostatic stabilization,
preventing the subsequent aggregation of Ag-NPs. In accor-
dance to Almohammed and Agnihotri,>** the silver nuclei (with
size up to 1 nm) appear immediately at the initial moment of
irradiation during the photoinduced recovery in an aqueous
medium. The nuclei coalesce into particle clusters spontane-
ously, and further growth of nanostructures occurs as a result of
the reduction of silver ions on the surface of the Ag clusters
(seed-mediated growth). The mechanism of the silver formation
is shown in Fig. 1. Adsorption of the citrate species results in
nanoparticle stabilization, greatly minimizing the possibility of
aggregate formation. The mechanism of the photoinduced
growth of silver particles is associated with the appearance of
particles with different charges under the influence of light.*

mono-
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The formation of such particles is due to the exchange of elec-
tric charges that arise as a result of photoemission through
a dispersion medium. This is caused by the dependence of the
Fermi energy on the size of the nanoparticles, and leads to
equalization of the potential for particles with various sizes. As
a result, electric forces arise that contribute to the approach of
the particles to a distance at which the van der Waals forces
appear, causing aggregation.”®

The main goal of the present study was focused on the
evaluation of how the laser-assisted wet chemical approach
towards Ag-NPs affects their spatial parameter-shaping LSPR
and their ability to convert energy upon activation via 445 nm
and 808 nm laser radiation. The temperature effect on the
antibacterial properties of modified Ag nanostructures was
studied on the Staphylococcus aureus population. Based on our
previous work,”** we demonstrate the use of the modified Ag-
NPs in modern dentistry, namely in endodontics, for nano-
laser disinfection of the root canal system of the human tooth.

Experimental
Synthesis of Ag-NPs

Silver nanoparticles were prepared using the laser-assisted wet
chemical approach at room temperature (photoinduced
recovery of silver ions) by the dissolution of silver nitrate (AgNO;
- 99.8%, Sfera Sim) in distilled water in the presence of triso-
dium citrate (NazCeHs0; — 99.5%, Sfera Sim), which was used as
the capping and stabilizing agent. All materials were taken
without further purification and treatment. The 445 nm line
emitted from a semiconductor continuous wave laser was used
for irradiation. Typically, 40 mL of Na;CsH;0- salt (0.4 mM) was
added dropwise into the 10 mL of AgNO; solution (0.4 mM)
under continuous magnetic stirring and 445 nm laser exposure.
Upon laser action, the colour of the solution changed from
colourless to yellow after 15 min of exposure, pointing out the
formation of the spherical Ag-NPs. The process of photoreduc-
tion of the Ag" ions to Ag® by laser radiation was carried out at
room temperature (25 °C) for 1 hour.

Modification of Ag-NPs spatial parameters

For the modification of the optical properties of Ag-NPs, we
constructed a special device that can be equipped with at least
three isolated light sources with different optical characteristics
(wavelengths) for simultaneous sample irradiation. The set-up
allows for controlling the spatial configuration of silver nano-
structures under the influence of the light flux. In our case, two
LED strips (LEDs) of 525 nm and 623 nm wavelengths were used
as the radiation source in each chamber.

They were located on the inner cylindrical surface of each
insulated chamber. Thus, the light was directed uniformly and
simultaneously on all sides and the entire height of the
chamber. The overall illuminance was 19 000 and 5610 Ix,
whereas the total radiation power was 148.7 and 177.8 mW for
the green and red LEDs, respectively. The set-up construction
protected the system from overheating via effective cooling, and
minimized the occurrence of thermal effects that could affect

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Scheme of the formation of silver nanoparticles.

the formation and growth of Ag-NPs under laser exposure. The
colloidal suspension of Ag-NPs obtained with laser-assisted wet
chemical approach was divided into three parts. Each part was
placed into a transparent glass vial. The first part was irradiated
with red LEDs (FR sample), the second with green LEDs (FG
sample), and the last part served as a control in further exper-
iments (FO sample). The Ag-NPs colloids were left for 6 days with
constant exposure at 27 °C.

Physical measurements and apparatus

The particle size and sample morphology of the Ag-NPs were
determined by transmission electron microscopy (TEM imaging
and site selective area diffraction SAED) using a Tecnai Osiris X-
FEG HRTEM transmission electron microscope operating at 200
kv. The standard procedure of sample preparation was used, in
which a droplet of diluted Ag-NPs containing colloid was
deposited and dried on a 200 mesh copper grid covered with
a thin layer of transparent carbon film (EM Resolutions United
Kingdom) under dust protection. The mean particle size (d.y)
was estimated by using image analysis, and calculated with the
volume-weighted formula given below:

dzlv = Znidi4 (1)

)
nidi3

where n; corresponds to the particle number of a given size and
d; is the diameter of i particle. The concentration of the Ag-NPs
in the colloids was determined using a microbalance method
utilizing Radwag MYA 5.4Y. This was done by filling up an
alumina crucible (of known and stable mass) with 50 pL of the
particle dispersion, and allowing for further solvent evaporation
until the mass was dry. Three repetitions were done, and the
mean mass value was taken for the calculations of
concentration.

The absorption spectra of the obtained silver nanostructures
were measured on a Cary 5000 UV-VIS-NIR spectrophotometer
(Agilent Technologies) using standard cuvettes with an optical
path length of 10 mm covering the spectral range from 300 nm
(33333 cm ™) up to 1 um (10 000 cm ™ *) using distilled water as
a reference.

The hydrodynamic diameter (h.s.) of Ag-NPs was estimated
by dynamic light scattering (backscatter laser radiation at the
angle of 173°) technique, together with particle distribution
(polydispersity index, PdI). The optimal concentration was
found to be 60 ug mL™', assuring repeatable and reliable
results. For this experiment, a universal Nanoplus HD 3 set-up
(Particulate System/Micrometrics) equipped with a 660 nm
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laser diode was used, and the obtained data were analyzed with
dedicated software provided by the set-up manufacturer.

The heat generation experiments were conducted by using
two laser sources: 445 nm continuous laser diode with TTL
modulation (Eshine, China) and controlled power (maximum
output power is 1 W, beam divergence < 3 mrad) and 880 nm
continuous semiconducting laser (CNI, China) with controlled
laser power (1.8 W maximum output power after the fiber, laser
power stability below 1%) was used. Prior to measurements,
calibration of the laser sources was made with an Ophir StarLite
laser power meter equipped with a beam track thermal sensor
10 A-PPS (measurable laser powers from 20 mW up to 10 W,
laser beam size detection with 5% accuracy - Ophir, Israel). The
samples were protected with a self-made black box to limit heat
exchange with the environment. In order to monitor the sample
temperature changes, a FLIR T660 thermovision camera was
used. Obtained data were analyzed with ResearchIR dedicated
software provided by FLIR. The exact same set-up configuration
was used to monitor the temperature effects of the Ag-NPs
colloids administrated directly into the teeth channel.

Six human mandibular premolar teeth, which were extracted
for orthodontic purposes, were used. The teeth preparation was
carried out in the Department of Therapeutic Dentistry, Lviv
National Medical University after the approval by the ethical
committee of the University.

Antibacterial activity of Ag nanostructures

Gram-positive bacteria strain, Staphylococcus aureus (ATCC
25923), from the microbial collection of the University of
Rzeszow, Poland, was employed to evaluate the potential of
antibacterial activity of the silver nanostructures. Nutrient
broth (NB) or agar (NA) was used for the preparation of the
bacterial culture suspension. For serial dilutions, phosphate
buffered saline (1x PBS; 137 mM NacCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,) was used. All media were purchased
from BTL company (Poland) and Sigma-Aldrich (USA). The
inoculum, performed using suspended 50 pL of bacteria strain
with 5 mL of NB, was precultivated for 24 h at 37 °C on a rotatory
shaker (150 rpm). The reduction in the number of bacteria cells
after nanostructure exposure was evaluated as described
before,” with some modifications. Briefly, the bacteria pre-
culture was mixed with each of the tested solutions of nano-
structures (FO, FG, and FR with the initial concentration of
0.4 mg mL "), in a ratio of 1 : 1, followed by irradiating (3 min)
with a blue (445 nm and optical density of 0.28 W cm™?) and red
(880 nm and optical density of 0.28 W cm™?) laser beam for the
F0 and FR or FG and FR nanostructure samples, respectively. To
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simplify the sample nomenclature in this study, a system of
abbreviations was used (e.g., FOpue Stands for the FO sample
irradiated with a blue laser beam). To avoid the impact of the
light, the samples were then covered by foil and incubated for 2
additional hours at 37 °C. The sampling time for this experi-
ment was 2 h. Afterwards, these aliquots were taken, serially
diluted, and plated onto the agar plates. The control experi-
ments were performed identically, albeit without exposure to
the laser irradiation. After 24 h of incubation, bacteria colony
forming unions (CFU) were counted and the percentage of
reduction (%R) in the growth was estimated, according to the
formula:

YR — (CFU control — CFU sample

0,
CFU control ) x 100% 2)

The test was done in duplicate, and the mean and standard
deviation were estimated.

Results and discussion
Silver nanoparticles characterization

The particle size and morphology of the Ag-NPs fabricated
through the laser-assisted wet chemical approach were evalu-
ated through analysis of the TEM images (Fig. 2). As one can
note, the sample denoted as FO (Fig. 2(a)) contained predomi-
nantly spherical metallic silver particles with a mean size of
48 nm (£7 nm). The inset in Fig. 2(a) shows the results of the
selected area electron diffraction (SAED) pattern of the Ag NPs.
Prolonged irradiation of the Ag-NPs stock with the green LEDs
(525 nm) resulted in a partial morphology transformation into
triangular nanoparticles (Fig. 2(b)), accompanied by the growth
process that led to the formation of 98 nm (+17 nm) Ag-NPs
(hereafter sample FG). The same exposure time (6 days) of the
FO colloid sample under the constant action of the red LEDs
(623 nm) favored the growth of the silver nanotriangles with
a mean length close to 155 nm. Jing An*® explored the mecha-
nism of the effect of light on the conversion and growth of Ag
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nanoparticles, and showed that prolonged expositing of trian-
gular nanoprisms led to the formation of hexagonal nanoplates.
Thus, the FR sample contained a significant number of particles
with other types of morphologies as well (see Fig. 2(c)). The
difference in the obtained Ag-NPs is also reflected in the color of
the resulting suspensions (Fig. 2 vial insets), changing from
yellow (spherical geometry) to blue (triangular shapes) and
finally to green, suggesting variance in the spectral behaviour,
i.e., absorption spectra.

The hydrodynamic size (h.s.) was measured in order to
provide data on the agglomeration state of Ag-NPs, as well as the
colloidal stability of the fabricated NPs dispersion at neutral
pH. This factor is of great importance in bioapplications
determining material applicability and predictability of physi-
cochemical properties. The hydrodynamic size of Ag-NPs for the
FO sample was 50 nm (polydispersity index PdI - 0.22), FG
85 nm (PdI - 0.3). For the FR NPs, the hydrodynamic size was
around 90 nm (PdI - 0.26). It can be concluded that the NPs
diameters in the solution correspond well with the TEM data
with an exception existing for the FR sample. This is caused by
the model used for the fitting results, which assumes that the
particle shape is spherical. Thus, in this case, there are some
parts of the nanorod morphology that will not lead to the perfect
match between the calculations based on a used algorithm and
the experimental results. The values of the PdI are characteristic
for the rather polydisperse colloids, but with a small aggrega-
tion degree. It seems that the laser-assisted wet chemical
approach towards Ag-NPs can be sought as a convenient
protocol for the morphology control of the particles due to its
simplicity. However, it will need further improvements to give
a product with slightly better characteristics. There are many
well-known alternative ways to control the nanoparticles
morphology during synthesis. For instance, Jing An** used
a high-power source (70 W sodium lamp) for the growth process
of the hexagonal silver nanoplates. Huang and Kim?' grew Au
nanoparticle seeds by photoresponsive surfactant under the
dangerous (for human) UV irradiation (365 nm). Pastoriza-
Santos®* described the growth process of Ag nanoprisms by

Fig.2 TEM images of the stock Ag-NPs colloids (a) with SAED pattern of Ag NPs (inset), Ag-NPs (FG) after green LEDs (525 nm) action (b) as well
as Ag-NPs (FR) exposed to red LEDs (623 nm) (c). Insets in the images show the colour variation of the Ag-NPs suspensions depending on the

spatial geometry changes.
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boiling AgNO;. Compared to these methods, we used safe
visible light sources up to 400 mW and our method does not
require boiling.

Optical properties of Ag nanoparticles and theoretical
calculations

The absorption spectra of silver colloids were recorded in order
to evaluate and compare their optical properties (Fig. 3). The FO
sample shows a typical absorption peak (Fig. 2(a)) with
a maximum located at 423 nm associated with the surface
plasmon resonance position of the spherical Ag-NPs.** The
change in the sample morphology induced with the green LEDs
(FG) was clearly evidenced by the absorption spectra. Still,
a 420 nm plasmon band is present. However, the two additional
peaks can be individuated, one at around 630 nm and the
second is shifted towards the red spectral range with a maxima
at 866 nm (Fig. 3(b)).

What is interesting is that irradiation of the FR sample with
623 nm LEDs during synthesis resulted in diminishing the peak
around 630 nm, and enhancement of the relative absorption of
the NIR spectral range (shoulder at 680 nm and maximum at
934 nm). Moreover, the intensity of the 420 nm band decreased
upon synthetic conditions, reflecting the changes in the total
fraction of spherical Ag-NPs in FG and FR colloids. The
appearance of the peak at the NIR region is of particular value. It
gives direct evidence of the changes in the spatial geometry of
Ag-NPs. In addition, it can be used further in biological appli-
cations, i.e., photo or photothermal therapy since it covers the
I** biological optical window.** Moreover, the intensity of the
additional peaks is stronger than the initial 423 nm peak. It can
be assumed that this is due to the localized surface plasmon
resonance, which occurs under the influence of the incident
wave. This wave creates a temporary dipole, causing the
attachment of free silver ions in the solution to the formed
nanospheres.** Thus, modification of the spatial Ag-NPs
geometry and particle size directly results in a shift of the
plasmon peak positions, and a change of the optical properties
of metallic nanoparticles.
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The nature of those two additional peaks revealed in the
absorption spectra of the FG and FR samples can be associated
with the optical behavior of triangular nanostructures, which
are usually characterized by double localized plasmon reso-
nance peaks with the meaningful difference in the intensity of
the individual LSPR peaks.**%”

In order to gain deeper insight into the experimental data,
theoretical simulations on the LSPR peak positions for all Ag-
NPs samples were performed using the freely available
DDSCAT+ software®® based on the discrete dipole approxima-
tion (DDA) method. The DDA approach can be exploited for
modelling the optical properties of arbitrary morphology
nanostructures in comparison to the commonly used approach
for exploring the light behavior based on Maxwell's theory,”
which is used for nano-objects with limited simple geometries.
DDA discretizes objects into a set of dipoles (polarizable points).
In this sense, the interaction of light with each polarizable point
can be calculated separately. Thus, the quantitative character-
istic calculated using DDSCAT+ is a light absorption efficiency
factor Qaps defined as follows:

(3)

where C,, is the absorption cross section, and V stands for the
nano-object's volume. For the fitting purpose of the F0 colloid,
a nanoparticle diameter of 50 nm and the medium refractive
index of 1.33 were taken. The results of the theoretical calcu-
lations show a very good agreement with the experimental data
(Fig. 3). Therefore, it can be concluded that the optical prop-
erties of the FO sample are predominantly governed by the
plasmonic effect on spherical Ag particles. As far as the FG
suspension is concerned, the situation is a bit more complex
since the absorption spectra contain more peaks. Thus, three
nanotriangle dimensions (taking into account their edge
length) have been used: 85 nm (most abundant), 175 nm (some
fraction), and 350 nm (few objects) basing on the TEM analysis.
It was found that the thickness of the nanotriangles decreases
with increasing edge lengths. This conclusion correlates well

a) b) ©)
—— experimental fit envelope
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Fig. 3 Absorption spectra of the FO (a), FG (b) and FR (c) Ag-NPs colloidal suspensions with the results of theoretical modelling using the DDA

approach.
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with the TEM image (Fig. 2(b)). Therefore, theoretical modelling
allows one to estimate the thickness of the triangular nano-
structures. Based on the set of numerical calculations, it was
supposed that the thicknesses of the nanotriangles with the
following edge lengths, 85, 175 and 350 nm, were 30, 25 and
20 nm, respectively. As one can see, the 85 x 30 nm triangular
NPs should have an intense absorption peak at 620 nm, whereas
the 175 x 20 nm triangles will have a maximum absorption
peak located at 890 nm, which is exactly the case (compared
with experimental data). The contribution of the 350 x 20 nm
objects to the absorption spectra of the FG sample will be of
influence. Superposition of both absorption spectra for the 85
x 30 nm and 175 x 20 nm triangular particles corresponds to
the recorded data very well. The resulting fit envelope curve is
characterized by two maximum values, corresponding to the
LSPR peaks position on the experimental curve. The mismatch
between the mutual intensity relationship of the peaks is
related to the definite NPs fraction with different spatial
geometries of the specific colloid. The peak at around 420 nm
points out the presence of some content of spherical Ag-NPs, as
well as leaving some space for synthetic protocol optimization
or allows for the preparation of broadly absorbing materials. In
the case of the FR sample containing the largest objects and
interesting morphology changes for the fitting model, the
particle diameters of 90, 120, 150 and 330 nm were used
(Fig. 3(c)). It should be noted that the FR sample shows the
same pattern as established for the FG sample. The nano-
triangle thickness decreases with an increase of edge length.
For the given object sizes of 90, 120, 150 and 330 nm, the
thickness is 20, 18, 15 and 10 nm, respectively. It can be seen
that the peak associated with large particles (330 x 10 nm) is
shifted towards the IR range. The theoretical curve obtained in
the simulation of the FR spectral behaviour corresponds well
with the experimental one (Fig. 3(c)). The fit was also performed
for the Ag nanorods since the TEM image (Fig. 2(c)) may suggest
the presence of this particular morphology instead, which is
believed to be tilted triangles exposing only the edges. In the
case of the nanorods with the assumed 150 x 15 nm size, the
fitted absorption spectra is characterized by the anticipated
peak at 350 nm, whereas the triangles of the same diameter give
the peak with the maximum located at 950 nm. The same
observation was reported by Kelly** and Lesyuk.*’ In conclusion,
by adopting this synthetic protocol, one can fabricate the Ag-NP
with different plasmonic properties covering the spectral range
from UV to NIR that opens several interesting possibilities for
biological applications.

Energy conversion of Ag nanostructures

The temperature effects of the FO, FG and FR Ag-NPs colloids
were measured using 445 and 880 nm lasers as a function of the
optical laser density and nanoparticle concentration (Fig. 4-6).
In order to limit the sample exposure to the laser radiation, the
duration of each experiment did not exceed 10 minutes and the
OD maximum value was not higher than 0.28 W cm™>. It was
slightly below the safety limit of 0.33 W cm ™ for the biological
systems.** The choice of the specific wavelengths was based on
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a match with the absorption bands of the Ag-NPs plasmonic
resonance peaks. Under such conditions, the maximum light
absorption was achieved for each tested colloids. The heat
induction was measured using 0.5 mL of the respective Ag-NPs
suspensions with defined concentration.

In the case of the FO sample, the 445 nm laser was used,
exclusively, to induce heating since only one plasmonic peak
appeared in the spectra with the position correlating with the
chosen 445 nm light source (see Fig. 3(a)). As one can see, an
increase of the laser OD and FO Ag-NPs concentration (Fig. 4)
greatly enhanced the colloid heating ability, with an almost 10-
fold change between 0.07 and 0.28 W cm ™2 observed for the
1 mg mL ™" concentration. The maximum AT was achieved for
the FO spherical particles with the concentration above 0.8 mg
mL " and 0.28 W cm 2. A decrease of the Ag-NPs concentration
results in a lower maximum temperature that can be achieved
due to the decreasing number of nanoheaters within the
constant medium volume.

The heating ability of the FG sample, which shows two
distinct absorption peaks (Fig. 3(b)), was measured using the
following wavelengths, 445 nm and 880 nm, in order to
compare the effectiveness of the energy conversion under
stimulation at different spectral regimes (Fig. 5). As we evi-
denced before, the FG sample contains two morphologically
distinct Ag-NPs, a fraction of spheres and triangles. In fact, the
maximum AT (55 °C) was achieved for the 880 nm stimulation
with the highest OD (0.28 W cm™?), whereas the 445 nm laser
irradiation resulted in a temperature change below 10 °C for the
same OD and the same concentration of nanoparticles (1 mg
mL™"). This is due to the LSPR peak intensity difference and
absorption cross section, as indicated in Fig. 3(b).

Analysis of the FR Ag-NPs temperature behaviour (Fig. 6)
shows that the relative temperature AT (maximum value is
around 12 °C) upon irradiation with 445 nm depends strongly
on the optical power density and NPs concentration.

At a low OD regime (0.07 W cm ™), the AT for the blue laser
was only 1.7 °C, being within temperature error. However,
action of the 880 nm light results in AT that is quite comparable
with the FG colloid suspensions. Thus, it may be concluded that
the FR and FG colloid heating is very efficient under NIR
exposure due to the similarities in the optical behaviour.

The specific absorption rate (SAR) was calculated for all Ag-
NPs colloids to estimate and compare the efficacy of the
energy conversion using the following equation:

CoT
SAR = — — 4
. (4)

where C depicts the specific heat capacity of the suspending
medium (Cy,o - 4185 J dm > K '), m stands for the Ag-NPs
concentration in a given dispersion (g dm™?%), and d7/d¢ is the
slope of the heating curve fitted with a linear model for the very
first seconds of the temperature evolution.** In the literature,
SAR is a widely accepted measure of the material heating ability.
Results of the calculations are gathered in Table 1. For quick
comparison, we considered colloids with the concentration of
1 mg mL™' Ag nanoparticles.

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Temperature dependence of the Ag-NPs colloid (FO — 1 mg mL™Y) as a function of the optical density (left plot) and concentration effect of
the Ag-NPs on the heating ability under exposure to 445 nm laser at different ODs: 0.07, 0.16 and 0.28 W cm™2.

What is worth noting is that the SAR values for the F0, FG
and FR samples under 445 nm vary, but these differences are
directly reflected in the LSPR intensities. For instance, at 0.28 W
cm 2, SARg, is 320 W g7, SARgg 126 W g ' and SARyg 182 W
g™, respectively. Moreover, at OD 0.07 W cm ™2, the FG and FR
samples did not show a meaningful temperature increase. The
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situation completely changes upon NIR exposure. It can be seen
that for the same laser power densities, the specific absorption
rates for the 445 nm and 880 nm wavelengths are very different.
Since the FO colloid has no absorption peak in the NIR range, it
does not respond to the 880 nm laser stimulation, whereas the
FG and FR suspensions show the high intensity and broad
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Fig. 5 Temperature dependence of the Ag-NPs colloid (FG — 1 mg mL™) as a function of the optical density (left plot) and concentration effect
of the Ag-NPs on heating ability under exposure of 880 nm laser at different ODs: 0.07, 0.16 and 0.28 W cm™2. The black line shows the
temperature increase upon the action of 445 nm for comparison (left plot).
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Fig.6 Temperature dependence of the Ag-NPs colloid (FR — 1 mg mL™Y) as a function of the optical density (left plot) and concentration effect of
the Ag-NPs on heating ability under exposure to 445 nm (top panel) and 880 nm (bottom panel) lasers at different ODs: 0.07, 0.16 and 0.28 W

sz

plasmonic bands. The SAR for the FG and FR depends naturally
on the applied OD, and changes in a comparable manner in
both cases from the 490 W g~ " at an OD value of 0.07 W cm™ > up
to the extremely high SAR value exceeding 1500 W g~ ' upon
0.28 W cm 2. The presented data clearly points out on the fact
that the non-spherical Ag-NPs with modified optical properties
allow for achieving a higher temperature effect at the same
exposure time, optical density and NPs concentration in
comparison with the spherical nanostructures. For instance,
the SAR value near 0.6 kW g~ * was observed by Bandarra Filho*
for different concentrations of spherical silver nanofluids under
the direct sunlight. These values are higher than for many

38868 | RSC Adv, 2020, 10, 38861-38872

magnetic nanoparticles under the strong magnetic fields (nor-
mally below 0.3 kW g~ ') for applications in hyperthermia. Thus,
such high efficiency of the energy conversion connected with
the ability of nanostructures to absorb radiation in the NIR
spectral region is very important for the practical application in
bio-related fields.

The practical application prospect of Ag-NPs colloids in
dentistry for the rapid disinfection of the tooth canals and
cavities was tested. The tooth root canal was filled with the FR
nanoparticle suspension with 0.4 mg mL ' concentration,
taking a small droplet (15 pL) of colloid (6 pg of Ag-NPs). The
dental canal was dried with a laboratory dryer, and the tooth

This journal is © The Royal Society of Chemistry 2020
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Table 1 Specific absorption rate (SAR) and dT/dt values of the Ag-NPs
colloids under stimulation of 445 and 880 nm laser sources with
different optical laser densities (OD)

dr/de
Wavelength (°c
Sample (nm) OD (W cm ™ ?) s h SAR (W g™ )
FO 445 0.07 0.03 61.48
0.16 0.08 158.72
0.28 0.15 320.32
FG 445 0.28 0.06 126.89
880 0.07 0.23 490.36
0.16 0.44 927.298
0.28 0.72 1500.97
FR 445 0.07 0.01 20.76
0.16 0.03 62.59
0.28 0.09 182.72
880 0.07 0.24 496.57
0.16 0.60 1255.04
0.28 0.73 1522.42

was placed in the experimental set-up. Afterward, it was irra-
diated with the 445 and 880 nm laser lights for 10 minutes. As
one can see (Fig. 7), the 445 nm exposure of the tooth with and
without Ag-NPs caused a similar temperature increase, pointing
out that there is no added value due to the usage of this
particular wavelength.

The temperature increase of the tooth without particles is
due to the self-absorption of a bone tooth, which constitutes
calcium apatite (calcium hydroxyapatite, tricalcium phosphate,
etc.). In constrast, NIR stimulation leads to a higher tempera-
ture increase. The AT in this case is around 20 °C with particles
and 15 °C for the control tooth, respectively. It is expected that
the further increase of the Ag-NPs concentration will lead to
more spectacular temperature effects, allowing for a shorter

[] dental canal with Ag-NPs (O empty dental canal

7
445 nm eir ;]
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Fig. 7 Temperature changes in the dental canal with and without FR
Ag-NPs (6 ng) during irradiation with a wavelength of 445 nm (top
panel) and 880 nm (bottom panel).
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duration of light exposure. Therefore, it is anticipated that the
application of such Ag-NPs under laser stimulation might
assure better results in terms of disinfection of the tooth during
dental treatment, benefiting also from the antibacterial prop-
erties of the Ag-NPs.

Antibacterial effect of the Ag-NPs

The next point of this work was to study the impact of the blue
and red light-modified silver nanostructures on Staphylococcus
aureus. The phenomenon of the antimicrobial activity of the
silver ions and nanoparticles has been well studied, and was
reported in our previous data.**™*

Moreover, the impact of the nanostructure component of the
FO, FG and FR samples on the microbial strains has been
checked, and their toxicities were noted (data not shown).
However, the main aim of this assay was to assess the anti-
bacterial effect of the modified nanoparticles (FO, FG and FR
samples) after additional exposure of each sample to a laser
beam, regarding their bioapplication possibility. Accordingly,
the experiment was conducted to check whether the heat
generation by the nanostructures after irradiation has an
impact on the bacterial cell population. The practical applica-
tion of this procedure could be the use of nanoparticles as an
additive to dental plaque. Thanks to the exposure of the dental
plaque doped with nanoparticles (e.g., UV or red light used in
dentistry), it would be possible to obtain an additional septic
effect and a lasting bactericidal effect in the treated teeth.

The choice of the type of light was dependent on the previous
results, where the UV-Vis absorption spectra were determined
and the appearance of additional peaks in the blue and near-
infrared region of wavelengths were recorded (Fig. 3). Red and
blue light were used to irradiate the FG and FR samples or FO
and FR samples, respectively. All measurements were also per-
formed for the sample with the concentration of 0.4 mg mL™".
Fig. 8 shows the percentage reduction of the bacteria cell pop-
ulation after exposure to the various irradiated nanostructures.
For sample FG and FR after red laser irradiation, the higher
impact on the inhibition of Staphylococcus aureus was noticed,

§ 30
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>
g 201
Q.
T
(]
c
- 104
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°
=]
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[0}
x 0-

I:Oblue FRque FGred
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Fig. 8 The percentage reduction in the cell population of Staphylo-
coccus aureus ATCC 25923 exposed to modified silver nanostructure
after 3 min of exposure to blue or red light and 2 h recovery. Data are
expressed as the mean of duplicates + standard deviation. The bar
graphs show no significance according to the Tukey's multiple
comparisons test.
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and was equal to 21 and 22% of the cell population reduction,
respectively.

A slightly lower reduction was observed for bacterial expo-
sure to the FO and FR samples irradiated with a blue laser,
which was equal to 18 and 13% reduction in the number of
cells. Although, the decrease in population of the bacteria was
noticed in all cases, the percentage of the reduction could be
higher when the various concentrations and time of exposure
would have been implemented.

Indeed, Cheon et al.*® reported on the antibacterial activity of
silver nanostructures, which was improved as the concentration
of the NPs increased from 0.1 to 0.7 mg mL™~'. Moreover, the
authors also proved that the antimicrobial efficacy of silver NPs
depends on their shape and size. Spherical nanoparticles were
found to be more effective in delaying the growth of E. coli than
nanoparticles of disk-like shape, while the triangular shaped
nanoparticles exhibited the strongest antimicrobial proper-
ties.*® The difference in the antibacterial activity noted for tested
samples may be interpreted from the point of view of the
surface area,*” which stays in contact with the bacterial cells and
effluent. Thus, the nanoparticle size and morphology may
strongly affect the reduction rate in the cell population.

Conclusions

Silver nanoparticles with a predominantly spherical shape and
mean size of 48 nm (£7 nm) with a plasmonic peak at 423 nm
were synthesized through the laser-assisted wet chemical
approach at the room temperature. The morphology and optical
parameters of the Ag NPs were modified with green (525 nm)
and red (623 nm) LEDs.

It has been shown that the prolonged irradiation of Ag
colloids by LEDs leads to the appearance of additional plasmon
absorption peaks at the NIR spectral region, 866 and 934 nm,
respectively. The numerical calculations of the LSPR peak
positions for all Ag-NPs samples were carried out by the discrete
dipole approximation method. The results of the simulation
revealed that 175 x 20 nm and 150 x 15 nm triangles are
responsible for the appearance of the plasmon absorption
peaks at the NIR region.

The energy conversion of the Ag nanostructures was evalu-
ated. It has been found that the light-modified Ag-NPs
demonstrated the most efficient conversion of light energy
into heat under exposure to the NIR irradiation. Increase of the
Ag NPs concentration and laser power density resulted in faster
heating. SAR calculations have shown high efficiency of the
energy conversion, and thus the potential for biological
applications.

Applicability of the light-modified Ag-NPs in dentistry for the
rapid disinfection of the tooth canals and cavities was tested. It
was shown that the synergic effect of the Ag-NPs heating and
antibacterial properties can be beneficially utilized in dentistry.
The impact of the light-modified Ag NPs on Staphylococcus
aureus was defined as well. We have shown that irradiation of
the silver nanostructures with a concentration of 0.4 mg mL ™"
for 3 min leads to a reduction of the bacteria population of
about 20%. It was assumed that the effect could be significantly
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enhanced by either an increase of the nanoparticle concentra-
tion or extension of the exposure time.
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