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Abstract

ACKGROUND: Silver nanoparticles (AgNPs) are commonly synthesized by chemical methods; however, these

methods often involve toxic chemicals that may limit their biomedical applications. In contrast, pulsed laser ablation

in liquid (PLAL) is a clean and chemical-free technique capable of producing highly pure AgNPs. Yet, only limited
studies have investigated the structural, optical, antibacterial, and cytotoxicity properties of AgNPs synthesized by PLAL.
Therefore, this study was conducted to synthesize pure AgNPs using pulsed laser ablation and evaluate their biomedical
activity against bacterial strains and MCF-7 cells.
METHODS: The synthesis of AgNPs was done by PLAL technique, and the characterization of nanoparticles were further
determined using transmission electron microscopy (TEM), X-ray diffraction (XRD), and Ultraviolet-Visible (UV—Vis)
spectroscopy. Antibacterial activity of AgNPs was tested with agar well diffusion method and the cytotoxicity effect was
evaluated with MTT assay against the MCF-7 cells.
RESULTS: TEM analysis showed semi-spherical AgNPs with an average particle size of 31 nm. XRD analysis showed
that the structure was crystalline face-centered cubic with an average crystallite size of 16.8 nm. Peak value of the SPR was
recorded at 405 nm and the optical band gap was 2.28 eV. Concentration dependent antibacterial activity was observed for
the AgNPs and inhibition zones of 17 mm against Streptococcus mutans and 18 mm against Lactobacillus spp. at highest
concentration. Moreover, concentration-dependent cytotoxicity against MCF-7 cells was observed, reaching a maximum
inhibition of about 69% at 1000 pg/mL and ICso of about 90 pug/mL.
CONCLUSION: The synthesized AgNPs showed favorable structural and optical characteristics, along with antibacterial and
cytotoxic activities. Both effects were concentration-dependent, indicating their potential for further biomedical applications.
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biological properties of nanoparticles are attributed to their

Introduction small size and high surface area to volume ratio compared

with bulk materials.(3,4) These unique properties have

Nanoparticles are defined as particles sized within the range
of 1 to 100 nm, and are an important area of nanoscience and
nanotechnology.(1,2) The unique physical, chemical and
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allowed them to be used in a range of applications such as
environmental decontamination, electronics, and biomedical
engineering.(5) Silver nanoparticles (AgNPs) have gained
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special attention because of their optical, antibacterial,
and cytotoxic properties, which are strongly influenced by
particle size, morphology, and surface properties.

AgNPs are one of the forms of nanoparticles that have
received significant attention because of their excellent
antimicrobial, optical, and catalytic qualities.(6) Particle
size, morphology, and concentration are factors that have
a strong effect on the biological activity of AgNPs.(7)
Nanoparticle fabrication methods have been variedly made
such as, physical, chemical and biological.(8) Nonetheless,
green (environmentally friendly) methods of synthesis have
received more and more attention as they are safe, cost-
effective, and do not produce toxic waste.(9)

The synthesis of the AgNPs has been reported by
various conventional chemical methods, but generally
the reducing agents and stabilizing compounds used in
the synthesis process are small molecules that can remain
attached to the surface of the nanoparticles.(10) These
chemicals residues may require further purification and
may affect the biological activity of the manufactured
nanoparticles. Hence, alternative methods like pulsed laser
ablation in liquid (PLAL) have attracted significant interest
as they enable the production of high purity nanoparticles
without the need for chemical reductants or stabilizers.
(11) PLAL is also regarded as one of the most promising
physical techniques of nanoparticle syntheses that are
environmentally friendly.(12) Such a method has a number
of advantages such as purity is high, the particle size can
be accurately determined, and chemical contaminants are
removed. Thus, laser ablation produces AgNPs that can be
useful in the development of antimicrobial and cytotoxic
applications.(13)

AgNPs have been widely researched on its ability
to exhibit antibacterial effects against a large group of
pathogenic microorganisms.(14) Their action is principally
due to their capacity to disrupt cell membranes, form reactive
oxygen species (ROS), and disrupt cellular components
including DNA and proteins.(15) AgNPs have also shown
great potential in cancer research besides their antimicrobial
properties.(16) Streptococcus mutans and Lactobacillus spp.
are known as representative oral pathogenic bacteria was
based on their proven involvement in the development of
dental plaque and progression of dental caries. In addition,
the microorganisms are commonly used in antibacterial
studies with AgNPs, which makes it possible to make
more meaningful comparisons with previous reports of
studies.

Cancer is one of the major causes of death in the world,
and its absence of control over cell proliferation, as well
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as the capacity to invade the adjacent tissue, characterize
it.(17) The recent research works have examined the
cytotoxic properties of AgNPs with cancerous cells and the
findings showed that their action greatly relies on the size
of particles, concentration and the method of synthesis.(18)
The reduced size of nanoparticles is more likely to result
in high cellular uptake and biological activity. Generation
of ROS, causing oxidative stress, dysfunction of the
mitochondrion, and DNA damage are the major cytotoxic
effects of AgNPs.(19)

In the present work, the synthesis of AgNPs was
carried out by the clean and chemical-free technique of
PLAL. The synthesized AgNPs were characterized using
structural and optical methods and their antibacterial and
cytotoxic activities were examined. The antibacterial
activity was evaluated against the two Gram-positive
bacteria, S. mutans and Lactobacillus spp. which are
commonly used in antimicrobial studies. The synthesized
AgNPs also exhibited cytotoxic activity against the breast
cancer cells MCF-7. The objective of the study was to assess
the correlation between the physicochemical properties of
the AgNPs and the biological activity observed.

Methods

Preparation of AgNPs
AgNPs were prepared by the PLAL technique.(20) The
high-purity silver target plate (99.99%) was cleaned with
acetone and ethanol, rinsed with deionized water, and
then positioned at the bottom of a glass vessel with 3 mL
of deionized water. The liquid level was maintained 5 mm
above the target level. The wavelength of the Nd:YAG
pulsed laser used for the ablation was 1064 nm.(21) In the
laser ablation process, the silver target was placed on a
rotary table and rotated throughout the process to prevent
repeated irradiation of the same area on the target, and to
promote more uniform production of the nanoparticles.

The laser parameters were a pulse repetition rate of
1 Hz, a pulse energy of 650 mJ, a pulse duration of 9 ns
and a total of 350 laser pulses. During the ablation process,
the laser beam was incident on the silver target surface at
a distance of 10 cm. The synthesis was performed in the
normal laboratory atmosphere. This colloidal AgNP solution
was used as the stock solution for further antibacterial and
cytotoxicity assays.(22)

During the same experiment, the ablation process was
carried out under ambient laboratory conditions with the
target held at rest. The obtained colloidal solution exhibited
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a yellowish color, which may indicate the formation of
AgNPs. The formation of AgNPs was further confirmed by
transmission electron microscopy (TEM), X-ray diffraction
(XRD), and Ultraviolet-Visible (UV—Vis) analyses. The
resultant colloid was further analyzed in terms of its
structural, optical, antibacterial, and cytotoxic properties.

Characterization of AgNPs

TEM (ZEISS LEO 912, 100 k V; Zeiss, Oberkochen,
Germany) was used to determine the morphology and
particle size of the synthesized AgNPs. The AgNP powder
after sedimentation was subjected to TEM analysis. ImageJ
software (National Institutes of Health, Bethesda, MD,
USA) was used to measure the average size of the particles
and size distribution.

Meanwhile, the XRD was used to determine the
crystalline structure using an XRD-6000 diffractometer
(Shimadzu, Kyoto, Japan) with CuKa radiation in the scan
range of 20-80°. X Pert HighScore Plus software (Malvern
Panalytical, Malvern, UK) was used to analyze the
diffraction patterns and compare them to standard reference
data. The Scherrer equation was applied in determining
the crystallite size of the AgNPs: D = (0.91)/(B cos 0 (23),
where D was the crystallite size, A was the wavelength of
the CuKao radiation (1.5406 A) and B was the half width at
half maximum (FWHM) of the diffraction peak in radians,
and 6 was the Bragg diffraction angle. All the values of
FWHM obtained from the XRD peaks were converted into
radians prior to calculating. Besides the determination of
crystallite size, the dislocation density () and microstrain
(e) were determined as follow : & = 1/D2; and & = /4 tan 0
(24), where  was the FWHM of the diffraction peak and 6
was the Bragg diffraction angle.

An optical study of the nanoparticles was performed
with the help of a double-beam UV-visible (UV-Vis)
spectrophotometer (Shimadzu Model 1200; Shimadzu) at a
wavelength ranging between 200 and 1000 nm, the blank
solution used was deionized water and the colloidal AgNP
solution was analysed without dilution.

Antibacterial Activity

Agar well diffusion method was used to evaluate the
antibacterial activity of the AgNPs synthesized against some
bacterial strains including S. mutans and Lactobacillus spp.
(25) Aseptic preparation A sterile petri plates were prepared
in sterile Mueller-Hinton agar medium and estimated 20 mL
of the molten medium was added and permitted to solidify.
(26) Fresh bacterial cultures the bacterial inoculum density
was adjusted to 0.5 McFarland standard were taken out
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of stock cultures and evenly spread all over the surface of
the solidified agar plates to facilitate even growth of
the bacteria. Circular wells of 6 mm diameter were then
carefully drawn in the agar using sterile pipette tips
after inoculation. Aliquots of the made AgNP colloidal
suspension with various concentrations were subsequently
pipette into the wells, the description of the antibacterial
assay was revised and clarified. The actual volumes and
concentrations for dispensing were not obtained from the
original experiments.(27) The ready plates were then placed
in 37°C and left to incubate after 72 h to enable bacterial
growth and diffusion of the nanoparticles through the agar
plate. After incubation the definite circle of clearances
occurred around the wells and these were measured in
millimeters. The diameter of the inhibition zones was
determined and it was applied to determine the antibacterial
activity of synthesized AgNPs against the microorganisms
that were tested.(28) However, the agar well diffusion
method is based on diffusion of nanoparticles into the agar
and can only be used as a preliminary method to assess
antibacterial activity.

MTT Assay

The MTT assay on cytotoxicity of the AgNPs synthesized
was tested against MCF-7 cell line of breast cancer, to
calculate the percentage of cell cytotoxicity induced by
AgNPs, MTT assay was used. Cells were grown in 96-well
plates at a 1x10° cell density and incubated over 72 hours at
37°Cin a humid environment with 5% CO, under humidified
incubation conditions to get cells attached to the wells and
stabilized. The incubation phase was followed by removal
of the culture media and washing of cells twice in phosphate
buffered saline (PBS) to remove any leftover media. Each
well was then added with fresh RPMI culture medium
containing 10 percent fetal bovine serum (FBS). These cells
were then subjected to the varying concentrations of AgNPs
(0.1, 1, 10, 100 and 1000 pg/mL) and incubated over 72
h according to references.(28,29) The control group was
untreated cells and each concentration was conducted in
three wells.

After the exposure time, 10 pL of MTT solution (5
mg/mL in PBS) was placed in each well and the plates were
subsequently incubated in 4 h to enable the development
of formazan crystals. After that, the culture medium
was removed carefully followed by 100 pL of dimethyl
sulfoxide (DMSO) that dissolved the crystal that formed.
The plates were carefully shaken in order to make sure
complete dissolution. The MCF-7 breast cancer cells AgNPs
cytotoxicity was then examined using microplate reader
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(STAT FAX 2100; BioTek, Winooski, VT, USA) to measure
the absorbance at 545 nm. The absorbance wavelength
used in the study was chosen based on the microplate
reader's specifications. The proportion of cell toxicity was
computed using the values of optical density (OD50), along
with a half-maximal inhibitory concentration (ICsy). The
ICs, value was determined by plotting the dose—response
curve for cell cytotoxicity and fitting the curve to a standard
dose-response model. The percentage of cytotoxicity was
calculated using the following equation (29):

mean OD of sample

Toxicity (%) = ( 1 - x 100

mean OD of control

Results

Crystalline Structure and Phase Composition of AgNPs
XRD was used to determine the crystalline structure
and to confirm the purity of the synthesized AgNPs. The
diffraction pattern in the 26 range of 20-80° was well defined
with a number of peaks that are associated with crystalline
metallic silver. In the diffractogram, there were four unique
diffraction peaks at 38.35, 44.20, 64.70 and 77.30 degrees
that could be indexed to the (111), (200), (220) and (311)
planes of face centered cubic (fcc) silver (Figure 1). The
reflection at the highest (111) position with the highest
intensity was at 38.35 and that forms a reflection, giving
evidence that this was the desired plane of growth of the
synthesized nanoparticles. In addition, the steepness of the
diffraction peaks indicates that the prepared nanoparticles
were very crystalline.

The sizes of the crystallites of various planes of
diffraction were calculated to be between 93.40 and 114.25
nm with a mean value of about 105 nm (Table 1). The values
of dislocation density were between 7.66 10 -5 to 1.146
10-5 nm-2 and the values of microstrains were between 3.01
x 1010 3.68 x 10™.
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Figure 1. XRD pattern of AgNPs.
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Morphology and Size Distribution of AgNPs

The morphology and size distribution of the synthesized
AgNPs were studied using TEM. Figure 2 showed the
representative TEM micrographs at various magnifications
(300 nm and 40 nm scale bars). The TEM images have
certainly verified successful formation of silver nanoparticles
with major nearly spherical morphology. The nanoparticles
seemed to be fairly distributed over the substrate, yet some
slight extent of clustering of the particles could be seen.

In order to measure the size of the distribution of the
particle size quantitatively, measurements have been made
using Image] software in the basis of a number of TEM
images (Figure 3). The histogram reveals that most of the
nanoparticles are in the size range of about 18-45 nm and the
average particle size is about 31 nm. The size distribution
was rather homogeneous. Most nanoparticles were found to
be within the range of 30—35 nm which indicates a narrow
particle size distribution. The average particle size was
estimated to be 3143.5 nm.

Optical Properties of AgNPs

UV-Vis spectroscopy was used to determine the optical
characteristics of the AgNPs that were synthesized. Figure
4 showed the UV-Vis absorption spectrum of the AgNPs
prepared in the wavelength span of 250-800 nm. It was
observed that a wide and strong absorption band was located
at around 405 nm.

The optical band gap of the AgNPs synthesized was
estimated. The Tauc plot was presented in Figure 5. The
optical transition behavior of the synthesized AgNPs was
estimated by the Tauc plot analysis under assumption of
direct electronic transition model. The optical band gap
energy of the AgNPs was calculated to be approximately
228 eV.

Antibacterial Activity of AgNPs

The agar well diffusion test was used to determine the
antibacterial activity of the synthesized AgNPs on two
bacterial strains, namely S. mutans and Lactobacillus
spp. The results of the inhibition zones at the various
concentrations are tabulated in Table 2 and depicted in
Figure 6, it was shown that the negative control had no zone
of inhibition.

The findings indicate that AgNPs that have been
synthesized have antibacterial activity against the two
strains tested. The size of the inhibition zones increased
with increasing nanoparticle concentration. The most
effective antibacterial activity was exhibited at the highest
AgNP concentration against both of the bacterial isolates.
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Table 1. XRD parameters of AgNPs.
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20 (°) d-spacing (A)  FWHM (°) (hkD) Cryst?llllli;; Size DiSI?: ;‘(t)i,‘:l:lgil)ls“y Strain (x10°)
38.350 2.347 0.072 -111 114.25 0.0766 0.301
44.200 2.048 0.091 -200 93.40 0.1146 0.368
64.700 1.438 0.092 -220 102.85 0.0945 0.336
77.300 1.228 0.094 =311 110.10 0.0824 0.309
The synthesized AgNPs exhibited concentration
Discussion

dependent antibacterial activity against the bacteria, S.
mutans and Lactobacillus spp. The highest concentration of
AgNPs resulted in the largest inhibition zone diameters of
S. mutans and Lactobacillus spp. at 17+0.8 mm and 18+1.1
mm, respectively.

Cytotoxic Effects of AgNPs on MCF-7 Cells

The cytotoxic effect of the synthesized AgNPs against
MCEF-7 breast cancer cells was evaluated using the MTT
assay. Figure 7 demonstrated that the cytotoxicity of AgNPs
was analyzed with the concentration of 0.1-1000 pg/mL.
The results have shown a concentration dependent anti-
proliferative effect with the viability of the MCF-7 cells
decreasing as the AgNP concentration increased.

The findings have given a concentration-dependent
cytotoxic effect whereby cell inhibition increased with
increasing AgNP concentration. The maximum concentration
produced about approximately 69% cytotoxicity, the highest
tested concentration (1000pg/mL) showed the maximum
inhibition. AgNPs ICs, value was determined to be around
90 pg/mL, The ICs, value was determined by non-linear
regression analysis.

Figure 2. TEM images and corresponding particle size
distribution histogram of synthesized AgNPs. Yellow bar: 300
nm; White bar: 40 nm.

These results agree well with the conventional diffraction
data of metallic silver (No. 00-004-0783), which indicates
that the synthesis of the metallic AgNPs with no detectable
secondary phases or crystalline oxide impurities in the
standard diffraction technique is successful.(30) Silver
nanostructures are usually reported to be dominated by the
(111) plane as it has a relatively low surface energy.(31)
Such findings reveal that the nanoscale crystal domains
are developed in the process of laser ablation. These are
comparatively low values which means that the AgNPs
synthesized have an intermediate degree of lattice distortion
and structural defects.(32) The calculated dislocation
density and microstrain values suggest that there is an
intermediate amount of lattice distortion in the synthesized
silver nanostructure. Microstrain and dislocations may be
explained by the fact that the nucleation and solidification of
the product during the liquid ablation by pulsed laser takes
place rapidly.(33) Using high-energy laser pulses may cause
local melting and atmospheric discharge at the metal surface,
and the liquid media will suppress the process which may

101 7 ]
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Figure 3. The quantitative distribution of the particle size
based on the TEM images. The calculated average particle size
was 31 nm.
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Figure 4. UV—Vis absorption spectrum of AgNPs.

contribute to the creation of slight distortions in the lattice
of the growing nanoparticles. In general, the outcomes of
the XRD indicate that the prepared AgNPs have a highly
crystalline face-centered cubic structure.(34) The difference
of the estimated crystallite size, derived from XRD (~105
nm), and the average particle size obtained from TEM (~31
nm) can be explained by the fact that the XRD measures
coherent diffraction domains while the TEM image uses the
actual size of the particles.

The nanoparticles seem to be homogeneously dispersed
over the substrate, yet some slight extent of clustering of
the particles could be seen. Interactions between particles
in the nucleation and growth processes usually result in
such clustering being commonly reported in nanoparticles
synthesized through pulsed laser ablation in liquids.(35)
The size distribution is fairly consistent, which implies
that the morphology of the synthesized nanoparticles is
relatively uniform and the dispersion is moderate. It is also
possible to explain the formation of nanoparticles in this
size regime by the controlled parameter of laser ablation,
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which also affects nucleation dynamics and growth of
particles during the synthesis. The high surface to volume
ratio of the AgNPs is due to their nanoscale size and is an
important parameter that increases the physicochemical
and biological characteristics of the nanoparticles.(36) The
physicochemical properties can be a factor involved in the
antibacterial and cytotoxic activities that were observed for
the synthesized AgNPs.

The optical response of metallic nanoparticles
is strongly dependent on the size, morphology and
concentration of the particles, and for this reason, UV—
Vis spectroscopy is a common technique to determine
the optical response of these particles.(37) The presence
of the plasmonic peak indicates that the AgNPs were
successfully created in the colloidal solution. The large
surface plasmon resonance (SPR) band suggests that there
is a range of particle sizes, as the TEM images suggest
the presence of nanoparticles in the nanometer size range.
This feature may be attributed to light scattering process
and electronic excitation process within the nanoparticle
system. In summary, the obtained spectrum has typical
optical properties of silver nanoparticles, confirming their
plasmonic properties, which are strongly correlated with the
size and surface-to-volume ratio of nanoparticles.

The gap value that was observed may be explained
by the electronic transitions of the conduction electrons
of the silver nanoparticles.(38) The quantum confinement
effect and the large surface-to-volume ratio of nanoparticles
may be the reason behind the slight variation of optical
transition behavior. At the nanoscale, spatial confinement
of charge carriers may influence the electronic structure of
materials which causes the change in optical and electronic
properties. The optical response observed is in agreement
with the observations in the XRD and TEM analysis, which
show nanoscale dimensions.

Figure 5. Estimation of the
optical band gap of AgNPs using
the Tauc plot.
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Table 2. AgNPs inhibition zone (mm) of selected bacterial strains in various concentrations.

Concentrations of Ag NPs

. Control
Bacteria
() 12.5% 25% 50% 100%
Streptococcus mutans 6 7 8.5 10.5 17
Lactobacillus spp. 6 7.5 9.5 12 18

The increased antibacterial effect of AgNPs is likely
to be explained by a number of mechanisms. AgNPs are in
the form of nanoparticles, and this fact implies that their
surface to volume ratio is high and due to this reason,
more surfaces are exposed to interact with bacterial cell
membranes.(39) The nanoparticles are capable of binding
to bacterial cell wall via electrostatic interaction which may
cause perturbation of membrane permeability and structural
integrity. The antibacterial activity shown in the present
study could be attributed to the nanoscale dimensions and
high surface area of AgNPs that could increase interactions
with bacterial cell surfaces. The mechanisms that have been
reported in previous studies are possible such as silver ion
release and oxidative stress generation, a direct investigation
of which was not done in the present work.
which
associated by the following properties of AgNPs: high

The cytotoxicity, is observed, may be
surface-to-volume ratio and increased cellular interaction
due to the nanoscale.(40) These properties may support
cells and their interactions of nanoparticles into cancer
cells by means of endocytosis and membrane penetration.
After internalization, AgNPs have been reported to interact
such as mitochondria, DNA, and cytoplasmic proteins, may

influence normal cellular functions. One of the important

—_
[e)}

—_
8]

Inhibition Zone (mm)

Concentration of AgNPs

processes is the production of ROS, which may contribute
to oxidative stress in the cells. All in all, these results
indicate that the synthesized AgNPs have a concentration-
dependent cytotoxic activity impact on MCF-7 cells.
The results of this study suggest that these compounds
have some preliminary in vitro cytotoxic activity but the
molecular mechanisms were not experimentally explored in
the present study.

There are certain limitations of the current study
which should be taken into account. The biological activities
were assessed in the in vitro conditions and this may not be
entirely representative of the in vivo behavior. Moreover,
a limited number of bacterial strains was studied, as well
as a single cancer cell line (MCF-7). Moreover, the long-
term stability and a detailed toxicity profile of the produced
AgNPs were not thoroughly studied. In addition, in the
present study zeta potential analysis was not conducted and
hence, the colloidal stability of the synthesized AgNPs in
aqueous medium needs to be investigated further. Previous
studies have shown that the laser-ablated AgNPs in the
aqueous medium might have a temporary colloidal stability
because of the electrostatic surface charging as a result of
the PLAL process; however, there is still a need for further
study into the stability behavior for long-term storage.
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Figure 6. Representation of inhibition zones and inhibition zone diameters of AgNPs towards S. mutans and Lactobacillus spp. A:
inhibition plate of S. mutants; B: inhibition plate of Lactobacillus spp; C: quantification of the AgNP inhibition zone towards S. mutants;
D: quantification of the AgNP inhibition zone towards Lactobacillus spp.
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Figure 7. AgNPs cytotoxicity on MCF-7 cells under varying

concentrations (0.1-1000 pg/mL) identified using the MTT
assay.

It is suggested that future research be done on the
in vivo biological impact of these nanoparticles with
regards to their pharmacokinetics and biocompatibility.
In addition, further research is needed on non-cancerous
cell lines to investigate selectivity and biocompatibility of
the synthesized AgNPs. It would be beneficial to increase
the amount of microbial strains and cancer cell lines to
allow a better understanding of their therapeutic potential.
Further studies with detection of ROS (e.g., by staining
with 2',7'-dichlorodihydrofluorescein diacetate (DCFH-
DA)), Ag" release assays and molecular pathway studies
are required to gain insight into the underlying biological
mechanisms of the synthesized nanoparticles. In addition,
additional refinement of the synthesis parameters can be
used to regulate the size of the particles and to increase their
functional properties.

Conclusion

The AgNPs were successfully synthesized by PLAL and
found to have a primarily semi-spherical shape and an
average diameter of 31 nm, respectively. The structural and
optical characterization confirmed the crystalline nature
of the nanoparticles, the surface plasmon resonance peak
was at 405 nm and the optical band gap was about 2.28
eV. The synthesized nanoparticles exhibited concentration-
dependent antibacterial property against the growth
of S. mutans and Lactobacillus spp. and also showed
concentration-dependent cytotoxicity against MCF-7 cells
with an ICs, value of around 90 pg/mL. The results suggest
that the synthesized silver nanoparticles using PLAL method
are applicable in biomedical applications.
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