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Abstract: Plasmonic metal nanoparticles (NPs), such as Ag, Au, Cu NPs, attract great interest due to
their notable applications in biological, and chemical sensing. Researchers have studied the plasmonic
metal NPs which have exceptional optical properties in a large spectral region. Metal NPs form a
unique surface plasmon resonance (SPR) peak that is in the electromagnetic spectrum’s visible part.
The peak of SPR firmly depends on the NP'’s size, shape, dielectric constant, and medium that the
particle is in. Light interacts with nanoparticles that are smaller than the wavelength of incident light
in localized surface resonance. That leads Localised Surface Plasmon Resonance (LSPR) in which an
oscillating local plasma around the NP with a certain frequency form. The LSPR detection is the most
common method for wavelength shift measurement. Since analyte absorption causes a significant
change on the value of local dielectric constant, the LSPR peak shifts. It is known that biological
molecules such as proteins and antibodies can sensitively be detected while they affect the local
dielectric environment. Therefore, Ag or Au based metal NPs can be used as a sensor with the help of
LSPR wavelength shift technique. Among the metal NPs, Ag has a relatively higher refractive index
sensitivity. Moreover, Ag NPs generate measurements that are more precise since they have a shaper
LSPR peak. In our work, we produce plasmonic Ag NPs with various sizes and spherical shapes by
making use of the Pulsed Laser Deposition (PLD) mechanism. Subsequently, we have investigate the
LSPR peaks of these NPs via the UV-Vis spectroscopy. Additionally, biosensor properties of plasmonic
Ag NPs are investigated by binding Protein A molecules to surface of the NPs. It is significant to mention
here that we obtain an LSPR wavelength shift, which has a value around 100 nm/RIU.
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1. Introduction

Nanoparticles (NPs), which attract attention with their small-scale dimensions, strong absorption
coefficients, large surface area/volume ratios, find a lot of importance in analytical chemistry [1, 2].
Analytical techniques built on NPs not only take vital roles in the detection widespread significance in
in the fields of pharmaceutical, clinical, food safety, and environmental because of their simple
structures, wide linear ranges, and high sensitivity. Therefore, metal nanostructures are of great interest,
both fundamentally and technologically, due to their unique functionality and properties in contrast to
their large counterparts. In addition to this, optical features of the NPs have important aspects. Many
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metal structures such as nanoscale gold and silver perform great absorption in the visible spectrum
compared to their bulk structures. The standard absorption peaks of Au and Ag elements are around 520
and 400 nm, respectively. The nanoscale metal particles’ optical properties varies by numerous
parameters such as their size [3], shapes [4], metal composition [5], and environment of the nanoparticles
[6-10]. In many research areas, the metal NPs play significant roles. For instance, the effects of quantum
restrictions on electronic, magnetic, and other related features can be investigated by making use of an
experimental model of the NPs [11, 12]. Additionally, the metal NPs are additionally employed in
various fields such as catalysis [13], photography [14], biological labelling [15], photonics [16],
optoelectronics [17], information storage [18], as well as the surface enhanced Raman scattering (SERS)
[19, 20]. It is generally known that the metal NPs may be produced via several methods such as
electrochemical techniques, organometallic precursors’ decomposition, and metal salts’ reduction or
vapour deposition in the presence of stabilizers, especially the Laser Ablation (LA) and the Pulsed Laser
Deposition (PLD). In these techniques, the nanoparticle size and density can be adjusted to the desired
scale by easily controlling the parameters (for example laser fluency, wavelength, pulse number, pulse
duration, pressure of background gas and distance from substrate to target, substrate temperature) of
PLD system. Thanks to these distinctive features of PLD, the movement of LSPR peaks of plasmonic
nanoparticles in the short or long wavelength direction of the solar spectrum can be easily achieved.

a b

Figure 1. lllustrations of a) surface plasmons and b) a localized surface plasmon[21].

The plasmonic metal NPs’ optical properties are very important because of the SPR phenomenon.
The SPR corresponds to oscillation frequency of the conduction electrons in results of the
electromagnetic radiation’s electric field. As shown in Figure 1, surface plasmons are produced by
oscillations of free electrons within the metal as result of electromagnetic waves that are trapped in the
interface between metal and dielectric parts. The Mie theory explains this phenomenon successfully via
the Maxwell equation [22]. The SPR peak is generated by considering material’s negative real and
positive imaginary dielectric constants. On the other hand, the SPR is a harmonic oscillation of electrons
in the surface of metal NP and stimulated by electromagnetic field in the optical region. Consequently,
the resulting signal is considerably strengthened.
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Figure 2. Schematic representation of plasmon oscillations demonstrating the relative
displacement between the cloud of electron and nuclei.
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Light interacts with smaller nanoparticles compared to the wavelength of incident light in the
localized surface plasmon. As shown in Figure 2, the results in the formation of a local plasma around
the nanoparticle, which has, a frequency named as the localized surface plasmon resonance (LSPR). As
a matter of fact, the LSPR is similar to the SPR and has a high sensitivity when changes occur in the
local dielectric environment [23]. The LSPR wavelength shifts are generally detected through changes
occurring in the local environment, and an angularly resolved sensing is possible for the LSPR
mechanism [24].

The way how metal NPs interact with electromagnetic radiation is explained quite well by Mie’s
scattering theory utilizing Maxwell’s equations. It mainly expresses the optical extinction for the metal
NPs that has a smaller radius compared to the incident radiation’s wavelength (2r << A) [25]

The biosensors, development is very significant for the analysis and detection of numerous
chemicals, toxic substances, as well as biologically crucial compounds, which are used in the
environmental monitoring, clinical, food safety and safety. Recently, for the development of biosensors,
the SPR has been utilized [26, 27]. The interaction of unlabelled biomolecules can be detected by the
SPR biosensors; thus, they can be used to detect unlabelled biomolecules. For this reason, the SPR
biosensors are widely used in interaction studies and in receptors, carbohydrates, proteins, cells,
different forms of bacteria, clinical diagnosis, military defence. Due to its good detection sensitivity,
outstanding features such as unlabelled and detection in the real-time, the SPR biosensors are employed
in various applications, for instance, bacteria, pesticides, allergens, and viruses’ detection. Varying on
the target sample’s size, four distinct test formats have been developed for the SPR-based biosensors,
which are used in the direct testing, competitive testing, sandwich testing and inhibition testing
mechanisms [28-31].

In this paper, plasmonic Ag nanoparticles were produced by using the PLD method. The produced
plasmonic Ag nanoparticles’ LSPR peak are measured by the UV-Vis spectrometer. The LSPR peaks
of 12600 and 14400 laser pulse Ag NPs were found to be at 680 and 700 nm, respectively. The
morphological of the Ag NP thin films were investigated by Scanning Electron Microscopy (SEM)
method and composition of the thin films were analysed by the Energy Dispersive Spectroscopy (EDX)
technique. Shape of the produced Ag NPs were measured to be sphere and the size of that was found to
be ranging from one to few hundreds nm. Additionally, biosensor properties of Ag NPs were
investigated by binding protein A to NPs’ surface.

2. Materials and Methods
2.1. Experimental Setup

The PLD system was used to produce silver nanoparticles. Nd:YAG laser (Continuum, Minilite
I1) system was operated and had pulsed mode with duration of 5 ns and repetition rate of 10 Hz at 1064
nm. The laser system has a capability of producing second, third, and fourth harmonics for 1064 nm,
which are 532, 355, and 266 nm, respectively. In this work, 1064 nm fundamental wavelength had been
employed. A neutral density filter was used to control laser pulse power that was measured before
focusing lens as shown in Figure 3a. A glass microscope slide was used as a substrate to deposit Ag NP
on. To clean the glass microscope slide, firstly, soap foam was applied, and then, it was bathed in
isopropyl alcohol and acetone for 15 minutes each step. After that, the substrates were placed in an
ultrasonic bath to further the cleaning process. Lastly, a nitrogen gas flow was used to dry the substrates.
In our experiment, we utilized commercially available silver sputtering target with high purity (99.99%,
Plasmaterials, USA). In order to avoid any damaging effect, the target and substrate were located on
two independently rotating holders. As each laser pulse hit different part in the target, a homogeneous
coating was achieved after laser ablation process as illustrated in Figure 3b.
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Figure 3. a) Schematic view of the PLD system designed and manufactured locally by the Laser
spectroscopy group of Selcuk University, b) Plasma of the ablated Ag target material, using the PLD
system.

5 cm fixed distance was applied between the target and substrate parts. Subsequently, Laser
deposition process was carried out at room temperature for all films. The energy of laser was set to 35
mJ per pulse and the laser beam was focused on Ag target using a lens having 50 cm focal length. The
laser beam’s angle was fixed to be 45° on the target surface. The experiments were carried out in ultra-
high vacuum which was around 5 x 107 mbar. The silver sputtering target was ablated by applying
12600 and 14400 laser pulses for different nanoparticle production. The produced Ag nanoparticle
morphologies was analysed by the SEM measurement and the EDX spectrum was taken to investigate
the element composition of the thin film. The Ag nanoparticles’ absorption spectra were determined by
utilizing a UV-Vis spectrometer (V-670 Jasco, USA). For investigating sensor properties of the
produced plasmonic nanoparticles, the protein A (Sigma-Aldrich) solution of 1 ppm was used. Ultra-
pure water was used as a solvent. Plasmonic Ag nanoparticles’ LSPR peak shifts were measured by the
UV-Vis spectrometer.

3. Results and Discussion

Plasmonic Ag NP thin films were produced by the PLD. The produced Ag NPs were investigated
by the UV-Vis spectrum and the result is shown in Figure 4. As seen from the figure, two LSPR peaks
of Ag NPs appear for 12600 and 14400 laser pulses, which are positioned at 680 and 700 nm,
respectively. The LSPR peaks of Ag NPs are 680 and 700 nm for 21 and 24 minutes. Both peaks are in
the visible part of the electromagnetic spectrum. With the increase in the number of laser pulses, the
LSPR peak shifted slightly to the longer wavelength region and their absorption intensity increased.

115



Middle East Journal of Science (2021) 7(2): 112-122 https://doi.org/10.51477/mejs.1013013

0,6
700 ——Ag NP7 21 min.
—— Ag NP8 24 min.
0,5+
El
s
o 044
[&]
c
@
2
2 03
=]
<
0,24
0,1

T T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Figure 4. UV-Vis spectrum of plasmonic Ag NP produced by PLD for deposition times of 21
(12600 laser pulses) and 24 minutes (14400 laser pulses).
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Figure 5. SEM image of Ag NP produced by PLD for 21 minutes (12600 laser pulses).

The SEM images of Ag NPs produced by the PLD for 12600 laser pulses are shown in Figure 5.
Shapes of the produced NPs are spherical and sizes of them are 197.4 and 386.2 as seen in Figure 5. It
should be noted that the imaged NPs are merely chosen for the purpose of illustration. There may be Ag
NPs of different sizes in the other parts of the thin film as they are out of focus in the SEM image.

On the other hand, Figure 6 illustrates the SEM image of Ag NPs produced by the PLD for 14400
laser pulses. The shape of these NPs is spherical as well. The size of the NP illustrated in the figure is
around 398 nm. Inset picture is the same Ag NP with size of 398 nm. It can be concluded that the NPs
produced for 14400 laser pulses are larger than those of produced for 12600 laser pulses. Because, with
the increase in the number of laser pulses, the rate of deposition is increased. The increase in the number
of Ag nanoparticles deposited on top of each other and side-by-side at high laser pulse, number caused
the particle size to increase.

116



Middle East Journal of Science (2021) 7(2): 112-122 https://doi.org/10.51477/mejs.1013013

% |

11:37:39 AM | 20.00kV | 30000 x @ 6.91 pm | 10.5 mm | ETD | 6.33e-5 Pa

— 1 pm —

(A DUBTAM

Figure 6. SEM image of Ag NP produced by PLD for 24 minutes (14400 laser pulses).

The size of the plasmonic nanoparticles can be calculated by the following equation:

_/’lo>
n ————————————

1)

where, A, = 400 nm; L; = 6.53 nm; L, = 0.0216 nm ™! [32]. Using Eq (1), the nanoparticle size was
theoretically calculated to be 174 nm for LSPR peak of 680 nm, while it was obtained 177 nm to the
LSPR peak in 700 nm. As in the morphological structure, while the number of laser pulses increased,
the particle size expanded with the increase of the long wavelength of the LSPR peak.
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EDX spectrum of the Ag NPs produced for 12600 laser pulses.
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Figure 8. EDX spectrum of Ag NP for 24 minutes (14400 laser pulses).

The contents of the elements in the thin films are including Ag, Si, O, Na, Ca, Na, and Mg. Ag
content proves that we have used the Ag target for the experiment as well as the other contents as we
deposited the NPs on the glass microscopic slides. The wt % of the elements are given in the inset of
Figure 7.

The EDX spectrum of Ag NPs produced for 14400 laser pulses are demonstrated in Figure 8. The
contents of the thin film are composed of Ag, Si, O, Na, Ca, Na, and Mg. The Ag NPs are deposited in
the glass microscope slides and the EDX findings agree with the experimental set up.

0,55

4 = Ag NP 21 min.
633 —— Ag NP 21 min. Protein A
0,50 A

617‘3
0,45

0,40

0,35+

Absorption (a.u.)

0,30

0,25 +

0,20 T T T T T T T T T T T T T
400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 9. The UV-Vis spectrum of Ag and protein A binding NP produced by the PLD for 21 minutes
(12600 laser pulses). The Ag NP with protein A is blue shifted for 20 nm.
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Figure 10. The UV-Vis spectrum of Ag, pure water and protein A binding NPs produced by the PLD
for 24 minutes (14400 laser pulses). The pure water, and protein A binding NPs are blue
shifted for 27 and 50 nm, respectively.

Figure 9 illustrates the UV-Vis spectrum of Ag and protein A binding NP produced by the PLD
for 12600 laser pulses. The Ag NP with protein A is blue shifted for 20 nm. This suggests that the protein
A molecules are bonded to the surface of the Ag NPs in the produced thin films. In addition of the LSPR
peak shift of the Ag NPs with protein A, the full width at half maximum (FWHM) of the peak is
measured to be changed. This may infer that the figure of merit for the produced Ag NP is suitable for
a potential sensor.

The UV-Vis spectrum of pure Ag, Ag with pure water and Ag with protein A is shown in Figure
10. As Ag NPs are bounded by protein A, the LSPR peak blue-shift is around 50 nm. Ag NPs with pure
water also shifts to blue side of the spectrum by 27 nm compared to the pure Ag NPs. In terms of
refractive index unit (RIU), this corresponds to a wavelength shift around 100 nm/RIU.

4. Conclusion

Ag NPs with different sizes and spherical shapes were produced by the PLD method. The
produced Ag NPs were investigated by the UV-Vis spectrometer. The plasmonic LSPR peaks of Ag
NPs were found to be positioned at 680 and 700 nm for deposition of 12600 and 14400 laser pulses,
respectively. The morphology of Ag NPs was determined by the SEM images and it is found that the
Ag NPs produced for 12400 laser pulses are relatively smaller than those of Ag NPs produced for 14400
laser pulses. When duration of deposition increases, the size of produced NPs increases. The EDX
spectrum of both Ag NPs produced for 12600 and 14400 laser pulses are containing the expected
elements of Ag and the ones that include in the composition of glass microscope slides. The wavelength
shift of the LSPR peaks is examined by binding Ag NPs’ surface by pure water and protein A. The
resulting blue-shifts are 27 and 50 nm for 12600 and 14400 laser pulses, respectively. These results
suggest that the produced Ag NPs could be employed as sensors for different biomolecules in the future
experiments.
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