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Formation of silver nanoparticles oligomers obtained via laser ablation

in a liquid by sequential centrifugation and ultrasonication: tunable

long-wavelength shift of plasmon resonance for biomedical applications
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A relatively simple physical method has been proposed for fabrication of stable oligomers of silver nanoparticles,
preliminarily obtained by pulsed laser ablation of a metal target in a liquid. Oligomers of silver nanoparticles are
formed in an aqueous solution after prolonged centrifugation at 18000g and subsequent ultrasonication of the
initial colloidal solution of spherical nanoparticles obtained by laser ablation. The plasmon resonance in oligomers
is shifted relative to the plasmon resonance in spherical nanoparticles to the long wavelength region by 140 nm.
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Introduction

Metal nanoparticles made of silver and gold are widely
used in such areas as targeted drug delivery [1], photother-
mal [2] and photodynamic [3] cancer therapy, optical coher-
ence tomography, immunoassay [4,5] and biosensing [6-8].
Considerable attention is paid to nanoparticles in the study
of physiological structures and cellular functions in vitro
and in vivo. Interest in the use of metal nanoparticles is
explained by their unique optical and catalytic properties,
which depend on the size and shape of nanoparticles [9].
The optical properties of metal nanoparticles are determined
by the excitation of localized surface plasmonic resonance,
which arises as a result of the interaction of electromagnetic
radiation and collective oscillations of conduction electrons
in the nanoparticle. Studying the influence of the physico-
chemical properties of nanoparticles, including their shape,
size, surface charge, surface chemistry and cytotoxicity, on
the efficiency of endocytosis — cellular attenuation and cell
survival, is critical for the diagnosis and treatment of various
disorders in living systems [10-13].

The rapid development of methods for the chemical
synthesis of metal nanoparticles has opened up the possi-
bility of obtaining nanoparticles in the form of nanospheres,
nanorods, nanocubes, nanostars or nanolattices. On the
other hand, various nanostructures with completely con-
trolled spatial parameters can be formed using electron
beam and ,,nanosphere lithographies. Pulsed laser ablation
(LA) in liquids allows to obtain nanoparticles from a
bulk target or thin-film materials [14-16]. This method
is characterized by a high yield of nanoparticles, as well
as simplicity, which eliminates the multi-step procedures
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required for chemical synthesis methods. From the point
of view of biomedical applications, LA is distinguished by
a high degree of purity of nanoparticles, which excludes the
cytotoxic effect of chemical precursors. Many studies have
already been carried out on the process of formation of
metal nanoparticles during LA, starting with the influence of
the solvent during synthesis [17,18] and the characteristics of
the laser pulse, namely repetition rate and duration [19,20],
as well as wavelength laser radiation [21-25] and ending
with the influence of other experimental conditions, such as
impurities and stabilizers [26-32]. It is reported that at low
laser fluence, quasi-spherical nanoparticles with a narrow
size distribution are typically formed, the stability of which
is achieved due to electrostatic repulsion and the Van der
Waals force, since both interactions contribute to the total
free energy of the system [33,34]. It is also known that
repeated exposure to laser radiation on formed nanoparticles
leads to their fragmentation, making the nanoparticles even
more spherical [21].

It is worth noting that the generation of anisotropic
particles is not typical for LA. The spherical shape of
nanoparticles is explained by the surface tension of the
melt, because it is the sphere that has the minimum
surface energy compared to other forms of nanoparticles.
Nevertheless, there are several papers [35-37] devoted to
the formation of anisotropic gold nanoparticles both in an
aqueous medium and with the addition of CaCl, or MgSO4
impurities, as well as in a magnetic field. However, the
plasmon resonance in the mentioned papers is significantly
broadened, which limits the use of nanoparticles obtained
by such methods in biosensors. There have been attempts
to fabricate silver nanoribbons using picosecond ablation
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and further utilizing as SERS substrates for detecting explo-
sives. Although NPs look like nanoribbons in shape, they
lack characteristic spectral features in the long-wavelength
spectral range [38]. The above review of approaches for
preparing nanoparticles of complex shape confirms the need
to develop simple and affordable methods for the synthesis
of anisotropic metal nanoparticles with controlled optical
properties and free from undesirable impurities.

In this paper, we propose a new method for the formation
of anisotropic silver nanoparticles (NPs). While many stud-
ies on laser ablation are aimed at preventing the aggregation
of NP, the idea of this paper is the opposite, namely, to
establish conditions for the formation of aggregates that al-
low to obtain in a simple way anisotropic nanostructures —
NP oligomers with plasmonic resonances in the long-
wavelength spectral range. The main stages of the proposed
method are to obtain a colloidal solution of nanoparticles of
a predominantly spherical shape by laser ablation of a metal
target in a liquid, centrifugation of the resulting colloidal
solution, leading to the precipitation of large aggregates, and,
finally, the formation of a colloidal solution of oligomers as
a result of ultrasonication. The formation of oligomers of
silver NPs is confirmed by analysis of images obtained on
a scanning electron microscope, as well as by absorption
spectroscopy methods. The influence of the parameters of
laser irradiation, centrifugation and ultrasonication on the
shape of nanoparticles was studied. A possible mechanism
for the formation of NP oligomers obtained as a result of
laser ablation is discussed.

Experimental part

Colloidal silver NPs were prepared using a pulsed laser
ablation method in a liquid. A solid-state Nd:YAG
laser (SOLAR Laser Systems, Belarus) with an intracavity
second-harmonic generator was used as a radiation source,
emitting pulses in Q-switch mode with a duration of 10ns
at a wavelength of 532nm. Pulse repetition rate was 5
and 10Hz. The energy of laser pulses was attenuated
using NS-1 optical neutral filters. The laser beam diameter
was 8mm. The laser fluence varied in the range from 30
to 120mJ/cm?. Before the experiments, the silver target
(99.99%) was cleaned by ultrasound in water, washed with
ethanol and deionized water. Next, for the synthesis of
NPs, the silver target was placed in a glass test tube with
deionized water (18.2 M- cm) with a volume of S5ml. The
height of the liquid level above the target was 20mm. To
focus laser radiation on a silver target, a collecting lens with
a focal length f =90mm was used. After laser ablation
of the target, the concentration of the obtained NPs was
determined by measuring the mass of the material removed
from the surface. The formation of oligomers of silver
NP occurred during centrifugation of the resulting colloidal
solutions of NP at an acceleration of 18000 g for a time tcr
in the range from 30 to 120 min. After sedimentation, the
test tubes with NP were immersed in an ultrasonic bath.

The tys ultrasonication time varied in the range from 5s to
5min. The extinction spectra of colloidal nanoparticles were
recorded using an SF-56 spectrophotometer (OKB Spektr,
Russia).

Results and discussion

Figure 1,a shows the optical density spectra (extinction)
of colloidal solutions of silver NPs obtained by laser
ablation, depending on the duration of irradiation (tpa),
and in Fig. 1,0 shows the effect of further centrifugation
at 18000g and ultrasonication. Formation of colloidal
silver nanoparticles was carried out at an laser fluence
of 30mJ/cm? and a exposure duration of 60 and 90 min
(Fig. 1,a). The selected irradiation time provide a suffi-
ciently high concentration of the NPs in solution to prepare
a large number of aggregates.

The wide bandwidth of the extinction spectrum indicates
its heterogeneous broadening associated with the size
distribution of Ag NPs (Fig. 1,a). Increasing the duration
of irradiation leads to an increase in the concentration
of Ag NPs in the solution, but the spectral position of
the maximum of the plasmon resonance of Ag NPs at
a wavelength of 404nm remains unchanged, which is in
good agreement with the literature data [39]. The extinction
spectrum (Fig. 1,a) also has a long-wavelength shoulder in
the area of 530 nm.

Colloidal solutions of Ag NPs as a result of LA (Fig. 1,a,
red curve) were firstly centrifugated, and then a Eppendorf
tube with Ag NPs was immersed in an ultrasonic bath
and subjected to ultrasonication during tys =35s. As
a result, the absorbance in the range of the plasmonic band
decreased, and its maximum shifted by 6 nm to the longer
wavelength side (Fig. 1,5, black curve). On the other
hand, an increase in absorbance in the range of 530nm
indicates an increase in the number of aggregated forms
of Ag NPs as a result of a violation of solution stability,
since, in contrast to chemical synthesis methods [40-42],
the LA method leads to the production of solutions of
NPs, which do not contain stabilizing agents. Increasing
the duration of centrifugal deposition to tcp = 120 min leads
to a further decrease in the absorbance in the area of the
plasmonic band and an increase in the relative contribu-
tion of aggregated forms of Ag NP. The long-wavelength
shoulder, which becomes noticeable with increasing tcr,
probably reflects the interaction between individual NPs
within aggregates [43,44].

The extinction spectra in Fig. 2 show the effects of
centrifugation and ultrasonication time on the formation of
aggregated forms for two colloidal solutions of NPs obtained
at laser ablation duration t; o = 60min and two different
laser fluence E = 60 mJ/cm? (fig. 2,a) and E = 120 mJ/cm?
(fig. 2, b), respectively.

Comparing the black curves of Fig. 2,a and 2, b, it can be
seen that with an increase laser fluence of pulses with their
total number unchanged, the absorbance in the plasmonic
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Figure 2. Extinction spectra of colloidal solutions of Ag NPs obtained by the LA method in deionized water at laser fluence
E = 60mJ/cm? (a) and E = 120mJ/cm® (b). Pulse repetition rate 10Hz, irradiation time t; o = 60min. The absorbance of colloidal
solutions obtained directly as a result of laser ablation is shown by black curves, and after centrifugation and ultrasonication by colored
curves. The durations of centrifugation and ultrasonication are given in the figure field.

resonance area increases, and the plasmonic absorption
band itself becomes less symmetrical. The influence of the
duration of centrifugation (tcp from 30 to 120 min) and the
duration of exposure to ultrasound (tys) n the extinction
spectra of colloidal NPS can be seen in Fig. 2 using the
example of two samples obtained at different laser fluence
E = 60mJ/cm? (fig. 2,a) and E = 120mJ/cm? (fig. 2, b).
The main changes are observed in the absorption band in
the range of 4 = 550 nm, most significantly at the maximum
laser fluence of pulses E = 120 mJ/cm? (Fig. 2,b) and the
maximum duration of exposure to ultrasound tys = 5 min.
Under these conditions, a new absorption band is formed
with a maximum at the wavelength of 2 = 550 nm. Increas-
ing the duration of exposure to ultrasound in all cases leads
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to an increase in the optical density of the colloidal NPs
due to additional defragmentation of precipitated NPs. At
the laser fluence E = 30mlJ/cm? , changes in the optical
characteristics after centrifugation and ultrasonication were
insignificant (data are not shown).

Figure 3 shows the normalized extinction spectra of
colloidal solutions of Ag NPs exposed to laser radiation
with a lower pulse repetition rate (5 Hz). Reducing the laser
pulse repetition rate by a factor of two led to a noticeable
narrowing of the plasmonic resonance band (Fig. 3, black
curve), despite the close values of the laser fluence of pulses
(Fig. 1,a, black curve). On the other hand, doubling the
irradiation time led to the appearance of an absorption
band in the long-wave spectral range (Fig. 3, red curve).
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Figure 3. Extinction spectra of colloidal solutions of silver NPs
after centrifugation and ultrasonication (colored curves), obtained
as a result of laser ablation of a metal target in water with a
pulse repetition rate of 5Hz and laser radiation energy density
E = 40mJ/cm? (black curve). All spectra are normalized to the
maximum of the short-wavelength absorption band.

Centrifugation for tcg = 120min and ultrasonication for
tus = 5s led to a significant increase in absorption in the
long-wave band with a maximum at wavelength 1 = 543 nm
and a small (23nm) short-wave shift of the short-wave
band with a maximum in the range of 400 nm. Additional
ultrasonication (tys = 10s) causes a weakening of the long-
wavelength band and its short-wavelength shift, apparently
associated with the collapse of NP aggregates.

Based on the obtained extinction spectra of colloidal
solutions of Ag NPs, it is reasoble to associate the short-
wave absorption band in the range of 400 nm with localized
plasmon resonance in NPs close to a spherical shape, and
the long-wave absorption band with a maximum in the
range of 543nm — with the formation of aggregates as
a result of centrifugation. There are no conditions for the
direct formation of nanorods that have similar absorption
spectra [40,45,46]. At the same time, the formation of
dimers of individual spherical NPs under the conditions
of the described experiments is very likely and leads to
observable changes in the extinction spectra [47].

To determine the morphology of silver NPs, their images
were obtained using a scanning electron microscope (SEM)
(Fig. 4). Colloidal silver NPs were preliminarily deposited
onto a silicon substrate before measurements. Two SEM
images of NPs before centrifugation are shown in panels 1
and 2 of Fig. 4. The corresponding extinction spectrum of
NPs for an LA duration t; o = 120 min is shown in Fig. 3
(red curve). Tt follows from the SEM-images that long-
term laser ablation leads to the formation of both individual
quasi-spherical NPs (panel 1) with sizes ranging from 5
to 200 nm, and aggregated NPs (panel 2) in the form of
branching structures, the total size of which exceeds the

wavelength incident radiation. The presence of individual
NPs with inhomogeneous size and complex structures leads
to a broadening of the plasmonic resonance in the extinction
spectrum before centrifugation. At the same time, the
appearance of a strongly pronounced shoulder in Fig. 3 (red
curve) is explained by morphological changes in NPs as a
result of self-assembly of quasi-spherical NPs of different
sizes into complex structures.

After centrifugation and ultrasonication doubling the
irradiation time led to the appearance of an absorption
band in the long-wave spectral area (Fig. 3, red curve).
Centrifugation for tcg = 120min and ultrasonication for
tus = 5s led to a significant increase in absorption in the
long-wave band with a maximum at wavelength 1 = 543 nm
and a small (23nm) short-wave shift of the short-wave
band with a maximum in the range of 400 nm. Additional
ultrasonication (tys = 10s) causes a weakening of the long-
wave band and its short-wave shift, apparently associated
with the repetition of this sample in the SEM images shown
in Fig. 4 (panels 3 and 4), the formation of oligomer-like
NPs is observed [48]. This fact correlates well with the
appearance of a long-wavelength band with a maximum
in the approximaty of 543 nm in the extinction spectrum
(Fig. 3, blue curve).

Figure 4 also shows SEM images of silver NPs (panels 5
and 6) before and after centrifugation and ultrasonication
(panels 7 and 8). The extinction spectrum in Fig. 2,5 for
silver NPs in panels 5 and 6 is presented as a black curve,
and in panels 7 and 8 it is displayed as a red curve. It is
important to note that the heterogeneous of the substrate in
the form of a labyrinthine structure on panels 5 and 6 should
not be attributed to silver NP. The areas directly related
to the NPs themselves are highlighted in blue. It follows
from the images that immediately after LA, oligomers are
formed from relatively identical NPs in size and shape [48],
and with subsequent centrifugation and ultrasonication of
the NPs (panels 7 and 8), their density increases.

Thus, it has been established that the formation of
oligomer-like NPs occurs under conditions of high NP
concentration (approximately 1 mM), which is achieved as
a result of long-term laser ablation of a silver target. After
centrifugation and ultrasonication (Fig. 4, panels 4 and 8),
oligomers are obtained more efficiently than immediately
after LA. In addition, a more pronounced long-wavelength
peak is observed only for oligomers from larger NPs
obtained at a laser pulse repetition rate of SHz. The
significant difference in the results obtained at different
laser pulse repetition rates can be explained by the fact
that during laser ablation three competing processes are
observed, namely: fragmentation of previously formed NP
under the action of laser radiation, aggregation of NP with
increasing concentration in water, and the formation of cav-
itation bubbles . The first process — NP fragmentation —
arises as a result of repeated irradiation of formed NP
in a liquid, since the laser radiation wavelength (532 nm)
falls in the region of the long-wavelength shoulder in the
absorption spectrum of silver NP [49]. On the other hand,
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despite the stabilizing role of electrostatic repulsion, as the
concentration of NPs in the solution increases, the stability
of the colloidal solution is partially disrupted, and oligomers
are formed, as shown in Fig. 4 (panels 2 and 6). It is also
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known that with an increase in the pulse repetition rate due
to an increase in the temperature of the liquid, cavitation
microbubbles are formed, which defocus and screen the
laser radiation. Therefore, at a laser pulse repetition rate of
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10 Hz, the screening of incident radiation was stronger due
to the relatively larger number of microbubbles than at 5 Hz.
Consequently, with an increase in the pulse repetition rate,
the probability of fragmentation of large NP resonant with
incident radiation during LA increases. This is confirmed
by the morphology of the NPs in the SEM images (Fig. 4,
panel 5 and 6) before centrifugation.

Conclusion

A new method has been developed for the formation of
oligomers of nanoparticles in an aqueous solution, which
includes the following operations: formation a colloidal
solution of metal nanoparticles, predominantly spherical
in shape, by ablation of a metal target with pulsed laser
radiation, sedimentation of the colloidal solution as a result
of centrifugation, and transfer of the oligomers of metal
nanoparticles formed in the sediment into the colloidal
solution by ultrasonication. Conformation of individual
nanoparticles and their oligomers is confirmed by consistent
data from absorption spectroscopy and electron microscopy.
It was found that at short irradiation and centrifugation
times, the probability of the formation of oligomeric
nanoparticles is low. Colloidal solutions obtained under
these conditions are stable for months. Thus, due to the
ability to tune plasmon resonance to the long-wavelength
spectral range without using conventional chemical synthe-
sis method, surfactant-free silver nanoparticle oligomers can
find wide application in biomedical imaging, targeted drug
delivery, and photothermal therapy.
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