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Laser synthesis emerges as a suitable technique to produce ligand-free nanoparticles, alloys and functionalized
nanomaterials for catalysis, imaging, biomedicine, energy and environmental applications. In the last decade, laser
ablation and nanoparticle generation in liquids has proven to be a unique and efficient technique to generate,

excite, fragment and conjugate a large variety of nanostructures in a scalable and clean way.
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| 1. Introduction

The intrinsic properties of nanoparticles (NPs), possibly combined with other materials, disclose many applications
where one can achieve miniaturization (e.g., of electronic equipment), weight reduction (as a result of an increased
material efficiency) and/or improved functionalities of materials (e.g., higher durability, conductivity, thermal stability,
solubility, reduced friction, selective molecular detection) W2 The remarkable size-tunable properties of
nanomaterials produced by laser—matter interaction (e.g., size distribution, agglomeration state/dispersion, crystal
structure, surface area and porosity, surface charge, shape/morphology, dissolution/solubility) make them a hot
research topic in material science, with far-reaching applications, ranging from quantum computers to cures for
cancer B4,

Bottom-up and top-down procedures are the two approaches used for the synthesis of nanomaterials 2. The first
include the miniaturization of materials and components (up to the atomic level) with subsequent self-assembling
that leads to the formation of nanostructures. Typical examples are the formation of quantum dots during epitaxial
growth, or the production of NPs as colloidal dispersions by chemical approaches ©. Instead, top-down
approaches use macroscopic starting structures that are externally controlled by the processing down to
nanostructures. Typical examples are etching (controlled by masks), ball milling, metal-organic vapor phase epitaxy

and the application of severe plastic deformations .

Many papers are available in the literature on laser interaction with hard, soft and smart materials, targeting future
applications in the fields of energy production (nano-energy) and biomedicine &, as well as recent progress in the
understanding of the fundamental mechanisms involved in laser processing ¥19. Such laser techniques are

interesting in many regards, as they enable the processing of photovoltaic cells 11, thermoelectric materials and
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devices 2 micro and nanosystems for energy storage and conversion 13141 piodegradable and biocompatible
NPs for food packaging 12 as well as vectors for drug and gene delivery 287 The interest towards pure and
electrostatically stabilized nanocolloids is well recognized REILAR02L22[23] - Although nanotechnologies and
nanomaterials have much potential to introduce innovative products and production processes, they are facing

major challenges in being cost-effective in the production stage.

Laser synthesis of colloids, powered by robust, high-power lasers, appears to be a key enabling process that is
chemically clean and environmentally friendly, and appealing 2423 for industrial manufacturing of functional
nanomaterials while being useful in many different areas, such as: hydrogen generation 17, hydrogen storage [28],
heterogeneous catalysis using colloidal high-entropy alloy NPs 27281 anticancer 22 and antimicrobial (29
research, drug monitoring 1, additive manufacturing applications B2 and nonlinear nanophotonics B4, In
addition, NPs prepared by the Laser Ablation in Liquids (LAL) have been recently used for various and unique

applications like friction reduction 221, solar nanofluids B8IEZ, optical limiting devices 2839 and so on.

The generation of NPs with LAL still has some challenging aspects, such as the fabrication of NPs with a specific
size and shape, the reduction of polydispersity and the increase of productivity 9. Despite some unsolved
problems of a physical, chemical and technical nature, several strategies have been proposed to overcome the
above issues, including the selection of the appropriate liquid or stabilizing agent, the optimization of the focusing
conditions and liquid levels, as well as the adoption of scanning and fluid dynamics strategies by different liquid

handling configurations [211421143]144][45] an( the postirradiation of colloids 28!,

To explore the wide range of opportunities that LAL brings, the unique properties of femtosecond lasers is a further
hot research topic, not only to increase NP production, but also to generate structural modifications and new
material phases 4748l As reported by Streubel et al. #2 Jow productivity shortcomings in LAL have been almost
entirely remedied, reaching NP production rates of several grams per hour. In addition to LAL, Laser Melting in
Liquids (LML), Laser Fragmentation in Liquids (LFL) as well as pulsed Laser Photoreduction/oxidation in Liquids
(LPL), offer alternative routes to obtain colloids with controlled NP sizes. Nevertheless, an industrial series product,
or manufacturing process based on laser-synthesized particles is yet to come. Together with the development of
new strategies to increase NP productivity, future efforts should be directed to further improve the surface
properties of the produced NPs, since each application requires a different surface/interface chemistry. This would
ensure reaching an advanced stage in those applications where the surface processes determine the performance

of the final devices 29,

2. Promising Applications of LAL Nanostructures for
Biotechnology Applications and for Organic Pollutants
Degradation

2.1. Plasmonic Properties of Metal Nanoparticles and Plasmon Sensitivity
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Plasmonics involves the control of light at the nanoscale by using surface plasmons. Localized surface plasmon
resonance (LSPR), which imparts unique optical properties to metal nanostructures, involves the collective and
coherent oscillation of dielectrically confined conduction electrons on the surface of metal nanostructures under the

effect of electromagnetic fields B1152],

Owing to the unique combination of physical and chemical properties, such as large absorption and scattering
cross-section, high sensitivity to local dielectric environment and enhanced electric field at the surface, plasmonic
nanostructures are emerging as an important class of materials for various optical sensing applications. Plasmonic
systems in particular have been studied extensively due to their ability to confine light below the diffraction limit,
which greatly enhances their sensitivity compared to conventional approaches 3. The oscillating electric field of
an electromagnetic wave causes the formation of dipoles and multipoles in metallic NPs. Such multipoles depend
on the size and shape of the NP in a way predictable by solving the Maxwell equations at the interface between the
metal and the external medium. For noble metals, the plasmonic response of the NP falls into the UV-vis frequency
range and it is observed by considering the absorption and scattering cross sections. In a classical transmittance
experiment the overall extinction effect (the sum of scattering and absorption) can be measured. If we restrict our
consideration to a spherical NP with a size smaller than the excitation wavelength so that the impinging radiation
wavelength scattering can be neglected (quasi static approximation) and a simple dipole is sufficient to account for

the plasmonic behavior:
u=oak

where a is the electric polarizability and E is the electric field. In this case the polarizability is expressed as:

o = 4ﬂgﬂﬂgﬂ
e+ 2em

where ¢ is the dielectric function [el(w)+ie2(w)] and R the radius of the NP. The resonance condition is achieved for
maximum polarizability, which happens for € = —2¢,,,. It is thus clear that plasmon resonance depends on the metal
through its dielectric function and the NP size and on the medium through its dielectric constant &, (and thus the
refractive index n). Much more complex is the situation in all those cases where the NP has a shape far from
spherical-like and proper simulations about the plasmonic response should be conducted to interpret the response
[51][53][54]

Laser ablation of metallic targets permits the formation of noble metal NPs in a range of solvents, including water
and alcohols. Among noble metals, gold has been the most intensely studied, followed by silver. Both NPs can be
produced as stable suspensions by LAL with diameters in the range 10-30 nm. Being different metals, they have
different dielectric functions allowing plasmon resonances in different spectral regions. Indeed, Ag NPs have their

typical plasmon resonance just below 400 nm, which instead lies around 510-530 nm for Au NPs. Despite plasmon
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resonance depending on particle size, a tuning across a broad range of the spectrum is not achievable just by
adjusting spherical particle size. One way to overcome the issue is by alloying B33!, Figure 1a shows that even
Au/Ag colloidal NP alloys can be grown if the ablation is performed using an alloy target in water B8, Here, we refer
to a gold 70% molar concentration with respect to silver, but any result can be obtained by tuning the
concentration, thanks to the total miscibility of the two metals. This ensures the possibility to tune the plasmon
resonance from that of silver (400 nm) to that of gold (520 nm) continuously, opening the way to a fine plasmonic
response. Alternatively, a very similar result can be obtained by pulsed laser irradiation of a previously formed
Au/Ag colloidal mixture 581 While in the former case the plasmon resonance tuning can be achieved only by
choosing a different alloy target for every composition, in the latter case, the colloidal mixture can be prepared in
any metal ratio from pure metal colloids, which is a clear advantage. Figure 1b reports a range of simulations
conducted using a Boundary Element Method (BEM) developed by A. Triigler B4, In this case a dielectric
environment (water) where bodies with homogeneous and isotropic dielectric functions are separated by abrupt
interfaces is assumed, thus solving Maxwell equations using the boundary conditions at the particle boundaries. As
for the dielectric function of the considered Au/Ag alloy, a weighted average method was used, in which the
dielectric function of the alloy is defined as:

Ealloy(W) = X Eay(@) + (1 = X) Eag(w)

where x denotes the Au molar fraction in the Au-Ag alloy 58,
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Figure 1. Absorption spectra of Ag, Ag:Au and Au NP colloids produced from: (a) laser ablation in liquids of Ag,
Ag:Au alloy and Au targets, respectively; (b) a Boundary Element Method (BEM) simulation.

The simulation results shown in Figure 14b agree with the experimental results concerning the plasmon resonance
position. The smaller width of the simulated extinction spectra is attributed to the difficulty to set an appropriate
damping constant. The same BEM method predicts that as an Au NP grows larger, the plasmon resonance slightly

red-shifts and broadens. However, in order to be able to tune the plasmon resonance of a metallic NP, playing with
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the size is not enough to explore a broad range 2259 Equation (1) holds its general validity for spherical particles,
while for particles with different shapes, the geometry must be taken into account and a plasmon resonance shift
can be expected. Indeed, beside the aforementioned alloying, a shape change is another effective strategy to tune

the plasmon resonance. This was observed experimentally in gold nanorods 261 gold nanostars 2 and silver
nanoplates [631[64],

2.2. Plasmonic Nanocolloids for Biotechnology Applications

Colloidal solutions of plasmonic NPs synthesized by laser ablation in solution (LAL) are key materials for
biotechnology applications. We discuss some of our contributions to recall such applications. NPs are synthesized
without stabilizing species, in order to avoid any associated biocompatibility problem. Furthermore, the naked
surface of these NPs can be easily functionalized, for example with molecules for active cell targeting B3[E8I67 for
sensing and diagnosis B8I69A70 for drug monitoring [177] and also for therapies, as in the case of photothermal
therapy 6289, Using multiple functionalizations, theranostic nanosystems, namely nanosystems useful for both

therapy and diagnosis, can also be obtained.

Thanks to their chemical stability gold nanoparticles (AuNPs) are very frequently used in comparison to other
metallic NPs, such as Ag NPs, which cause toxic effects due to ion solubilization. The presence of localized
surface plasmons (LSPs) is an interesting property of this type of NPs that can be exploited for many applications.
LSPs arise from collective oscillations of the free electrons of metal nanoparticles and show resonances in the
visible and near infrared spectral range, depending on shape, dimensions and aggregation of the nanostructures,
with very large extinction cross sections if compared to organic dyes (63l LSP resonances (LSPR) depend also on
the particle surrounding (in particular by its refractive index) and sensors can be developed on such a dependence.
Moreover, excitation of the LSPR amplifies the incoming electromagnetic field at the NP surface by some orders of
magnitudes within a few nm 1. This amplification made possible the exploitation of Raman spectroscopy in the
field of sensing technology with the technique called Surface Enhanced Raman Scattering (SERS). In this case, for
molecules near the surface of plasmonic NPs, one can obtain amplifications of the vibrational Raman spectrum of

up to 10 orders of magnitude and even more in favorable conditions [Z4.

NPs synthesized by LAL are of particular interest because of their clean surface, which allows functional molecules
to reach easily the NP surface 72731 Antigen cell targeting [BIBEISTIZSIZAITS] direct or indirect analytical sensors
8721771 and multimodal contrast agent in vivo 12 are examples of recent results obtained in our laboratories with

plasmonic nanostructures for biotechnology applications.

The identification of antigens expressed by cells allows active targeting of individual cells, which is relevant in the
early stage recognition of cancer cells. We developed a methodology for detecting cancer cells based on sub-
nanomolar concentration of nanocolloids functionalized with monoclonal antibodies B84 or with engineered
targeting peptides B8BTS SERS |abels, namely molecules showing huge SERS signals when coupled to
plasmonic NPs, were used on the nanostructures to identify active targeting events using the presence of SERS

signals on individual cells incubated with the nanostructures. SERS signals are vibrational signals, which are easily
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recognized and cannot be confused with other signals, like in the case of fluorescent signals usually exploited for
this purpose. Our protocol is efficient because the naked particles, synthesized by laser ablation, are functionalized
simply by mixing the colloidal solution of Au NPs with the solutions of the targeting molecules, without the need to
control the exchange with stabilizing molecules used in other NP preparations. Molecules and also antibodies are
thiolated to assure a strong link with the Au NPs. Strong SERS signals are obtained by controlling the aggregations

of NPs, which create the hot spots where molecules show very intense SERS signals.

Incubations of the functionalized nanostructures were obtained with cancer cells overexpressing, or not, the target
antigen. For the active targeting of prostatic cancer cells, nanostructures functionalized with antibodies for prostatic
specific membrane antigen (PSMA) and prostate stem cell antigen (PSCA) antigens were considered 73],
Sensitivity (correct targeting among positive cells) and specificity (absence of targeting among negative cells) of

the order of 90% were obtained showing the efficiency of the prepared nanostructures 3],

Monoclonal antibodies can be, however, immunogenic and usually their cost is very high. Small molecules like
peptides are targeting units that do not show the problem of immunogenicity and their cost is much lower. In this
case, however, the affinity for specific antigens is low. We have prepared nanostructures with the following
peptides: GE11, which targets epidermal growth factor receptors (EGFRS) expressed in different types of tumors
[66l74] RGD for v3 integrin, an adhesion receptor found in tumors at metastatic level 2, targeting and PreS1 for

SerpinB3, a protein overexpressed by liver tumor cells, targeting 21,

The results show the need to engineer the peptides for the NP functionalization. A long polyethylene glycol (PEG)
chain (3000 molecular weight) and a short-charged lysine sequence linked to the active peptide are required to
obtain high targeting efficiencies that, in particular for specificity, are found to be better than those obtained with a
specific monoclonal antibody already used in clinic. The results suggest that the large number of peptides
(thousands per particle) per NP overcome the problem of the small affinity of the single peptide, exploiting the
avidity of an ensemble of targeting units on a single nanostructure. With this approach, sensitivity and specificity

larger than 80-90% are obtained (62731 (see Figure 2a). Models for the arrangement of the targeting units on the

Au NP surface, obtained with Molecular Dynamics calculations, show that the presence of the short lysine charged
sequence is strategic for obtaining the appropriate exposition of the targeting peptide over the PEG chains,

collapsed over the NP surface [£875],
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Figure 2. Nanoparticles obtained by LAL are particularly versatile for biotechnology applications. (a) active antigen
targeting of cells overexpressing or not the antigen using Surface Enhanced Raman Scattering (SERS) signals; (b)
multimodal contrast agents and hyperthermal experiments; (c) therapeutic drug monitoring with a competitive
SERS protocol.

2.3. Metal Oxide Nanostructures for UV-SERS Sensing Applications

Traditionally, nanoplasmonics focuses on noble metals (Au, Ag, Cu) or their alloys whose LSPRs are in the visible
(Vis) or near-infrared (NIR) spectral regions 8. In the ultraviolet (UV) region the considerable damping due to
interband transitions X2 make electromagnetic enhancements comparatively small. Nevertheless, UV
nanoplasmonics may offer new opportunities in surface-enhanced Raman spectroscopy (SERS) [%, photocatalysis
81 biology 2 and public safety and security for the detection of organic molecules and hazardous organic
compounds 3. Such molecules show strong electronic absorption in the UV region, which may trigger the
resonant Raman (RR) effect under UV excitation. The RR effect leads to ca. 108-fold enhancement of the Raman

cross-section, allowing to detect ultralow molecular concentrations [84]

Theoretical studies predict that metals with a large negative real part and a small imaginary part of the dielectric
constant in the UV are suitable candidates for UV-SERS 83, The most experimentally tested UV-SERS platforms
are Al, Ga, In, Pb, Sn, Bi, Rh, Ru, Pt and Pd, owing to their availability and to the absence of interband transitions
in the UV [88, For instance, an ultrasensitive label-free detection of adenine molecules adsorbed on Al nanoparticle
arrays using deep-UV SERS (with 257.2 nm excitation) was reported [ However, similar to Mg, Al suffers from the
formation of an oxide layer several nanometers thick that limits the UV plasmonic performance. Although
encapsulating the metal core within chemically inert ultrathin silica shells is a strategy to overcome this issue, it is
difficult to implement given the not-easy-to-control thickness of the SiO, shell [B8IBA90 G3 is interesting for its self-
terminating oxide monolayer, but it has an intrinsic low electrical conductivity besides the melting point near room
temperature that hinders its manipulation BHR2 |nterestingly, Bi NPs prepared by laser ablation in solution [22!
display LSPRs from the near UV to the IR absorption region. By using such Bi NPs as a SERS platform, the
spectra of several amino acids were obtained 23, thus indicating that Bi could be considered an interesting

material for the SERS detection of biomolecules, a task that is usually pursued by means of Ag and Au
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nanostructures. We outline that Bi plasmons lie in the UV region, whereas the Raman experiments were carried
out with visible lasers [23], namely in correspondence of the tail of the optical absorption curve. Therefore, it is not

possible to fully assess whether the Raman enhancement is purely electromagnetic, or chemical.

Among the transition metals, Rh has been recently discovered as a novel, nonoxidizing plasmonic contrast agent,

exhibiting UV plasmonic behavior in the region between 3 eV and 7 eV, with the advantages of its oxide-free nature
l04]

To date, the Rh nanostructures investigated were grown by electrochemical roughening of Rh surfaces 22 or by
chemical methods using different Rh precursors 28798199 The limited number of papers on UV-SERS is mainly
because the application of deep-UV excitation very often leads to photo-degradation of the samples. The
availability of a consistent SERS enhancement in the deep-UV spectral region would therefore allow recording
Raman spectra with very low excitation power B4E7 which would be beneficial to reduce photo-degradation

issues.

Under proper experimental conditions, LAL allows for the production of colloidal Rh suspensions in a suitable liquid
medium [L9101]1102] "\yhich can be employed for the fabrication of nanostructured Rh substrates with SPR peak in
the 250-320 nm region. These LAL-synthesized Rh NPs are almost spherical, and their size and density
distributions are markedly affected by the liquid (water, or ethanol) selected for LAL: Rh NPs obtained in water are
smaller than those obtained in ethanol. The extinction spectra of the two colloids show the contribution associated
to the SPR of the Rh NPs below 400 nm but, for the samples prepared in ethanol, an additional absorption feature
is observed around 340 nm, which may be ascribed to Rh-C bonds 293!, The size of the NPs is affected by the
chemical interactions that occur during the ablation process, in turn determined by the liquid environment. As
discussed in 299 XRD and XPS results show that ablation of Rh in water leads to the production of mixed Rh/Rh-

oxide phases (RhO, and Rh,03), whereas in ethanol essentially metallic Rh NPs are produced, in agreement with
104

By fabricating a simple conductometric platform with Rh NPs produced by LAL in water, Fazio et al. 199 have
demonstrated the sensing properties of Rh nanostructures toward low concentration of hydrogen in air. Here, for
the purpose of showing another potential application of Rh NPs produced by LAL in water, Fazio et al. report some
early results on their SERS activity by considering the reference analyte Rhodamine 6G (R6G). By comparing the
SERS spectrum of R6G on Rh NPs with the Raman spectrum acquired on bare glass under the same conditions
(Eigure 3a,b), the resulting enhancement factor is about 20, which shows the feasibility of using Rh NPs prepared
by this technique as SERS substrates. The time-dependence of the SERS signal of R6G discloses the photo-
induced degradation of the analyte adsorbed on the Rh/Rh-oxide NPs under the 457 nm laser irradiation (Figure
3c,d). Remarkably, a prompt and well-resolved SERS response is observed after just 3 s of irradiation. Then, after
110 s of irradiation, the strongest characteristic peak of R6G (1650 cm™1) almost completely disappears (the same
peak weakens by a factor of 0.4 after 22 s of irradiation). The photo-activity of nanostructured Rh surfaces was
reported previously 1931: the data in Figure 3 parallel such behavior, which requires a careful control of irradiation

conditions to use Rh-based NPs as a SERS platform. LAL-synthesized Rh/Rh-oxide NPs arrays suitably arranged
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as thin films show a moderate SERS enhancement factor. Further optimizing the deposition conditions of the NPs
is likely to improve the SERS performance of such substrates in the UV spectral region, which is of relevance for

biological applications.
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Figure 3. (a) Raman spectrum of R6G (10™* M solution.) drop cast on glass and (b—d) Time-dependence of the
SERS spectra of R6G (10™* M solution) A drop of 10~* M water solution of R6G was cast on the glass and dried in
air before measurements; the Raman spectra were acquired using an HR800 micro-Raman spectrometer (Horiba,
Jobin-Yvon, Longjumeau, France), using the 457.9 nm line of an Ar* ion laser, setting the laser power at 1 mW. The

integration times were varied from a few seconds up to 110 s to maximize the signal to noise ratio.
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