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Laser ablation is a technique by which a laser beam is focused on a substrate to remove part of the material from the
irradiated surface. Under the right conditions, nanomaterials of the desired size and in the absence of additional
substances are obtained. This green methodology applied to a silicon substrate produces silicon-based nanomaterials,
which include the characteristic advantages of these materials and reduce the potential toxicity. The applicability of these
nanomaterials for nanomedicine is incalculable. This review highlights the latest advances in the treatment of bacterial
infection with silicon-based nanomaterials and points out the future challenges in this field.
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| 1. Definition

Nanomaterials have unique properties and characteristics derived from their shape and small size that are not present in
bulk materials. If size and shape are decisive, the synthesis method used, which determines the above parameters, is
equally important. Among the different nanomaterial’s synthesis methods, we can find chemical methods (microemulsion,
sol-gel, hydrothermal treatments, etc.), physical methods (evaporation-condensation, laser treatment, etc.) and
biosynthesis. Among all of them, the use of laser ablation that allows obtaining non-toxic nanomaterials (absence of
foreign compounds) with a controlled 3D size, has emerged in recent years as a simple and versatile alternative for the
synthesis of a wide variety of nanomaterials with numerous applications. This manuscript reviews the latest advances in
the use of laser ablation for the synthesis of silicon-based nanomaterials, highlighting its usefulness in the prevention of
bacterial infection.

| 2. Antibacterial Effect of Silicon-Based Nanomaterials

Over time, bacteria are becoming more resistant to the use of antibiotics, which forces the investigation of new treatments
for fighting bacterial infections. One of the alternatives that is gaining importance to solve this problem is the use of
nanomaterials for drug delivery, reducing the dose and increasing the effectiveness of antibiotics. Recently, many studies
have reported the value of silicon-based nanomaterial treatments at different stages of bacterial infection, from its early
detection to its destruction once the biofilm has been formed (Eigure 1).
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Figure 1. Silicon-based nanomaterials used for the treatment of bacterial infection depending on the stage in which they
operate. (a) Bacteria Detection. (b) Effect on Planktonic Bacteria. (c) Effect on Biofilm.

Among the possible stages for the treatment of bacterial infection (detection, action on planktonic bacteria, and action on
the biofilm) that can be intervened, the use of silicon-based nanomaterials created by laser ablation, has preferably
focused on the creation of anti-adherent surfaces to prevent the biofilm formation. Reason why the present manuscript
focuses on describing its usefulness in this stage.

Smirnov et al. prepared silicon nanoparticles by means of the laser ablation of a solid silicon target in water and isopropyl
alcohol media [Ll. These nanoparticles formed a uniform surface coating onto a silicon wafer and their hydrophobicity and
antifouling ability were tested. For studying the hydrophobicity, a drop of water was added on the top of the materials and
the contact angle was measured. Silicon nanoparticles obtained in alcohol probed to have a greater hydrophobicity.



Regarding the antibacterial effect of the nanocoating, both of them presented stronger inhibitory effect on the S. aureus
and P. aeruginosa biofilm formation compared to the non-ablated silicon sample. The authors attribute this antimicrobial
effect to the generation of reactive oxygen species formed on the surface of Si nanoparticles during their production.
Lately, an study in terms of productivity for nanosecond-laser plasma-mediated ablation regimes of these nanoparticles in
water was performed [,

Sometimes the laser ablation of the substrate does not lead to the formation of nanomaterials but to certain periodically
aligned nanostructures that are called LIPSS (Laser-Induced Periodic Surface Structures). Controversy exists over the
process by which these structures are formed. Some authors attribute them to a process of interference between the
incident electromagnetic wave and that reflected and scattered by the material that gives rise to a pattern that affects only
certain parts of the surface 3.

Others propose that it is the result of self-organization of the material surface during relaxation after application of the
pulses . Kudryashov et al. used picosecond IR-laser pulses to irradiate a Si wafer surface in liquid CS, to produce Si
ripples nanosheet arrays via nanoplasmonic ablative self-organization . The antifouling capacity of the material was
tested by culturing the nanosheet with Staphylococcus aureus bacteria for 18 h. “Live/Dead Biofilm Viability Kit” was used
to study the viability of bacteria, showing the absence of the biofilm and the death of almost all the bacteria. Contrary, the
appearance of a biofilm was observed for both controls: smooth Si wafer and silica glass slide.

In addition to the usefulness of pure silicon-based nanomaterials in preventing bacterial infection, some articles have
reported that their combination with other materials or small molecules (such as antibiotics) that have bactericidal
properties improves its action against microorganisms. For instance, it was observed that the coating of Si ripples
nanosheets with Se, TeO,, Sh,03, and Ag NPs nanoparticles, capable of damaging the bacterial DNA by the production of
ROS, increased the antibacterial properties of the surfaces. Being the sample that combined Si nanoripples and TeO, the
most effective for biofilm prevention (8],

The addition of antibiotics to the silicon-based nanostructures is another strategy to increase the antibacterial effect. For
most of the materials the ablation temperature is lower than the decomposition temperature, however, for some polymers,
biomolecules, proteins, antibiotics, etc. this standard is not followed. These materials are very sensitive to temperature
and degrade easily.

In order to achieve a fine coating of these organic materials, a modification called matrix-assisted pulsed laser
evaporation (MAPLE) is used. In MAPLE, the sensitive compound is dissolved or dispersed in an inert solvent and then
frozen to form a solid substrate. During laser ablation, the volatile solvent absorbs most of the laser energy whereas the
intact molecule of interest acquires enough kinetic energy to be transported and form a uniform film on the desired
surface. This variation was used by Mihaiescu et al. to create magnetite/salicylic acid/silica shell/antibiotics thin films [,
The authors reported that despite the differences found for both types of bacteria (S. aureus and P. aeruginosa), the thin
films exhibited an inhibitory effect for the biofilm formation.

Although the application of these nanomaterials to prevent bacterial infection is the majority, an article was recently
published highlighting their usefulness as a probe. Kogler et al. combined the ability of gold nanoparticles to enhance
Raman scattering (surface-enhanced Raman scattering, SERS) with the silicon biocompatibility to create mobile SERS
probes for bacteria detection . Three types of gold nanoparticles with increasing concentrations of silicon (0%, 40%, and
70%) were synthesized. As the amount of silicon increased, the size of the particles and the capacity to serve as SERS
probes (assessed by studying the enhancement of Rhodamine 6G as a model molecule) decreased. Gold 60%
nanoparticles were selected as optimal and used to test their applicability as biosensors against two different bacteria
species: L. innocua and E. coli. Raman spectra of L. innocua using only the patterned SERS substrate or combined with
Au-60% NPs gave rise to similar peaks, however, the intensity of the signal for the combined detection was 4.4-times
higher. When the experiment was carried out in the presence of E. coli, the autofluorescence of the bacteria was so high
that it prevented their detection. However, the use of time-gating solved the autofluorescence problem and allowed to
register a spectrum that in the presence of nanoparticles was more than one order of magnitude greater than only with the
substrate and which revealed a variety of novel Raman lines.

| 3.Conclusions and Future Perspectives

The mechanisms of laser ablation for obtaining silicon-based nanomaterials is well documented, however, there is little
information about their application for the treatment of bacterial infection. This implies that much remains to be discovered
on this topic and therefore it is an interesting field to investigate. Most of the publications related to the use of Silicon-
based nanomaterials synthesized by laser ablation for the treatment of infection focus on the creation of non-stick



surfaces. It would be of great scientific value to study the antibacterial effect that these nanomaterials have in the different
stages of infection and to see if the same material can have a long-lasting efficient action. In the same way, a comparative
study between silica and silicon nanomaterials would provide great information on the similarities and differences of both
materials with respect to antibacterial activity, allowing the most suitable material to be chosen in each case. Furthermore,
since silicon-based nanomaterials produced by laser ablation are of the same nature as silicon-derived nanomaterials
synthesized by chemical and biogenic methods, it would be of great interest to synthesize equivalent materials by these
three routes and compare their effects on various bacterial strains. These studies would shed light on whether the
synthesis method itself has any effect on the antibacterial activity of nanomaterials.
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