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Abstract: Driven by flexibility, precision, repeatability and eco-friendliness, laser-based technologies
have attracted great interest to engineer or to analyze materials in various fields including energy,
environment, biology and medicine. A major advantage of laser processing relies on the ability to
directly structure matter at different scales and to prepare novel materials with unique physical
and chemical properties. It is also a contact-free approach that makes it possible to work in inert
or reactive liquid or gaseous environment. This leads today to a unique opportunity for designing,
fabricating and even analyzing novel complex bio-systems. To illustrate this potential, in this paper,
we gather our recent research on four types of laser-based methods relevant for nano-/micro-scale
applications. First, we present and discuss pulsed laser ablation in liquid, exploited today for synthetizing ultraclean “bare” nanoparticles attractive for medicine and tissue engineering applications.
Second, we discuss robust methods for rapid surface and bulk machining (subtractive manufacturing)
at different scales by laser ablation. Among them, the microsphere-assisted laser surface engineering is detailed for its appropriateness to design structured substrates with hierarchically periodic
patterns at nano-/micro-scale without chemical treatments. Third, we address the laser-induced
forward transfer, a technology based on direct laser printing, to transfer and assemble a multitude
of materials (additive structuring), including biological moiety without alteration of functionality.
Finally, the fourth method is about chemical analysis: we present the potential of laser-induced
breakdown spectroscopy, providing a unique tool for contact-free and space-resolved elemental
analysis of organic materials. Overall, we present and discuss the prospect and complementarity
of emerging reliable laser technologies, to address challenges in materials’ preparation relevant for
the development of innovative multi-scale and multi-material platforms for bio-applications.
Keywords: laser-assisted methods; nanoparticles; nanomedicine; laser printing; tissue engineering;
laser machining; laser elemental analysis
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1. Introduction
The healthcare and wellbeing challenges, including energy and environment correlated issues, that we face nowadays ask for an extreme anticipation and reactivity from
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the scientific community. Innovation and creation of functional materials, able to restore
biological functions or to detect and treat diseases and infections, are of paramount importance [1–3]. The unsettled worldwide emergence of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and the resulting COVID-19 pandemic, with its societal and
economic consequences, is the perfect illustration [4,5]. In this context, important research efforts concentrate today on the use of the most advanced material engineering
processes to elaborate functional platforms (e.g., nanostructures, substrates, scaffolds, etc.)
with controlled physical, chemical and even biological properties toward healthcare and
bio-applications [6–10].
A multitude of top-down and bottom-up nano-/micro-fabrication technologies have
been developed with regards to engineered functional platforms [11]. In a first approach,
the process is to reduce large bulk material down to range size thanks to mechanical
(e.g., mechanical or ball milling) [12,13], ultrasonic (e.g., ultrasound bath) [14], or even
thermal effects (e.g., plasma projection) [15]. However, such a process generally results
in particles with a wide size distribution, an uncontrolled shape or contamination problems, making their potential use quite difficult, especially for biomedical applications.
Wet chemistry, electrochemical and aerosol routes such as chemical vapor deposition and
electrospray are other methods based on a bottom-up approach [16–18]. In most cases,
these methods require to start from precursor species (e.g., salts, molecules, gas, etc.)
in liquid or gas environments which lead to the formation of clusters of nanoparticles
(NPs) by nucleation and coalescence, or other condensation phenomena. These processes
lead to the creation of varieties of compositions, shapes and sizes of NPs, with remarkable
physical, chemical and electronic properties [19]. For instance, due to their size-dependent
interaction with light, a multitude of theranostic modalities including optical bioimaging, biosensing, light-activated therapy, thermal therapy and magnetic properties can be
exploited [20–24]. Moreover, the size reduction of NPs down to values ranging from 1
to 100 nm confers furtiveness characteristics, leading to minimize immunity issues and
precocity elimination. NPs structures (e.g., internal core or corona) can also be employed
as a cargo-module for drug delivery while their ligand-free surface can allow coatings with
varieties of (bio)molecules (e.g., DNA, antibody, etc.) and targeting ligands to enhance
biodistribution and active dissemination toward the target cells, tissues or organs [25–28].
Despite several advantages, the major concerns about NPs are high agglomeration rates
or undesired chemical coatings/residues due to the synthesis process. Moreover, usually,
such techniques take place under complex physicochemical conditions (e.g., temperature, pH pressure, etc.), starting from hazardous reactants (e.g., citrate, HF, etc.), which
can alter the interaction with the biological tissues and lead to potential contamination
issues [29–32].
Other techniques, such as photolithography, soft lithography or electrospinning techniques, have been exploited in view of creating micro-/nano-hierarchical structures or
substrates to closely emulate the complexity and functionality of the extracellular matrix and to re-create a mimicking environment that offers comparable control over cell
activities [11,33–36]. In fact, tissues and organs have very complex and hierarchical structures from macro-/micro- down to nano-scale level, and many biological processes and
interactions with the nanostructured extracellular matrix occur at the nanoscale level.
The possibility to design hierarchical materials with superior physicochemical (e.g., mechanical, electrical, etc.) and structural properties (e.g., three-dimensional (3D) architecture,
surface topography, porosity, etc.) plays a key role in healthcare applications (e.g., tissue
engineering and regenerative medicine) [37,38]. Biocompatibility and biodegradability
are other properties which have to be considered to limit any rejection or toxicity issues.
Considerable efforts have thus been spent to elaborate suitable hierarchical substitute
structures from extracellular matrix components (e.g., collagen, gelatin, etc.) as thin films
or fibers to provide an adequate microenvironment to influence/control cells’ adhesion,
migration and differentiation. Other techniques and strategies based on chemical or physical etching have been exploited to induce varieties of periodic texturing topographies of
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surfaces (e.g., nanowires, rods, cavities, etc.) in view of reproducing elemental topography
cues that may control/regulate cell behaviors [39–41]. However, such processes are still
complex (multiple steps, clean-room facilities, etc.), and require working in a controllable
environment (e.g., toxic gas, metal catalyst, etc.), which may generate contamination issues.
Driven by the requirements of precision, repeatability, flexibility and cleanliness,
short-pulse lasers appeared as multifaceted tools able to design a panel of engineered
platforms, including ultraclean colloidal nanoparticles, micro-/nano-structured objects,
3D microenvironments, and even capable to perform multi-elemental analysis of biosystems [42–45]. In fact, the interactions of short-pulse laser radiation with solid material
lead to the ablation of ionized matter, which assemble to clusters of nanocrystals when
the irradiation occurs in liquid environment (e.g., ultrapure aqueous solution) [46,47].
This process leads “naturally” to the formation of very stable and pure colloidal NPs
suspensions without extra chemicals and toxic residues or waste [48–50]. Moreover, when
the irradiation occurs in a low-pressure gas environment, such nanocrystal clusters can be
deposited as a NPs-film coating on substrates [51,52]. By carefully adjusting the irradiation
conditions (e.g., wavelength, fluence, repetition frequency), short-pulse lasers can serve
as surface texturing tools to create varieties of micro- and nano-motives in view of tissue
engineering applications [6,53–57]. In one single pulse, a short-pulsed laser can serve
for high-resolution deposition and direct patterning with a variety of materials, including biological moiety without alteration issues to create a specific 3D microenvironment
for bioprinting [58,59]. Finally, the plasma generated during irradiation beam can be exploited in the healthcare field to analyze clinical samples for trace elemental mapping or
contaminants’ detection [60–62].
This article aims to review recent findings and perspectives of this research on the use
of short-pulse lasers in healthcare and bio-applications. We report four illustrative examples
including: (I) the pulsed laser ablation in liquids (PLAL), (II) direct laser writing, including
microsphere-assisted laser surface engineering for surface structuring at nano-/microlevel, (III) laser-induced forward transfer (LIFT) as a high-resolution printing method and
(IV) laser-induced breakdown spectroscopy (LIBS)-sensitive spatially resolved chemical
analysis. We highlight their potential and complementarity in material science, towards
the development and analysis of innovative platforms for healthcare applications.
2. Pulsed Laser Ablation in Liquids for Colloidal Nanoparticles Synthesis
2.1. Principle of PLAL Method
Emerged as a “green” synthesis method, pulsed laser ablation in liquid appeared as
a relevant process in the elaboration of ultra-clean colloidal NPs for a variety of applications, including in electronics, energy production and nanomedicine [43,44,63]. In fact,
the PLAL process exhibits numerous advantages over conventional chemical methods, such
as the possibility of direct NPs synthesis in deionized water without stabilizing ligands or
other organic dispersant molecules. Colloidal NPs formed under these conditions exhibit
a unique “bare” (ligand-free) surface with high reactivity, making possible the functionalization with biomolecules (e.g., proteins, DNA, etc.) and organic functions (e.g., Amine,
-COOH, etc.) in situ. Moreover, to condition an appropriate NPs physiochemical property
including shape, size and stoichiometry, the liquid composition can be modulated by
adding ionic species, or even replaced by organic solvents, oils and super-fluids [43].
It should be noted that short-pulse laser ablation relies on a complex interplay between
various physical mechanisms depending on irradiation conditions. Several related questions remain a large subject of debate that strongly depend on the material and the laser
regimes that are experimentally and theoretically investigated [43]. A detailed discussion
on these fundamental aspects is out of the scope of this review paper concentrating on
the laser potential for a specific range of applications.
However, we would like to highlight that laser ablation can be directly used for NPs
preparation but tends to naturally deliver broad size particles distributions (from several
tens to hundreds of nm) with polymodal size populations. As an accepted scenario, laser
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2.2. Generation of Laser-Synthesized Colloidal NPs
As mentioned above, one of the main advantages of PLAL over chemical methods
is the possibility to generate colloidal NPs formulations without surfactant agents or
other stabilizing molecules [43]. Moreover, by adjusting laser parameters (e.g., focusing
point, laser-beam duration, repetition rate, etc.) and physicochemical conditions (e.g., pH,
temperature, solvent, ionic strength), it is possible to elaborate a variety of inorganic and
metallic NPs and their derived formulations [43,50,70–73].
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from[85].
Reference [85].

Besides potential applications in medicine, we have also explored laser-synthesized
Besides potential applications in medicine, we have also explored laser-synthesized
NPs as (multi)functional additives toward tissue engineering [64,90–92]. In fact, nowadays,
NPs as (multi)functional additives toward tissue engineering [64,90–92]. In fact, nowaconventional scaffolds made from ceramics, polymers, hydrogels and composites still suffer
days, conventional scaffolds made from ceramics, polymers, hydrogels and composites
from several limitations, such as structural instability in biological fluid, poor bioactivity
still suffer from several limitations, such as structural instability in biological fluid, poor
and primitive treatment modalities (e.g., unmonitored drug release with potential side
bioactivity and primitive treatment modalities (e.g., unmonitored drug release with poeffect/drug resistance) [93,94]. The possibility to associate functional/bioactive NPs to
tential side effect/drug
resistance)
[93,94]. The
possibility
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(e.g.,tomechanical,
electrical) and confer advanced
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mechanical,
and confer
biomedical/biological
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It is(e.g.,
expected
that theelectrical)
reactive NPs
surface, free from
any ligands, offers a great reactivity toward the biological matrix. This approach is already
comforted by first tests conducted on hybrid electrospun chitosan-polyethylene oxide
(PEO) nanofibers. In this research, nanofibers functionalization was reached thanks to
the electrostatic interaction between the polycationic nanofibers’ surface and the oxidized
NPs surface. Thus, first benefits were shown, such as fiber diameter reduction and higher
thermal stability, suggesting new bioactive performance and sensitivity toward tempera-
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3.1. Precision Material Surface Machining with Femtosecond Bessel Beams
3.1. Precision Material Surface Machining with Femtosecond Bessel Beams
Short-pulse laser interactions allow localized energy deposition in materials that are
Short-pulse laser interactions allow localized energy deposition in materials that are
at the basis of the laser nano-/micro-structuring technologies. Sub-micrometer precision
at the basis of the laser nano-/micro-structuring technologies. Sub-micrometer precision
in machining today is routinely achieved. The advent of femtosecond lasers has been
in machining today is routinely achieved. The advent of femtosecond lasers has been a
a particular breakthrough on the process controllability because (i) the ultrafast character of
particular breakthrough on the process controllability because (i) the ultrafast character
interaction leads to limited thermally affected surrounding zones and (ii) the nonlinear enof interaction leads to limited thermally affected surrounding zones and (ii) the nonlinear
ergy deposition of intense pulses induces a strict threshold material-response that permits
energy deposition of intense pulses induces a strict threshold material-response that perto confine the effects on dimensions smaller than the apparent spot size [42,96–98]. The latmits to confine the effects on dimensions smaller than the apparent spot size [42,96–98].
ter also adds broad-spectrum material usability, including transparent solid materials and
biological substances [98]. This has introduced the important field of laser nano-surgery of
cells and tissues [99].
Despite these performances, practical optical limits remain when high-resolution
processing is targeted, and even more so when uneven substances such as biological
tissues or bio-compatible/bioengineered materials have to be processed. In such cases,
conventional methods exploit tightly focused beams that limit the depth of focus (defined
by the Rayleigh range), corresponding to the range of distances the target sample can be
moved away from best focus without degrading the resolution. For instance, with simple
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estimates from Gaussian beam optics, the Rayleigh range depth becomes on the order of
the spot diameter of micrometer dimension created with a near-infrared laser. This imposes
severe positioning difficulties and makes it hardly possible to achieve reliable long-range
sub-micrometer precision material processing with diffraction-limited Gaussian beams.
To solve this and some other difficulties, today, there are various advanced beamshaping solutions available to deviate from conventional Gaussian or so-called “top-hat”
intensity profiles [100]. In this way, complex patterns can be written directly, and parallelization can be implemented to reduce processing times and enable high-throughput
production. Among the various beam shapes already demonstrated, Bessel-like beams
attract particular interest because this approach solves the conflicts between resolution and
depth of focus discussed above [101]. The ideal Bessel beam has a profile described by
a Bessel function of the first kind that is a non-diffractive solution of the electromagnetic
wave equation. This means that it does not diffract and diverge as it propagates. Such
features make it possible to access subwavelength resolution while suppressing the need
for precise positioning of the target on the optical axis [102,103].
In practice, approximations of Bessel beams can be made with relatively simple arrangement of passive optics. A key is the use of a conical lens (so-called axicon) to generate
a Bessel–Gauss beam [104]. In our arrangement shown in Figure 5a, a small-angle axicon
(5◦ base angle) is used and lenses reduce the Bessel spot on target. According to the 4-f
arrangement used here, a demagnification factor of f1/f2 = 1/8 is obtained with the focal
lengths f1 = 25 mm and f2 = 200 mm for the lenses L1 and L2, respectively. Delivering
a beam with a mJ-class femtosecond laser in this setup [105], one exceeds the optical
breakdown threshold in air (intensity I > 1014 W/cm2 ) and the plasma emission evidences
the produced laser filaments. The accompanying image (see insert in Figure 5) evidences
the localization of the laser energy on a spot of micrometer dimension with a depth of field
exceeding 1 mm, a performance totally inaccessible with conventional Gaussian beams.
This allows to process large-scale surfaces by rapid scanning of the sample (or beam) without the need for precise positioning. We illustrate the level of performance with Figure 5b
showing a calcium phosphate apatite pellet processed for periodic structuring. We note submicrometer ablation sites created by repeated single-pulse irradiations synchronized with
sample motion. As confirmed by similar experiments conducted on other ‘pure’ materials
(crystals) [105,106], the defects of repeatability that can be observed are based on sample
inhomogeneities and/or damage precursor defects inherent to the biomaterial. Biomimetic
calcium phosphate apatite is well-known for its chemical and crystallographic resemblance
to the mineral bone tissue. Moreover, its intrinsic biocompatibility and the nanometer
dimensions of its constitutive crystals not only allow one to envision applications in bone
tissue regeneration, but also in other medical fields such as nanomedicine, as we have
shown [107–110]. Since surface topography directly affects cell behavior, the possibility to
elaborate controlled and calibrated architecture surfaces at different scale levels without
any specific chemical treatments is particularly relevant for the design of bone substitute
materials and could bring physical factors to apatite-based biomaterials bioactivity, for
example in link with the bio-integration of the implants [6,54,55].
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the Figures 6 and 7. A key aspect, in common with so-called colloidal lithography, is
the preparation of self-assembled arrays of spheres [113], that is a material science topic
attracting special attention. In this context, the Langmuir-Blodgett technique is a widely
applied method due to its ability to prepare large-scale high-quality self-assembled monolayers, provided that the spheres and/or the surface are appropriately functionalized [114].
Figure 6a shows, by atomic force microscopy (AFM), the hexagonal periodic arrangement
of functionalized spheres (1 µm diameter) as obtained by this method. For studying the focusing power of the spheres, one can then rely on optical microscopy techniques [115,116].
An illustration is given on the same figure, where the measurement of the small laser
spots underneath illuminated spheres with 400 nm wavelength is provided. Here, it is
important to highlight that this image tends to describe the laser energy distribution at
the interface between the monolayer and the surface supporting the spheres. However,
a drawback with this far-field diagnostic is that the images do not account for potential
evanescent field contributions. This is solved experimentally by other indirect methods
in which the spheres are in contact with photo-sensitive materials or materials that can
be damaged when irradiated, so that the near-field energy distribution can be
imprinted
Nanomaterials 2021, 11, x FOR PEER REVIEW
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on the materials and subsequently observed by ex-situ high-resolution material imaging
methods (e.g., SEM or AFM) [117].

FigureFigure
6. Porous
membrane
prepared
by microsphere-assisted
laser ablation.
(a) Sketch
illustrat6. Porous
membrane
prepared
by microsphere-assisted
laser ablation.
(a) Sketch
illustrating
ing the methodology in which a monolayer of dielectric microsphere is prepared (atomic force
the methodology in which a monolayer of dielectric microsphere is prepared (atomic force microscopy
microscopy (AFM) image) to produce an array of near-field small spots, as shown by optical mi(AFM) image) to produce an array of near-field small spots, as shown by optical microscopy with
croscopy with top-illumination at a 400 nm wavelength in the plane supporting the monolayer. (b)
top-illumination
at asupporting
400 nm wavelength
in the
supporting
Oxidized
silicon surfaces
a monolayer
of plane
silica spheres
(500the
nmmonolayer.
diameter) (b)
andOxidized
partiallysilicon
surfaces
a monolayer
silica
spheres
(500 nmablation.
diameter)
and
partially
irradiated with
irradiated
withsupporting
a nanosecond
ultravioletof
(UV)
laser
for periodic
The
SEM
tilted view
nanosecond
(UV)
laser for periodic
The SEM of
tilted
view shows
that the 90 nm
showsathat
the 90 nmultraviolet
oxide layer
is perforated,
leadingablation.
to the formation
a porous
membrane.
oxide layer is perforated, leading to the formation of a porous membrane.

Nanomaterials 2021, 11, 712

Figure 6. Porous membrane prepared by microsphere-assisted laser ablation. (a) Sketch illustrating the methodology in which a monolayer of dielectric microsphere is prepared (atomic force
microscopy (AFM) image) to produce an array of near-field small spots, as shown by optical microscopy with top-illumination at a 400 nm wavelength in the plane supporting the monolayer. (b)
11 of 34
Oxidized silicon surfaces supporting a monolayer of silica spheres (500 nm diameter) and partially
irradiated with a nanosecond ultraviolet (UV) laser for periodic ablation. The SEM tilted view
shows that the 90 nm oxide layer is perforated, leading to the formation of a porous membrane.
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spheres partially irradiated with a nanosecond laser at a 193 nm wavelength. The monolayer is supported by a silicon sample with a 90 nm oxide layer. As confirmed by the SEM
side view, the laser process creates a nano-porous oxide membrane with size parameters
(pore, periodicity) that can be varied with the sphere characteristics [122]. Porous membranes are potentially directly relevant for medical and bio-applications, but they also serve
as deposition masks for the preparation of more complex nanomaterials, such as nanodot
or rod arrays, after dissolution of the membrane [123,124]. More generally, the advantage
is the inherent high resolution provided by the focusing power of the microspheres that
can be used in almost all laser processing approaches, including laser de-wetting [125],
machining [126,127], annealing and printing by the so-called laser-induced forward transfer [125,128], a technology detailed in Section 4. Combined with lithographic and other
standard material preparation techniques, this leads to very cost-effective and flexible
methods for the synthesis of various periodically architectured materials, as illustrated
with Figure 7.
3.3. Femtosecond Laser-Induced Bulk Modification in Transparent Materials for Biological
Applications
Complementing laser surface engineering methods to produce 2D (dimensional) or
2.5D structures, laser-induced bulk modification in transparent materials offers the possibility to add a large panel of new functionalities in the three dimensions of materials. This is
the basis of lab-on-chip systems that open panels of biological and biomedical applications.
The peak intensity of the beam, defined as the ratio between the fluence and the pulse
duration, obviously reaches extreme values with femtosecond pulses of even modest
energies. This is the basis of precision 3D writing inside transparent materials because
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appropriate laser beam focusing allows, by nonlinear energy deposition, confined and
localized material breakdown in the focal region that can be positioned anywhere in the 3D
space inside any transparent materials. In this way, laser writing opens the opportunity for
fully integrated, 3D microsystems.
Processing materials by ultrashort laser pulses may give rise to mainly three types of
modifications depending on pulse energy and pulse duration [129]: material densification,
nanograting writing and micro-explosion. The first regime may be exploited for waveguide
writing inside the bulk of the material. The second regime can be exploited in laserassisted chemical etching and the third regime corresponds to material ablation. Using
a commercially available femtosecond laser (~300 fs) and appropriately choosing the pulse
energy, it is possible to switch between three regimes.
An emerging field, where femtosecond laser processing has been of great importance,
is that of lab-on-chip applications [130]. As an example, using subtractive processing, it is
possible to fabricate microfluidic networks inside a transparent material, and by switching
to the waveguide writing regime, we can combine these two on a miniaturized laboratory
used for detecting specific substances. The advantages of scale reduction of the biochips
are numerous, and they include extreme compactness, ease of fabrication, low reagent
consumption, high sensitivity in detection and low waste production. The fabrication steps
and examples of realization are addressed below.
There are two fabrication processes that allow subtractive processing in transparent
materials (mainly glasses): femtosecond laser-assisted etching [131] and water-assisted
femtosecond laser drilling [132]. In femtosecond laser-assisted etching, either photosensitive (Foturan glass) or common fused-silica glass can be used as the host material. While
the operational principle is similar—laser-exposed material has higher etching rate—the
choice of the host material will slightly modify the process and the properties of the modification. In the case of photosensitive glasses, first, a critical amount of laser energy above
the photoreaction threshold is deposited inside the medium. Followed by a first thermal
treatment, crystal clusters are formed with a 50:1 etching ratio (defined as the laser-exposed
to unexposed material) in diluted HF solution. Then, chemical etching is performed in HF
to remove the exposed volumes and a final post-thermal annealing step ensures smoothening of the glass. An example of realization using that process is a nano-aquarium used
for 3D observation flagellum motion of Euglena gracilis [133] and a microfluidic configuration for studying the gliding mechanism of Phormidium in soil for vegetables’ growth
acceleration [134].
As mentioned before, simple fused-silica glass can also be used as the host material
for biochips. The process is considerably simplified as no thermal treatment step is needed.
Indeed, the increased etching rate of the exposed regions is mainly due to reorganization
of the glass matrix (densification) and defect generation [135]. This process has been
used for fabricating a 3D mammalian separator [136], the separability being based on
the combination of T-junction configurations and microchannels with narrow diameter,
allowing only deformable cells to pass through the channels. Using the same method,
a monolithic cell counter based on 3D hydrodynamic focusing has been realized [137].
Using the same technology, waveguides were inscribed inside the host material which
allowed reaching counting rates up to 5000 cells/s.
Even simpler is the subtractive processing using water-assisted femtosecond laser
drilling. In this case, the glass sample is immersed inside distilled water and the laser is
switched to the ablation regime. In the presence of water, the ablation debris are removed
and micro- to nano-metric diameter channels can be written [138,139]. Furthermore, using
this method, tapering of the microfluidic channels is avoided. As in dry ablation, the length
of the ablated channel is rapidly limited by debris clogging. This can be surpassed by
applying water-assisted femtosecond laser drilling in mesoporous glass followed by annealing [140]. The pores ensure better water delivery to the ablated region while annealing
induces the collapse of pores, obtaining a highly transparent glass with the previously
written structures always present. Channels with total length of the order of a centimeter
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Zender interferometer. The sensing arm crosses the channel orthogonally, while the reference one
Zender interferometer. The sensing arm crosses the channel orthogonally, while the reference one
passes over it. Adapted from Reference [142].
passes over it. Adapted from Reference [142].

4. Laser-Induced Forward Transfer (LIFT)
4.1. Laser-Induced Forward Transfer for Biomedical Applications: Bio-Printing Approach
Printing techniques applied to biology make it possible to print either biocompatible
inert material structured to accommodate cells or tissues, or living material, the latter
application being called “bio-printing” [145–147]. These techniques began to be developed in the early 2000s and have undergone major optimization in recent years, including
in industry. Their main goal is to deposit point-by-point a combination of biological and
chemical elements that constitutes the extracellular matrix together with cells. Their appli-
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cations range from tissue engineering for organ creation to regenerative medicine [148–151]
and the discovery of new drugs [152]. These techniques open new perspectives for therapeutic purposes, allowing the creation of 2D or 3D in vitro bio-models strongly mimicking
the in vivo environment, which could represent promising and powerful tools for the study
and better understanding of rare pathologies and the discovery of new therapeutics for
screening purposes techniques or tissue modelling, for example.
Various techniques are being considered, such as contact printing, inkjet or extrusion [153]. The development of bioprinting applications has led to the emergence of several
companies that operate under three main business models [154]: manufacturing and sale
of bioprinters, sale of bioprinting services, or partnership with a customer on a specific
application. They give good results in terms of printing reproducibility but suffer from
some limitations. For inkjet printing, if the obtained resolution is high, it is impossible to
use bio-inks with high viscosity or containing a high cell density, which leads to nozzle
clogging. Regarding extrusion, if the process is compatible with high viscosity and high
cell density, the obtained resolution is lower.
Laser-assisted printing provides solutions to the above-mentioned limitations. LaserInduced Forward Transfer was introduced by Bohandy in 1988 on copper printing [155].
As shown in Figure 9, the LIFT process consists of using a laser pulse to irradiate a thin
film (material to be printed), which was previously deposited on a substrate transparent
to the laser radiation. This coupled substrate/thin film is called “donor substrate” and
its irradiation by the laser pulse leads to laser–material interaction processes that occur
at the interface and lead to the ejection of a small portion of the targeted material and its
deposition on a second substrate called “receiver” placed in close proximity. The film to
be printed can be a solid or a liquid film. This laser-assisted printing process can also be
used for the transfer of transparent materials by adding a thin layer of absorptive material
(dynamic release layer) between the substrate and the material to be printed. The LIFT
technique allows deposition of a controlled amount of material (a few tens of picoliters)
in solid or liquid phase with high spatial resolution and a wide range of materials. This
approach has been developed for more than a decade, mainly for applications in microelectronics [156–161]. These studies are often associated with real-time visualizations of
the transfer, allowing a better understanding of the mechanisms, particularly in the case
of a liquid layer. In liquid phase, the transfer is carried out by the formation of a jet on
the free surface of the film. The dynamics of the jet and the associated deposition were
studied over a wide range of viscosity for inks containing silver nanoparticles (10 to 100,000
mPa.s). These studies showed that the dynamics of the jet and the associated deposits were
strongly dependent on the viscosity of the inks.
Recently, the LIFT process raised great interest in biology since scientists applied
laser techniques to print two- or three-dimensional structures of any size of biomaterials,
even living cells [162–166]. This technology of laser-assisted printing or more particularly
laser bio-printing has shown a huge potential in modern medical practice and holds great
promise for biological applications. We can mention the printing of a 2D model of human
endothelial cells with high resolution, or the laser-induced printing of a 3D model of
multilayer arrangements of fibroblasts and keratinocytes embedded in collagen as a simple
model for skin [167,168]. The survival rate of the cells is close to 100%. Based on our
knowledge of the LIFT process, we recently decided to combine this printing technique
with stem cells technology to create ordered 2D or 3D biological in vitro architectures
which could be relevant as therapeutic models [169–171]. We have thus demonstrated
the possibility to create highly ordered cellular patterns of stem cells with a high resolution
in terms of volume and location.
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determine the best bio-ink properties, several solutions composed of phosphate-buffered
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4.3. Laser-Assisted Surface Structuring and Colloidal Lithography: A Multi-Level Multi-Physics
Approach
The great success of LIFT for fluid droplets encouraged researchers in the field to also
look for other ways to transfer droplets of molten solids. One way is to associate various
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techniques, such as by using a monolayer of transparent microspheres (e.g., by colloidal
lithography, as previously presented in Section 3.2) covered with a thin metal film, and
therefore to use the spheres as micro-lenses. This allows one to reach (below) diffraction
limit resolution through photonic nano-jet formation, and therefore achieving a functional,
versatile result. When backlit by using a single laser pulse, the laser’s interaction with
the near-field mask of the microspheres produces periodic local film detachments that
may be collected on a receiving substrate, leading to the printing of nanodroplets and
the formation of nano-pinholes of controlled size on the microspheres. Nonetheless, when
decreasing the scale to print at sub-micron and/or nanometer level (e.g., nanodroplets by
microsphere-assisted LIFT), the parameters of this technique are rather difficult to control.
Several approaches have been envisaged, including microsphere-assisted laser processing, that allow the parallel ablation and printing of metal, leading to the formation of negative patterning (nano-pinholes) and positive patterning (nanodroplets) [127]. Therefore,
by taking the benefit of microsphere photonic nano-jet formation, the LIFT at the nanometer
scale was demonstrated for silver, and these results have been on the cover of the journal
“Applied Surface Science”, volume 336 (May 2015) [127]. However, the narrow-sizedistribution nanodroplets are randomly spread on the receiving surface, as observed by
atomic force microscopy, revealing some of the challenges associated to downscaling to
the nm-level of this laser printing technique. By producing such nanomaterials and nanostructures, one may access new, attractive optical, thermal and mechanical properties and
functionalities. Such nanostructures (including arrays of pillars, dots, pinholes, hollow
nanotriangles, etc.) have been created by means of laser processing, with potential use
in the field of energy to enhance the absorption of light or for other surface-enhanced
effects, thanks to the localized surface plasmon resonance effect.
An additional approach towards sub-micron and nanometer level resolution is to use
colloidal lithography combined with laser processing, to obtain the surface micro-/nanostructuring with plasmon active metals [125–127]. Controlled laser-induced and/or thermal
annealing de-wetting is a novel high-resolution yet cost-efficient technique in obtaining
various structures/shapes of surface plasmon resonators (Figure 13), with the desired
resolution needed in probing the structural inter-relationships of the chemical bonds.
This is possible by the introduction of artificial nanostructured materials outperforming
natural materials, which opens up new avenues to radically advance optical biosensing
technologies. Plasmonic NPs arrays enabling surface lattice resonances (SLRs) present
a prominent example of such metamaterials, providing extremely narrow, e.g., ~2–3 nm
full width at half maximum, and deep resonant features, leading to singularities of light
phase. Such phase singularities can be used to lower the detection limit of label-free
plasmonic biosensing down to the single molecule level. A schematic for such surface
structuring is presented in Figure 14, and such arrays of resonating structures could be
produced by means of cost-efficient LIFT and/or colloidal lithography followed by laser or
thermally induced de-wetting effects, instead of using expensive e-beam lithography [174].
The main applications are thus in close relation to artificial nanostructured materials
and surfaces, in various fields of materials science, biophysics and biochemistry (tissue
engineering, theranostics, laser-assisted bioprinting, scaffolding and creation of specific
2D/3D microenvironments for cell culture, etc.), but also in 3D plasmon-/2D heterometamaterials by surface lattice resonance-induced effects, plasmonic biosensing down to
single molecule level by surface-enhanced Raman scattering, 2D layered binary metals as
catalysts to split water (hydrogen generation), etc.
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surface with a predefined sequence covering the area of interest. The elemental information
In LIBS imaging, laser-induced plasmas are generated at different positions of the sample
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probe micro-analysis, laser ablation inductively coupled plasma mass spectrometry and
synchrotron radiation microanalysis [213–215].
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Figure 20. Example of human lung sample analysis, extracted from Reference [227], obtained from
a patient who underwent lung transplantation for emphysema. (a) Histological image of the lung.
a patient who underwent lung transplantation for emphysema. (a) Histological image of the lung.
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6. Conclusions
In this review, based on illustrative examples, we have highlighted the great engineering potential of laser processing approaches, so as to design varieties of materials
and structures for healthcare and wellbeing challenges applications, including elemental
analysis and bio-analysis. Depending on laser pulse energy, repetition frequency, focusing geometry and environmental conditions, laser-based technologies have become an
alternative technological route to address a multitude of “real world” issues. For instance,
the laser–matter interaction in ultraclean liquid enables to design a wealth of functional
NPs exempt of any contaminants, while the “bare” NPs surface can exhibit high reactivity
and much better biocompatibility compared to analogue NPs formulations made from
conventional synthesis methods. Moreover, the possibility to write on the surface or inside
the material at micro- and nano-scales offers great opportunities to achieve significant advances in the elaboration of novel bio-inspired functional platforms for tissue engineering
applications, including calcium phosphate bioactive apatite. In addition, the possibility
to transfer high energy in an ultrashort laser pulse to the matter makes the deposition of
numerous materials possible, including biological ones (e.g., cells, DNA, proteins, etc.),
at high resolution. The possibility confers to laser technology a promising role towards
3D bioprinting in the reconstruction of damaged native tissues or for the elaboration of
complex in vitro environment for regenerative medicine. In the end, the generation of
a plasma during laser–matter interaction offers precious analytical information, which can
be exploited to perform rapid standoff analysis without any sample preparation in a large
range of fields, including the clinical domain.
As an open question, laser-based technology in healthcare and wellbeing fields can
legitimately raise interrogations about how such approaches can play a central role in contemporary worldwide issues, including climate change, transportation, energy and the very
recently emerging novel virus.
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