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Abstract: The extremely high peak intensity associated
with ultrashort pulse width of femtosecond laser allows
us to induce nonlinear interaction such as multiphoton
absorption and tunneling ionization with materials that
are transparent to the laser wavelength. More impor-
tantly, focusing the femtosecond laser beam inside the
transparent materials confines the nonlinear inter-
action only within the focal volume, enabling three-
dimensional (3D) micro- and nanofabrication. This 3D
capability offers three different schemes, which involve
undeformative, subtractive, and additive processing.
The undeformative processing preforms internal refrac-
tive index modification to construct optical microcom-
ponents including optical waveguides. Subtractive
processing can realize the direct fabrication of 3D micro-
fluidics, micromechanics, microelectronics, and pho-
tonic microcomponents in glass. Additive processing
represented by two-photon polymerization enables the
fabrication of 3D polymer micro- and nanostructures
for photonic and microfluidic devices. These different
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schemes can be integrated to realize more functional
microdevices including lab-on-a-chip devices, which
are miniaturized laboratories that can perform reac-
tion, detection, analysis, separation, and synthesis of
biochemical materials with high efficiency, high speed,
high sensitivity, low reagent consumption, and low
waste production. This review paper describes the prin-
ciples and applications of femtosecond laser 3D micro-
and nanofabrication for lab-on-a-chip applications. A
hybrid technique that promises to enhance functionality
of lab-on-a-chip devices is also introduced.

Keywords: femtosecond lasers; lab-on-a-chip; subtractive
manufacturing; additive manufacturing; 3D fabrication.

1 Introduction

Lab-on-a-chip (LOC) is defined as miniaturized devices
capable of integrating laboratory functions for advanced
high throughput reactions and analyses with high sensi-
tivity using low quantities of reagents and reduced costs
[1, 2]. In the literature, they are a subset of MicroElec-
troMechanical Systems (MEMS) [3] and are sometimes
equivalent to micro total analysis systems (UTAS) [4].
LOCs involve microfluidic, optofluidic, and electrofluidic
devices [5-8]. Their applications found great interests in
clinical diagnostics, environmental monitoring, chemical
and biological warfare surveillance, and food industry [9].
Common biochemical testing platforms that allow assays
with an array of a hundred different reagents with a micro-
liter volume are thus replaced by the LOC assembling that
can reduce the volume to nano- to picoliter levels. Such
microfluidic structures with geometrically nonconven-
tional configurations can evidence special physical and
chemical properties such as pressure gradients, capillar-
ity, and diffusivity that allow precise control and manip-
ulation of small volumes of fluids [10, 11]. By decreasing
the dimensions and volume sizes of the miniaturized
devices, the number of molecules available for detection
can be reduced [12, 13]. Further, such integrated on-chip
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detection systems would realize a very high sensitivity
measurement of very low analyte concentrations [13] or
even single-cell detection and manipulation [14]. One can
expect to use these useful integrated platforms for ana-
lytical biochemistry based on electrochemical and optical
detection schemes [15-18]. Most common techniques for
fabrication of these devices are photo-lithography and
soft lithography by which polydimethylsiloxane (PDMS)
is generally casted on negative tone photoresist masters
to fabricate complex microfluidic configurations [11, 19,
20]. Several advantages of PDMS include biocompat-
ibility, transparency, and ease of use, but it exhibits also
some disadvantages such as nonreusability, requirement
of multiple stacking processing, and adsorbant of organic
compounds [21].

On the other hand, femtosecond lasers, defined as
lasers emitting pulsed beams with durations from tens to
hundreds of femtoseconds, are used nowadays for high-
quality micro- and nanofabrication. Specifically, energy
deposition at a time scale shorter than electron-phonon
coupling processes in any materials due to the ultrashort
pulse width can suppress the formation of heat-affected
zone allowing laser processing with high precision and
resolution [22]. The unique advantage of femtosecond
laser processing over conventional methods resides
in the capability of sculpturing complex three-dimen-
sional (3D) shapes at micro- and nanoscales in transpar-
ent materials, both inorganic and organic. Indeed, by
employing focused ultrashort pulses with extremely high
peak intensities, one can precisely set the interaction
region at a localized area of either surfaces or in volume
[23-25]. This feature can not only completely eliminate
complicated multiple stacking processing combined
with patterning process based on photolithography for
3D fabrication but also create complex 3D structures
that are not achievable by other conventional methods.
As a consequence, femtosecond laser technologies are
increasingly developed and then extensively applied to
the fabrication of LOC devices made of either inorganic,
organic, or composite transparent and biocompatible
materials with high degree of precision and reproducibil-
ity [26]. Thus, versatile 3D microfluidic chips, in which
multifunctional components as well as specific func-
tions are integrated in a tiny chip, are now ready to be
fabricated by the femtosecond laser technologies [27-29].

Another advantage of the femtosecond laser is that
it can perform three different schemes in 3D processing,
which are categorized as undeformative, subtractive and
additive processing. A typical undeformative process
appears when microscopic modifications are generated
by femtosecond laser processing without macroscopic
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volume changes. It is generally applied to 3D optical wave-
guide (WG) or other micro-optical component writing
inside the glass based on permanent refractive index
change [30]. A concrete advantage of such structures
appears when they are integrated in glass microfluidic
structures which proves very beneficial for fabrication
of highly functional biochips, although the microfluidic
structures must be prepared in advance by other tech-
nique. This technique is thus utilized to integrate the
optical WGs in the LOC devices to deliver light beams and
collect optical signals for biochemical analysis by optical
means.

One of the subtractive 3D processing methods is
referred to as femtosecond laser-assisted etching (FLAE)
or femtosecond laser irradiation followed by chemical
etching, in which femtosecond laser direct writing and
subsequent chemical wet etching are carried out to create
3D hollow microstructures inside glass [31-33]. FLAE is
applied to flexibly fabricate complex, 3D microfluidic
channels in glass [15, 34, 35]. Another subtracting process-
ing for fabrication of 3D glass microfluidic structures is
femtosecond laser direct ablation of glass in water (water-
assisted femtosecond laser drilling, WAFLD) [36]. By such
subtractive methods one can directly fabricate microflu-
idic circuits in glasses on large areas without processes of
multiple stacking and bonding. One can further preserve
specific characteristics of glass such as robustness, porta-
bility, and transparency, while eventual drawbacks reside
in low fabrication resolution and low flexibility in terms
of materials due to limited availability of a specific type of
glass for this process.

The additive 3D processing is represented by two-pho-
ton polymerization (TPP). Unlike single-photon polym-
erization using UV light which occurs along the entire
exposed pattern, TPP by irradiation of photo-curable
resin or negative photoresists with femtosecond laser can
take place only at the focal point to solidify polymer with
nanometric resolution [37]. Three-dimensional complex
nanostructures are then developed by translating the
focal point within the resin [38, 39]. The main advan-
tage of this technology is the precise localization of 3D
structures that can be further sculptured with nanoscale
feature sizes by translating the focal point of laser within
the photosensitive resin. The capability of controlling the
feature sizes in the micro- and nanoscale and high flex-
ibility arising from laser direct writing scheme has pushed
TPP to become a well-known technology for fabricating
micro- and nanodevices with complex designs, including
filters [40], fluid mixer [41], microlens [42], etc. in LOCs.
An inherent drawback is related to the extension capabil-
ity to large-scale processing.
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Thus, each scheme of 3D processing has both advan-
tages and disadvantages. In fact, one scheme of 3D
processing can create not any kinds of structures and
functions. A hybrid technique of different schemes can
create much more complex 3D structures and thereby
promises to enhance functionality of LOC devices. For
example, a successive procedure of subtractive FLAE
and the undeformative optical WG writing realized opto-
fluidics for detection, manipulation, and sorting of bio
samples [30, 43-45]. In addition, an innovative “ship-in-a-
bottle” technology combining subtractive FLAE of glasses
and additive TPP [46] is not only an instrument that can
tailor 3D environments at submicrometric level but also
a tool to fabricate biomimetic structures inside a closed
glass microfluidic chip [47]. Specifically, FLAE can flexibly
fabricate 3D microfluidic structures embedded in glass
microchips without a complicated procedure of stack-
ing and bonding of glass substrates. Successive TPP can
directly integrate complex shapes of polymer structures
with a submicrometer feature size due to its high fabrica-
tion resolution to create biomimetic structures inside the
glass microfluidics [48, 49].

In this review, we will first concentrate to introduce
each scheme of the undeformative, subtractive, and
additive 3D femtosecond laser processing (3D-FLP) of
transparent materials such as glasses and photoresists
for the fabrication of functional LOCs. The glass is a suit-
able material as a biochip platform due to robustness,
easy manipulation, and high portability, while option-
ally, polymeric structures could provide the submicron
features and elasticity necessary for specific biomedical
applications. Besides the microfluidic channels, due to
the capability and flexibility of fabricating 3D geometries,
functional microcomponents can be fabricated along or
inside microfluidic devices for specific biological assays.
To further demonstrate excellent capability of the 3D-FLP
for the fabrication of LOCs, hybrid technique of different
schemes is also introduced.

2 Principle of femtosecond laser 3D
processing

The 1990s decade set the birth of femtosecond laser 3D
processing, with the publication of the first results about
femtosecond laser ablation of micro features in glass and
silver [50, 51] immediately followed by the first femtosec-
ond laser permanent modification in the bulk of trans-
parent dielectric materials [52]. Since then there have
been several studies about FLP of materials, but there is
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still missing a complete physical model that explains it
[24, 26]. However, there are some certainties that we will
briefly present and discuss along this section.

Three-dimensional processing by femtosecond laser
radiation is a nonlinear process; the transparency of
the material at the laser wavelength used (near infra-
red or visible) and the high peak intensity reached by
the focused femtosecond laser must involve nonlinear
absorption processes to obtain the permanent modifi-
cation of the material. Moreover, due to this nonlinear
nature, the modification will take place just near the focal
region, and thus by translating the sample with respect
to the laser beam, we will create arbitrary 3D modified
regions embedded in the pristine sample. Exposure
parameters including laser wavelength, pulse energy,
pulse duration, repetition rate, polarization, focal length,
and scan speed directly influence the characteristics of
the final processing.

Due to the different nature of the physical phenomena
and morphological effects on the material, we will sepa-
rately study FLP for dielectrics and photosensitive resins.

2.1 Femtosecond laser processing
of dielectrics

Dielectrics constitutes a broad material family with dif-
ferent physical and chemical characteristics, so the modi-
fication regime strongly depends on original properties
such as bandgap, thermal conductivity, and working
point temperature. Despite this heterogeneity, the modifi-
cation process always follows three main steps: start with
the generation of a free electron plasma, followed by an
energy relaxation that finally conducts to the permanent
modification of the material.

Femtosecond laser photons (with A ranging from
500 nm to 1040 nm) do not have enough energy to promote
electrons from valence band to conduction band; i.e. the
photon energy is too low to overcome the energy bandgap
(Eg) in transparent substrates. Therefore, electrons can
be strongly promoted only by nonlinear processes that
become statistically relevant with high incident photon
flux, meaning that these phenomena are activated by
high-intensity laser beams [52].

Laser pulses with duration of tens/hundreds of fem-
toseconds are indeed needed to reach high enough peak
intensities (around 10 W/cm?). Two competing nonlinear
absorption phenomena are responsible for plasma activa-
tion: multiphoton ionization and tunneling ionization.
Multiphoton ionization occurs when multiple photons
are absorbed by an electron in the valence band, leading
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to a promotion to the conduction band. The number of
photons N required to bridge the bandgap must satisfy the
following:

NE, >E,, ey

where E, is the energy of a single photon. In tunneling
ionization, the strong electromagnetic field of femtosec-
ond laser pulses distorts the band structure and reduces
the potential barrier between valence and conduction
bands. Therefore, direct band-to-band transitions may
proceed by quantum tunneling of the electron through
the bandgap. The transition between these two competing
processes is described by the Keldysh parameter y:

w [cneE m,
7’:;\/70; 2

where w is the laser angular frequency, e is the electron
charge, m,_ is the effective electron mass, c is the speed of
light in vacuum, n is the linear refractive index of the sub-
strate, ¢, is the permittivity of free space, and I is the laser
intensity at the focus [53]. If y > 1.5, multiphoton ioniza-
tion dominates; if y < 1.5, tunneling is predominant; and
if y=1.5, nonlinear absorption is a combination of tun-
neling and multiphoton ionizations.

A third phenomenon that contributes to the plasma
activation is free carrier absorption, by which an electron
in the conduction band might absorb several photons
and reach an energy that exceeds the conduction band
minimum by more than the bandgap energy. That hot
electron will then impact, and ionize, a bound electron in
the valence band resulting in two excited electrons at the
conduction band minimum. This process can repeat itself
as long as the laser field is present giving rise to an elec-
tron avalanche. Avalanche ionization requires a minimum
number of “seed” electrons in the conduction band to take
place; these electrons might be provided by defect states
or thermally excited impurities or by direct multiphoton
or tunneling ionization.

As a consequence, the density of electrons in the con-
duction band grows until the plasma frequency equals
the laser frequency, where optical breakdown takes place
and most of the incident laser energy is absorbed by the
electron plasma [23]. This hot electron plasma relaxes
transferring its energy to the lattice, but since the lattice
heating time is around tens of picoseconds, the energy is
transferred long after the laser pulse is gone. This decou-
pling between energy absorption and lattice heating,
together with the fact that short pulses need less energy
to achieve the intensity for optical breakdown, allows
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obtaining more precise machining with femtosecond
lasers than with longer pulse lasers.

Because of this energy transfer into the lattice, a
permanent morphological modification of the material
takes place, and depending on irradiation conditions and
material properties, it will have different characteristics.
In general, we can classify them into three main struc-
tural changes [52, 54]: the material suffers a local change
on its refractive index [52], generation of self-organized
nanoscale layered structures resulting in a local birefrin-
gence [54, 55], and the generation of empty voids inside
the material [56, 57].

2.2 Two photon polymerization

Femtosecond laser TPP is a nonlinear process in which
3D free-standing polymer structures are created by the
laser-assisted photopolymerization of a photoresist. This
technique is based on the exposure of a resin by a tightly
focused femtosecond laser beam, enabling the polymeri-
zation of a small volume at the focal point. Moving the
laser beam relative to the sample, it is possible to create
arbitrary 3D sculptures with submicrometer resolution,
after washing out the nonpolymerized photoresist.

TPP is based on the physical phenomenon of two-pho-
ton absorption (TPA), in which two photons are absorbed
almost simultaneously (~10~° s) by an atom or molecule,
exciting it to a higher energy level [58]. This nonlinear
absorption will initiate the polymerization reaction, in
which development depends on the photoresist used. Let
us introduce the processes involved in the polymerization
of negative-tone photoresist, which are the most com-
monly used in TPP.

A first type of polymerization reaction is radi-
calic polymerization [37]. This mechanism is found, for
example, in acrylate resists, and it consists in the genera-
tion of free radicals, with the help of a photoinitiator. Free
radicals are molecules with an unpaired electron, usually
electrically neutral, that are extremely reactive. A pho-
toinitiator is a molecule that absorbs light through TPA
with very high quantum efficiency. Upon energy absorp-
tion, the photoinitiator splits into the free radicals that
start a chain polymerization reaction. The initial free radi-
cals bond to monomers generating more radicals at their
end. The reaction propagates bonding more monomers to
the chain, growing in size, until it is terminated when two
radicals meet.

Polymerization can also be started by cations gen-
eration. The chain mechanism is similar to the radicalic
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one, but in this case a catalytic photoacid is created that
starts the voxel formation. The bonds generated in this
way are still not resistant to solvent washing; therefore,
the material must undergo a post exposure treatment,
which consists usually in baking the resist to complete
the polymerization. In TPP, this step can be sometimes
avoided, since the heat generated by laser irradiation can
be sufficient to avoid bond breaking [59]. Common materi-
als polymerized in this way are epoxides and vinyl ethers.

Although the technique is widely known as TPP, there
can also be simultaneous absorption of more than two
photons or other nonlinear phenomena concurring in
starting the polymerization reaction, such as multiphoton
ionization, depending on the irradiation regime [60]. Due
to the nonlinear nature of multi-photon absorption and the
existence of an intensity threshold for polymerization, the
resolution attainable by TPP is finer than that expected by
diffraction limit. In fact, resolutions of 100 nm have been
demonstrated [39], and a further enhancement is possible
in depletion-based configurations [61].

From a processing point of view, the different modi-
fications just introduced permit us to divide the FLP into
three main categories:

1. Undeformative processing, in which photonic devices
are created in the bulk of the pristine sample just by
changing the refractive index.

2. Subtractive processing, in which the irradiated mate-
rial is removed from the original sample.

3. Additive processing, in which new structures are cre-
ated on the original sample.

Moreover, the high flexibility of this technology allows to
introduce a forth category in which these different regimes
are mixed in what we call “hybrid processing”.
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3 Undeformative processing

Femtosecond lasers are an extremely versatile tool for the
fabrication of optical circuits due to its 3D nature and its
high versatility in terms of processing material. These two
characteristics have permitted the rapid diffusion of this
tool in the field of integrated optics [44, 62] for the fabri-
cation of passive and active 3D photonic devices such as
optical couplers and splitters [63], Mach-Zehnder interfer-
ometers (MZI) [64], volume Bragg gratings [65], diffractive
lenses [66], optical lanterns [67], or WG lasers [68, 69]. It
is over the scope of this review to give a detailed insight
into photonic devices inscribed by FLP, but we will briefly
report the different strategies presented in the literature
and give a more detailed view of those involving LOC
applications.

Optical WGs, which can be considered as the basic
building block of these photonics devices, can be easily
fabricated with the femtosecond laser in materials like
glasses, crystals, or polymers [26, 70]. As discussed in
the previous section, the morphological effect strongly
depends on the material characteristics, but thanks to the
3D nature of FLP, it is possible to play with the geometry of
the irradiated region in order to obtain the higher refrac-
tive index volume needed to confine light (Figure 1).

The most straightforward technique is to find the
laser conditions to obtain a refractive index increase with
respect to the unmodified material. The irradiated region
will define the WG core (see Figure 1A), and then by scan-
ning the sample with the laser focus, once or several
times, a channel that directly guides light through will
be obtained. This strategy is the most successful to fabri-
cate optical WGs in a multitude of vitreous materials like
fused silica [52, 71, 72], borosilicates [73], phosphates [74],

Figure 1: Schematic view of the three main geometrical architectures to obtain optical waveguides by undeformative femtosecond laser

processing.

Different architectures to obtain optical waveguides by undeformative FLP, (A) the increase on the refractive index is induced in the laser
focus, (B) the guiding region is defined by two damaged tracks, or (C) the guiding region is surrounded by a closed irradiated pattern.
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heavy metal oxides [75], or chalcogenides [76]. There are
also some examples in polymers [77] and crystals [70], but
their guiding properties are not as good as for glasses.

This approach cannot be successfully implemented
in those materials in which it is only possible to obtain a
decrease in the refractive index, like in some glasses, or
damaged regions, like in most crystals. In those cases the
only way to fabricate the WGs is to inscribe with the laser
the cladding in order to obtain light confinement in the
bounded, nonirradiated region.

An easy strategy is to obtain the WG core between
two parallel damaged lines created with the femtosecond
laser (see Figure 1B). Due to the stress field induced by the
irradiated tracks, there is a refractive index increase in the
bounded volume that allows waveguiding. This architec-
ture is mainly used for the fabrication of WGs in crystals,
for example, in LiNbO, [78], (BaBO,), [79], or diamond [80]
but also for ceramics such as yttrium aluminum garnet
(YAG) [81] or polymers like polymethyl methacrylate [82].
Whenever that second strategy is not enough to imple-
ment good WGs, researchers have followed a third archi-
tecture by defining a closed cladding by the femtosecond
laser irradiated regions (see Figure 1C). Depending on the
material, it might be a depressed cladding with a lower
refractive index like in ZBLAN glass [83] or a damaged
pattern like for YAG crystals [84, 85].

Undeformative FLP is a powerful technique for the
integration of photonics components into microfluidic
devices [43, 86]. Its 3D nature allows to integrate the pho-
tonic circuits in any position inside the microfluidic chip,
allowing for complicated and compact configurations [15].
Moreover, as it is a direct fabrication method (the pho-
tonic devices are fabricated in a single step by moving the
sample relative to the laser beam following a desired path)
it allows, for example, to integrate the photonic circuits
into microfluidic devices fabricated by traditional tech-
niques (see Figure 2).

Figure 2: The high flexibility of FLP allows the integration of
optical circuits into microfluidic chips fabricated with traditional
techniques.
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These integrated photonics circuits allow to excite,
detect, and optically manipulate the biological specimens
flowing through the microfluidic channels. An example
consists in adding optical WGs to commercial fused silica
microfluidic LOC to perform on-chip fluorescence [30] or
an optofluidic switch using a ferrofluid plug [87]. Simi-
larly, adding a MZI allows to perform label-free detection
of relevant biomolecules [88]. The same scheme, adding a
WG that crosses perpendicularly the microfluidic channel,
is applied for the optical manipulation of samples; in fact,
the light coming from optical WGs exerts optical forces
that can be exploited to trap and deform cells flowing
in a microchannel, thus characterizing their mechani-
cal response [89]. These examples demonstrate the high
potential of FLP in the LOC field as it allows the upgrading
of traditional microfluidic devices to implement new bio-
logical and chemical experiments.

4 Subtractive processing

Subtractive FLAE is widely used to create 3D microfluidic
structures in glass microchips. As a first step of FLAE,
laser processing parameters such as scanning direction,
speed, and laser power are adjusted to achieve desired
shapes. Following a computer-aided design program, the
laser irradiation is then carried out. For FLAE, two kinds
of glass are available; one is a photosensitive glass, and
the other one is fused silica. In case of a photosensitive
glass, a critical dose, Dc, reflected in a photoreaction
threshold, is important rather than the laser fluence [90,
91]. This dose is defined as the amount of photons nec-
essary for creating a network of nuclei with appropriate
density for growth of a continuous crystalline phase at
the laser exposed regions which eventually induces selec-
tive chemical etching. The photosensitive glass for FLAE
is represented by Foturan glass, which is composed of
lithium alumino-silicate doped with traces of Ag, Ce, and
Sb ions. During laser irradiation, a mechanism similar
to Kreibig’s evaluation for Ag containing photosensitive
glasses exposed to UV light could be proposed in which
latent image are obtained in glass by photoreduction of
Ag ions to Ag atoms with free electrons generated by mul-
tiphoton absorption of femtosecond laser beam [92]. It was
found that the photoreaction in case of 775 nm wavelength
femtosecond lasers takes place by six photons process,
while the critical dose, Dc=1.3x 10 J/cm?[91]. During the
thermal treatment after the irradiation, precipitated Ag
atoms are clustering to act as nuclei for growth of crys-
talline phase of lithium metasilicate at the laser exposed
regions. As a result, one can visibly observe the modified
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patterns as dark color inside photosensitive glass (Figure
3A, D, and G), which can generate approximately 50 times
higher etching rate in diluted hydrofluoric (HF) acid solu-
tion as compared with nonlaser exposed regions. The
etching time is one critical parameter in order to develop
uniform channels with similar width over extended
lengths (Figure 3B, E, and H). Finally, a post-thermal treat-
ment is carried out in order to decrease the roughness
from several tens of nanometers of as-etched surface to
the nanometer range (Figure 3C, F, and I). The additional
thermal treatment can go up the smoothening of glass and
offers highly transparent samples for optical integration
(Figure 3F and I). It can thus achieve microfluidic LOC
platforms with unique scale-down (um)-scale-up (mm)
characteristics and robustness for easy handling.

FLAE of Foturan glass was applied to fabricate nano-
aquariums for microorganisms’ studies, since the surface
smoothness of microfluidic channels is essential for
clear observation of dynamics of the microorganisms.

Figure 3: Schematics of FLAE process.

F. Sima et al.: 3D-FLP for LOC applications =—— 619

Specifically, it enabled 3D observation of rapid, continu-
ous motion of flagellum of Euglena gracilis [93]. The nano-
aquariums exhibit some advantages over the conventional
observation method using a slide glass with a cover glass
or a petri dish, which are the extraordinary shortened
observation time and the ability of 3D observation.
Various nano-aquariums consisting of 3D microfluidic
structures integrated with some functional microcompo-
nents by FLAE have been fabricated to demonstrate that
they are an effective and powerful tool for the dynamic
analysis and determination of functions of living cells
and microorganisms. Specifically, complex, microflu-
idic configurations were proposed for the elucidation of
gliding mechanism of Phormidium in soil for vegetables
growth acceleration [34]. It was found that CO, secreted
from the seedling root attracted Phormidium in the pres-
ence of light. Further, the light intensity and specific
wavelength necessary for gliding were determined. Phor-
midium started to glide to a seedling root when white light

/c

oof\

Thermal treatment

(A) Laser direct writing followed by first thermal treatment; (B) wet chemical etching in HF; and (C) second thermal treatment. Optical images
of photosensitive Foturan glasses after exposing to fs laser irradiation followed by first thermal treatment (D and G for detail), 45 min etching
in a 10% HF etching (E and H for detail) and successive post-thermal treatment for smoothening the etched surfaces (F and | for detail).
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intensity was above a threshold estimated at 1530 1x. It was
also revealed that red light only (640-700 nm) promoted
Phormidium gliding. One can suppose that new methods
for accelerating vegetable seedling growth can be further
developed based on these findings.

Besides Foturan, fused silica was also proposed for
LOC applications. Fused silica exhibits better optical per-
formances such as broader transmission range and lower
autofluorescence. In addition, after femtosecond laser
writing of 3D patterns inside silica glass, fabrication of
3D microfluidic channels in volume is possible by simple
etching of the laser-exposed silica in diluted HF without
any thermal treatment [32]. In this case, etching selec-
tivity originates from weakened chemical bonds induced
by physical process of femtosecond laser irradiation.
Foturan glass allows, however, fabricating larger scale
of complex microfluidic structures due to lower laser
fluence, higher scanning speed, and higher etching rate
and can be thermally treated after the etching in order
to obtain smooth surface with nanoscale roughness.
The latter characteristic is particularly important for
many applications. 3D microfluidic structures fabricated
in fused silica by FLAE was proposed to be used for a
3D mammalian cell separator biochip [94]. The sorting
was based on differences of cell deformability depend-
ing on cytoskeletal architectures. Specifically, T-junction
configurations and microchannels with narrow constric-
tions could function as filters for sorting by a pressure-
driven flow control (Figure 4A). This resulted in cell
deformation by the pressure gradient maintained across
the constrictions and further guidance towards outlet.
Rigid cells that could not pass constrictions were guided
to a second outlet. It was also evidenced that during cell
sorting, the cell population maintained cellular integrity
(Figure 4B).

Pressure
gradient

® Soft cell
| ORigidcell
L

Qutlet

Figure 4: Biochip device for cell sorting.
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Another application of FLAE of fused silica was a
3D hydrodynamic focusing microfluidic device [95]. This
proves the microfabrication capability of interconnecting
microchannels in 3D to demonstrate two-dimensional (2D)
hydrodynamic focusing, in horizontal or vertical plane, or
full 3D hydrodynamic focusing. The device consisted of
two inlets for the sample flow and for dividing into four
microchannels for producing the sheath flows. By indi-
vidual control of the pressures only, the biochip allows 3D
symmetric flow confinement to count cells/particles at a
very small area near the center of the channel.

Very complicated microcoils with large aspect ratios
were fabricated by FLAE [96]. Long microchannels with
high uniformity for microcoil applications were achieved,
demonstrating the flexibility and controllability in fabri-
cation of 3D complex structures. The two steps of manu-
facturing process, 3D microchannels fabrication and
injection with metal gallium into the fused silica channels,
are schematically shown in Figure 5-1 along with optical
images of etched and injected microchanels (Figure 5-II).

Such structures can be proposed for microelectric
systems in which U-shaped and O-shaped inductances
with special magnetic field distributions can efficiently
serve as biological sample testing, cell filtration, or par-
ticles trapping.

FLAE was extended to fabrication of microfluidic
structures in other materials. Hollow microfluidic chan-
nels embedded in the Nd:YAG crystal reveals the poten-
tial of fabricating new optofluidic devices in optical gain
materials [97]. It is supposed that femtosecond laser
pulses locally modify the crystalline state inside Nd:YAG
network producing bonds braking and micro-cracks.
When material is introduced in orthophosphoric acid
baths at elevated temperatures, the laser exposed regions
allow a faster acid penetration inside YAG crystal than

K
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(A) Schematic of working mechanism of the cell sorting device: a pressure gradient applied between two microchannels allows softer

cells to squeeze through the constrictions and be collected at outlet 1; (B) fluorescence images of a deformed single cell traveling through
channel constrictions. The scale bar represents 100 um, white arrows show positions of the cells, yellow arrow indicates flow direction, and
(C) magnified optical image of a fingertip size LOC device. Reproduced from [94] with permission from Royal Society of Chemistry.
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Figure 5: 3D microcoils filled with metal gallium in fused silica.
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I. Schematics of the two-step fabrication process: (A) laser modification, (B) HF etching, (C) microsolidify process and Il (A) U-shaped etched
microchannel, (B) O-shaped etched microchannel, (C) U-shaped inductance injected with metal gallium. (D) O-shaped inductance injected
with metal gallium. The scale bar equals 100 um. Reproduced from [96] with permission from Optical Society of America.

unexposed zones and thus developing the embedded
microchannels. Besides glass, 3D microfluidic channels
were fabricated in a fluoric polymer called CYTOP® by
subtractive manufacturing [98]. In this case, femtosecond
laser is also followed by wet etching using a specific fluor-
inated solvent and annealing in order to develop embed-
ded channels inside the polymer. Such biochips allowed a
clear observation of flagellum motion of dinoflagellates,
species belonging to marine eukaryotes, since refractive
index of CYTOP is almost the same as that of water. Laser-
assisted subtractive fabrication of complex 3D structures
was achieved even in silicon (Si) by using laser pulses at a
wavelength of 1.55 um, duration of 5 ns, and repetition rate
of 150 kHz [99]. The process is based on nonlinear feed-
back mechanisms arising from the interaction of infrared
laser pulses inside Si [100]. The laser-modified Si patterns
have a different optical index to that of unmodified parts.
A focused laser beam passes through the Si, while a third
of it is reflected back from surface due to Fresnel reflec-
tion and propagates along with incident beam (Figure 6A).
By using additional pulses, their focal points shift along
optical axis and modify the material, changing the optical
path of the subsequent pulse. The irradiated region grad-
ually gets longer while keeping its aspect ratio beyond the
diffraction limit (Figure 6B). These modified parts can be
chemically etched in a solution consisting of Cu(NO,),,
HF, HNO,, and CH,COOH to produce desired complex
3D shapes (Figure 6C and D). A large spectrum of possi-
ble applications of such buried microfluidic channels is
then expected since the silicon is an excellent material for
microelectronics as well as integrated photonic platforms.

Another subtracting laser method for fabrication of
3D glass microfluidic structures is WAFLD. In this tech-
nique, the glass is immersed in water and ablated from
the rear surface to the volume by focused femtosecond
laser beam in order to create 3D hollow structures [101].
In this process, the water plays the role of removing the
eventual debris from the laser-ablated regions during
drilling. Long channels with 3D complex structures can
be thus fabricated [102, 103]. An issue of the method is
the femtosecond laser-induced debris which can clog the
channel during drilling and restricts the length of the
fabricated channels to ~1 cm. Then, femtosecond laser
direct-write ablation of porous glass immersed in water
followed by post-annealing has been proposed to over-
come the issue [36].

5 Additive processing

In laser-based additive manufacturing (AM) processes,
light is used to build 2D or 3D objects by depositing mate-
rial, such as plastic, ceramics, metal, or even biomaterials
onto a solid substrate; the size range of the end product
varies from submicrometer to centimeters. Laser AM
processes can be classified in various ways [104]; in this
section we concentrate on the FLP [105, 106] with special
attention to their microfluidic application. The application
of femtosecond lasers for AM takes advantage of the mul-
tiphoton processes described earlier where the focused
beam affects only a very small spatial element; this results
in complex 3D objects with submicrometer feature size
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Figure 6: 3D helix inside Si chip.
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B Infrared microscopy of subsurface (x-z) plane
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Si chip

(A) Schematic of laser pulses interaction with Si chip. The laser pulse collapses and modifies the local Si crystal structure. Consecutive laser
pulses focus to shifted positions, axially elongating the structured region. Inset: scanning electron microscopy (SEM) image of a rod-like
structure in Si. (B) Infrared image of an array of 1-um-sized voxels, each created by a single laser pulse, (C) design of an in-chip 3D structure,
and (D) Infrared image of a 1-um-thick, 1-mm-long helix by point-by-point fabrication. The scale bars equal 10 and 20 um. Reproduced from

[99] with permission from Nature Publishing Group.

even deep inside the sample. Since FLP, except for a few
examples, uses focused laser beam, it is mostly scanning
processes: the focus translates along a pre-defined trajec-
tory relative to the sample.

The possibility of creating highly conductive metal
interconnections of micrometer dimensions, especially
in 3D inside microfluidic channels, promotes intensive
research in FLP of metals. Techniques such as selective
laser melting, photoreduction, or selective electroless
plating have already been introduced [107-110]. Micro-
meter-sized metal wires of smooth surface and high
conductivity was made with femtosecond laser photore-
duction of silver nitrate by Maruo and co-workers [107].
They mixed Ag-nitrate with the ethanol solution of poly-
vinylpyrrolidone, dried it into a thin film on a glass sub-
strate, and illuminated with a 200 fs laser of A=752 nm.
Continuous silver lines of 0.2-1.7 um width and 0.1 um
thickness were made with the resistivity of 3.48 x107 Qm,
only 22 times larger than that of bulk silver. Microfluidic
integration of metallic interconnections and electrodes
were shown by Xu and co-workers [109, 110] using fem-
tosecond laser-assisted electroless metal plating. The
walls of a microfluidic channel, fabricated with the FLAE
process, were roughened by femtosecond laser illumina-
tion on distinct areas. Electroless plating was selective for

the rough surfaces; the resistivity of the deposited gold
layer was only 1.9 times larger than that of bulk gold. This
highly conductive gold layer was used in a microfluidic
channel as micro heater and as electrodes for the orienta-
tion of the elongated microorganism E. gracilis using high-
frequency AC electric field. Highly conductive structures
can also be prepared involving TPP in which the compos-
ite photoresist contains some functional filling materials.
Such materials can be metal salts that reduce to atomic
metals during the TPA or the polymerization process.
Shukla and co-workers used a gold chloride filling mate-
rial to prepare conductive polymer lines of 800 nm width
achieving conductivity a quarter of that of bulk gold this
way [111]. Further, carbon nanotubes (CNT) are also a
promising filling material to fabricate conducting polymer
structures. Xiong and co-workers achieved the alignment
of CNTs inside the polymer matrix and fabricated polymer
structures with conductivity of 102 S/m only when the CNT
were parallel to the polymerized lines; the use of CNT also
improved the structures’ mechanical characteristics [112].
TPP of these composite materials will be sure to further
enrich functionality of LOC devices.

The preparation of polymer microstructures with
femtosecond lasers is based on the multiphoton absorp-
tion of the material; therefore, this process is also called
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multiphoton polymerization (MPP); in the vast majority of
the cases it means TPP. Photoresists for TPP must contain
at least two functional ingredients: the monomer and a
photoinitiator. The broad range of photoresist monomers
include epoxy- and acrylic-based ones, but organic-inor-
ganic materials are very popular too [113]; recently bioma-
terials have also been introduced [114]. TPP uses a single
focused laser beam which needs to be translated relative
to the sample in three dimensions (direct laser writing)
(Figure 7A) [37]. To extend the high-resolution structures,
this scanning process can be quite time consuming, so
that it is desirable to speed it up considerably for practical
reasons. Two main directions evolved to achieve this are the
following: in the first, the process is parallelized by mul-
tiplying the single beam optically using microlens arrays
[116], kinoforms [117], or spatial light modulators (SLMs)
[118], but distributed intensity pattern can also be created
[119]. The second way is to increase the scanning speed of
the focus over the extended area. In the early TPP papers
a few tens of micrometer-per-second scanning speeds were
applied, but recently millimeter-per-second velocities were
already realized by moving the sample with high-precision
air-bearing 3D stages [120] or by scanning the focal spot
with a pair of galvo-scanned mirrors, available already
in commercial TPP units [121]. Such fast scanning on the
other hand requires elevated laser power and the advance-
ment of the photoinitiator molecules [122]. The size of the
smallest detail on a 3D structure that can be made with TPP
structure (feature size) is typically around 150-200 nm, but
with various deactivation methods feature size of <50 nm
was demonstrated even in the axial direction [61, 123, 124].
With this value TPP can today approach the resolution of
e-beam lithography while maintaining the benefit of pro-
ducing 3D structures in one step.
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The integration of micro-optical parts made by MPP
inside microfluidic chips is extensively investigated and
promises great potential in micro-imaging, beam shaping,
or sensorics. Photonic crystals (PhC) offer peculiar optical
characteristics, with tailor-made transmittance or reflec-
tance spectrum [115, 125]. Serbin and co-workers prepared
woodpile PhCs (Figure 7B) with transmission windows in
the 1.2-1.6 um wavelength region (Figure 7C). The trans-
mission window was shifted down to ~470 nm with a
stimulated emission depletion (STED)-like polymerization
scheme capable of preparing woodpile rods of 120 nm thick-
ness with 300 nm spacing [61]. Complex PhCs can also be
prepared with a single illumination using interferometric
methods [119]. Haque and co-workers [126] integrated PhCs
with microfluidics by polymerizing woodpile structures
inside a quartz channel to use as a capillary electrophoresis
system; the PhC structure served as the stationary phase of
a chromatographic column. The detectable optical signal
originates from the PhC’s stop band shift when the analyte,
bound to the PhC, changes its refractive index.

Microlenses are probably the most important micro-
optical elements to be integrated into a microfluidic
channel for their light focusing or imaging capabilities.
Simple spherical lenses [127] and concave-convex lenses
with improved imaging and focusing performance [128]
were already developed. Micro-optics was also polym-
erized on the tip of single-mode fibers for microfluidic
applications: light was focused, collimated, or shaped
into exotic intensity distribution this way [129, 130]. Wu
et al. [48] integrated a series of spherical lenses with a
guiding wall system into a microfluidic chip prepared
with the FLAE method (Figure 7D). Seven lenses were
arranged across a 280 um wide microfluidic channel
focusing white light with them; cells were introduced

Figure 7: Schematics of, and structures made with two-photon polymerization.

Schematics of the TPP method (A). SEM image of a log-pile PhC structure (B) and transmission spectra of the PhC with rod spacings

of 1.0 um (solid line), 0.9 um (dotted line), and 0.8 um (dashed line) (C). Adapted by permission from Macmillan Publishers Ltd: [115]
copyright (2004). SEM image of the cell counter equipped with microlenses and aligning walls (D). Scale bar: 10 um. Reproduced from [48]
with permission from the Royal Society of Chemistry. Cleanable structure filtering red blood cells form a suspension in a microchannel (E);

the insert shows the pore size of the filter.
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to the channel, and when a cell passed over a lens, the
light intensity focused by that lens dropped consider-
ably and the cell was counted. The guiding walls did not
allow the cells to randomly pass the lenses but over their
centers, maximizing the intensity change of the detected
light; 100% cell counting efficiency was realized this way.
Besides spherical lenses, Fresnel zone planes (FZP) are a
promising alternative. Their main advantage is their flat-
ness, which enables more optimal integration into space-
confined microchannels [131]; their focusing efficiency, in
principle, can be as high as 95%. Wu and his co-workers
[132] integrated FZPs into a microfluidic chip and demon-
strated its imaging capabilities.

Separation of microparticles, such as cells, based on
their size or shape inside microfluidic chips has a great
relevance in basic research or diagnostics. The simplest,
sieve-type passive filters were prepared by the Sun group
[133] and Xu and his co-workers [134] as single walls with
holes of various sizes. A more complex and finer filter
structure with 3D can add extra functionality to the filters
[40]. Amato and co-workers prepared such filter as a log-
pile structure with pore sizes ranging from 0.5 um to 3 um
inside of a microfluidic channel (Figure 7E). Microbeads
were filtered in two characteristic situations: (i) small
amount of sample is filtered for a long time and (ii) most
of the samples are filtered as fast as possible. One remark-
able feature of this filter is that it can be cleaned with a
reverse flow and re-used several times. Arc-shaped filter
that can distinguish and capture particles in three size
ranges was just recently presented [135]; the flow around
the filter can also be reversed, allowing the collection of
the captured particles.

Mixing and pumping solutions in the pico- and femto-
liter scale, typical in microfluidic systems, is also a sought
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after task that tailor-made microtools can efficiently solve.
A passive mixer was implemented in the form of tune
bundles in the vertical and horizontal directions to split
and realign segmented streams of the laminar flow [136];
949% of mixing ratio was achieved. Active mixing requires
a driving mechanism for the tools, which very often uses
light [137]. Kelemen and co-workers produced a support-
ing structure-stabilized, freely rotating microgear that
rotates with 2 Hz with the potential for using it as a mixer
[138]. The entire rotor was integrated with a light guide
also polymerized on the same cover slide. Light emitted
by the light guide hits the microgear asymmetrically and
induces its rotation due to scattering from its surface.
Optical tweezers-assisted pumping was demonstrated
by the group of Gluckstad, with the added ability to pick
up and transfer microparticles [139]; their tool consisted
of four spheroids for optical trapping and a tube with
two openings, one of which is metallized and serves as a
heating element to give rise to convective flow. Flow can
not only be generated but also measured with polymer
microtools; a drop shape meter connected to an axis with
a thin rod spring was prepared inside the microchannel
operating in the range of 1-5 ul/min flow rate [140].
Actuation of polymerized microstructures with holo-
graphic optical tweezers (HOT) has the potential of precise
maneuverability and probing [141]; this tool uses multiple
trapping sites in 3D created by an SLM. Mobile light guides
were prepared out of the photoresist SU8 by Palima et al.
[142] with the goal of redirecting light perpendicularly to
the optical axis of the trapping objective (Figure 8A). The
structure consisted of a bent light guide and four ellipti-
cal handles for the four trapping focal spots of the optical
tweezers. Light that was shone on the entrance of the fiber
parallel to the optical axis was emitted perpendicularly

1000 1200 1400
Raman shift {cm)

Figure 8: Optically manipulated mobile microtools to be used in microchannels.

SEM image of a mobile light guide for off-axis fluorescence excitation (A) [142]. Optical microscopy image of four Ag nanoparticle-coated
microtools used for SERS measurements (B). Raman spectra of emodin as measured with the Ag-coated structures (structure B and
structure D), in the bulk solution (spectrum 1) and with an uncoated structure (spectrum 2) (C). Reprinted with permission from Vizsnyiczai
et al. [143]. Copyright (2015) American Chemical Society. Optical microscopy image of an indirectly manipulated K562 cell using a polymer-
ized microtool that is held and actuated with HOT (D); the insert shows the SEM image of the microtool [144]. All scale bars are 10 um.
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to the original direction; this light can be used for local-
ized fluorescence excitation at the side of a cell, from a
direction not accessible otherwise. The positioning accu-
racy was demonstrated by selectively excite-stacked flu-
orescent beads of 3 um diameter. In a similar work, an
optically actuated polymer structure was used in a micro-
fluidic channel to facilitate surface-enhanced Raman
spectroscopy (SERS) [143]. Here, the microstructure had a
probe part with a tip and two spheroid parts for the optical
tweezers (Figure 8B). The tip was coated with silver nano-
particles of 20-160 nm diameter; such nanoparticles are
known to enhance Raman scattering. Inside of a microflu-
idic channel, SERS signal of emodine, an anticancer drug,
present only in 10-° M concentration, was detected only
when Raman signal was collected from the Ag-coated tip
(Figure 8C).

Optically actuated, two-photon polymerized mobile
structures can also manipulate single cells. Asavei and
co-workers prepared a paddle wheel to create shear force
with rotation in the close vicinity of cell membranes [145].
A HOT can hold it, and the rotation was driven by a third
beam, illuminating the paddles directly. The liquid flow
around the rotating paddles was modeled with hydrody-
namic simulations, showing a moderate generated drag-
torque. In the second work polymerized microstructures
were used to actuate single, nonadherent cells with 6
degrees of freedom. In this indirect manipulation scheme,
the cells were attached to the structures biochemically,
and the actuation was realized again by a HOT [144,
146]. The microtool consisted of three spheroids where
the optical tweezers can trap it and a disk-shaped part to
which the cell can bind (Figure 8D). The microtool was
designed such that the attached cell avoided the high
intensity trapping beams, while high optical forces could
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precisely hold the structure in place [144]. The cells could
be translated and rotated with up to 50 pum/s and up to
65°/s, respectively.

Two-photon polymerized scaffold structures to study
various aspects of cell growth are extensively studied.
This artificial support has to mimic the extracellular
matrix (EM) of the cell that provides them structural
integrity and influences their metabolism. Log-pile scaf-
fold structure was prepared from the biocompatible
ORMOCER resin by Weiss and co-workers [147, 148] to
study how bovine chondrocyte cells inhabit such struc-
tures; they found that the cells could only infiltrate the
structure with pore size above 60-70 um. Guided growth
of nerve cells (NG108-15 and PC12 cell lines) were studied
on polylactide scaffolds [147], and it was found that linear
structures promote directed cell growth and PC12 cells
can make interconnections with cells grown on neigh-
boring structures. The material of the scaffold also has
a crucial role in cell growth. Klein and co-workers [149]
prepared a scaffold structure of polyethylene glycol dia-
crylate (PEG-DA), a cell-repellent material and of the bio-
compatible ORMOCOMP (Figure 9A). On the 3D PEG-DA
support small ORMOCOMP cubes were polymerized at
selected locations. It was found that fibronectin, an EM
protein, binds preferentially to ORMOCOMP and that
chicken fibroblast cells cultured on the scaffold adhered
to the fibronectin-coated nonplanarly arranged ORMO-
COMP cubes (Figure 9B); it demonstrated the possibility
of 3D control of cell growth and shape. Recently, bioma-
terials are also used directly to create 3D structures with
femtosecond lasers. In these approaches [150] the illumi-
nation of a protein solution mixed with a photoinitiator
results in a crosslinked protein matrix forming a stiff 3D
structure; bovine serum albumin was used as structural

Figure 9: Static polymerized microstructures for biological applications.

SEM image of a 3D scaffold to study cell growth; the supporting structure is made of PEG-DA, the attached cubes of ORMOCOMP (A) [149].
Chicken fibroblast cells preferentially attaching onto the ORMOCOMP cubes (B). Adapted from [40] with permission of the Royal Society of
Chemistry. Chambers made of bovine serum albumin to study bacterial behavior (C) [114]. Scale bars: 10 um.
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material for bacterial traps (Figure 9C) [114] or chitosan
for scaffolds for cell growth [151].

6 Hybrid processing

Combination of different schemes of 3D-FLP can further
enhance functionalities of LOCs. The typical approach
is the undeformative femtosecond laser direct writing of
optical WGs and WG-based photonic components (such as
MZI) in 3D microfluidic devices fabricated by subtractive
FLAE. For example, a functional device based on fused
silica was proposed for single-cell detection [152]. For
detection of a single red blood cell (RBC) in diluted human
blood filled inside the glass microchannel, two interroga-
tion approaches were proposed: (i) intensity change of the
He-Ne laser light delivered by a WG due to refractive-index
difference of a flowing cell and a liquid medium and (ii)
detection of fluorescence emission from dyed RBCs when
excited with Ar laser light delivered by the WG. In another
study fluorescence detection and successive sorting of a
single cell were implemented by WG-integrated optoflu-
idic devices in fused silica [153]. The X-shaped channel
design consisted of two inlet channels merging in a center
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straight channel in which fluorescence detection and
sorting were successively applied. The target cell was
detected by fluorescence using the laser beam delivered
from fluorescence WG. When the specific fluorescence
signal from the target cell or particle was detected, the
optical force laser beam was switched on to guide it to the
channel by the sorting WG with a suitable delay time. As
a result, the optical force laser beam pushed the target
cell into the buffer solution to eventually sort it out in the
desired outlet channel. The device was able to investigate
only a limited number of cells while keeping a high sorting
selectivity. Integration of Bragg grating waveguides (BGW)
in different optofluidic device geometries were proposed
(Figure 10) in order to improve sensor efficiency [154].
Writing the BGWs very close to the microchannel enabled
an evanescent probing of the WG mode into the liquid-
filled channel for refractive index sensing in the range
from 1 to 1.452 with high sensitivity.

Such BGW sensors integrated into 3D LOC devices for
optofluidic sensing were proposed for chemical synthesis
and monitoring of biomolecular interactions.

Another hybrid scheme to enhance the functionali-
ties of LOCs is a combination of subtractive and additive
3D-FLP. Integration of micro-electric components in 3D

Pre-etching

Post-etching
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Figure 10: Microfluidic sensor with different geometries: straight BGW with a single channel (A), S-bent BGW with a single channel (B), and

straight BGW with double channels (C).

Optical images before [top pictures in (D) and (E)] and after [bottom pictures in (D) and (E)] HF etching for sensor designs of the straight BGW with
a single channel (D) and the straight BGW with double channels (E). Reproduced from [154] with permission from Optical Society of America.
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microfluidic glass channels by femtosecond laser selec-
tive metallization was demonstrated for electrical control
of biological samples. This technique involves subtractive
FLAE and successive additive process of space-selective
metallization of glass microfluidic structures in which
femtosecond laser direct-write ablation followed by elec-
troless metal plating is implemented [155]. It was found
appropriate for flexible coating with metal films into
desired locations inside 3D microfluidic structures. It was
then applied to integrate two opposed microelectrodes in a
straight microfluidic channel to align the swimming direc-
tion of asymmetric biological samples such as E. gracilis
based on electro-orientation nature.

Hybrid subtractive-additive femtosecond laser micro-
fabrication consisting of ablation, TPP, and welding was
recently proposed for LOC fabrication using an identical
Ybh:KGW femtosecond laser source [156]. In a first step,
laser ablation was employed to fabricate microfluidic
channels in glass substrates. Then, by 3D lithography,
microfilters were integrated into the channels. In a final
step, the chip was closed by a glass cover using laser
welding. The LOC device with microfilters was fabricated
for sorting 1 to 10-um diameter microparticles in water.

Alternative hybrid subtractive and additive 3D-FLP is
known as ship-in-a-bottle integration, in which subtrac-
tive FLAE of glass is followed by additive TPP of negative
photoresists in order to fabricate hybrid inorganic-organic
LOC devices with polymeric 3D microstructures possess-
ing specific functionalities in embedded glass microflu-
idic channels. LOCs fabricated by this novel technique
can then be called “ship-in-a-bottle” biochips. Using it,
one can lower the sizes of various 3D complex objects
developed inside channels down to the dimensions below
1 um, while improving the structure stability and offer-
ing robustness after assembling. The capability of laser
beams to directly fabricate 3D desired shapes of both glass
channels and polymeric patterns allows to customize the
design of 3D biochips for concrete applications.

One of the advantages of hybrid subtractive and addi-
tive 3D-FLP is ability of fabricating “ship-in-a-bottle”
biochips using the same femtosecond laser setup. One
could thus exploit specific advantages of each process
while diminishing the drawbacks. Both the glass and
polymers are transparent materials, both of which have
great potential for biochip applications. By the hybrid
laser technique, the sizes of detailed structures inside
the glass microfluidic channel can be reduced as much
as below the level of single-cell dimensions at which indi-
vidual cells can be influenced and manipulated inside the
glass channel. Such biochips can thus allow exploring
phenomena at cellular levels with submicron resolution
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representing an excellent opportunity to get more insights
on biological aspects. Totally transparent microfluidic
and optofluidic biochips based on the glass microfluidic
devices integrated with 3D polymer microcomponents
can build suitable 3D microenvironments to study living
microorganisms and to improve cell detection or sorting.
In addition, a great potential is foreseen for manufactur-
ing appropriate biomimetic structures for specific cellular
analyses.

The hybrid processing technology began by apply-
ing FLAE to a photosensitive glass for the fabrication of
3D glass microfluidic structures. TPP was then applied to
a negative epoxy-resin injected into the fabricated glass
microchannels.

Functional biochips fabricated by the hybrid technique
were already proposed for some specific applications.
Specifically, a multi-functional filter-mixer consisting
of two filtering sheets placed at the inlet and outlet of a
passive type mixer was grown inside a microfluidic glass
channel [46]. A configuration consisting of layered cross-
ing tubes guided the flow and allowed fast mixing in a
short channel distance. The integration of such a mul-
tifunctional microcomponent inside a Y-shaped closed
glass channel permitted an excellent mixing performance
of two fluids with an efficiency of about 87% with filtering
large particles. Another functional biochip fabricated by
the hybrid technique represented an optofluidic platform
consisting of 3D microlens array integrated with center
pass units. The device was used for parallel Euglena cell
counting by monitoring intensity changes induced by
Euglena cells swimming through center pass units and
above microlenses [48, 157].

The hybrid approach was recently applied to fabricate
biomimetic environments in closed 3D glass microfluidic
channels for human cell experiments [49, 158]. Specifi-
cally, sinusoidal polymeric ridges with very high aspect
ratio and modulated periodicities were proposed for cellu-
lar studies. Modulated spaces in both the periodicity and
amplitude of periodical sinusoidal patterns could mimic
biological environment that eventually induced controlled
cell migration [158]. Thus, one foresees some useful appli-
cations for cell manipulation such as guidance and ori-
entation. Single-cell trapping and analysis are expected
to be performed in small areas by using such “ship-in-a-
bottle” biochips. Another application of 3D biomimetic
environments with resolutions and hierarchy similar to
organism assembling in a biochip was to test cancer cell
migration potential [49]. By appropriate designs and fab-
rication of microfluidic systems, narrow spaces for the
study of cancer cell migration were proposed (Figure 11). A
cell platform with chemoattractant biomolecule reservoirs
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Figure 11: Schematics of, and structures made with hybrid FLAE-TPP.

Schematic of polymeric narrow channels introduced by TPP in glass microchannels (A) front view; (B) lateral view; (C) optical image of the
polymeric narrow channels of 2 um diameters and (D) detail of optical image in (C) for channel diameter evaluation.

was connected only through the polymer narrow micro-
channels placed at the channel base (Figure 11A and B).
This configuration ensured the efficient generation of
diffusion-based gradient of the chemoattractant along the
submicrometric polymer channels during hours of experi-
mental observation. Additionally, linear architecture
would provide an opportunity for more insightful inves-
tigations into specific pathways controlling cancer cell
migration and/or invasion. It was thus possible to take
advantage of robustness of the glass biochip platform and
microfluidic channel array formed using polymer in order
to create very narrow spaces with 2 um width (Figure 11C
and D), which would provide similar in vivo environment.
Such biochips could be also very useful in clinical in vitro
trials for personalized medicine.

The hybrid FLP of both glass and polymer which can
create 3D biomimetic environments with resolutions and
hierarchy for organisms has enormous potential of further
development. In addition, integration of optical interro-
gation components such as microlenses, micro-mirrors,
and optical circuits for performing pump-probe experi-
ments with laser light will greatly enhance importance in
terms of the technological aspect. It is also of great inter-
est to develop biological platforms for femtosecond lasers

which offer new 3D cell culture models. The miniaturized
“organs-on-chips” will allow to study human physiol-
ogy in specific tissues and could replace animal testing
for drug development and toxin testing. Simultaneously,
the “ship-in-a-bottle” integration by TPP enables creat-
ing unique 3D tissue-like environment with submicrom-
eter precision for cell culture in the glass platforms. Thus,
these novel LOC microdevices will be applicable for high-
throughput screening of small amounts of biomolecules
in order to characterize human cells within the decreased
dimension scale.

7 Conclusion

Lab-on-a-chip applications including microfluidic, opto-
fluidic, and electrofluidic devices found great interest in
diagnostics, environmental monitoring, chemical and
biological warfare surveillance, or food industry. The main
advantages of such systems are the decreased volume of
the required liquid and the reduced number of molecules
necessary for observation or detection allowing high-sen-
sitivity measurements with low analyte concentrations.
Besides the classically used photo- and soft-lithographic
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techniques to fabricate such systems, femtosecond laser-
based techniques are gaining interest due to their higher
precision, broad range of target materials, and modality
of usage. In this paper we review the principles of FLP
and those techniques that are using such concepts for the
3D fabrication of microfluidic systems and optical and
mechanical devices integrated therein.

Some of the laser fabrication techniques are regarded
as undeformative processes since they modify locally only
certain characteristics of the material, without remov-
ing the material itself. In most cases it means the modifi-
cation of the refractive index along the illuminated path
due to the stress building up in the material. Optical WGs,
the basic building block of micro-photonic devices, can
be easily fabricated in glasses, crystals, or polymers in an
undeformative way. This allows the realization of various
LOC-integrated devices such as light couplers or split-
ters, interferometers, Bragg-gratings, lenses, and even WG
lasers. The applications include on-chip fluorescence exci-
tation, label-free detection, and optical manipulation of
the sample.

Subtractive processes were also reviewed, where the
material is actually removed along the path of the laser
illumination. This can be achieved either by direct abla-
tion (WAFLD) or by chemical etching following the illumi-
nation (FLAE). Subtractive processing is used to fabricate
the 3D channels or reservoirs of the LOC systems. The most
popular transparent materials for this technique are pho-
tosensitive glasses, such as Foturan and fused silica. The
fabrication of these materials was investigated intensively
to improve the optical properties of the LOC systems;
Foturan can provide good surface smoothness, while
silica has broader transmission range. The major advan-
tage of this technique is the ability to create complex 3D
channel and reservoir systems in one single illumination
step inside a block of the transparent material.

The femtosecond laser-based additive processes
deposit 2D or 3D microstructures onto a substrate that were
originally not there. The method classically includes metal
deposition and TPP. The submicrometer resolution of the
technique allows the integration of metal interconnections
and electrodes inside a LOC system even with micrometer-
sized wires and with resistivity almost that of the bulk metal.
The fact that with TPP a wide range of polymer materials
can be processed enables one to tailor freely the optical,
mechanical, or chemical characteristics of the polymer-
ized 3D microstructures. A new and emerging trend is the
polymerization of biofunctional or biological matter, such
as photocurable hydrogel structures with or without the co-
addition of protein, or the protein itself into 3D structures.
This holds great potential for the future use of bio-inspired
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materials in tissue engineering or in the fabrication of
microfluidic chips to be used in diagnostic devices. The
method of TPP was illustrated to allow the development
of a broad spectrum of possible structures starting from
micro-optical elements to cell filters and scaffolds, from
liquid handling structures to those enabling optical manip-
ulation of individual cells. Commercial TPP systems are
already available, and the next great step for the research
labs and also for industry could be the commercialization
of such systems with the resolution-enhancement capabili-
ties (STED-inspired TPP), which would allow further minia-
turization of complex 3D devices.

The mentioned three main techniques can also be
combined; the emerging hybrid fabrication techniques
are taking advantage of the fact that the LOC systems
can be prepared even with the same femtosecond laser
system. This allows, for instance, to prepare a functional
chip with a consecutive FLAE and TPP process, with FLAE
and undeformative WG generation or even with the com-
bination of the three. Such combination of techniques is
holding a great potential in creating 3D biomimetic envi-
ronments with the resolution of or below the single-cell
level, and through the careful combination of the materi-
als, with tailor-made functionality. All three processes can
also benefit from the continuous development of beam-
shaping methods that aim to enhance their efficiency or
resolution by beam multiplication or specially tailored
intensity distribution. The enhanced processes that use
multiple focus or specially shaped intensity distribu-
tion necessitate the development of new ultrafast laser
systems of considerably higher power.

Most of LOC devices currently used are still at the
stage of first generation. In fact, typical LOC devices
consist of monolayer microfluidic channels integrated
with some functional microcomponents. In the future,
increasing the degree of integration with multi-layered
microfluidic systems will be required for high function-
alization similar to advancement of Si integrated circuits.
Three-dimensional femtosecond laser processing will be
the most promising technique for fabrication of the next-
generation LOC devices due to its distinct characteristics
described in this article.
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