
Chapter 31
Laser Structuring for Biomedical
Applications

Gerda Buchberger, Martina Muck, Cristina Plamadeala, and Johannes Heitz

Abstract Laser structuring enables modification of sample topography, surface
chemistry, and/or physical properties of materials. Examples of these processes
are ripple, nap or wall formation, surface oxidation, induction of polymerization
reactions, or changes in crystallinity or contact angle. These – most of the time –
interrelated modifications are exploited widely for biomedical applications. They
range from cell-repellent surfaces for easy-to-replace cardiac pacemakers, control
of cell proliferation required in regenerative medicine, to increased cell adhesion
for cell arrays. Furthermore, ns-laser-induced nanoripples were used for formation
of gold nanowires for future surface plasmon resonance sensors directly integrated
into biotechnological devices. Additive nano- and microscale manufacturing by
two-photon polymerization allows for considerable progress in cell scaffold forma-
tion, paving the path for in vitro–grown organs, bones, and cartilages. The very
same fs-laser-based technique was also used for biomimetic microneedles with
enhanced liquid spreading on their surface. Microneedles are promising candidates
for low-cost, high-throughput drug delivery and vaccination applicable even by
nonmedically trained personnel. Microfluidic systems fabricated by fs-lasers have
enabled progress in 3D microscopy of single cells and in studies on thrombocyte
activation with the help of nanoanchors. Explicating the abovementioned and
further biomedical applications, the authors put special focus on the achieved limits
pointing out what scientists have accomplished so far in their pursuit of extreme
scales.
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Abbreviations

AFM Atomic force microscopy
ALD Atomic layer deposition
ANN Artificial neural networks
AOM Acousto-optical modulator
BG Bioactive glass
CAD Computer-aided design
CCD Charge-coupled device
CHO Chinese hamster ovary
CNN Convolutional neural networks
DCM Dichloromethane
DCP Dichloropentane
DIMP Diisopropyl methylphosphonate
DLIP Direct laser interference patterning
DLW Direct laser writing
DLW SM Direct laser writing for subtractive manufacturing
DMMP Dimethyl methylphosphonate
EBL Electron beam lithography
ECM Extracellular matrix
ECSA Electrochemical surface area
ELI Extra low interstitial
EUV Extreme ultraviolet
FEA Finite element analysis
FEP Fluorinated ethylene propylene
FLICE Femtosecond laser irradiation followed by chemical etching
FN Fibronectin
HA Hydroxyapatite
HEK Human embryonic kidney
HMEC Human microvascular endothelial cell
HUVEC Human umbilical vein endothelial cell
IR Infrared
LC Laser cladding
LIFT Laser-induced forward transfer
LIL Laser interference lithography
LIPSS Laser-induced periodic surface structures
MAPLE Matrix-assisted pulsed laser evaporation
MIFE Microelectrode ion flux estimation
MN Microneedle
MPL Multiphoton lithography
MSC Mesenchymal stem cells
NBDS Nonbulbar dermal sheath
NOA 61 Norland Optical Adhesive 61
OCN Osteocalcin
OLN-93 Oligodendroglia cell line
OND Oligonucleotide
OPA One-photon absorption
PE Poly(ethylene)
PEG-DA Poly(ethylene glycol diacrylate)
PET Poly(ethylene terephthalate)
PETA Pentaerythritol tetraacrylate
PLA Poly(lactive) acid
PLD Pulsed laser deposition
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PLGA Poly(lactive-co-glycolic) acid
PMMA Poly(methyl methacrylate)
PPy Poly(pyrrole)
PS Poly(styrene)
PSF Point spread function
PU Poly(urethane)
RIU Refractive index units
SAW Surface acoustic wave
SEM Scanning electron microscopy
SERS Surface-enhanced Raman scattering
SGC Spinal ganglion cells
SH Sodium hyaluronate
SLIPS Slippery liquid-infused porous surfaces
SLS Selective laser sintering
SPP Surface plasmon polariton
STED Stimulated emission depletion
STL Stereolithography
TE Tissue engineering
TPA Two-photon absorption
TPL Two-photon lithography
TPP or 2PP Two-photon polymerization
TRL Technology readiness level
UV Ultraviolet
VN Vitronectin
WGM Whispering gallery mode
WP Waveplate

1 Introduction: Overview on Laser Structuring

Section 1 provides a short overview on laser structuring methods commonly used in
biomedical applications. Properties like size, shape, and pattern of laser structures as
well as the irradiated material type determine the potential for a specific biomedical
application. Laser structures come in two different forms: self-organized (Sect.
1.1) or directly written (Sect. 1.2), and can form on various material classes like
metals, polymers, and dielectrics. Lasers have also proven to be able to chemically
modify surfaces by processes like direct surface irradiation and deposition of thin
films. Prominent examples for indirect surface modification with lasers are pulsed
laser deposition (PLD) and matrix-assisted pulsed laser evaporation (MAPLE)
(Sect. 1.3).

1.1 Self-Organization

Usually, irradiating materials with lasers results in a morphological change of the
processed surface, which either leads to self-organized laser-induced structures or
direct laser-inscribed structures [1]. For self-organized structures, the laser beam
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Fig. 31.1 SEM images of LIPSS with (a) high and (b) low spatial frequency, (c) microgrooves,
and (d) micro-sized spikes with superimposed nanoripples. (Reprinted from Hermens et al. [11],
Copyright (2017), with permission from Elsevier)

irradiates the surface in a spot or another scanning geometry, leading to the
formation of (quasi-)periodic surface morphologies. An overview of self-organized
structures is shown in the scanning electron microscope (SEM) images of Fig. 31.1.
These structures can be found on the micrometer as well as on the nanometer
range. Microstructures are usually known as grooves and spikes (Fig. 31.1c, d)
and nanostructures as laser-induced periodic surface structures (LIPSS) or ripples
(Fig. 31.1a, b) [2–4]. The irradiating laser commonly has a Gaussian intensity
spatial profile and a spatially homogeneous linear polarization. However, several
attempts showed that the complexity of self-organized structures can be increased
if inhomogeneous beam profiles and nonlinear laser polarizations are used [5–8].
As an example, it was reported that circularly polarized ultrafast laser pulses can
be used to create micro-metric triangular surface structures [9, 10]. Self-organized
structures have been reported on various material classes such as metals [1, 11, 12],
polymers [13–16], and others [17–19]; however, the types of structures that can form
depend on the properties of the irradiated material.

To control the outcome of the structure morphology, a proper selection of the
laser processing parameters is required. This includes choosing proper combinations
of parameters such as peak fluence �0 and effective number of laser pulses N. For
various biomedical applications, it is also necessary that laser-induced structures
show a pronounced morphological complexity, which will be discussed in further
detail in Sect. 2.1. Only a few approaches on creating complex morphological
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hierarchies of micro- and nano-metric structures were reported. These include
surface irradiation with ultrafast laser pulses in reactive atmosphere [20, 21] or
multistep surface processing, which combines both self-organized and directly writ-
ten laser structures [22, 23]. The process of surface patterning by laser irradiation
and formation of laser structures is discussed in detail in Chaps. 12, 13, and 28
of Bäuerle [24]. Self-organized laser-induced structures have been featured on
various materials for biomedical applications [25–30], especially in the field of
cell behavior control, which will be discussed in Sects. 2.1 and 2.2. An overview
of the formation of laser-induced self-organized structures, especially of the ones
mimicking biological surfaces, is reported in Stratakis et al. [31].

To get an insight on the precision limit and reproducibility of laser-based
nanostructuring, the reader is encouraged to check Chap. 8 of this book. Chapter
23 describes in detail the formation and the wide range of applications of LIPSS.
Complex designs of micro- and nanostructures can additionally be achieved by
interference pattering methods such as laser interference lithography (LIL) or direct
laser interference patterning (DLIP). These methods and their applications, where
some of them are of biomedical nature, are described in Chap. 26.

1.2 Direct Writing

Direct laser writing (DLW) for biomedical applications includes subtractive as well
as additive laser processing techniques. A special form of direct laser writing is
two-photon polymerization (TPP or 2PP), also known as two-photon lithography
(TPL or 2PL). TPP is a three-dimensional (3D) additive micro- and nanofabrication
technique [32] which is based on the process of simultaneous absorption of two
photons (two-photon absorption, TPA) [33]. In TPA, a molecule absorbs one photon
and is excited from its ground state to a virtual state. The lifetime of the virtual
state is in the order of femtoseconds (10−15 s). If within this lifetime the molecule
absorbs another photon, the molecule reaches an excited state. If not, the virtual
state collapses to the ground state. As TPA depends on the simultaneous absorption
of two photons, the probability of the process depends on the second power of the
light intensity, which makes the process highly localized. Hence, the polymerization
can be confined three-dimensionally, and feature sizes under 200 nm can be obtained
[33].

Practically, the simultaneous absorption of two photons and sub-diffraction
structures are achieved by setups containing an ultrashort-pulsed laser system
(which ensures the absorption of two photons within the lifetime of the virtual
state), focusing optics, and sample positioning and/or beam deflection elements
(such as linear stages, piezo-systems, and galvanometer scanners). For direct writing
of complex 3D structures, a user-defined 3D model is created in a computer-
aided design (CAD) software, which is exported into a stereolithography (STL)
file. The STL file describes the surface of the 3D object and communicates this
information to the elements responsible to translate the laser beam focus relative

http://doi.org/10.1007/978-3-031-14752-4_12
http://doi.org/10.1007/978-3-031-14752-4_13
http://doi.org/10.1007/978-3-031-14752-4_28
http://doi.org/10.1007/978-3-031-14752-4_8
http://doi.org/10.1007/978-3-031-14752-4_23
http://doi.org/10.1007/978-3-031-14752-4_26
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Fig. 31.2 Principle setup for TPP microfabrication of 3D structures. A fs-laser beam is expanded
by a telescope and directed into a xy galvanometer scanner. The beam is later focused by a high
numerical aperture (NA) objective lens into the sample, which is mounted on a 3D piezo-stage.
Abbreviations: personal computer (PC), avalanche photodiode (APD), charge-coupled device
(CCD), pinhole (PH)

to the substrate and the photoresist [32]. More simple structures can be achieved
by any computer controlling the precise movement of the x, y, z-stages (or even
by moving the stages manually using a joystick). To obtain even smaller features
sizes (under 100 nm), stimulated emission depletion (STED) lithography can be
employed, where a second laser is used to inhibit the polymerization in the outer
rim of the focal point [34]. A principle TPP setup is shown in Fig. 31.2.

Materials used in TPP have to possess the following properties [32]: (1) refractive
index close to 1.5, to avoid or minimize aberrations when focusing the laser beam
into the resist; (2) transparency for the laser beam wavelength, to avoid one-photon
absorption (OPA) processes; (3) fast curing with minimal shrinkage; and (4) good
adhesion to the substrate and mechanical strength [35]. Commercially available
epoxy- (SU-8 series) and acrylic-based (OrmoComp® series) photoresists, as well
as custom-tailored ones, are used for a wide range of applications in photonics,
micro-electronics, and micro-mechanics [36], as well as in biomedicine. For the
latter one, material selection is even more rigorous, as in some applications not only
biocompatibility [37] but also biodegradability is required [38].
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Fig. 31.3 Microstructures of variable geometries written with an acrylate-based photoresist by
means of TPP. (By courtesy of Richard Wollhofen, Johannes Kepler University Linz, Austria)

The TPP technique allows the fabrication of micro- and nanostructures of
variable geometries in two or three dimensions, which is demonstrated exemplarily
in Fig. 31.3.

Besides additive laser processing (such as TPP), subtractive laser processing
techniques (also generally known under the term of “laser ablation”) are also
relevant in biomedical applications. Direct laser writing techniques for subtractive
manufacturing (DLW SM) range from material removal and surface modifications
[39–41] to laser drilling [42], cutting [43], and welding [44]. Generally, a setup used
for these applications contains a laser beam that is shaped by optical elements and
focused onto a sample that is mounted onto a translation or rotation stage. DLW SM
is used to process polymers [45], zirconia-based ceramics [39], and metals [41], for
example, for tissue engineering and biosensing applications.

To get an insight into biological applications of TPP and DLW SM, the reader is
encouraged to check Sects. 2.3 and 2.5. The reader is also advised to read the part
on subtractive and additive structuring methods in Chap. 8 of this book. Chapter 22
describes multiphoton 3D lithography, which can be used in various fields such as
photonics and microfluidics.

1.3 Non-topographical Modifications

Surface modification is often accompanied with the goal of maintaining the bulk
material properties. This can be achieved by physically or chemically altering the
existing surface or completely changing it by covering it with thin films of a
different material [46]. Various thin films on metal alloys such as hydroxyapatite
(HA), glass ceramics, and glasses have been employed to change the surface for

http://doi.org/10.1007/978-3-031-14752-4_8
http://doi.org/10.1007/978-3-031-14752-4_22
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more biocompatibility. Modifying the surface chemistry plays a key role in the
adsorption of proteins such as fibronectin (FN) and vitronectin (VN), which further
control cell adhesion. Pulsed laser deposition (PLD) [47] and matrix-assisted pulsed
laser evaporation (MAPLE) [48] are examples for laser-assisted cell-biomaterial
interaction control (both techniques are described in Chap. 22 of Bäuerle [24]).
PLD is often used for deposition of hydroxyapatite or bioactive glass (BG) layers
on metallic and polymeric implant surfaces to improve biofunctionality [49–51].
Koch et al. [52] produced bioglass thin films on polished titanium samples by
PLD. MAPLE is an extension of the PLD process for growing thin films consisting
of polymeric materials, which allows deposition of heat-sensitive molecules with
minimal degradation [53, 54]. The possibility to deposit fibronectin molecules
with MAPLE, which facilitate the attachment of human osteoprogenitor cells,
was reported for silicon substrates [55]. Lactoferrin, an iron-binding glycoprotein,
plays an important role in host defense against viral and microbial infections.
Constantinescu et al. [56] studied lactoferrin layers produced by MAPLE on
different materials to evaluate their biocompatibility and revealed that MAPLE is an
excellent process for improved drug delivery due to the possibility of coating drugs
with a thin film, thus inhibiting unwanted reaction with a solvent. Additionally, it
was reported that biocompatible polymers such as poly(lactive-co-glycolic) acid
(PLGA) can be coated by MAPLE for controlled drug delivery [57]. Dinca et al.
[58] reported that MAPLE is suitable for obtaining active polymeric-enzymatic
interfaces as hybrid or layered coatings for detecting toxic vapors such as dimethyl
methylphosphonate (DMMP) and diisopropyl methylphosphonate (DIMP). Electri-
cal stimuli have proven to be of great importance for tissue engineering, and Paun et
al. [59] used a MAPLE approach to produce conductive poly(pyrrole) (PPy)-based
composite layers to promote new bone formation. These composite layers consist
of conductive PPy nanograins in a biocompatible polymeric matrix, such as PLGA
or polyurethane (PU).

Chemical modification of surfaces by laser treatment has been used extensively
due to its potential of achieving corrosion resistance, self-cleaning, and anti-fouling,
which is discussed in detail in Chap. 24 of this book. Corrosion resistance is
achieved by surface oxides, which can be formed by laser treatment [24, 60–62]
or can be induced by chemical treatments such as anodic oxidation [63, 64]. Laser
irradiation can cause bond breaking in polymers, leading to the formation of radicals
and subsequent reaction with the surrounding atmosphere. This process is of great
importance for biological processes such as cell adhesion [24, 65]. Furthermore, the
surface wettability, which is essential for cell growth, can also be modified by laser
irradiation [66, 67]. Excimer laser irradiation of poly(ethylene terephthalate) (PET),
for example, modifies the surface chemistry of the polymer [68–70] as well as its
wettability [68, 70] depending on the applied fluence. Heitz et al. [71] have shown
that laser processing of titanium alloy surfaces resulted in a hydrophilic behavior,
which changed steadily to a hydrophobic behavior after a few weeks. Subsequent
electrochemical anodization of hydrophobic surfaces resulted again in a hydrophilic
surface, which also changed back to hydrophobicity after a couple of weeks. The
reason for these effects is still an ongoing research topic, but it is believed to result

http://doi.org/10.1007/978-3-031-14752-4_22
http://doi.org/10.1007/978-3-031-14752-4_24
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Fig. 31.4 Optical microscopy images of CHO cells seeded on patterned FEP samples: (a) lines
and (b) rhombs (images taken on living cells). Insets are optical microscopy images of the FEP
structures before cell seeding (in the same scale). The dashed circles in (b) indicate exemplary
cells with a shape directly affected by the wettable islands. (Reprinted from Yakunin et al. [73], ©
2011 Wiley Periodicals, Inc.)

from chemical bond breaking and reaction with the ambient atmosphere. Ranella
et al. [72] investigated how wetting affects fibroblast growth on silicon, concluding
that fibroblastic growth is reduced for hydrophobic surfaces.

The combination of the techniques described in this section (i.e., PLD, MAPLE,
chemical modification) with laser patterning allows the fabrication of functional
micro- and nanostructures. This is illustrated exemplarily in Fig. 31.4, which
shows isolated Chinese hamster ovary (CHO) cells grown on a laser-structured
photomodified fluorinated ethylene propylene (FEP) surface [73].

2 Biomedical Applications

Section 2 gives an overview on how laser irradiation of different surfaces can be
used for biomedical applications. Cell behavior control by physical and chemical
modification of surfaces has proven to be of great importance for medical implants
and tissue engineering (Sects. 2.1 and 2.2), and 3D support systems such as cell
arrays and scaffolds have been shown to create a viable cell environment that
replaces the natural surroundings of cells (Sect. 2.3). Microneedles that incorporate
directional fluid transport inspired by nature could be employed as minimal-invasive
alternatives for commonly used drug delivery systems (Sect. 2.4). Fluidic systems
and analysis techniques profit from laser processing, which opens up entirely new
possibilities in these fields (Sect. 2.5). Laser structuring is used in the fabrication
of biomedical sensors in various ways, for example, in respiratory monitoring
or in the detection of cancer cell metabolites, DNA damage, or volatile organic
compounds (Sect. 2.6). Section 2.7 gives an introduction on applications where
lasers can additionally be used for biomedical purposes, such as bond strengthening
and deposition of thin films.
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2.1 Micro- and Nanostructures for Adhesion, Alignment,
and Activation of Cells

Interactions between cells and surfaces of biomaterials have been proven to be
of great importance in the field of biomedicine and tissue engineering [74].
Biomaterials are constituted from a large range of natural and synthetic materials
and can be classified into “bio-inert” and “bio-reactive or bioactive”. Many studies
in the past few years focused on modifying the surface chemistry and morphol-
ogy to achieve improved biocompatibility and therefore enhance cell attachment,
alignment, and proliferation [75–80]. While it was shown that the optimal micro-
roughness for enhancing biocompatibility is strongly cell-type dependent, it is
known that an additional roughness in the nm range strongly promotes cell adhesion
and proliferation [81, 82]. One reason might be that the structured surfaces with
nano-sized features resemble the nanostructures found in the extracellular matrix
(ECM) of the cells [83], another that protein adsorption from bodily fluids prior
to cell colonization is majorly influenced by physical/chemical properties of the
underlying surface [84–88]. Recent studies investigated the influence of nano-metric
surface structures on protein adsorption that are relevant for further cell attachment
processes, which concluded in the assumption that only features in the size range of
surface-bound proteins (~10 nm) affect the adsorption [89–93]. When mammalian
cells are grown in vitro, adhesion to the cell culture substrate or to the ECM plays a
key role for many processes, like proliferation and differentiation. Cells attach to the
surface via focal adhesions, which are integrin-containing, multi-protein structures,
that connect the ECM to the cytoskeleton [94].

Many researchers investigated the formation of self-organized structures on
polymer foils by irradiation with polarized ultraviolet (UV) laser beams [95–
99]. Laser-induced periodic surface structures on polymer films have shown to
be beneficial for enhanced adhesion and proliferation of cells as well as for cell
alignment. Among them are poly(styrene) (PS) foils, a material widely used in cell
culture applications. Rebollar et al. [100] investigated human embryonic kidney
cells (HEK-293 cells) and CHO-K1 behavior on LIPSS generated on PS foils by
UV irradiation. Both cell types showed alignment on LIPSS with periodicities � >
270 nm, which is demonstrated in Fig. 31.5 for CHO-K1 cells. It was demonstrated
that the cells align along the direction of the ripples and show enhanced adhesion
and proliferation compared to unmodified PS foils. However, alignment is highly
cell-type dependent and only occurs when the periodicity of the ripples is above a
critical value.

However, Schernthaner et al. [101] investigated human microvascular endothelial
cells (HMECs) on both micro-metric walls and nano-metric LIPSS fabricated on
PET foils and reported that the alignment of HMECs is not influenced by structures
with periodicities � < 1 μm, but the proliferation is highly increased by the
nano-metric features. Proliferation in endothelial cells is guided by β-catenin, an
important transcriptional regulator, which is located within cell-cell contacts in the
cell membrane and translocates into the nucleus upon cell activation by proliferative
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Fig. 31.5 (a) Atomic force microscopy (AFM) topographical and (b) deflection images of CHO-
K1 cells on laser-textured PS foils: The cells align along the ripple direction; in (b) the aligned
actin filaments of the cells are highlighted in the bottom right corner. (Reprinted from Rebollar et
al. [100], Copyright (2008), with permission from Elsevier)

stimuli [102, 103]. This is shown in Fig. 31.6, where HMECs align along the wall-
like microstructures, but not on the nano-metric LIPSS, which only enhance cell
growth. This effect can also be observed in Fig. 31.7, where a confocal microscope
image of vascular progenitor cells was taken on both unstructured and PET surfaces
with ripples. The image shows β-catenin located in the interface regions between
the cells for the unstructured PET substrate, while β-catenin is extensively found in
the nucleus for the surface with ripples.

Additionally, Schernthaner et al. [104] showed that β-catenin activation is guided
by enhanced tyrosine phosphorylation involving different types of tyrosine kinases.
The type of tyrosine kinase responsible for β-catenin translocation depends on the
underlying surface, and this has been shown for HMECs grown on the differently
structured PET substrates in the presence of different tyrosine kinase inhibitors.

Even though UV or infrared (IR) laser light is often used to structure material
surfaces, extreme ultraviolet (EUV) irradiation has also shown to be able to change
the morphology of a treated surface. EUV structures are not as extensively studied
as structures fabricated by larger wavelengths due to setup limitations in the past,
but are of high interest due to the possibility to create structures that are only a
few nanometers large. Reisinger et al. [105] created nano-metric structures with
different shapes depending on the peak fluence and the number of applied pulses
by EUV irradiation of 50 μm-thick biaxially oriented PET foils (Fig. 31.8). The
radiation source was based on a laser-irradiated gas-puff target [106, 107]. But not
only was the surface morphology changed by EUV irradiation, also the chemical
composition of the surface changed due to photo-induced chemical reactions.

Oxygen content on the surface was reduced by about 8% due to bond breaking
and preferential removal of oxygen. The alignment of wall and ripple ridges is



1116 G. Buchberger et al.

Fig. 31.6 SEM image of HMECs on micro-metric wall-like structures (top) and nano-metric
ripple structures (bottom): The cells show alignment on the micro-sized walls, while on the ripples
they follow no preferred direction. Even though no alignment is shown for ripples, proliferation of
HMECs is nevertheless achieved by relocation of β-catenin to the nucleus instead of the interface
regions between the cells. (Reprinted from Schernthaner et al. [101], Copyright (2012), with
permission from Elsevier)

perpendicular to the direction of the maximum of the internal stress fields, which
originate from the biaxial stretching during the production process of the PET foils.
CHO cells align along the direction of the underlying walls and naps and have a
spindle-shaped structure.

Guiding cells via micrometer surface texturing has also proven to be an efficient
way to increase contact between implanted devices and the surrounding body part.
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Fig. 31.7 Confocal microscope image of vascular progenitor cells on (left) unstructured and
(right) PET foils with ripples: The images and the box plots at the bottom indicate the location
of β-catenin in the nucleus for the structured PET substrate. (Reprinted from Schernthaner et al.
[101], Copyright (2012), with permission from Elsevier)



1118 G. Buchberger et al.

(a) (b)

(c) (d)

5 µm 5 µm

5 µm
5 µm

Fig. 31.8 SEM images of (a) ripple-like structures (10 pulses), (b) wall-like structures (25 pulses),
(c) nap-like structures (50 pulses), and (d) cone-like structures (600 pulses) fabricated by EUV
irradiation. (Reprinted by permission from Springer Nature: Reisinger et al. [105], Copyright
(2010))

This has been proven to be significant for auditory implants, where a high contact
area between the platinum electrodes of the implant and the ear is necessary to
provide an excellent hearing experience [108–110]. These implants are constituted
from a silicone elastomer which contains several platinum electrode lines that func-
tion as inner hair cells, which convert mechanical vibrations into electric signals.
Furthermore, auditory implants are also subjected to connective tissue ingrowth,
which leads to an increased transitory resistance and interferes with an optimal
nerve-electrode interaction [111, 112]. Therefore, Reich et al. [113] investigated
the ability of guiding neuronal cells in the direction of the platinum contact material
by fabricating linear microgrooves on silicone elastomer and platinum samples by
laser irradiation. PC-12 cells (a mixture of neuroblastic and eosinophilic cells) and
spinal ganglion cells (SGCs) were seeded on both materials, and the development
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of neuronal extensions was investigated. Regarding the neuronal extension growth
for silicone, it was shown that the molded micro-structured surface has a strong
influence on neurite orientation, leading to a growth parallel to the grooves. Laser-
ablated micro-structured silicone, however, showed no significant influence on both
cell types. It was concluded that micro-structuring offers a possibility of guiding
neurites; hereby, the direction of the microgrooves determines the attachment and
guidance of the neuronal extensions.

In this subsection, the authors have discussed cell behavior control on various
substrates by laser irradiation. Cell behavior control by surface modification has
been extensively researched to be used for medical implants. It can be used for
alignment of cells in hearing implants [113] and can further be employed in the
field of orthopedic and dental implants for better integration into the body [114].
However, laser structuring of implant surfaces can additionally be exploited to
achieve a repelling effect, which is in detail discussed in Sect. 2.2.

2.2 Repellent and Anti-adhesive Structures for Medical
Implants and Antimicrobiotic Surfaces

As mentioned in Sect. 2.1, biological matter response to a surface can be altered
with laser irradiation. This is not only used to align and activate cell growth but
also to achieve reduced attachment and growth of cells and bacteria. This, again,
is highly favorable in the field of medical implants. Certain implants need to be
explanted from the body after a certain amount of time. Examples of implants that
need to be removed are pacemakers [115] and bone implants [116]. The effective
usage time of pacemakers is limited by the lifetime of the battery, which is several
years. For the bone implants, the usage time is limited to several weeks or months,
mainly depending on the healing time of the bone fracture. However, by the time
of the explantation, these implants are overgrown by confluent multilayers of cells,
which, when activated, produce a layer of ECM that encapsulates the implant. This
can make the removal difficult due to the possibility of damaging the body part the
devices are implanted into [117]. It is therefore desirable to avoid attachment of
cells to be able to remove these devices after their respective lifetimes.

As in the case of cell alignment and activation processes, several combinations of
physical and chemical modifications of surfaces have been investigated to achieve
the desired cell-repellent properties [25, 116, 118, 119]. Qi et al. [118] investi-
gated the blood-biomaterial interaction and evolution of surface modification for
cardiovascular devices. In the past several years, the cell behavior on femtosecond
laser-induced hierarchical titanium surface micro-/nanostructures was investigated.
Titanium and its alloys are the most prominent materials in implant devices [120]
and are extensively employed for pacemakers, bone implants, and dental implants
[25, 114, 116, 119, 121]. Titanium, like other valve metals, forms a natural thin
oxide layer, which can be thickened by anodization [122, 123].
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Fig. 31.9 SEM images of the rim between flat, anodized titanium alloy and laser-structured,
anodized titanium alloy surface with (a) the surface before cell seeding and (b) the fibroblasts 1
week after seeding. (Reprinted from Heitz et al. [25], which is licensed under Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/))

The interest of using combinations of micro- and nanostructures for cell behavior
control on titanium surfaces was sparked by Ranella et al. [72], where femtosecond
laser-induced structures were fabricated for cell adhesion tuning on silicon. It is
assumed that the combination of both morphological types decreases the effective
contact area and limits the number of focal adhesions on the tips of the spikes.
Additionally, chemically modifying the surface was found to decrease the adsorp-
tion of specific ECM proteins, therefore leading to decreased cell growth (Fig.
31.9). Fibroblast adhesion reduction was successfully achieved on flat titanium
samples, which were laser-structured and subsequently electrochemically anodized.
In Fig. 31.9, the rim between an unstructured and a laser-structured titanium alloy
surface is shown. Both, the unstructured surface and the micro-/nanostructures, were
additionally electrochemically anodized. The left image (a) shows the surface before
seeding with fibroblasts and the right image (b) the titanium surface 1 week after
fibroblast seeding. On the flat, anodized surface the fibroblasts grow in confluent
multilayers, while on the laser-structured and anodized surface, only a few adherent
cells can be found. It was also reported that the cells change their shape if they do
not adhere to the surface below, resulting in spherically shaped cells.

This principle was then used to achieve cell-repellent rings on cylindrical
titanium samples. In Fosodeder et al. [119], titanium cylinders with 8 mm diameter
were structured by a titanium sapphire (Ti:Sapphire) femtosecond laser system to
achieve rings of self-organized structures (Fig. 31.10). These cylinders were sub-
sequently electrochemically anodized by using the sample as a working electrode
and dipping it into the electrolyte. This resulted in anodized titanium surfaces
surrounding the laser-structured, anodized ring. Fibroblast cell tests were performed
by placing the cylinder upright in the Petri dish with the cell culture medium in a
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Fig. 31.10 SEM images of a cylindrical control sample (left) and an anodized cylinder with a
laser-structured ring at a height of about 400 μm (right). While the control sample shows confluent
fibroblast multilayers up to 1 mm height, the laser-structured ring gradually reduces the cell growth
until it stops after a few hundreds of micrometers. (Reprinted from Fosodeder et al. [119], which
is licensed under Creative Commons Attribution 4.0 Public License)

way that its end closer to the ring is placed in the Petri dish, and an additional control
cylinder, which was neither laser-structured nor electrochemically anodized, was
also placed in the Petri dish. In Fig. 31.10, it is shown that for the control sample,
the cells climb in confluent multilayers up to 1 mm, while on the structured and
anodized cylinder, the fibroblast density starts to decrease when they reach the laser-
structured ring, up to the point where only a few cells remain after a few hundreds of
micrometers. This leads to the assumption that laser-structured and anodized rings
can also be used on pacemakers to achieve cell repellency and simplify the removal
process.
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Lone et al. [63] investigated the electrochemical surface area (ECSA) of struc-
tured titanium surfaces. They reported that the ECSA is determined by the voltage
used for electrochemical anodization due to electrowetting. At low voltages the
electrolyte does not penetrate the structured surface enough to be able to be detected.
At higher voltages the electrolyte penetrates the surface structures, leading to an
increased ECSA and oxygen evolution. It was also shown that the relative weight
percentages of titanium, aluminum, and vanadium in the titanium alloy Ti6Al4V-
ELI (extra low interstitial) change after laser treatment and/or anodization due to
effects resulting from different evaporation temperatures and passivation.

It is further known that mesenchymal stem cells (MSCs) present in the bone
marrow respond to metal implants by forming soft tissue rather than bone, which
results in failure of load-bearing prosthesis. Structuring of implant materials such
as titanium can be used to differentiate stem cells into the desired cell type.
Böker et al. [124] investigated various nano-topographies on PS, stainless steel, and
titanium samples. It was observed that a significant reduction of osteocalcin (OCN)
expression on structured stainless steel and titanium surfaces occurred compared
to non-structured surfaces. It was concluded that the gene expression depends
on the underlying structure type. It is also possible to nanopattern surfaces by
electron beam lithography (EBL). Dalby et al. [125] produced different nanoscale
patterns, concluding that the design and the size of the nanopattern determine the
differentiation of MSCs into cells with fibroblastic and osteoblastic morphology.

Due to increased usage of medical implants, implant-associated infections also
increased, leading to expensive health-care costs and follow-up treatments for the
patient [126, 127]. Implant-associated infections are caused by bacterial biofilms,
which form via attachment of bacterial cells and subsequent formation of a
polysaccharide matrix, which functions as a protection medium for bacteria. Once
biofilms develop, they show exceptional resistance mechanisms against antibiotics
and antibacterial coatings applied before implantation [128].

It is therefore desirable to hinder the formation of biofilms by preventing ab initio
attachment of bacteria. Several species, such as cicadas and dragonflies, developed
nano-sized structures on their wings to hinder the attachment of bacteria [129–
131]. Bacterial adhesion is influenced by factors such as species, implant material,
environmental aspects, and physical and chemical properties of the implant surfaces
[132]. In the process of attachment, bacteria adhere to the surface by increasing the
contact area to the underlying substrate as far as possible, extensively stretching
the bacteria membrane. Same as cells, bacteria are therefore highly influenced by
surface topographies, eventually leading to rupturing of the bacteria membrane if
the stretching threshold is exceeded.

An example for bacteria rupturing on two different types of surfaces with ripples
is shown in Fig. 31.11 [133]. Furthermore, bacterial attachment is also governed
by surface chemistry and wettability, so a combined approach of physical and
chemical modification of medical implant surfaces can lead to an antibacterial
effect. Nano-sized structures will eventually penetrate the bacteria wall, causing
them to rupture, and micro-sized structures will strongly reduce the available flat
contact area, preventing the attachment of bacteria.
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Fig. 31.11 Bacterial cell rupturing mechanism demonstrated on (a) a platy form and (b) a
lacerated form. (Reprinted from Luo et al. [133], Copyright (2020), with permission from Elsevier)

It has been shown that stand-alone chemical modification, for example, by
applying antibacterial coatings, fails with respect to long-term performance [134],
and therefore a combined approach of both physical and chemical modifica-
tion is required [135]. Morphologies on the nanometer scale such as nanowires,
nanopillars, and nanotubes were investigated and found to increase the antibacterial
properties of implants [136–138]. However, it was further proposed that additional
treatment of the nano-sized structures, such as heat treatment or polymer coating
[139–141], has to be applied to achieve the desired biocompatibility. Laser-
induced periodic surface structures (LIPSS) were therefore investigated due to the
possibility of producing antibacterial surfaces in a cost-effective and fast way while
avoiding surface contamination. Similar as for cells, LIPSS limit the available area
for bacterial attachment and are therefore highly promising structures to create
antibacterial medical implant surfaces.

Epperlein et al. [142] investigated the adhesion of Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) on LIPSS generated on steel substrates.
They found out that E. coli adhesion is highly affected by laser-induced structures,
while the adhesion of S. aureus is not affected by LIPSS. Schwibbert et al. [143]
investigated bacterial colonization of S. aureus and E. coli on femtosecond laser-
induced sub-μm structures generated on poly(ethylene) (PE) substrates. However,
here the generated structures were no LIPSS. It was shown that S. aureus adhesion
was not reduced on the fabricated structures, but that the presence of laser-induced
structures had a significant effect on the adhesion of E. coli. In Richter et al. [70], it
was demonstrated that the spatial period of LIPSS on PET polymer foils determines
E. coli repellence. SEM and biofilm studies using a pili-deficient E. coli TG1 strain
revealed the role of extracellular appendages in the bacterial repellence.

Slippery, liquid-infused porous surfaces (SLIPS) generated by laser irradiation,
chemical modification, and subsequent infusion with lubricants investigated by Doll
et al. [144] were introduced as another method to inhibit bacterial attachment (Fig.
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Fig. 31.12 S. oralis biofilm formation screening on titanium SLIPS with varying struc-
ture/lubricant combinations: The level of biofilm formation is categorized into five groups: level (1)
means nearly no bacterial film and level (5) means complete coverage of structures with biofilm.
The corresponding levels of coverage for each structure type are demonstrated in the box plots.
(Reprinted (adapted) with permission from Doll et al. [144]. Copyright 2017 American Chemical
Society)

31.12). Three main criteria have to be fulfilled to achieve the desired outcome: (1)
the lubricant has to adhere stably to the surface, (2) the surface must be preferentially
wetted by the lubricant rather than by the repellent liquid, and (3) the lubricant
and the repellent liquid must be immiscible [145]. Spikes, grooves, and ripples
were fabricated on titanium by fs-laser structuring and subsequently dip-coated by a
fluorinated polymer as chemical modification. The structures were then spin-coated
with five different perfluoropolyether lubricants with varying viscosities. For testing
of biofilm-repellent properties, the structures were subjected to Streptococcus oralis
(S. oralis). The level of surface coverage was divided into five groups (1–5),
where (1) means nearly no biofilm formation and (5) means complete surface
coverage by the biofilm. While spike SLIPS showed nearly no or very small biofilm
fragments (level (1)), ripples, grooves, and unstructured surfaces exhibited partially
or complete coverage by S. oralis biofilms (level (4) or (5)). However, all structured
surfaces showed a reduction of biofilm formation compared to the unstructured
surface. Additionally, all uncoated structures showed level (5) biofilm formation,
meaning that only the combination of structures and lubricants serves as an efficient
biofilm-repellent tool. As it can be seen in Fig. 31.12, the biofilm surface coverage
for unstructured titanium is almost the same for all lubricants, while all structured
surfaces showed at least partial bacteria reduction, with spike structures providing
the best results.
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It is also worth mentioning that cell-repellent properties have not only been
achieved with self-organized structures but also with the process of TPP. Paun et al.
[146] created mushroom-like structures that feature ripples in the μm and nm range.
They concluded that the nano-metric ripples on top of the mushrooms had much
more influence on the cellular attachment than the micrometer-sized structures.
They also investigated the influence of wettability on the cell adhesion and found
that cell attachment was mostly affected by the surface topography. The cells used
in this work were from an oligodendroglia cell line (OLN-93 cells) that has been
derived from primary rat brain glial cultures.

2.3 Cell Arrays and Scaffolds for Tissue Engineering
Applications

Two-photon lithography (see Sect. 1.2), is a powerful and versatile tool [32,
147, 148], which found multiple applications in the study of cells, as it offers
the opportunity to build microenvironments onto which cells can be seeded and
their behavior can be analyzed. In this subsection, the authors aim to present
an overview on the vast field of possible applications of TPP in the study of
cells. Tissue engineering (TE) [149–151], as a biomedical engineering field, uses
cells, scaffolds, and appropriate bioactive molecules to produce functional tissue
in order to restore, maintain, improve, or replace damaged tissue. Cell scaffolds
are responsible to mimic the native ECM of tissue [152]. The ECM is a 3D
network of proteins and carbohydrates which provides structural and biochemical
support to surrounding cells [153]. Each tissue has a specific ECM composition
and topology, but it always regulates cell differentiation, proliferation, migration,
and adhesion. In order to artificially produce a functional tissue, the cell supporting
structures need to be as close as possible to the natural ECM. Due to its inherent
true 3D printing capabilities, TPP is widely used in the production of artificial
cell scaffolds [152]. Some of the most common geometries implemented for cell
scaffolds are woodpiles [154–156], squares [157–159], honeycombs [160–162],
and circular/tubular geometries [163–165]. In these cases, TPP technique offers the
possibility to produce scaffolds of arbitrary shapes with control over the pore sizes
and feature sizes both in the lateral and axial directions.

Numerous cell types have been studied using TPP scaffolds: osteoblasts [161,
163, 166], fibroblasts [167, 168], chondrocytes [169, 170], endothelial cells [162,
171], neuronal cells [155, 164], stem cells [38, 172], retinal cells [165, 173],
etc. For TE applications, the materials used for building the scaffolds have to be
biocompatible (the material has to be nontoxic and harmless for the cells) and
sometimes biodegradable (the material needs to be decomposable with nontoxic by-
products). Commercially available synthetic biocompatible materials that are used
for cell studies are Ormocer® such as OrmoComp® and SU-8 [174], acrylate-based
SCR500 and epoxy-based SZ2080 (20/80 zirconium-silicon/methacrylate sol-gel,
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containing 4,4’-bis (diethylaminobenzophenone)), and Norland Optical Adhesive
61 (NOA 61) [37]. Natural materials that can be used for TPL scaffolds are sodium
hyaluronate (SH), chitosan [175], hyaluronic acid [37], etc. The synthetic photore-
sists have outstanding and tunable mechanical properties; therefore, a combination
of synthetic and natural photoresists is advantageous.

To study the influence of pore sizes on cell proliferation, OrmoComp® TPP
scaffolds with pore sizes varying from 10 to 90 μm were produced, and human
dermal fibroblasts were seeded on them [167]. By observing the cell behavior 3, 6,
and 9 days after seeding, it has been reported that the scaffolds with larger pores
(90 μm) aided to a higher cell growth and proliferation. Also, the scaffolds with
10 μm pores promoted cell alignment along the prominent lines of the scaffold,
which was not observed for scaffolds with bigger pore sizes. Comparing the effect
of different pore sizes (12 μm, 25 μm, 52 μm, and 110 μm) on cell migration,
another study reported that human fibrosarcoma cells of the HT1080 cell line cells
move with higher speeds on triacrylate 3D scaffolds compared to the 2D substrate
[154]. For smaller pore sizes, a slower speed was observed due to more obstacles
the 3D matrix imposed.

The two new biocompatible polymers M10 and BisSR, which can be 3D
structured via multiphoton lithography, were tested mechanically by AFM, and
their biocompatibilities were compared to pentaerythritol tetraacrylate (PETA) and
OrmoComp® [176]. Assessment of biocompatibility of the new resins was done by
cultivating human umbilical vein endothelial cells (HUVECs) on 2D grid structures
for 4 days; then cell density and presence of apoptotic cells were measured. This
analysis indicated a better biocompatibility of the two new photoresists BisSR and
M10 compared to PETA and OrmoComp®.

Honeycomb geometries produced with TPP, arranged in a multilayer configura-
tion, are used to aid the 3D attachment and growth of MG-63 osteoblast-like cells,
as they mimic the natural bone structure [161]. The authors compared how different
distances between consecutive layers affected cells and concluded that for a spacing
of 2–10 μm, the cells are able to penetrate between individual layers, interconnect
with each other, and promote formation of mineralized tissue. For layer spacings
lower than 2 μm and higher than 10 μm, this behavior was not observed. This
geometrical configuration is believed to facilitate cell interconnections, to support
cellular metabolism through vascularization and nutrient transport to the cells, and
to allow easy nerve access to the cells.

In [177], polymer microstructures with one or more levels of quadratic pores
were written onto a flexible substrate by TPP (Fig. 31.13). Primary human nonbulbar
dermal sheath (NBDS) fibroblast cells served as progenitor cells. They differentiated
into an osteogenic lineage and were seeded onto the hydrophilic three-dimensional
scaffolds. Due to confinement to the microstructures and/or mechanical interaction
with the scaffold, the cells were stimulated to produce high amounts of calcium-
binding proteins, such as collagen type I, and show an increased activation of the
actin cytoskeleton. The best results were obtained for quadratic pore sizes of 35 μm.
Further examples for cell scaffolds produced by laser-assisted techniques for tissue
engineering applications are described in the Refs. [178, 179].
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Fig. 31.13 Optical microscope images (top (a) and (b)) and SEM images (bottom (a) and (b)) of
low (a) and high (b) magnifications of a cage microstructure with 35 μm square pores on a flexible
polymer substrate seeded with NBDS fibroblast cells and cultured in osteogenic culture medium.
In (b) at the bottom, the solid white arrow points to part of a pore sidewall, the solid black arrow to
a cell inside the structure, the dashed white arrow to an area which is rich in fibrous extracellular
material, and the dashed black arrow to a cell part at the outer rim of the structure. (Reprinted
from Heitz et al. [177] with permission from Wiley. ©2016 The Authors. Journal of Biomedical
Materials Research Part A Published by Wiley Periodicals, Inc.)

Three-dimensional blood vessel analogues with a honeycomb cell unit were
as well tested for adhesion and proliferation of HUVECs (Fig. 31.14) [162]. The
geometrical parameters of the scaffolds were obtained by simulating the mechanical
response to external stresses applied to the scaffolds’ sidewall structure with a finite
element analysis (FEA), and TPP was implemented to create a cylindrical hollow
scaffold (100 μm wide and 80 μm tall) with honeycomb wall pattern. A single
hexagonal unit cell had a thickness of 5 μm, a side length of 3 μm, and a cell wall
width of 1 μm. Upon cell seeding, the artificial vessel proved to sustain large elastic
forces. It is expected that in further in vivo studies, the scaffolds would have a proper
elastic behavior to withstand the pressure exerted by blood flow.
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Fig. 31.14 Representative low-magnification (a, b) and high-magnification (c, d) SEM images
of HUVECs grown in vitro for 9 days on tissue-engineered vascular grafts. (Reprinted from
Limongi et al. [162], which is licensed under Creative Commons Attribution 4.0 license; http://
creativecommons.org/licenses/by/4.0/)

By repeating the lithographic process with different photoresists, complex micro-
sized structures with distinct chemical properties were produced [180]. An array of
pillars (≈ 7 μm in diameter, ≈ 23 μm in height) connected by beams (1 μm in
diameter) was created using TPP from poly(ethylene glycol diacrylate) (PEG-DA)
and PETA mixture. After development of the array, the pillars were cast with a
second photoresist (OrmoComp®) and cubes (2.5 μm edge length) were written
onto the middle beams connecting two adjacent pillars. After a second developing
step, the arrays were incubated in FN solution, which promotes cell adhesion.
Upon seeding the arrays with chicken fibroblasts, it was observed that cells bind
specifically to the OrmoComp® cubes, as PEG-DA is protein-repellent. The authors
proved that by using protein-binding sites embedded on a protein-repellent array,
cell adhesion and consequently cell shape can be controlled in a 3D manner.

Besides FN, other chemical treatments and coatings can be used to enhance
cell adhesion. As an example, TPP was employed to produce arrays combining
hollow posts and rods in order to study the influence of chemically homogeneous
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3D topographies on osteoblast-like cell proliferation [181]. The posts were 12 μm
high and 10 μm wide, while the rods were about 1.5 μm high and 0.45 μm wide.
Commercially available acrylate-based IP-L 780 was used as a photoresist. After
the developing step, to assure biocompatibility and homogeneity of the array and
its substrate, each sample was coated with a thin layer of titanium oxide using
atomic layer deposition (ALD), and osteoblast-like cells were seeded onto the
arrays. A 170% increase in proliferation of osteoblasts was observed compared to
unstructured titanium dioxide surfaces, when the posts were placed 25 μm apart.
The cells also showed a higher content of alkaline phosphatase, which is an enzyme
related to bone mineralization.

In conclusion, TPP allows overcoming the major disadvantages of other 3D struc-
turing techniques by enabling the creation of intricate real 3D microenvironments
that mimic the ECM. For further information, the reader is encouraged to check the
following reviews [147, 148, 152].

2.4 Microneedles for Drug/Vaccine Delivery

Microneedles (MNs) are systems of micron-sized needles [182] organized in arrays
covering surfaces up to square centimeters [183]. Due to their short lengths, MNs
penetrate only into the top layers of the skin [184], that is, the stratum corneum and
the epidermis, without irritating the nerve endings or reaching the blood vessels
that lie deeper in the dermis [185]. Hence, MNs are minimally invasive tools,
which do neither trigger pain sensations nor induce bleeding [186], used for wide-
ranging applications such as transdermal drug and vaccine delivery, drug monitoring
[187], sample extraction for diagnosis [188], and real-time monitoring [189, 190].
Depending on the mechanism of drug delivery, MNs are classified in five categories:
solid, hollow, coated, dissolving and hydrogel-forming, or swellable [191]. In this
subsection the authors focus on the use of TPP in the production of MNs [192,
193]. The authors aim to present a summary of the large amount of MNs and MN
arrays that can be fabricated using the TPP technique. TPP is mainly used to produce
solid [194], hollow [159, 195], and coated MNs [196] (Fig. 31.15). Furthermore, the
solid arrays can be used as master templates for negative molds. The latter ones can
be used to mass-produce dissolving [197] and hydrogel-forming MN arrays [192].
Regardless of their more complex geometry, even hollow MNs can be reproduced
with high fidelity using micro-molding techniques [196, 198].

MNs with smaller tip diameter were found to penetrate the skin more smoothly
than MNs with a larger tip diameter [184]. A decrease in the MN aspect ratio
(height to base diameter) also results in an increased mechanical strength [194].
Besides, MN arrays are more resistant to fracturing during penetration than single
MN, as the shear stress created by the tissue is distributed over a larger area [199].
These considerations are relevant when designing and producing a MN, since MN
patches are desired to be applied with minimal effort and no damage to the skin
or to MNs themselves. Furthermore, these requirements translate into parameters
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Fig. 31.15 SEM micrographs of a 3 × 3 MN array of (a) the TPP original and (d) its
corresponding epoxy replica. SEM micrograph of a TPP-structured MN from the 3 × 3 array:
(b) top view and (c) side view. SEM micrograph of an epoxy-replicated structured MN: (e) top
view and (f) side view. (Reprinted from Plamadeala et al. [196], which is licensed under Creative
Commons Attribution 4.0 International License; http://creativecommons.org/licenses/by/4.0/)

easily controllable through the use of TPP in MN production. This technique offers
flexibility in adjusting MN aspect ratios, tip opening angles, and tip diameters [159,
200, 201] as well as adjusting the MN density within the array area.

The excellence of TPP in the production of real 3D structures is evident
especially in the achievable designs of hollow MNs [174, 195, 198]. Arrays of in-
plane and out-of-plane MNs with different aspect ratios were produced and tested
for their fracture and penetration properties [174]. Square arrays of 25 MNs with
500 μm spacing were produced using the Ormocer® photoresist. Three types of
MNs with different pore positions were designed: 0 μm (the opening is situated
right on the tip of the MN), 1.4 μm, and 20.4 μm off-center, respectively. During
penetration tests, the latter MN design proved to exert the lowest resistance upon
penetration due to having the sharpest tip. A higher mechanical strength was also
observed in MNs with larger base diameter. This study offers practical insights into
a proper MN design for an increased mechanical stability during penetration.

Coating MNs with the desired drug formulation implies the use of another setup
in an extra production step, which is often time- and finance-consuming [191].
By using TPP, the coating step can be simplified by incorporating microfluidic
channels on the MNs and/or in the MN array [196]. Using TPP to create structured
guiding channels between MNs and on the MNs’ lateral sides, it has been shown
that the latter is easily coated with a liquid formulation compared to a MN with
smooth lateral sides. In the case of hollow MNs, TPP proved to be essential in
conveniently designing and producing MNs with one open microfluidic channel
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along its body side [198]. By connecting the open channels of each individual MN
into a reservoir, the array can be used for collecting and analyzing body liquids
in diagnostic applications. These geometrical features of functional relevance are
beyond what is achievable with any other fabrication method.

Concluding this subsection, TPP has allowed creating MNs of user-defined
designs with sub-micron features of various complex geometries. For further
information, the reader is encouraged to check the following reviews [182, 193].

2.5 Micro- and Nanostructures for Fluidic Systems
and Analysis Techniques

Three-dimensional photopolymerization techniques such as multiphoton lithogra-
phy (MPL) and specifically TPP [32, 196, 202–205] and STED [206, 207] are
tools for fabricating structures in the sub-μm range (see also “1.2 Direct Writing”
for a brief overview on MPL, TPP, and STED). Combining these techniques with
microfluidics allows to broaden the range of their applications [196, 202, 203, 207].

Buchroithner et al. [203] developed an improved transwell design for micro-
electrode ion flux estimation (MIFE), which is a noninvasive electrophysiological
method for cellular membrane transport studies (Fig. 31.16a, b). To this end,
they modified a standard transwell membrane by subtractive and additive fs-laser
manufacturing (Fig. 31.16a): a measurement window was cut out with a fs-laser
beam, into which a 3D grid structure was produced by TPP, for cell support. On top
of the polymer grid, HMECs efficiently grew and maintained their physiological
response to calcium, which was measured by MIFE (Fig. 31.16b, c).

Buchegger et al. [207] manufactured a microfluidic device enhanced with TPP
structures carrying STED lithography-written nanoanchors that promoted binding
of the von Willebrand factor (vWF) (Fig. 31.17). This allowed the study of the
impact of vWF on the activation of thrombocytes, which seemed to decrease with
the density of the vWF. To this end, fluorescently labeled antibodies were bound to
the activated thrombocytes.

Fluorescent observation of cells generally suffers from the limited axial resolu-
tion due to the elongated point spread function (PSF) of the microscope optics [204].
A way to eliminate anisotropic resolution is to fuse images recorded from multiple
viewing directions achieved mostly by mechanical rotation of the entire sample. In
the approach of Vizsnyiczai et al. [204] (Fig. 31.18), multi-view imaging of single
cells was implemented by rotating them around an axis perpendicular to the optical
axis by means of holographic optical tweezers, wherefore special microtools were
fabricated by TPP. The three spheres of these microtools provide trapping sites for
three holographic optical traps, while a concave-shaped attachment disk possesses
a binding site for spherical cells. By the proposed technique, significant resolution
improvement was measured on mitochondria-stained single cells. Similarly, surface-
modified complex SU-8 microstructures were used for indirect optical manipulation
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of single cells with six degrees of freedom [205]. For interested readers, Chap. 30
provides further overview on how miniaturized fluidic devices with nanofeatures
can be employed for sensing and diagnostics.

However, not all biomedical applications aim for a reduction in structure size
using TPP or STED lithography. In some cases, there is a need for large structured
areas of several square centimeters with the capability of (with)holding microliters
of water or for targeted, that is, (uni)directional, liquid transport (Figs. 31.19,
31.20, 31.21, 31.22, and 31.23). To this end, inspiration from nature [11, 196,
202, 208–212] was beneficial, namely, mimicking the liquid transport capability
of spermathecae of fleas [212] (Fig. 31.19), of the integument of lizards [11, 211,
213, 214] (Fig. 31.20), and of bugs’ cuticle [196, 202, 208, 215] (Fig. 31.21, 31.22,
and 31.23). To get an overview on bio-inspired laser-structured surfaces in general,
the reader is encouraged to read Chap. 25.

Buchberger et al. [211–213] applied a commercial laser engraver with a CO2
laser source to render surfaces of some square centimeters able to transport
microliters of liquid unidirectionally in asymmetric capillary channels (Figs. 31.19
and 31.20). To a certain extent, these devices were capable of unidirectional water
transport even against gravity (Fig. 31.20).

Kirner et al. [215] mimicked bug-like surface structures and their fluid transport
using ultrashort laser pulse irradiation of steel (Figs. 31.21 and 31.22). To this end,
they applied pulses with durations in the fs to ps range of different wavelengths and
systematically varied the laser processing parameters (peak fluence, effective num-
ber of pulses per spot diameter, surrounding atmosphere, and angle of incidence); a
variety of LIPSS structures with different surface morphologies originated, namely,
ripples, grooves, and spikes.

Unidirectional liquid transport was achieved by a gradient structure with different
surface morphologies. As a possible biomedical application of directional liquid
transport, Plamadeala et al. [196, 202] replicated asymmetric features found on
cuticle of flat bugs by TPP and applied them to microneedles (see also Sect. 2.4)
for efficient drug/vaccine coating (Fig. 31.23).

�
Fig. 31.16 (a) Transwell design for MIFE measurements: (i) The standard membrane is cut from a
transwell insert; a nonporous, non-permeable foil is attached, in which a hole is cut by a fs-laser; a
grid is structured inside the hole with TPP. (ii) SEM image of the polymer grid structures inside the
hole. (iii) Bright-field microscopy images of grids with grid constants of 5–15 μm. (b) Scheme of
MIFE setup: modified inserts with grown cells are placed into a culture dish. The ion-selective
microelectrode is moved between two positions. From the potential differences, concentration
differences and the flux of the specific ion are calculated. (c) Two ion-selective electrodes situated
above HUVECs grown on a (i) coverslip and (ii) on a polymer grid fixed on a coverslip. (iii)
Response of HUVECs to calcium ionophore. Solvent (ethanol, gray dots) or calcium ionophore
(to 10 μM, orange and blue dots) was added after 5 min to either cells grown on a coverslip
(blue dots) or polymer structures (orange dots). (Adapted from Buchroithner et al. [203], which is
licensed under the Creative Commons Attribution (CC BY) license (https://creativecommons.org/
licenses/by/4.0/))

http://doi.org/10.1007/978-3-031-14752-4_30
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Fig. 31.17 Microfluidic device for thrombocyte activation studies: (a) Sketch with top and side
view. Blue, glass slides; orange, double-sided adhesive tape; green, in and outlet connectors. (b)
SEM images of the structures inside the microfluidic channel. Protein-repellent TPP grids on
posts (gray) carrying STED lithography-written nanoanchors (green). (c) (i) Left: Sketch of the
protein-repellent structure (gray) with protein-binding nanoanchors (green). Right: Fluorescence
microscopy image of an empty scaffold. (ii) Left: Sketch of the experiment for thrombocyte
activation. The protein-binding nanoanchors were labeled with vWf molecules. Subsequently,
thrombocytes were added to the microfluidic device. Fluorescently labeled antibodies were bound
to the activated thrombocytes. Right: Fluorescence image of activated thrombocytes bound on
top of the scaffolds. (iii) Left: Sketch of the control experiment, where vWF molecules were
omitted. The structures were incubated with a thrombocyte concentrate under flow conditions
and subsequently incubated with fluorescently labeled antibodies. Right: There were no activated
thrombocytes present on the structures. (Adapted from Buchegger et al. [207], which is licensed
under Creative Commons Attribution 4.0 International License; http://creativecommons.org/
licenses/by/4.0/)
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Fig. 31.18 Scheme of a polymer micromanipulator made by TPP and its application to indirectly
manipulate a single cell for multi-view microscopy: (a) The model of the manipulator showing
its main functional parts. Three spheres provide trapping sites for three holographic optical traps,
while a concave-shaped attachment disk possesses a binding site for spherical cells. (b) The spatial
arrangement of the manipulator-cell couple in the sample space relative to the optical axis of the
trapping and observing objective. Pink cones indicate the trapping beams. The cell is rotated around
the dashed-line axis for the multi-view microscopic observations (parallel to axis y). (c) SEM image
of the cell manipulator structure. (d) Resolution improvement measured on mitochondria-stained
single cells: Corresponding single slices taken from the original, deconvolved, and fused 3D data
arrays (columns) along the three axes (rows). (Adapted with permission from Vizsnyiczai et al.
[204] © The Optical Society)
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Fig. 31.19 Large-area unidirectional liquid transport bio-inspired by fleas; the capillary channels
in poly(methylmethacrylate) (PMMA) were fabricated by means of an industrial CO2 laser
engraver. They are capable of transporting some microliters of liquid. (Reprinted from Buchberger
et al. [212], which is licensed under Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/))

Fig. 31.20 Large-area unidirectional liquid transport mimicking the integument of lizards; the
capillary channels in poly(methylmethacrylate) (PMMA) were fabricated by means of an industrial
CO2 laser engraver. They maintain the capability of unidirectional liquid transport even against
gravity. (Reprinted from Buchberger et al. [211], Copyright (2019), with permission from Elsevier)

Fig. 31.21 Large-area unidirectional liquid transport bio-inspired by bugs; the image series shows
a gradient structure, which possesses different surface morphologies in response to changes in
fluence originated from fs-laser processing (area of 8 × 15 mm2). (Reprinted by permission from
Springer Nature: Kirner et al. [215], Copyright (2017))

2.6 Sensors Based on Micro- and Nanostructures for
Biomedical Applications

Laser structuring is applied to sensors for biomedical devices in versatile ways: ns-
laser processing results in LIPSS for surface-enhanced Raman spectroscopy (SERS)
sensors [216–219] and optically active gold nanowires [14, 220]. Furthermore,
fs-laser micromachining was used for a microresonator sensor with biosensing
capabilities [221] and for a stretchable sensor array for respiration monitoring [222].
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Fig. 31.22 Top-view photograph of 4 μl droplets of deionized water on steel structure taken 14
days after irradiation: (a) associated with spikes; (b, c) associated with grooves; (d) associated
with low spatial frequency LIPSS (LSFL). The different morphologies lead to unidirectional liquid
transport which is shown in the before figure. (Reprinted by permission from Springer Nature:
Kirner et al. [215], Copyright (2017))

Fig. 31.23 Bio-inspired MN for efficient drug/vaccine coating. (Left) SEM image of MN.
(Middle) Optical microscope image of the T-shaped channel and two microneedles after the wetting
test with fluorophore solution; the one denoted with “S” is covered by bio-inspired features; the
other one (“N”) has plain walls. (Right) A fluorescent microscope image taken in the channel after
the wetting test shows that the bio-inspired microneedle was coated significantly better with the
fluorophore than the plain one. (Reprinted from Plamadeala et al. [196], which is licensed under
Creative Commons Attribution 4.0 International License; http://creativecommons.org/licenses/by/
4.0/)

In addition, MAPLE and the laser-induced forward transfer (LIFT) process allowed
to fabricate e-noses for volatile organic compounds [223–225]. In this section, the
respective works will be described in a more detailed way.

LIPSS on SU-8 polymer thin films produced by an excimer laser were sputter-
coated in order to form surface plasmon polariton (SPP)-supported gold nanograt-
ings for SERS (Figs. 31.24 and 31.25) [216, 217]. Surface-enhanced Raman
spectroscopy labels have proven to be excellent for biosensing because of their
merits in many aspects such as flexibility, less interference from biological matrices,
high photostability, and easy multiplex encoding [218, 219]. These features make
SERS labels particularly suitable for ultrasensitive detection of disease biomarkers
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Fig. 31.24 SPP-supported gold nanogratings formed on LIPSS; the ripples were induced on poly-
mer thin films by an excimer laser. These gratings were used for SERS. Spectra were interpreted
with the help of ANN. As an explicit example, UV-induced DNA damage in oligonucleotides
was detected. (Reprinted from Guselnikova et al. [217], Copyright (2019), with permission from
Elsevier)

in body fluids and for targeted imaging of diseased cells and tissues, respectively
[218].

Guselnikova et al. [217] combined the functional SERS sensor surface with
advanced computing, namely, artificial neural networks (ANN), to collect infor-
mation about the molecular structure of analytes and to evaluate spectra in the
automated regime (Fig. 31.24). As an explicit example, the authors detected UV-
induced DNA damage in oligonucleotide (OND) structure by the proposed method,
which can be hardly measured by alternative methods [218, 219]. Erzina et al. [216]
used plasmonic coupling between specific nanoparticles and underlying periodi-
cal plasmonic surface as an interdisciplinary approach for cancer detection and
achieved high SERS enhancement factors (Fig. 31.25). Surface-enhanced Raman
spectroscopy control spectra of normal and cancer cells’ metabolites were classified
by trained convolutional neural networks (CNN) and perfectly distinguished with
100% prediction accuracy. For information on other SERS applications, the reader
is referred to Chap. 32.

http://doi.org/10.1007/978-3-031-14752-4_32
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Fig. 31.25 Schematic of cancer cell detection method using nanogratings formed by an excimer
laser for SERS. Top: Preparation of functional gold multibranched nanoparticles (AuMs) for
interaction with tumor cells. (i) Deposition of AuMs on surface of grating. (ii) SERS measure-
ments. Bottom: Fabrication of gold nanograting. (iii) CNN for measurement data interpretation.
(Reprinted from Erzina et al. [216], Copyright (2020), with permission from Elsevier)
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With a similar fabrication technique, optically active gold nanowires can be
created with the help of LIPSS [14, 220, 226]. Steinhauser et al. [226] used them
for localized-plasmon voltammetry which bears great potential for electrochemical
sensing applications beyond conventional cyclic voltammetry. In order to determine
the limitations of this method, they investigated the response toward chemical
instability of the plasmonic electrode.

Kelemen et al. [221] reported on a monolithic lab-on-a-chip for label-free
biosensing. To this end, they used a hybrid femtosecond laser micromachining
approach combining subtractive and additive manufacturing methods. The lab-
on-a-chip consists of a polymer whispering gallery mode (WGM) microresonator
sensor integrated inside a glass microfluidic chip, presenting a refractive index
change sensitivity of 61 nm per refractive index units (RIU). The microfluidic
chips from fused silica glass were fabricated by fs-laser irradiation followed by
chemical etching (FLICE) technique. A subsequent fs-laser 2PP process created
WGM microresonators and coupling waveguides inside the microchannels. The
biosensing capabilities of the device have been demonstrated by exploiting the
biotin-streptavidin binding affinity, obtaining a measurable minimum surface den-
sity increase of 67 × 103 molecules per μm2.

Koch and Dietzel [222, 227] presented a conformable sensor array to be used
for triggering the artificial respiration of premature infants by measuring thorax
deformations. The used sensor arrays were transferred into a stretchable format by
fs-laser structuring. For the first time, signals from a stretchable sensor array are
used to determine trigger points for respiration as well as for surface reconstruction
taking artificial respiration to a next level.

For many years, the detection of chemical agents has been a major research
topic in order to mitigate the adverse effects on environment and human health
[223–225]. Benetti et al. [225] presented an e-nose for the detection of volatile
compounds based on an array of six surface acoustic wave (SAW) resonators coated
with five different polymers (Fig. 31.26). This e-nose is able to detect a volatile
organic compound commonly used in chemical industry, namely, ethyl acetate,
and simulants of chemical warfare agents, namely, dimethyl methylphosphonate
(DMMP), dichloromethane (DCM), and dichloropentane (DCP). In particular,
MAPLE was used to deposit thin polymer layers which were subsequently used
as donor films in the laser-induced forward transfer (LIFT) process to selectively
cover each SAW resonator of the array. The SAW e-nose was successfully tested
upon exposure to vapors of ethyl acetate, DMMP, DCM, DCP, and water.

2.7 Other Applications

As discussed earlier, cell and bacteria behavior can be influenced by directly
irradiating the interacting surface with laser light. However, lasers can also be
used indirectly to achieve these effects, mainly, by the deposition of coatings onto
implant materials via laser light impact. Many methods such PLD [47, 228, 229]
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Fig. 31.26 Scheme of the laser-based methods applied for coating of the SAW devices for an e-
nose for chemical agents: MAPLE is used to fabricate a polymer multi-ribbon in one step, which
is afterwards used as a donor for printing of polymer pixels onto the SAW resonator by LIFT.
(Reprinted from Benetti et al. [225], Copyright (2019), with permission from Elsevier)
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or MAPLE [48] have been employed to achieve thin films on implant materials
to render the desired surface behavior [27, 230, 231]. Metals show exceptional
mechanical strength and are often used for hip replacements and dental implants
[232, 233]. However, due to lack of bioactivity, metals can only function in long-
term implantations after being coated with a bioactive ceramic material [234–238].
In case of enhanced osseointegration, bioactive ceramic coatings are deposited onto
implant substances such as metal alloys. Especially HA coatings, belonging to the
calcium phosphate group, are of high interest due to their increased performance
regarding the bone-implant contact area, as bulk HA ceramics cannot be employed
as implant devices due to their poor mechanical properties [239–241]. Bioactive
glasses and BA+PMMA nanocomposites are also broadly used coatings on implant
surfaces deposited by the PLD process [242, 243].

Laser surface structuring cannot only be used to apply coatings for biomedical
uses, it can also enhance the bond strength between a medical implant and a coating,
which generally leads to decreased implant failure. This principle can, for example,
be employed in dentistry, where yttria-stabilized zirconia polycrystal substrates are
used in dental restoration frameworks [244] and which are veneered with a feldspar-
porcelain layer that should mimic the color of natural teeth for aesthetics. However,
the applied ceramics are often subjected to chipping due to poor bonding to the
zirconia framework, which results in high failure rates in long-term clinical use
[245–247]. This problem stems from residual stresses or defects between the two
layers [248–251], and this problem was found to be solved by laser structuring
the zirconia surface to increase the surface roughness [252, 253] and therefore
increase the bonding strength. This was compared to sandblasting, which is a
standard surface treatment technique for zirconia-based dental restorations [248,
253, 254]. It was shown that laser patterning of zirconia surfaces resulted in a
75% increase in shear bond strength compared to sandblasting and an additional
applied intermediate composite layer further increased the shear bond strength due
to increased interlocking of the zirconia surface and veneering porcelain [255].

Besides applying coatings for biocompatibility, laser postprocessing combined
with other commonly used fabrication techniques can be used to further improve the
effects that are expected from a medical device. Chang et al. [256] used fs-laser post-
processing combined with 3D printing to produce biodegradable poly(lactic acid)
(PLA) peripheral vascular stents. These biodegradable stents give the advantage of
maintaining the physiological function of natural vessels. Selective laser sintering
(SLS) is a highly advantageous tool to produce complex 3D structures by computer-
generated image-based design techniques [257, 258]. Mangano et al. [259] used SLS
to produce titanium blade implants as a nonconventional treatment for extremely
atrophied posterior mandibles. The implants showed long-term mechanical stability
and good aesthetic integration. Electrosurgical blades often suffer from attachment
of overheated soft tissue. To minimize the attachment, surface texturing of the
blades to achieve anti-adhesive structures was investigated by Li et al. [260]. It
was proposed that the laser-induced blades show hydrophobicity and therefore
reduce the adhesion of soft tissue. Lasers can not only be used to structure surfaces
for biomedical applications, they further can be employed directly to treat certain
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diseases. Examples for fields with direct lasers treatment are ophthalmology [261,
262] and dentistry [263–265]. In Chap. 33 of this book, the authors aim to give an
insight on how lasers are employed in eye disease treatment.

3 Summary and Outlook

In this chapter, the authors have presented a wide range of biomedical applications
where lasers have been successfully employed to achieve a desired outcome.
Tables 31.1 and 31.2 give typical examples of works which have been discussed.
Lasers are a favorable tool for processing functional surfaces, as they provide the
possibility of treating materials in a cost-effective and fast manner. Some laser
processing methods also have the advantage of processing without contamination of
the irradiated surface, which is desirable in the fields of biomedicine. The mentioned
applications and effects are only possible because laser structuring provides a broad
range of structure types and materials these structures can be employed on. Self-
organized and directly written structures can be fabricated on materials such as
metals, polymers, and composites. Metals are extensively used in implanted devices,
while polymers are widely used in the field of cell scaffolds, microneedles, sensors,
and analytic devices. Limits of laser structures in biomedical fields depend on the
application.

While controlling cells and bacteria with laser-induced structures is possible and
highly successful, one limitation is given by the fact that the processes are highly
cell-dependent. In Sect. 2.1 CHO-K1 cells and HMECs show different behavior
on surfaces with ripples: CHO-K1 cells align along the ripples, while HMECs do
not show alignment. Instead HMECs only showed increased activation on surfaces
with ripples, which was indicated by the relocation of β-catenin into the nucleus.
Cell control processes are guided by micro- and nano-metric features, where nano-
sized structures in the range of few nanometers interact with surface-bound proteins
that guide cell adhesion processes. Self-organized structures in the range of a few
nanometers have been fabricated by short wavelength systems in the EUV range, but
research on these types of structures has only been conducted in the last years due
to device limitations. Self-organized structures fabricated by more commonly used
laser systems have sizes in the range of a few hundreds of nanometers. Requiring
hierarchical multi-scale surface structuring, bacteria retention is highly favorable in
the field of implanted devices.

Direct writing, for instance, TPP or laser ablation, is an important tool to fabricate
cell scaffolds and microfluidic devices such as microneedles or analytic tools.
Structure sizes of several hundreds of nanometers are achieved with TPP, which
can be further reduced when STED is combined with TPP. With STED lithography,
the lowest possible structure size is around a few tens of nanometers. This makes it
possible to build cell scaffolds, where cell growth can be guided and directed with
a combination of micro- and nano-sized structures. Microneedles profit from their
size as minimal-invasive meddling with the body is highly desirable. Stability of the

http://doi.org/10.1007/978-3-031-14752-4_33
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Table 31.3 Further development steps needed to make the methods of this chapter ready for the
market

Definition of TRLs

Current status of methods from
this chapter and of another
exemplary chapter

TRL 1 – Basic principles observed
TRL 2 – Technology concept formulated
TRL 3 – Experimental proof of concept Part of the methods

from this chapter
TRL 4 – Technology validated in lab Part of the methods

from this chapter
TRL 5 – Technology validated in relevant environment
(industrially relevant environment in the case of key
enabling technologies)
TRL 6 – Technology demonstrated in relevant environment
(industrially relevant environment in the case of key
enabling technologies)
TRL 7 – System prototype demonstration in operational
environment
TRL 8 – System complete and qualified
TRL 9 – Actual system proven in operational environment
(competitive manufacturing in the case of key enabling
technologies or in space)

Methods from Chap. 33

structure and fluid properties can limit the application of microneedles. TPP as well
as DLW SM was also used in the fabrication of microfluidic channels, of analysis
platforms, and of various sensors for biomedical applications. Examples of DLW
SM are capillary channels capable of unidirectional liquid transport bio-inspired by
spermathecae of fleas, by the integument of lizards, and by scent channels of bark
bugs. Others are nanoanchors written by STED lithography which help to unravel
the role of vWF in thrombocyte activation or tools written by 2PP which increase
the resolution in imaging of single cells. On the other hand, also LIPSS are useful
in these fields allowing the fabrication of SERS sensors which are employed for a
wide range of applications such as the detection of cancer cell metabolites.

As trends in the field of biomedical applications, the authors identify the use
of natural materials, laser processing of bio-inspired structures, as well as fast
prototyping of personalized medical products. While other related fields presented
in this book, especially the ones from Chap. 33, are used in practice with millions
of treated patients, the methods presented in this chapter are in a preliminary stage.
Using technology readiness levels (TRLs) (Table 31.3) as defined by the European
Union1, one would assign Chap. 33 a “TRL 9 – actual system proven in operational
environment” compared to a “TRL 3 – experimental proof of concept” or “TRL 4 –

1 Retrieved from https://ec.europa.eu/research/participants/data/ref/h2020/other/wp/2016_2017/
annexes/h2020-wp1617-annex-g-trl_en.pdf on the 6th of December 2021.

http://doi.org/10.1007/978-3-031-14752-4_33
http://doi.org/10.1007/978-3-031-14752-4_33
http://doi.org/10.1007/978-3-031-14752-4_33

 5305 57269 a 5305 57269 a
 
https://ec.europa.eu/research/participants/data/ref/h2020/other/wp/2016_2017/annexes/h2020-wp1617-annex-g-trl_en.pdf
https://ec.europa.eu/research/participants/data/ref/h2020/other/wp/2016_2017/annexes/h2020-wp1617-annex-g-trl_en.pdf


31 Laser Structuring for Biomedical Applications 1149

technology validated in lab” for the methods of this chapter. The largest challenge
for the commercial implementation of these methods, that is, for production of
medical implants or medical products with functional surfaces, is probably the fact
that medical implants and products face quite strict regulations and standards and
that the approval of new concepts is connected with high costs. This applies already
for the achievement of “TRL 5 – technology validated in relevant environment”
and “TRL 6 – technology demonstrated in relevant environment,” which means
in many cases animal experiments or pre-clinical studies. This challenge may be
balanced by the huge market volume of the related biomedical applications and
their advantages compared to the currently applied technologies. Additionally, there
is a strong “technology push” by the fact that ultrafast laser systems become rapidly
better, that is, more user-friendly, cheaper, and faster.
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