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Laser-Textured Surfaces: A Way to Control Biofilm
Formation?

Karin Schwibbert, Anja M. Richter, Jörg Krüger, and Jörn Bonse*

Bacterial biofilms pose serious problems in medical and industrial settings.
One of the major societal challenges lies in the increasing resistance of
bacteria against biocides used in antimicrobial treatments, e.g., via
overabundant use in medicine, industry, and agriculture or cleaning and
disinfection in private households. Hence, new efficient bacteria-repellent
strategies avoiding the use of biocides are strongly desired. One promising
route to achieve bacteria-repellent surfaces lies in the contactless and aseptic
large-area laser-processing of technical surfaces. Tailored surface textures,
enabled by different laser-processing strategies that result in topographic
scales ranging from nanometers to micrometers may provide a solution to
this challenge. This article presents a current state-of-the-art review of
laser-surface subtractive texturing approaches for controlling the biofilm
formation for different bacterial strains and in different environments. Based
on specific properties of bacteria and laser-processed surfaces, the challenges
of anti-microbial surface designs are discussed, and future directions will be
outlined.

1. Introduction

Lasers represent one of the big technological revolutions of the
20th century that is increasingly conquering daily life applica-
tions in communication, entertainment, materials processing,
medicine, etc. This success originates from the unique properties
of the coherent optical radiation emitted by lasers that allow to
locally confine optical energy and use it for surface or bulk mod-
ifications and structuring even at the micro- and nanoscales.[1]

By its principle, laser materials processing is done in a sterile
and contactless manner, it is compatible with in-line demands of
industry, and can be performed in a fast and efficient way, i.e.,
currently at areal processing rates of m2 min−1.[2] Moreover, de-
pending on the selected processing strategy, the laser radiation

K. Schwibbert, A. M. Richter[+], J. Krüger, J. Bonse
Bundesanstalt für Materialforschung und -prüfung (BAM)
Unter den Eichen 87, D-12205 Berlin, Germany
E-mail: joern.bonse@bam.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202300753

[+]Present address: Robert Koch-Institut (RKI), Nordufer 20, D-13353
Berlin, Germany

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/lpor.202300753

allows to flexibly create very differ-
ent types of surface micro- or nanos-
tructures, or even hybrid micro-
nanostructures on a large variety of
different materials. These different
laser-generated surface structures can
result in various types of tailored surface
functionalization.
Figure 1 exemplifies the possibilities

of surface functionalization by laser-
generated surface structures through the
alteration of the physical and chemi-
cal surface properties.[3] Typical “physical
properties” may include the surface to-
pography, the intrinsic material structure
(crystalline, polycrystalline, amorphous),
its hardness, dielectric permittivity, su-
perconductive properties, etc. “Chemical
properties” can be altered through the
laser-induced formation of an interfacial
layer (e.g., due to superficial oxidation
in the ambient air environment) or a

laser-induced change of the near-surface stoichiometry (e.g., via
the preferential ablation of certain constituents of the materials).
These effects may lead to a change of surface adhesion proper-
ties, or the affinity of adsorption of specific molecules from the
ambient environment or sample storage, etc.
All these physical and chemical properties may allow to estab-

lish and tailor specific surface functionalities for optical applica-
tions, liquid management and surface wetting, tribological appli-
cations, or biological applications (see the examples in the bottom
row of Figure 1). The latter applications may include particularly
the development of surfaces that impede formation of so-called
biofilms.
Biofilms are highly organized microbial aggregates frequently

encased in a self-produced matrix of extracellular polymeric sub-
stances (EPS) consisting of proteins, polysaccharides, and de-
oxyribonucleic acid (DNA), often visible as “slime” on surfaces
or interfaces. Bacteria in biofilms enjoy advantages compared to
their free-living counterparts, for example the formation of social
interactions, an enhanced rate of nutrients exchange, and an in-
creased tolerance to desiccation and antimicrobial treatment, e.g.
with biocides.[4,5] The formation and dispersal of a biofilm takes
place in steps which are outlined in Figure 2.
Bacterial biofilms often pose major problems. In the food in-

dustry, foodborne pathogens become a frequent source of out-
break of illnesses. In technical settings, biofilms are responsible
for clogging and corrosion of tubes and pipelines. In a medical
context, biofilms have been identified to cause a remarkable 80
% or more of all microbial infections in humans.[6–8]
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Figure 1. Overview of surface functionalization via laser-generated surface structures, enabled through physical and chemical surface properties.
Adapted with permission.[3] Copyright 2020, Laser Institute of America.

Figure 2. Major steps in biofilm formation. Initial attachment of single
bacterial cells (displayed in blue) is followed by proliferation and the pro-
duction and excretion of extracellular polymeric substances (EPS, dis-
played in yellow) that mediate attachment to the surface, fill and shape
the space between bacterial cells, and promote the formation of micro-
colonies. Bacteria actively initiate adhesion by altering gene expression
with consequent changes in, e.g., cell surface chemistry.[4,5] Microcolonies
grow and finally lead to the development of a mature biofilm. The biofilm
is distributed via the dispersal of single cells or even small biofilm aggre-
gates which, in turn, will attach again to a surface.

To prevent biofilm formation, antimicrobial chemical-based
approaches that depend on the release of biocides are frequently
employed.[9,10] However, the gradual loss of these substances im-
plies that their concentrations, though highly toxic at first, will
decrease to a non-lethal level over time. This may result in the
development of enhanced antimicrobial tolerances and even cul-
minate in the emergence of antibiotic cross-resistances, thus, se-
curing bacterial survival even under high antibiotic concentra-
tions.
Despite the tremendous negative impacts, bacterial biofilms

may also have beneficial effects.[8] In bioremediation andwastew-
ater treatment, the microbes´ manifold metabolic pathways pro-
vide numerous possibilities for the degradation ofman-made pol-
lutants and the transformation of hazardous into harmless sub-

stances. In these cases, surfaces that attract and retain bacterial
cells are desirable.
Overall, the need for surfaces that guide bacterial adhe-

sion and, in addition, are long-lasting in function and “Safe
by Design”, without contributing to the emergence of resis-
tances, is becoming increasingly apparent.[11] The development
and engineering of passive surfaces acting through topographic
rather than chemical means recently came into focus. Here, the
method of laser-structuring of surfaces is a great opportunity and
target.
This review article provides the reader with an overview on

the main laser techniques applied for the fabrication of bacte-
ria repellent or attractive surface topographies. Only subtractive
laser-processing on the surface is considered. Additive manufac-
turing processes are not the subject of this work. In Section 2, we
will present the current state-of-the-art of laser-texturing and dis-
cuss the most relevant laser surface processing strategies for the
creation of surface micro-, nano-, and hierarchical micro-nano-
structures. In Section 3 an introduction on bacterial biofilm for-
mation and specific bacterial characteristics leading to surface
adhesion is given. Exemplary surface topographies that are cur-
rently objects of intense research for their antibacterial effects
are presented. Section 4 provides a critical assessment of biofilm
growth conditions and bacterial adhesion characterization found
in the pertinent literature. The following Section 5 orders the
large amount of available literature with respect to these charac-
teristic surface topographies created on different materials and
the most relevant mechanisms. The final Section 6 deduces and
identifies the challenges of anti-microbial surface designs and
discusses future directions in this field.

2. Laser-Generated Surface Structures

In this article, a focus is laid on laser-generated surface structures
with topographical feature sizes ranging between several tens of
micrometers down to a few tens of nanometers, i.e., spanning
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Figure 3. Scheme of laser-processed surface structures.

a range of about three orders of magnitude here. The “feature
size” can be either the lateral dimension or even the depth of
the surface structures. In the context of laser-processing, this
regime is usually referred to micro-machining, and also includes
the nanoscale surface alterations.
Figure 3 provides a scheme of the laser-processed surface

structures discussed in the following. The regimes of nano- and
microstructures are represented by horizontally arranged bars
and can be divided in sub-categories each. In their overlap range,
“hierarchical micro-nano-structures” are located as a hybrid type
of two different surface topographies. Such hybrid structures
then consist of a microstructure as a basis that is superimposed
by some additional surface nanostructures andmay be generated
in a single laser-processing step either via self-organization pro-
cesses or in a two- or multi-step laser-processing approach.
“Nanostructures” with feature sizes below the optical diffrac-

tion limit can be processed by laser radiation on very smooth
surfaces as site-controlled individual nanoholes, taking the ben-
efit of optical nearfield enhancement effects or via nonlinear in-
teraction mechanisms. On already rough surfaces, laser-induced
nanostructures will randomly arrange or manifest as periodic ar-
rangements of “self-organized” surface structures.[1]

“Microstructures” can be formed also via self-organization ef-
fects. Theymay be tailored as 1D- or 2D- periodic surface topogra-
phies via multi-laser-beam interference structuring effects, or
flexibly in 3D through direct contour-shapingwith a single tightly
focused laser beam along with a suitable laser-processing algo-
rithm. More detailed insights into the different laser-processing
approaches will be provided in the following section.
Numerous approacheswere reported for the structuring of sur-

faces of solids by laser radiation.[12–15] Figure 4 summarizes these
approaches according to the number of laser beams used for the
subtractive surface processing. This scheme provides the frame
for Sections 2.1 to 2.3.

2.1. One-Beam Laser-Processing

In most cases, a single laser beam is used for surface structuring
since this approach minimizes the costs and provides at maxi-
mum simplicity, a favorable robustness, and reliability. It can be
briefly summarized as follows: the radiation emitted by the laser
is guided via some optical elements such as plane mirrors to a fo-
cusing optics (e.g., lenses, curvedmirrors,microscope objectives,
etc.) that spatially concentrates the radiation upon beam propa-
gation. Close to the focal region, large intensities (areal power
densities in W cm−2) and/or fluences (areal energy densities in J
cm−2) are featured that allow to permanently modify or even re-
move (ablate) the irradiated material. Upon tight laser beam fo-
cusing using an optics with a high numerical aperture (NA) small
focus diameters (2w0) in the micrometer range can be realized
that allow a direct laser writing (DLW) of shallow surface struc-
tures with sub-micrometer lateral dimensions.[16,17] In contrast,
loose focusing employing a lens/mirror with a low NA realizes
larger focus diameters that facilitate a robust large-area surface
processing upon scanning the focused laser beam across the sur-
face.
The one-beam surface processing of individual spots (0D),

lines (1D), and areas (2D) is illustrated in Figure 5 for material
removal through laser ablation.[14] For spatially Gaussian laser
beams irradiating strongly absorbing materials, such as metals,
typically parabolic dimples and line profiles are generated in a
controlled way.
The processed surface structures can involve a plethora of dif-

ferent morphologies. The controlled movement of a (tightly) fo-
cused laser beam along with a set of tailored direct writing se-
quences allows a precise 3D contour-shaping of the surface in the
micrometer range, creating even smaller surface nanostructures
which typically includes the “self-ordered” formation of nanos-
tructures along with some random roughness contributions. The

Figure 4. Scheme of laser-processing approaches.
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Figure 5. Scheme of one-beam laser-processing strategies employing a focused Gaussian laser beam: a) spot (dimple) processing, b) line processing, c)
area processing. (Reprinted from[14] A. Zemaitis, et al., Advanced laser scanning for highly-efficient ablation and ultrafast laser structuring: experiment
and model, Sci. Rep. 8:17376, Copyright 2018 under Creative Commons BY 4.0 license. Retrieved from https://doi.org/10.1038/s41598-018-35604-z).

term self-ordered aims to consider here that although the surface
is irradiated using a homogeneous spatial beam profile in a spot
or scanning geometry, the resulting surface topography features
characteristic (quasi-)periodic surface morphologies. Apart from
the kinematic strategy, themost relevant laser-processing param-
eters are the peak intensity and/or fluence (I0 or ϕ0, controlled
via the average laser power P or the laser pulse energy Ep), the
laser pulse repetition rate (f), the scanning velocity (v), and the
line separation (hatch distance h).

2.1.1. Self-ordered Nano- and Microstructures

Figure 6 visualizes some of the most characteristic self-ordered
surface structures, namely two types of sub-micrometric “laser-
induced periodic surface structures” (LIPSS, often referred to as
ripples), and micrometric “grooves,” and “spikes” that formed at
the surface of 100Cr6 alloyed steel after line scanning of a fs-
laser beam, each for individually optimized laser-processing con-

Figure 6. Scanning electron micrographs of characteristic surface mor-
phologies (Ripples: a), b); Grooves: c); Spikes: d)) formed on alloyed
steel surface after fs-laser-processing. The direction of the linear polar-
ization is horizontal in all images. Note the different magnifications of
the micrographs. (Reprinted from[18] J. Bonse, et al., Femtosecond laser
texturing of surfaces for tribological applications, Materials 11:801, Copy-
right 2018 under Creative Commons BY 4.0 license. Retrieved from https:
//doi.org/10.3390/ma11050801).

ditions (for details refer to Ref. [18]). Note that both, the ripples
and the grooves orient in a characteristic manner either perpen-
dicular or parallel with respect to the direction of the linear po-
larization of the laser radiation used for their processing.[19]

LIPSS can be easily processed on already-existent surface
structures. Figure 7 presents an example of LIPSS (LSFL type,
meaning “low spatial frequency LIPSS”) that were generated by
a UV ns-laser on top of different lithographically pre-patterned
≈2 μm thick photoresist films.[20] In Figure 7a, LSFL of Λ ≈

195 nm spatial period manifest on a photoresist line deposited
on a silicon wafer. Similarly, the LSFL can be formed on top of an

Figure 7. Tilted-view scanning electron micrographs of LIPSS processed
by a UV ns-laser on a lithographically pre-structured photoresist film on a
silicon wafer. a) LSFL on photoresist line structure. b) LSFL on photore-
sist dot array. c) Detail of LSFL depicted in (b). Note the different magni-
fications of the micrographs. (Reproduced with permission.[20] Copyright
2019, Elsevier).

Laser Photonics Rev. 2023, 2300753 2300753 (4 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 8. Classification of self-ordered surface structures. (Adapted with
permission.[28] Copyright 2023, Springer).

array of photoresist micro-dots (Figure 7b). The detailed magnifi-
cation provided in Figure 7c reveals a semi-circular cross-section
of the LSFL ridges and an undercut at their roots.
Figure 8 provides a detailed classification of the different self-

ordered surface structures, arranged according to their size (pe-
riod Λ) compared to the laser irradiation wavelength (𝜆). For cur-
rent commercial laser systems, these wavelengths are usually in
the ultraviolet to near-infrared spectral range, i.e., between ≈300
and ≈1500 nm. While the most widely observed “low spatial fre-
quency LIPSS” (LSFL, exemplified in Figure 6b) usually feature
spatial periods 𝜆/2 < Λ ≤ 𝜆, the much smaller “high spatial fre-
quency LIPSS” (HSFL, exemplified in Figure 6a) can exhibit even
sub-100 nm spatial periods[21] — by far smaller than the optical
diffraction limit. For metals, their modulation depths typically
are a few tens of nanometers for HSFL and a few hundreds of
nanometers for LSFL.
As a general rule, for spikes and grooves gradually more laser

pulses per beam spot diameter and higher peak fluences are
required when compared to LIPSS, which are formed close to
the ablation threshold fluence. Their depths are significantly
larger than that of LIPSS, i.e., typically a few micrometers for
the grooves and some tens of micrometers for the spikes. For ad-
ditional information on the self-ordered surface structures, the
reader is referred to comprehensive review articles.[19,21–28]

Apart from the already discussed 1D-grating-like ripple and
groovesmorphologies, other characteristic 2D-LIPSS surface pat-
terns of hexagonal symmetry were reported upon laser scan pro-
cessing (Figure 9). Romano et al.[29] observed periodic patches of
hexagonally arranged triangular structures with a lattice period of
≈𝜆, termed “triangular nanopillars” (TNP), upon irradiation with
circularly polarized radiation. An example of such TNP formed
after near-infrared ps-laser-processing on amedical grade Cobalt-
Chrome-Molybdenum alloy is provided in Figure 9a,b.[30]

Another characteristic morphology consisting of “hexagonally
arranged nanostructures” (HAN) is exemplified in the bottom
row of Figure 9. These highly regular nanostructures were
formed on a Ni–W alloy upon line processing with linearly
polarized ultraviolet ps-laser pulses.[31] The top-view scanning
electron microscopy (SEM) micrograph (Figure 9c) reveals the
hexagonal symmetry of circular nanopillars arranged at periods
ΛHAN ≈400 nm somewhat exceeding the laser wavelength (𝜆
= 355 nm), while the cross-sectional transmission electron mi-
croscopy (TEM) view (Figure 9d) indicates nanopillar diameters
and heights of ≈130 nm, i.e., an aspect ratio around A ≈ 1.

Figure 9. Characteristic surface nanostructures of hexagonal symmetry
formed onmetal surfaces after scanning ps-laser-processing. Top row a,b):
triangular nanopillars (TNP) (Reprinted from[30] S. van der Poel, et al.,
Fabricating laser-induced periodic surface structures on medical grade
cobalt–chrome–molybdenum: tribological, wetting and leaching proper-
ties, Lubricants 7:70, Copyright 2019 under Creative Commons BY 4.0 li-
cense. Retrieved from https://doi.org/10.3390/lubricants7080070); Bot-
tom row c,d): hexagonally-arranged nanostructures (HAN) (Reprinted
from[31] L. Porta-Velilla, et al., Highly regular hexagonally-arranged nanos-
tructures on Ni-W alloy tapes upon irradiation with ultrashort UV laser
pulses, Nanomaterials 12:2380, Copyright 2022 under Creative Commons
BY 4.0 license. Retrieved from https://doi.org/10.3390/nano12142380).
(a-c) represent top-view SEM micrographs, (d) displays a cross-sectional
TEM image. Note the different magnifications of the micrographs.

2.1.2. Hierarchical Micro-Nano-Structures

Many surface functionalities, such as the prominent “Lotus ef-
fect” creating super-hydrophobic surfaces,[32] arise from char-
acteristic hierarchical micro-nano-structures. Such hybrid struc-
tures are easily produced by laser scan processing, as illustrated
in Figure 10. That figure explains the differences between the
static spot processing and the dynamic line scanning with the
same radially Gaussian beam profile (visualized as red lines in
Figure 10).
In the “static” spot processing approach using multiple laser

pulses, each surface location is hit several (N) times by the same
local fluence value — according to its individual spatial position
within the irradiated spot. As a consequence, different fluence
regimes can be distinguished in which the distinct surface mor-
phologies emerge (LIPSS, grooves, spikes), see the bottom part
of Figure 10a. For the “dynamic” line scanning approach, how-
ever, and, as a result of the Gaussian beam profile, each surface
location is initially exposed to a sequence of increasing and sub-
sequently to a sequence of decreasing local fluences. For high
laser pulse energies (peak fluences), this imposed important dif-
ferences for the laser-processing. While the multiple exposure to
the high fluence part of the laser beam may cause the formation
of spikes or grooves, the low fluence tail of the Gaussian beam
subsequently overwrites these previously generated surface mor-
phologies with LIPSS. As an implication of the beam scanning
processing, hierarchical micro-nano-structures are then formed
at the laser-treated surface, see the bottom part of Figure 10b.
Nevertheless, restricting the laser fluence to values close to the
ablation threshold allows the generation of large surface areas
that are homogeneously covered with LIPSS even for the scan-
ning laser-processing approach (see Figure 6a,b).

Laser Photonics Rev. 2023, 2300753 2300753 (5 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 10. Scheme of laser-processing of spots (a) and lines (b) employing as spatially Gaussian beam profile at comparable laser parameters. Top:
Fluence ranges of distinct surface morphologies. Bottom: Scanning electron micrographs of groove-processing on a polished alloyed steel revealing
separated morphology zones (left) and hierarchical micro-nano-structures (right). (Reprinted with permission.[27] Copyright 2021, Springer).

2.1.3. Spatial and Temporal Beam Shaping

Most lasers used in materials processing deliver beams that are
spatially Gaussian-like shaped (see the example in the previous
section). The laser beam quality is usually quantified by the M2-
factor that provides as a measure the comparison to the funda-
mental Gaussian mode laser beam.[33] However, sometimes it
can be beneficial to use either spatially or temporally shaped laser
beams to facilitate the control of the processed surface patterns.
While spatial beam shaping for obtaining nearly flat-top shaped
laser intensity profiles in the surface processing plane may be
classically realized, e.g., through diffractive optical elements or
concepts based on Fourier optics, the availability of ultrashort
pulsed lasers has offered an elegant way for temporal and spatial
beam shaping. That approach relies on the fact that temporally
short laser pulses — according to the theorem of Fourier — si-
multaneously also exhibit a broad distribution of spectral compo-
nents (wavelengths). By means of liquid-crystal beam shapers,[34]

these spectral componentsmay bemanipulated individually with
regard to their spectral phases or spectral amplitudes. Such spec-
trally manipulated laser beams can then provide tailored tem-
poral or spatial laser beam profiles.[34–36] Alternatively, for tem-
poral beam shaping in the form of double-pulse sequences of

variable delay, polarization orientation, sub-pulse energy ratio,
or wavelength, classical interferometers, e.g., of Michelson- or
Mach-Zehnder-type may be used for surface processing.[37–39]

2.2. Two-Beam Laser-Processing

Laser-processing approaches with increased technical complexity
can rely onmore than a single laser beam for the treatment of sur-
faces, e.g., by using two laser beams. This can be realized either
by non-collinearly superimposing the two laser beams in space
and in time at the sample surface[15] —or by creating and employ-
ing collinearly propagating temporal double-pulse sequences.[39]

The currently most prominent two-beam approach is referred to
as “direct laser interference patterning” (DLIP).[40] Its idea is il-
lustrated in Figure 11.
Two non-collinearly propagating, linearly polarized laser

beams are crossing at an angle 𝜃 and generate a linear grating-
like interference pattern in the overlapping region (Figure 11a).
The spatial period of the interference pattern is given by ΛDLIP
= 𝜆/[2·sin(𝜃/2)] and can be varied through the angle 𝜃. Thus, the
minimumperiod is given byΛDLIP = 𝜆/2 for counter-propagating
laser beams, manifested by the optical diffraction limit. When

Laser Photonics Rev. 2023, 2300753 2300753 (6 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 11. Periodic DLIP intensity distribution of two laser beams intersecting at an angle 𝜃 (a). Scheme of DLIP processing by areal displacement of
multiple DLIP pixels (b). (Reprinted from[41] M. Mezera, et al., Hierarchical micro-/nanostructures on polycarbonate via UV pulsed laser-processing,
Nanomaterials 10:1184, Copyright 2020 under Creative Commons BY 4.0 license. Retrieved from https://doi.org/10.3390/nano10061184).

choosing proper laser pulse energies for the DLIP processing,
material removal (ablation) can be predominantly generated at
the maxima of the interference pattern, while at its minima the
surface remains widely unaffected. Since the interference pat-
tern is confined to the micrometer-sized DLIP pixels (diameter
dp) in the overlapping focus region, they can be individually con-
trolled and scanned across the surface for large-area processing
(Figure 11b), allowing to employ all processing strategies already
discussed in the context of one-beam processing in the previous
section.

2.3. Multi-Beam Laser-Processing

The idea of DLIP can be straightforwardly extended to three or
more interfering laser beams.[42] On the costs of the complexity of
the experimental setup,more intricate laser-interference patterns
can be generated and used for laser surface structuring (see the
examples in Figure 12).[43] In analogy to the two-beam processing
approach, the temporal double-pulse sequences can be extended
towards generalized temporal pulse bursts that may offer advan-
tages for specific processing conditions and materials.[44]

Additionally, the laser-processing can be performed in differ-
ent individually tailored sequential steps, e.g., for obtaining hier-
archical surface topographies by fabricating a surfacemicrostruc-
ture in the first step, followed by the generation of a covering
nanostructure in a subsequent second processing step— each at
individually optimized laser irradiation conditions. Conceptually,
all approaches DLW, DLIP, and LIPSS processing can be suit-
ably combined, providing the possibility of generating hierarchi-
cal micro-nano-structures.
The results of joining DLW processing in a first step with

multi-pulse DLIP processing as a second step (DLW+DLIP) is
exemplified in Figure 13. At first, polished Ti samples were scan-
processed byDLWgenerating adjacent ablation craters of≈50 μm
diameter by employing single ns-laser pulses (1064 nm, 200 ns),
see the coarse pattern in Figure 13a. After that, a smaller 2D-

periodic hole pattern with ≈5 μm spatial period was superim-
posed via 4-beam DLIP using a laser fluence of 0.93 J cm−2 and
five ps-laser pulses (532 nm, 70 ps) per irradiated spot.[45] The
average modulation depth of the laser-produced hole pattern was
(1.1 ± 0.3) μm. For the structuring, the samples were translated
horizontally and vertically with hatch distances of 39.5 μm and
38.5 μm in x- and y-direction, respectively. The use of five laser
pulses per DLIP spot led here to the generation of LIPSS (both,
LSFL andHSFL) featuring spatial periods below few hundreds of
nanometers, as seen in the detailed magnification in Figure 13b.
Furthermore, the combination of DLIP microstructures with

self-organized LIPSS was realized for the fabrication of hierar-
chical micro-nanostructures,[41,45–47] which can combine the ben-
efits of both laser irradiation approaches on the costs of an ad-
ditional laser-processing step (DLIP+LIPSS) or just by applying
several DLIP irradiations to the same spot (multi-pulse DLIP).
Figure 14 presents a collage of scanning electron micrographs
of a Ti-13Nb-13Zr alloy surface processed by multi-pulse DLIP
(1064 nm, 12 ps) with an interference grating structure of 8.5 μm

Figure 12. Calculated intensity distributions for two- (a), three- (b), and
four-beam (c) interference, with (d), (e), and (f) indicating the respec-
tive beam configurations for two-, three- and four-beam interference.
(Reprinted from[43] with permission of A.F. Lasagni).

Laser Photonics Rev. 2023, 2300753 2300753 (7 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 13. a) Tilted-view (30°) scanning electron micrographs of a hierarchical DLW-DLIP treated titanium surface. The 2D-DLW ablation crater pattern
was produced using pulses (1064 nm) of 200 ns duration at a fluence of 5.9 J cm−2. For the DLIP, five ps-laser pulses (532 nm, 70 ps, 1 kHz) were
applied per irradiated spot, resulting in a cumulated fluence (5×F) of 4.7 J cm−2. b) High magnification micrograph resolving also the fine LIPSS
features (LSFL in the image and HSFL in the inset). (Reprinted from[45] C. Zwahr, et al., Fabrication of multifunctional titanium surfaces by producing
hierarchical surface patterns using laser based ablation methods, Sci. Rep. 9:6721, Copyright 2019 under Creative Commons BY 4.0 license. Retrieved
from https://doi.org/10.1038/s41598-019-43055-3).

spatial period.[47] The regions of the DLIP interference maxima
(grooves of the micro-topography) are additionally covered with
LSFL of ≈600 nm spatial period. Moreover, the regions between
the LSFL are covered by HSFL of ≈200 nm here.
Another example of multi-exposure lithography with two-

beam interference is shown in Figure 15, where a periodic sur-
face microstructure is generated on a photoresist material in
the first DLIP-like interference lithography step using two laser
beams L1 at an interference angle 𝜃1, before a periodic surface
nanostructure is superimposed in the second subsequent inter-
ference lithography step performed with laser beams L2 at the
larger angle 𝜃2.

[48] After the laser irradiation at fluences below
the damage threshold of the photoresists, it was chemically de-
veloped revealing the transfer of the “imprinted” multi-exposure
intensity pattern into a regular periodic surface topography. The
SEM micrographs of Figure 15b (labelled b1 – b4) demonstrate
that a large variety of different hierarchicalmicro-nano-structures
with very high regularity of the pattern can be generated by this
approach termed “multi-exposure laser interference lithography”
(ME-LIL) in the following.

Another remark has to be made on the processing of dielec-
tric materials such as polymers or glasses. The exposure of poly-
meric material by low power continuous wave or low fluence
pulsed UV laser radiation can modify locally the optical absorp-
tion coefficient without removal of material (no ablation), e.g.,
through structural or chemical effects featuring the formation of
electronic defect states in the band gap of the laser-processedma-
terial. This phenomenon is known as “incubation”.[49] If the ma-
terial is irradiated in a following step with high power/fluence
laser radiation, the modified material can be ablated without af-
fecting the surrounding. With this localized “incubation plus ab-
lation method”, polymer surfaces can be patterned with precise
spatial control down to the sub-μm level in a two-step process.
Additionally, the ablation laser can be set to a wavelength that is
only absorbed by the incubated material and not by the original
(pristine) material.
Table 1 compiles a comparison of the performance of the dif-

ferent approaches for the laser-processing of surface nanostruc-
tures (left column), microstructures (right column), and hybrid
micro-nano-structures (middle column). This includes the lower

Figure 14. Top-view scanning electron micrograph of multi-level hierarchical micro-nanostructures on Ti-13Nb-13Zr alloy processed as combination of
DLIP with different types of LIPSS (LSFL and HSFL). (Reprinted with permission.[47] Copyright 2022, Elsevier).

Laser Photonics Rev. 2023, 2300753 2300753 (8 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 15. a) Schematic illustration of a two-step laser lithography ex-
posure with two-beam interference, resulting in hierarchical micro-nano-
structures on a photoresist material by combining the processing of a pe-
riodic microstructure (1st step: laser beams L1, interference angle 𝜃1) with
that of a surface nanostructure (2nd step: laser beams L2, interference an-
gle 𝜃2). b1–b4) SEM micrographs exemplifying different resulting hierar-
chicalmicro-nano-structures through the combination of different 1D- and
2D-periodic beam interference patterns (after photoresist development).
All micrographs share the same scale bar of 1 μm length. (Reprinted with
permission.[48] Copyright 2017, Optical Society of America).

limit of the spatial periods, an assessment of the regularity of the
surface structures, the capability to independently control their
heights and depths, and the technical complexity of the experi-
mental setup for processing the structures.

3. Parameters Affecting Initial Bacterial Adhesion
on Surfaces

This section introduces specific components and properties of
single bacterial cells that take on key tasks in cell-surface in-
teraction and adhesion in general. First, physical properties of
bacteria and surfaces and their role in bacterial adhesion are
elucidated. Secondly, filamentous cell appendages enabling cell-
surface interaction are presented. Finally, different classes of
nano- and micro-structured surfaces are illustrated and cate-
gorized according to their influence on bacterial adhesion. Ex-
amples that demonstrate the impact of topography on bacterial
growth are given for each class. For a more detailed discussion
of underlying principles affecting bacterial adhesion behavior on
laser-structured surfaces, the reader is referred to Section 5.

3.1. Principles of Single Cell Adhesion to Surfaces

For single cell attachment — the step that initiates biofilm for-
mation — three main factors must be considered: the bacterium
itself, the liquid environment covering the surface, and the sur-
face itself (Figure 16). At first, the bacterial cell has to reach the
surface. This can be done by passive liquid transport like convec-
tion, Brownianmotion, or gravity. Themost efficient way to reach
the surface is by actively swimming. Many bacteria are equipped
with flagella, helical filamentous cell appendages responsible for
swimming and swarming motility.
When approaching the surface, bacteria are exposed to dif-

ferent forces summarized in the so-called XDLVO (Extended
Derjaguin–Landau–Verwey–Overbeek) theory.[50] Essentially, the
sum of van der Waals interactions, which are generally attrac-
tive, electrostatic charge interactions, and acid-base hydrophobic
interactions, which are attractive or repulsive mainly in depen-
dence on external factors, is decisive for successful approaching.
Therefore, the ionic strength and pH of the liquid environment
and also the composition of the culture medium contribute to
bacterial adhesion behavior.
The bacterial cell usually has a negative net charge on its sur-

face, which is mainly due to the presence of teichonic acids em-
bedded in the peptidoglycan layer of Gram-positive bacteria and

Table 1. Comparison of different laser-processing strategies for the fabrication of surface nanostructures, microstructures, and hierarchical micro-nano-
structures. 1 𝜆: laser irradiation wavelength. 2 ++: very good/very high. 3 +: good/high. 4 o: medium. 5 –: low. C: continuous scanning. P: pixelwise during
scanning. Abbreviations: DLIP: direct laser interference patterning; HAN: hexagonally-arranged nanopillars; HSFL: high spatial frequency LIPSS; LIPSS:
laser-induced periodic surface structures; LSFL: low spatial frequency LIPSS; ME-LIL: multi-exposure laser interference lithography; TNP: triangular
nanopillars.

Nanostructures Hierarchical Micro-Nano-Structures Microstructures

Processing strategy LIPSS, HAN, TNP DLIP Grooves, Spikes DLW+ LIPSS DLIP+ LIPSS ME-LIL DLW DLIP ME-LIL

Number of steps 1 1 1 2 2 >1 1 1 > 1

Minimum spatial periods 𝜆/10 (HSFL) to
𝜆 (LSFL) 1

> 𝜆/2 > 𝜆 > 𝜆/2 > 𝜆/2 > 𝜆/2 > 𝜆/2 > 𝜆/2 > 𝜆/2

Regularity of pattern + 3 / o 4 ++ 2 o 4 + + ++ ++ ++ ++

Flexibility of processing C P C C / P P + C P C / P P P

Control of periods/depths o ++ o o / + o / + o / + +/++ ++ o / +

Complexity of setup − 5 + /
++

− o ++ + / ++ − / o + / ++ + / ++

Laser Photonics Rev. 2023, 2300753 2300753 (9 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 16. Major components that influence bacterial adhesion once the bacterial cell is close to the surface: Net charge and charge density of the
bacterial envelope (left), the ability to produce and secrete hydrophobic components (like the release of outer membrane vesicles in Gram-negative
bacteria, middle), and the occurrence of proteinaceous adhesins like members of the Bap-family (Biofilm-associated proteins), or filaments (flagella,
curli, pili)[51] (right). Physico-chemical properties of the substrate surface can be altered by formation of a conditioning film.[52] (Inspired by[52]).

lipopolysaccharides present in the outer membrane of Gram-
negative bacteria. As a result, negatively charged surfaces are of-
ten less susceptible to bacterial adhesion compared to surfaces
with a positive net charge.
Cell surface hydrophobicity is another important parameter

that contributes to attachment to or detachment from surfaces.
In general, hydrophobic bacteria seem to adheremore strongly to
hydrophobic surfaces, while hydrophilic bacteria to hydrophilic
surfaces. Superhydrophobic or superhydrophilic surfaces are fre-
quently reported to reduce bacterial attachment but conflicting
results on the initial adhesion of bacteria on surfaces with mod-
erate hydrophobicity and hydrophilicity become known. This
might arise from the fact that the bacterial cell envelope is highly
heterogeneous among individual species and can be adapted
within minutes in response to changes in environmental condi-
tions like temperature, nutrient availability, and osmotic stress.
Moreover, in a bacterial population, cell surface hydrophobicity
is not homogeneous. Even the surface of a single cell is highly
heterogeneous, exhibiting different charges and hydrophobic
patches around the cell bodywhich locally allow the displacement
of interfacial water and consequent adhesion to the surface.[52–54]

3.2. Cell Appendages for Cell-Surface Interaction

Most important bacterial characteristics leading to adhesion is
the occurrence of filamentous cellular appendages like flagella,
pili, or amyloid curli (Figure 17).
The flagellum is the most common organelle for bacterial lo-

comotion. It consists of a filament composed of protein subunits
(flagellin), which is anchored in the cell envelope via a “hook” and
a “basal body” that both mediate the rotation of the flagellum rel-
ative to the cell body. Typical dimensions of flagella in Escherichia
coli (E. coli) are 5–10 μm in length and ≈20 nm in diameter.[55] It
is generally agreed that flagella do play a crucial role but are not
mandatory for biofilm formation. Flagella support, e.g., chemo-
taxis and, thereby, indirectly promote biofilm formation, but non-
flagellated bacterial species like Staphylococcus aureus (S. aureus)
are as well able to produce a biofilm. Recent findings have shown
that the occurrence of flagella clearly delay surface colonization
of E. coli,[56] which underlines the ambiguous role of flagella in
the biofilm formation process.
Pili are filamentous cell appendages, classified into different

types, that may mediate specific or non-specific attachment to
surfaces. Helically arranged protein sub-units of pilin-monomers

form the tube-like organelle, which typically is 3–10 nm in diam-
eter and of various lengths (1–2 μm for “type I” pili of E. coli).[57]

Type I pili are known to adhere in a mannose-dependent manner
to receptor molecules on eukaryotic cell surfaces and are also im-
portant for E. coli biofilm formation on abiotic surfaces,[58] “type
IV” pili are “grappling hooks” that enable bacteria to move over
surfaces (twitching motility).[59] The conjugative “F-pilus” in E.
coli, primarily used to exchange genetic material between cells,
plays in addition a crucial role in biofilm formation by promot-
ing both, initial adhesion and biofilm maturation through non-
specific attachment to abiotic surfaces and subsequent cell-to-cell
contacts, which stabilize the structure of the biofilm.[60]

Curli are thin aggregative fibers produced by many Enterobac-
teriaceae including E. coli and Salmonella spp. and represent
the major proteinaceous component of their extracellular ma-
trix. These fibers are involved in adhesion to surfaces and biofilm
formation.[61]

In addition to their biofilm stabilizing impact, all filamentous
cell appendages are assumed to facilitate surface adhesion in
general by penetrating the cloud of surface charges which other-
wise would be repulsive.[50] Upon the adhesion process, bacteria

Figure 17. Scheme of a rod-like bacterial cell equipped with cell ap-
pendages (not true to scale).

Laser Photonics Rev. 2023, 2300753 2300753 (10 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 18. Schematic illustration of topographies with nano-, micro- and hierarchical structures that influence bacterial adhesion behavior and featuring
mechano-bactericidal or antifouling effects. Approx. size of the bacterial cell (blue shaded): 0.5–1 μm in width and 1–2.5 μm in length, which corresponds
to the typical dimensions of an E. coli cell. Antimicrobial modes of action: a)Mechano-bactericidal i) stretch and rupture ii) fast piercing; b–d) Antifouling;
Magnification glass in (c) highlights nanorough surface structure; d) (i) cross-section of a typical sharkskin-like topography (ii); top-view on a sharkskin
topography; e) surface with irregular structures at micrometer scale without bactericidal or antifouling properties. Exemplary sizes of the structures
according to.[64–67]

change their physiology fundamentally, and a large variety of ex-
opolymers, which serve as a “molecular glue” are synthesized and
excreted. In the course of this, proteins that facilitate surface ad-
hesion are produced and embedded into the cell envelope where
they stay loosely associated to the cell, as the biofilm-associated
protein A (BapA) in Salmonella enterica, or is excreted into the
extracellular milieu like the large adhesion protein A (LapA) in
Pseudomonas fluorescens.[51]

3.3. Interaction of Bacteria with Nano- and Micro-Structured
Surfaces

Topographical surface properties that affect bacterial adhesion
are currently the subject of lively discussion and investigation
and have been extensively reviewed.[53,62–64] This aspect is par-
ticularly relevant in combination with the size and shape of the
bacterial cells (spherical, rod-shaped, etc.) and crucially depends
on the lateral and vertical scales of the surface topographic cor-
rugations. As this review article focuses on bacterial adhesion
on laser-structured surfaces, we present here a brief overview of
topographies and associated mechanisms that are generally dis-
cussed and claimed to be antibacterial or bacteria-repellent.
Basically, engineered surface topographies as shown in Figure

18 can be divided into bacteria-repellent (“antifouling”), and
bacteria-killing (“mechano-bactericidal”), respectively, with struc-
tures roughly divided into μm-scale and nm-scale and combina-
tions thereof.
In general, surfaces with characteristic topographic features

at μm-scale of a dimension larger than a single bacterium pro-

mote bacterial adhesion (Figure 18e). Moreover, it is well docu-
mented that microbes tend to preferentially align to μm-scaled
valley and pillar structures to maximize the number of attach-
ment points.[53,68–71] Surface cavities also provide shelter and,
thereby, facilitate intercellular communication which in turn fos-
ters biofilm formation.
An exception seems to be the so-called sharkskin-topography

and variations thereof (Figure 18d (i,ii)) which efficiently reduces
biofilm formation although the feature size is larger than the
bacterial cell body. The corresponding antifouling mechanism
of sharkskin is not yet completely understood but may be based
on its excellent drag-reducing surface: bony scales covering the
skin alter the flow of water in overlying boundary layers. Drag re-
duction is significantly influenced by texture, flexibility, and hy-
drophobicity of these scales.[72–74] Lower drag also allows the wa-
ter layer next to the skin to move faster, thus, reducing time for
micro-organism settlement and helping to wash them away.[75]

In addition, it has been hypothesized that the dimensions of
the sharkskin topography could be effective at physically disrupt-
ing the interactions between neighboring cells, and the physical
obstacles deter small bacterial cell clusters from expansion into
microcolonies and subsequent formation of biofilm.[65]

Overall, it can be concluded that μm-scaled topographies may
prevent or facilitate biofilm formation, depending on their di-
mensions and the arrangement of the feature pattern.
Many surfaces with features at the nm-scale and, therefore, be-

ing smaller than a single microorganism exhibit reduced bacte-
rial adhesion.[71,76–78] Here, the spatial density of features is of
special importance and can be considered as a simple indica-
tor of the number of available contact points for bacterial cells

Laser Photonics Rev. 2023, 2300753 2300753 (11 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 19. 3D mapping of various synthetic mechano-bactericidal
nanoprotrusions; the dashed circle in the lower left corner marks the
dimensions of naturally occurring mechano-bactericidal surfaces (data
published in[86] and[85]). (Reprinted from[86] Y. Cheng, et al., Mechano-
Bactericidal Surfaces: Mechanisms, Nanofabrication, and Prospects for
Food Applications, Annu. Rev. Food. Sci. Technol. 14:449, Copyright 2023
under Creative Commons BY 4.0 license. Retrieved from https://doi.org/
10.1146/annurev-food-060721-022330).

based on their dimensions (Figure 18b). A strong dependence of
bacterial adhesion on structure dimensions and densities could
be demonstrated for topographies like cones and holes or laser-
induced periodic surface structures (LIPSS)[67,79,80] (Figure 18c).
Moreover, nanostructured surfaces may also act mechano-

bactericidal (Figure 18a (i,ii)). The lethal mechanisms of nanos-
tructured surfaces are associated with a surface composed of
nanopillars and -edges that induce themechanical stretching and
rupture of the bacterial membrane.[81,82] Surfaces composed of
sharp nanopillars may also induce pore formation in the bacte-
rial cell membrane followed by cell death (fast piercing).[83] Pil-
lar density, radius, height, and aspect ratio play significant roles
in deciding bactericidal activity. The majority of nanopattern di-
mensions of pillars, cones, spikes, or nanowires with bactericidal
efficacy lie in the range of 100 nm <Height < 500 nm, 10 nm <

Diameter < 300 nm, and 10 nm < Spacing < 330 nm, but also
structures with a height of up to 5 μm are occasionally reported
to act bactericidal, see Figure 19.[84,85]

Another class of surface features at μm-scale or hierarchi-
cal features at combinations of μm-nm-scales result in superhy-
drophobic surfaces with structures that allow the formation of
air-pockets (like Lotus- or Salvinia-leaf inspired structures) that
prevent the contact between bacterial cells and surface as shown
in Figure 18c. However, air pockets are reported to be short-lived
as they are replaced by the surrounding liquid.[87–90]

Figures 20–22 compile selected results from the litera-
ture, ordered according to the topographical surface char-
acteristics, i.e., demonstrating the impact of nanostructures
(Figure 20), microstructures (Figure 22), and hierarchical micro-
nano-structures (Figure 21) on bacterial growth.

Figure 20. Collage of results of the impact of surface nanostructures on
the bacterial colonization. For details refer to the main text. a) reprinted
from[91] C.M. Bhadra, et al., Antibacterial titanium nano-patterned arrays
inspired by dragonfly wings, Sci. Rep. 5:16817, Copyright 2015 under Cre-
ative Commons BY 4.0 license. Retrieved from https://doi.org/10.1038/
srep16817; b) reprinted from[67] A.M. Richter, et al., Spatial Period of
Laser-Induced Surface Nanoripples on PET Determines Escherichia coli Re-
pellence, Nanomaterials 11:3000, Copyright 2021 Creative Commons BY
4.0 license. Retrieved from https://doi.org/10.3390/nano11113000).

Figure 20a presents S. aureus (left part) and P. aeruginosa (right
part) on nanostructured titanium samples after being subjected
to hydrothermal etching. The top part displays SEMmicrographs
(scale bar 200 nm), while the bottom part assembles confocal
laser scanning microscopy (CLSM) fluorescence images after
Live/Dead staining. Green and red colors of bacterial cells cor-
respond to viable and non-viable bacteria, respectively (scale bar
10 μm). The antibacterial activity of the samples is shown in pie
charts. For comparison (not visualized here): on “as-received” ti-
taniumwithout nanostructures, the proportion of viable cells was
>90 %.[91]

Figure 20b (left column) assembles results on the influence of
the spatial period of laser-induced surface nanogratings (LIPSS,
type LSFL) on poly(ethyleneterephthalate) (PET) surfaces on ad-
hesion behavior of E. coli. The left part shows top-view SEM
micrographs of E. coli TG1 on non-irradiated (top) and laser-
nanostructured (bottom) PET with 214 nm LIPSS spatial period.
Nanofiber-like cell appendages and extracellular matrix are visi-
ble. The right column (top part) shows Box–whisker plots of the
relative surface areas covered by E. coli TG1 after 24 h incuba-
tion on flat and LIPSS-covered PET, normalized to surface cov-
erage on flat PET. Bacterial attachment clearly depended on the

Laser Photonics Rev. 2023, 2300753 2300753 (12 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 21. Collage of results of the impact of hierarchical micro-nano-structures on the bacterial colonization. For details refer to the main text. (a)
Reprinted with permission.[88] Copyright 2012, Taylor & Francis Ltd; b) Reprinted with permission.[92] Copyright 2020, Elsevier).

LIPSS spatial period with minimal surface coverage at a spatial
period of 214 nm. The bottom part of the right column shows top-
view SEM micrographs of laser-structured PET featuring LIPSS
of different spatial periods. The variation of the spatial period was
achieved by applying the selected angle of incidence 𝜃 = 0° - 60°

upon UV ns-laser irradiation.[67]

Figure 21a exemplifies the adhesion behavior of coccoid bac-
terial species (Staphylococcus, Planococcus) on hierarchical micro-
nano-structures. Post-colorized SEM images visualize bacterial
coverage on as-received (top) and hierarchical Lotus-like (bot-
tom) titanium surfaces after 18 h cultivation. The bacterial cells
were localized almost exclusively in the crevices between the mi-
croscale topographical features and not on top. The presence of

air bubbles within the nanofeatures possibly impaired a tight cell-
surface contact, leading to bacteria accumulation in the crevices,
where rapid disappearance of trapped air occurs.[88]

Results for rod-like bacteria on another morphology of hier-
archical micro-nano-structures are given in Figure 21b. The left
part displays CLSMfluorescence images of stained E. coli after 18
h incubation on flat or micro- and nanoscale-structured borosili-
cate glass (scale bar 20 μm). All surfaces were modified by layer-
by-layer polyelectrolyte to generate a positive surface charge. The
bactericidal effect was followed using a Live/Dead assay where
green and red colors of bacterial cells correspond to viable and
non-viable bacteria, respectively. The right part of Figure 21b
shows SEM images of bacteria on flat and structured surfaces

Laser Photonics Rev. 2023, 2300753 2300753 (13 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 22. Collage of results of the impact of surface microstructures on the bacterial colonization. For details refer to the main text. (a) used with
permission of The Royal Society of Chemistry, from[71] Copyright 2016; permission conveyed through Copyright Clearance Center, Inc.; b) Reprinted
with permission.[93] Copyright 2014, John Wiley and Sons; c) Reprinted from[65] K.K. Chung, et al., Impact of engineered surface microtopography on
biofilm formation of Staphylococcus aureus, Biointerphases 2:89-94, Copyright 2007, American Vacuum Society under Creative Commons BY 4.0 license.
Retrieved from https://doi.org/10.1116/1.2751405).

(scale bar 10 μm, 1 μm for the insets). The combination of surface
structure and surface charge resulted in an enhanced bactericidal
effect against E. coli.[92]

Figure 22a addresses the role ofmicrometric holes on bacterial
adhesion behavior. The left part compiles SEM images of S. epi-
dermidis on functionalized APTES- ((3-aminopropyl) triethoxysi-
lane), SU8-photoresist, and TAF- (amorphous fluoropolymer)
hole structures (scale bar 10 μm). The materials differed in their
water contact angle, with TAF displaying the most hydropho-
bic and APTES the most hydrophilic character. Box-whisker
plots in the right part display the number of adherent S. epi-
dermidis cells after 24 h, normalized to the median of unstruc-

tured SU8. Hole-pattern periodicities in the range of the cell
size increased, whereas smaller periodicities decreased cell reten-
tion, independent of contact time (minutes to hours) and surface
hydrophobicity.[71]

Figure 22b resumes bacterial adhesion patterns on photolitho-
graphically structured silicon surfaces, featuring periodic (2D)
gratings of square-shaped pillars of 3 μm heights with periods in
the micrometer to sub-micrometer range (pillar width = length
= spacing). The left part displays typical CLSM fluorescence im-
ages of stained S. aureus (top) and E. coli (bottom) after 30 min of
culture. The right provides two bar graphs illustrating the reten-
tion of S. aureus and E. coli on structured surfaces, normalized

Laser Photonics Rev. 2023, 2300753 2300753 (14 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 23. Diagram describing essential steps of the ISO 22196 procedure. TVC: total viable count. (Reprinted from[96] A.J. Cunliffe, et al., How Do
We Determine the Efficacy of an Antibacterial Surface? A Review of Standardised Antibacterial Material Testing Methods, Antibiotics 10:1069, Copyright
2021 under Creative Commons BY 4.0 license. Retrieved from https://doi.org/10.3390/antibiotics10091069).

to that of a flat surface. The S. aureus population decreased with
decreasing pillar size. In contrast, pillar patterns favored adhe-
sion of E. coli compared to the flat surface unless the pillar size
is reduced to a sub-μm level.[93]

In Figure 22c, an artificial sharkskin-inspired surface mi-
cropattern was tested for bacterial response. The post-colorized
SEM images of S. aureus were taken after 14 days of cultiva-
tion on flat and structured (Sharklet AF) PDMSe surfaces. The
sharkskin-like topography reduced bacterial coverage and de-
layed biofilm formation compared to unstructured surface.[65]

4. Selection of Bacterial Test Conditions and
Assessment Procedures

This section provides an assessment of experimental setups and
approaches for characterizing biofilm growth, bacterial adhesion,
and contact killing on textured surfaces.

4.1. Selection of an Appropriate Experimental Setup

To evaluate the antibacterial efficacy of laser-textured surfaces,
reproducible, and inter-comparable test conditions have to be
applied that ideally mimic the conditions of the intended use and
meet adequately the antimicrobial action exerted by the surface
topography. The antibacterial action of a surface topography
without the release of chemical agents could be either killing
bacteria directly upon adhesion (mechano-bactericidal, contact
killing) or prevention of adhesion (antifouling). Adequate evalu-
ation methods for mechano-bactericidal activity can be classified
in methods comprising high area-to-volume ratio (ratio of
sample surface to volume of bacterial suspension), adhesion
methods, and biofilm methods.[94]

“Industrial standard evaluation tests” do exist, but they often
do not consider the different environmental conditions that
are set by the intended application. For example, the industrial
standard ISO 22196:2011[95] is a method comprising a high
area-to-volume ratio and specifies a process of evaluating the
antibacterial activity of plastics and other non-porous surfaces.
Originally designed to test surfaces equipped with antibacterial
chemical agents, this test method could also be employed to
assess the mechano-bactericidal efficacy of surfaces. As this
procedure is simple, cheap, straight-forward, and has been
widely adopted, important steps of this standard method are
outlined in Figure 23.
In brief, a surface is inoculated with a bacterial suspension

of defined volume and cell number. The surface is then covered
with a polyethylene foil and incubated at 35 °C in minimal 90
% humidity for 24 h. Subsequently, bacteria are removed from
the surface by mechanical detachment and re-suspended in a
neutralizing diluent, before the number of colony-forming units
(cfu) is determined as a measure for the number of bacteria that
are still viable. However, none of the experimental conditions
relate to end-use environments.[96] As a consequence, modifica-
tions of ISO 22196:2011 have been introduced. For example, the
deposition of the bacterial load onto the surface has been done
via spraying to simulate accumulation of airborne bacteria more
adequately. Also, bacteria are inoculated onto a filter and then
deposited on the test surface to address more realistic humidity
conditions which are typically less than the 90 % required in ISO
22196.
“Adhesion-based methods” assess the number of bacteria that

adhere from a static or flowing fluid to a surface. Samples are
submerged in a suspension with a defined number of viable bac-
teria and incubated several hours or overnight at a defined tem-
perature. Typically, this method is applied in a batch approach
under static conditions, mild shaking (typically 50–100 rpm) or

Laser Photonics Rev. 2023, 2300753 2300753 (15 of 41) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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random flow achieved by stirring, where an intimate contact be-
tween bacterial cells and surface is inevitable. In a flow cham-
ber approach, a continuous oriented flow with fresh nutrient
medium is switched on directly after inoculation or after an initial
static incubation period. Depending on flow velocity and conse-
quent shear forces, only bacterial cells that are tightly attached to
the surface are able to stay, proliferate, and grow into a biofilm.
The duration of the experiment decides whether primary adhe-
sion or biofilm formation is assessed. Thus, an experimental
setup in a flow chamber is particularly suited to test for biofilm
formation as used nutrition medium and metabolic products are
continuously replaced by freshmediumwhich allows continuous
bacterial cultivation over days and weeks.
Once an appropriate experimental setup has been selected,

suitable test organisms have to be defined. When industrial stan-
dard procedures are employed, mandatory bacterial test strains
are defined like E. coli and S. aureus when the procedure of ISO
22196 is followed. These strains are representatives of bacteria
that are typically found in a clinical context. E. coli is a major
causative of catheter infections, S. aureus is frequently encoun-
tered with inflammation of joint prostheses and pacemakers. For
materials intended to use in drinking water systems, Legionella
species would be appropriate test organisms, as these are known
to cause Legionnaires‘ Disease and Pontiac Fever, for food pro-
cessing facilities Listeria are human pathogens. In pipeline dis-
tribution systems, microbial corrosion is of major concern typi-
cally caused by a diverse group of sulfate-reducing bacteria, which
should be employed as test organisms when such an issue be-
comes important.[97,98] It is obvious that the selection of an ap-
propriate test organism is fundamental to obtain significant re-
sults and should be done with respect to the intended application
area – if known. Additionally, it must be considered that individ-
ual test strains of a single bacterial species differ in their ability to
form biofilms at all. Therefore, it goes without saying that biofilm
formation of the selected test strain on a non-textured control sur-
face should result in an adequate baseline for further studies. Re-
sults obtained by a standardized procedure, like ISO 22196, with
the test strains proposed in there will nonetheless provide the
information needed to compare different materials for their an-
timicrobial efficacy and give an indication of howmaterials could
perform under application conditions.
Apart from the selected bacterial test strain, it is essential to

bear in mind that for any experimental setup in particular 1) in-
cubation time, 2) starting concentration of the bacteria, 3) phys-
iological state of the bacteria (stationary or exponential phase
of growth, see Figure 24), and 4) concentration of the nutri-
ents are identified as critical factors that influence test results
significantly[99,100] and should, therefore, be documented in de-
tail to obtain reproducible results. For reasons of better repro-
ducibility, it is recommended to use exponentially growing cells.
In this growth phase, most bacterial cells in culture are roughly
in the same physiological condition and grow at maximum rate.
The concentration of living cells introduced into the test setup
should be carefully determined for each experiment and should
be in line with the intended application area, if possible.
To separate the effect of surface topography from unwanted

(mainly chemical) effects introduced by the manufacturing pro-
cedure or the environment, a sample preparation procedure is
usually established and carried out prior to testing. It typically

Figure 24. Typical bacterial growth curve (green) of a batch culture in a
semilogarithmic plot of logN0, versus time (N0 = viable cell number).
Growth is divided into four phases. After inoculation of a culture into fresh
medium, cells have to adapt to the new environmental conditions (tem-
perature or nutrient changes) and growth will start at a lower speed, also
depending on the age of the inoculum (I: Lag phase). During exponential
growth phase (II), the time for the doubling of the cell number is constant
andmaximum. Ongoing depletion of nutrients and accumulation of waste
products over time forces the culture into transition, stationary, and finally
death phase (stages III and IV, respectively).

comprises steps like washing the samples with detergents, rins-
ing them with water or buffer, sterilization, drying, storage until
use, and should be always carried out in exactly the samemanner
for each bacterial test. If materials are used that tend to oxidation,
the samples might require a conditioning period in an environ-
ment with defined temperature andmoisture. When samples are
ready to use, they should be sterile, dust-free, free of chemical
residues from the production or sterilization process, and with-
out drying rims.

4.2. Methods to Assess Bacterial Adhesion or Contact Killing

There are numerous techniques to assess adhesion extent or
killing efficiency described in the literature. Nearly all techniques
have in common, that a surface washing procedure is required
directly after biofilm cultivation to remove loosely attached cells.
However, often only a little attention is paid to this step, although
it is known to influence results significantly.
Washing could be done either by repeatedly removing all the

supernatant and replacing it with fresh buffer or water, by remov-
ing and replacing only a part of the supernatant, or by dipping
the sample multiple times into fresh buffer. Washing by dipping
should be avoided, as by passing the air–liquid interface high
detachment forces are exerted that may result in the unwanted
removal of previously attached cells.[94] Also, complete removal
of the supernatant should be avoided wherever possible to mini-
mize shear forces and to ensure that the biofilm does not dry dur-
ing the whole testing. Overall, to obtain reproducible and compa-
rable results, a standardized washing protocol should be estab-
lished and then used for all the samples under investigation in a
given laboratory.
To quantify adhesion extent, direct measurements using

microscopy are still the “gold-standard” and probably most
widespread (Figure 25). Especially fluorescencemicroscopy is be-
coming increasingly popular. Manifold fluorescent dyes are avail-
able today, and the main targets for fluorescence staining com-
prise nucleic acids, different proteins, and glycoconjugates.[102]
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Figure 25. Summary of widely used methods to assess adhesion extent and biofilm properties like mass, viability and metabolic activity. See the text for
abbreviations and more details. (Inspired by Azeredo et al.[101]).

For example, the widely used fluorescent dye DAPI (4′,6-
Diamino-2-phenylindol) enters viable and dead bacterial cells,
but fluorescent dyes are also used to differentiate between viable
and dead bacteria (Live/Dead staining). The most common dyes
for this are Syto9 (green fluorescent) and propidium iodide (PI,
red fluorescent) which are used in combination. The membrane-
permeable dye Syto9 enters and stains all cells whereas PI only
enters cells with membrane defects, considered to be dead. For
evaluation of the results several factors such as bleaching effect
of Syto9, background fluorescence, and different binding affinity
of Syto9 to live and dead cells must be considered.[103,104]

Epifluorescence imaging is a good choice if the area covered
with bacteria is the target value. If the thickness of the bacte-
rial layer or the amount of EPS is in focus, confocal laser scan-
ning microscopy (CLSM) should be preferred. If a fluorescence
intensity-related comparison among different surface topogra-
phies/textures is aimed at, care must be taken that the depth-
of-focus (imaging) is always larger than the laser-induced topo-
graphic heightmodulation (and also the bacterial film thickness).
Otherwise, results may not be meaningful since not all fluores-
cence is properly detected. This constraint may limit the selected
microscope objective’s magnification factor and could be particu-
larly relevant for the assessment of surface microstructures such
as the self-ordered spikes (see Section 2.1).
In case the substrate material exhibits autofluorescence (oc-

curring, e.g., for many polymeric samples) which interferes with
the spectra of fluorescent dyes, reflected light microscopy with
safranine of crystal violet bacterial staining could be used alterna-
tively to assess adhesion extent. Electron microscopy, in particu-
lar scanning electron microscopy (SEM) or Environmental SEM
(ESEM), is widely used to visualize the surfacemorphology ofmi-
crocolonies and biofilms and the exact location of bacterial cells
relative to the surface topography as well as their interaction with
the laser-generated structures.

To characterize the biofilm itself, also indirect techniques are
employed (Figure 25). A widely used technique to assess biofilm
cell viability is the determination of colony-forming units (cfu).
The biofilm mass must be removed from the surface, resus-
pended, diluted, and plated onto nutrient agar. The number of
grown colonies indicates the number of viable cells in the biofilm.
The polymerase chain reaction (PCR) is a powerful molecular bi-
ological technique that also allows discrimination between live
and dead bacteria (viability PCR) and is commonly used for bac-
teria detection and quantification (real-time PCR).
Specific stains are employed to estimate the amount of cer-

tain biofilm components. For example, for quantification of the
biofilm mass in total, staining with crystal violet (CV), which
binds to negatively charged bacteria and polysaccharides of the
EPS, is widespread. The absorbed CV is eluted with ethanol or
acetic acid and measured photospectrometrically. Cellulose and
polysaccharides with monomers linked via ß-1,4 or ß-1,3 linkage
can be stained separately from the cell body with, e.g., Calcofluor
white and analyzed via microscopy. Carbohydrate-binding pro-
teins (lectins) are specific to oligosaccharides and are commer-
cially available as conjugates with fluorophores. They allow sen-
sitive detection and localization of specific oligosaccharides on
the surface or in between the bacterial cells.
Metabolic activity of a biofilm can be assessed via col-

orimetric assays using redox-sensitive dyes that experience
a change in color upon reduction by cellular metabolic ac-
tivity, like the yellow tetrazolium salt XTT (sodium 3´-[1-
(phenyl aminocarbonyl)−3,4-tetrazolium]-bis (4-methoxy6-nitro)
benzene sulfonic acid hydrate) or the non-fluorescent resazurin,
which are reduced by cellular metabolic activity and converted
to a colored formazan or the pink-fluorescent resorufin, respec-
tively. Color changes are measured photospectrometrically. For
more detailed information on currently applied techniques for
assessment and characterization of biofilms and a discussion of
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Figure 26. Two force-displacement curves of single E. coli cells with (red/blue) or without pili (light grey) when approaching or detaching a polished
titanium surface (immersed in buffer). The insets illustrate the contact scenario at the characteristic detachment positions A and B. (Reprinted from[113]

J. Zubia Aranburu, et al., Quantification of the adhesion force of E. coli on Ti via single-cell force spectroscopy, Libro del Actas, XL Congreso Anual de la
Sociedad Española de Ingeniería Biomédica CASEIB 2022:217-220, ISBN: 978-84-09-45972-8, Copyright 2022 under Creative Commons CC BY-NC-ND
4.0 license. Retrieved from https://gib.tel.uva.es/CASEIB2022_LibroActas.pdf ).

advantages and disadvantages, the reader is referred to the re-
views of Azeredo et al. and Pantanella et al.[101,105]

Some of the techniques considered in Figure 25 require the
removal of the biomass from the surface, which is also a critical
step and a source of error. Widely used methods are sonication,
vortexing (or a combination thereof), or, according to the inter-
national standard ISO 18593:2004(E),[106] scraping with a spatula
or a cotton swab, and the usage of contact plates. Sampling tech-
niques determined in the ISO 18593:2004(E) are, as defined by
this ISO standard, “not quantitatively” reliable or reproducible,
and results should only be used in a “trend analysis”. One rea-
son for this might be that biofilm removal via spatula or swab
from surfaces with complex topographies providing narrow and
deep grooves (for example micrometric spikes, as a typical result
of laser-processing) is almost impossible. In such a test, bacteria
are “mechanically” confined at the tested surface and, thus, will
be systematically underestimated.
Beside surface area coverage and metabolic activity of a

biofilm, the assessment of the adhesion force between a single
cell or cell agglomerate to a surface is a valuable tool to character-
ize the influence of a surface topography on bacterial adhesion.
Atomic force microscopy (AFM) is the state-of-the-art method for
the quantification of bacterial adhesion forces on surfaces. To
this, a single bacterial cell or bacterial consortium is immobilized
on a tipless cantilever, and force–distance curves are experimen-
tally recorded. From these curves, the maximum adhesion force
needed to detach a single cell (or consortium) from the surface
can be calculated. This method allows the investigation of many
different surface binding mechanisms of a bacterial consortium,
single-cells, or even at the molecular level. It has been employed
to understand the dynamics of lipopolysaccharides, peptides, and
extracellular pili and their contribution in modulating bacterial
attachment to surfaces.[107–112]

Figure 26 shows exemplary two force-displacement curves for
single E. coli cells attached to a tipless AFM cantilever when ap-

proaching to or detaching from a polished titanium surface (im-
mersed in water). The approach curve is shown in red or light
grey, the trigger (maximum approaching) force was set to 3 nN.
For a piliated cell, the retraction curve (blue) reveals two force
peaks (labeled A and B) with the maximum adhesion force (neg-
ative) at position A. The second force peak at position B can
be attributed to the binding of pili to the surface while the cell
body is already detached. The underlying retraction curve (light
grey), with a single force peak at position A corresponds to a non-
piliated bacterial cell. Under the test conditions applied, maxi-
mum adhesion force of E. coli was in the order of 1 nN per cell.
All bacterium-surface interactions are influenced by a large

variety of physical and/or chemical parameters like surface
charge, wettability, roughness, and topography, in combination
with environmental factors like composition of the surrounding
medium. In addition, the development of a conditioning film (a
thin layer of complex substances like adhering proteins, polysac-
charides or humic substances deposited on a surface immersed
in liquid) canmodify the physico-chemical properties of the solid
surface by altering its chemistry, charge, or surface energy and,
thus, affect local adhesion.[52]

Note that not only the choice of assessment method but also
the experimental environment has a strong influence on the
results as demonstrated impressively by the study of Michal-
ska et al.[114] Significant variations in bactericidal efficiencies
of chemically etched silicon towards two different bacterial
species (E. coli versus Rhodobacter capsulatus) were observed
in dependence of the type of liquid medium (with or without
nutrients) used for suspension of bacteria during contact with
the surface (see Figure 27a). Also, absence or implementation of
a recovery phase prior to assessment did result in significantly
different bactericidal efficiencies (Figure 27b). Further variations
of results could be introduced simply by using nutrient-rich or
nutrient-free liquids during the recovery phase. In addition, the
comparison of two viability assays (plate count method versus
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Figure 27. a) Susceptibility of E. coli and R. capsulatus cells towards the bactericidal impact of structured silicon in dependence of contact time and
the type of liquid medium (PBS, M9, M9 with glucose, TBS, or M26) used for bacterial suspension during contact time with the structured surface.
Increase in dead population was highest with nutrient-free buffer (PBS) as suspension medium for both strains (expressed as percentage of the total cell
population). b) Effect of a 30 min recovery phase in complex medium on bactericidal efficacy of a structured silicon surface with E. coli as test strain. Left:
outline of the experimental setup. The authors noted that results obtained with plate counting method are not per se the same as obtained by cytometry.
Right: Normalized bactericidal efficacy of structured silicon surface after 2 and 4 h contact time with (+) or without (-) a recovery phase prior to plating.
After 2 h contact time, a recovery phase decreased bactericidal efficacy by 19 %, after 4 h, a slight increase in bactericidal efficacy could be observed.
(Used with permission of The Royal Society of Chemistry, from[114] Copyright 2016; permission conveyed through Copyright Clearance Center, Inc.).

Live/Dead staining plus cytometry) did show that both methods
do not necessarily produce consistent results, again depending
on the specific experimental environments.
The discussion given above reveals that a direct comparison of

scientific results on bacterial adhesion to laser-textured surfaces
is often difficult since different experimental setups (static versus
dynamic) and biofilm growth conditions (bacterial strains, nutri-
tion, inoculation times, temperatures) and adhesion assessment
methods (imaging, fluorescence, staining, etc.) are used in the
pertinent literature. A better inter-comparability of the scientific
results would be highly desired, underlining a demand for fur-
ther standardization here.

5. Bacterial Adhesion on Laser-Generated Surface
Structures

This section aims to order the overabundant available literature
on the impact of laser-processed surface micro- and nanostruc-
tures on bacterial adhesion. Table A1 in the Appendix Section
compiles the relevant literature on bacterial adhesion on laser-
textured surfaces. For practical use, the literature is ordered there
according to the processedmaterial classes (metals, semiconduc-
tors, polymers, glasses, and ceramics) being relevant to the laser

processing. For each listed publication, the laser-processing strat-
egy is identified (according to Section 2), the geometry of the sur-
face topography (according to Table 1) is listed along with the type
of bacteria, the corresponding test methods and conditions, and
the key observations. In view of potentially deviating results, spe-
cial attention should be attributed to particular differences in the
sample preparation and biological assessment methods that we
listed intentionally in detail in the table.
From the bare number of material-specific table entries, it be-

comes immediately clear that the focus of scientific interest lies
on metals (mainly steel, titanium alloy, and copper) as well as on
polymers. Both can be explained by the immense technological
relevance of thesemetals asmedical implantmaterials and by the
ubiquity of metals and polymers in the food industry and in our
daily life. Most publications report on a reduction of the bacterial
adhesion/growth on the laser-textured surfaces of investigation
when compared with a non-textured reference surface.
The most relevant findings are briefly summarized and dis-

cussed in the following. Note that in some cases listed in
Table A1, contradictory effects were reported by different au-
thors/groups. Here, particular care must be taken to identify rel-
evant differences in the laser-processing or the specific bacterial
adhesion test procedures and the involved materials.
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5.1. Size and Geometry of Laser-Generated Structures

Numerous studies address the role of (laser-generated) topo-
graphical features in bacterial adhesion behavior and it is gener-
ally agreed that ratios of feature height, width, or pitch to bacterial
cell dimensions are significant influence factors. In particular for
E. coli as test strain it is well documented that a bacteria-repellent
effect can only be achieved by surface structuring if the result-
ing mean size of topographic cones, holes, valleys, and crevices
is smaller than the dimensions of the bacterial cell body (for E.
coli: 0.5 μm × 2 μm).[67,77,79,80,115–121] In general, the importance
of reducing the area of contact between a single cell and the sur-
face is pointed out. In this context, Lutey et al. concluded that the
Surface-Peak-Density can be considered as a simple indicator of
available contact points for bacterial cells based on their dimen-
sions, hence as indicator for bacterial retention.[79] However, it
was also noted that surface properties like wettability and average
surface roughness might dominate bacterial retention behavior
if test strains other than E. coli are used.
Not only feature height in ratio to bacterial cell dimension

is crucial for bacterial attachment, but also the absolute height
and aspect ratio of structures which was investigated in detail by
Meinshausen et al. for laser-structured PE and Ti surfaces.[122]

Results showed a significantly decreased bacterial coverage on
structures with an aspect ratio range of 0.02 to 0.05 with a mini-
mal coverage for an aspect ratio of about 0.02 for PET surfaces. In
that work, the aspect ratio was defined as Rz/RSm, with Rz being
average profile heights and RSm the mean line spacing of profile
peaks. For titanium, a reduced adherence for all structured sam-
ples compared to a control group could be found and absolute
profile height, and not aspect ratio, was crucial here.
A recent study by Lai et al. investigated the far-reaching con-

sequences of grated surfaces at cellular and sub-cellular sizes on
bacterial attachment, growth, and generated biofilm volume.[123]

With P. aeruginosa as test strain, the peak biovolume density was
reduced and bacterial cells were more dispersed and isolated on
nanogratings with depths greater than or equal to 350 nm. The
growth and decline of bacterial cells were also accelerated on
nanogratings when compared to flat control surfaces.
The complexity of signaling and sensing pathways that are ac-

tivated upon bacterial attachment to surfaces highlighted in this
study reveals the difficulties one has inmaking predictions about
the influence of topography on bacterial adhesion behavior.

5.2. Laser-Induced Chemistry

Laser-induced surface structuring changes amaterial‘s surface in
several aspects. It can lead to an increase in surface area and/or
might change its wettability and also chemical composition of
the surface. Changes in the chemical composition that occur
upon laser-processing and oxidation reactions are frequently doc-
umented (via X-ray photoelectron spectroscopy (XPS), energy-
dispersive X-ray analysis (EDX), TEM, or Raman spectroscopy),
and are often, but not necessarily, associated with bacterial adhe-
sion behavior.
Materials that act per se antimicrobial (like Cu or Ni) will very

likely show a more pronounced antimicrobial effect when laser-
processing results in the generation of holes and cavities that in-

crease the contact area between bacterial cells and surface.[124–127]

Additionally, papers describe combinations of surface structure
and killing agents like polyaniline,[128] acetylsalicylic acid,[129] and
surface charge.[92]

Ahmed et al. revealed the role of the chemical modification
of fs-laser DLIP-structured copper-alloy (brass with 37% of Zn,
CuZn37) concerning the antimicrobial efficiency through the
presence of a near-surface layer of a few hundred nanometers
thickness.[130] Multi-method high-resolution chemical and struc-
tural characterization confirmed the abundant presence of zinc
oxide, along with cuprous oxide and with cupric oxide in a com-
paratively low concentration. Additionally, transition regions con-
taining Cu-Zn-O were detected. For E. coli, the samples exhibited
a significantly decreased killing rate on the fs-laser-treated sur-
faces when compared to the polished surface. The effect was at-
tributed to a reduced release of Cu ions from the laser-modified
surface and to an increased corrosion resistance of the zinc-rich
oxide phases in wet environments.
Romoli et al.[131] proposed that nanosecond pulsed laser irra-

diation plays a crucial role in promoting a thin layer of iron oxide
that reduces E. coli adhesion through local repulsive electrostatic
interactions.
The studies of Nastulyavichus et al. indicated that the an-

tibacterial properties of laser-structured steel surfaces can only
be attributed to the oxidation products generated by laser
processing.[132] The authors claimed that the bacterial inactiva-
tion was apparently caused by the photodynamic activity of the
nickel nanoparticles due to the generation of singlet oxygen on
the surface.
The surface modification of titanium with a fs-laser favors the

formation of Ti(IV) oxide which, in turn, contributes to a more
hydrophobic surface character, leading to a reduced bacterial ad-
hesion compared to non-irradiated Ti.[133]

Oxidation is not always an unwanted by-reaction, but also em-
ployed to generate coatings. Chang et al. developed various com-
posite structures of titanium and vanadium oxide (Ti-V-O) coat-
ings on pure titanium through laser-induced oxidation.[134] In
dependence of the laser parameters, the processing leads to the
generation of Ti and V oxides and also to a Lotus leaf-like struc-
ture with superhydrophobic properties (140°water contact angle)
which both contributed to a superior antibacterial effect.
Overall, the chemical composition of the substrate might

change during laser-processing, leading to a bacteria-attracting
or -repellent character, independent of the substrate‘s topogra-
phy and, therefore, experiments aimed to compare topographies
should be designed with care.

5.3. Cell Appendages Used for Surface Interaction and Adhesion

The role of cell appendages (e.g., pili, flagella) in adhesion to
(laser-structured) surfaces has been discussed in a few studies
only, although their impact was demonstrated as pivotal. Most
studies cited in Table A1 were conducted with E. coli, P. aerugi-
nosa and Staphylococcus ssp., the latter representing coccoid cells
without extracellular filamentous structures such as flagella or
pili. In contrast, E. coli and P. aeruginosa both possess flagella and
different types of pili, enabling bacterialmotility, surface sensing,
and initial attachment (see also Section 3). Thus, the choice of
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bacterial test species (and, therefore, the presence and type of
flagella or pili) might already exclude several hypotheses on
cell-surface interaction, which are based on filamentous cell ap-
pendages.
By using piliated as well as pili-deficient E. coli, Richter

et al. clearly showed that F pili mediate attachment to non-
structured PET and also ensure better attachment to laser-
structured surfaces.[67] In parallel, Lai combined the results on
P. aeruginosa biofilm formation to laser-textured surfaces with
current knowledge of cell-surface interaction to simulate the ef-
fect of motility on surface adhesion and hypothesized that sur-
face nanogratings might reduce pili-mediated surface locomo-
tion and, therefore,microcolony formation.[123] Consequently, es-
pecially for those fields of application, where the presence of flag-
ella or pili-harboring bacteria could be a realistic scenario, ap-
propriate test species should be considered with care, as they
might overcome bacterial-repellent effects of laser-structuring
better than non-flagellated or non-piliated cells.

5.4. (Super)Hydrophobicity Induced by Laser-Structuring

Laser-processing changes topography and chemistry and, in par-
allel, might also change hydrophobicity of the substrate which, in
addition,might change over time.[135,136] Without a doubt, amate-
rial‘s hydrophobicity influences its susceptibility to bacterial ad-
hesion, but consensual results are mainly reported for superhy-
drophobic surface structures. The low bacterial adhesion to such
surfaces is usually attributed to trapped air in between the sur-
face textures which ensures a minimal interaction area between
bacteria and substrate.[134,137–140]

Truong et al. proposed a mechanism by which bacterial cells
slide across nanoscale bubbles on a Lotus-like structured Ti sur-
face. Bacteria finally accumulate on microbubbles located in the
crevices of the structure where they find shelter from liquid
turbulences.[88] However, presence and dimension of air pock-
ets on submerged surfaces may change over time, resulting in
complete wettability of a surface, thus, limiting the effect of su-
perhydrophobicity.
Beside the surface structure itself, external factors like temper-

ature and turbulences determine lifetime of the air-substrate in-
terface. Experiments performed by Pan et al. revealed that also a
contamination of the structured surface with organic matter sig-
nificantly reduces the durability of the antibacterial effect.[141] So,
for comparison of structured materials, the experimental setup
and duration of experiment should be considered.
The studies of Lutey et al. and Mateescu et al. clearly show

that water repellency plays a very limited role in influencing ini-
tial bacterial adhesion and air-trapping does not necessarily avoid
bacterial adhesion on surfaces.[79,90] In conclusion, it seems to be
the topography, and not thewettability, that dominates a surface‘s
bacterial-repellent properties, and the presence of air/substrate
interface is of minor importance only. However, Lutey et al.
pointed out that dominance of an individual surface character-
istic — e.g., wettability or surface morphology in relation to cell
size — in the end depends on bacterial species and the absolute
cell size.[79]

In general, laser-structuring is a promising method of choice
for surface modification and manufacturing of cell repellent (or

cell attracting) surfaces, also with regard to eukaryotic cells (e.g.,
bone cell integration on implants), which have not been dis-
cussed here.

6. Design of Anti-Microbial Surfaces: Challenges
and Future Directions

This section discusses challenges of the processing of anti-
microbial surfaces with a focus on the laser-texturing step, cer-
tain materials aspects, and a critical assessment of the optimum
selection of suitable bacterial adhesion tests. Moreover, design
aspects and potential concepts for anti-bacterial surfaces are pro-
vided and future directions in this field will be outlined.

6.1. Challenges of Laser-Processing: Keep It Uniform and Clean

Certain aspects of laser-processing should be considered for en-
abling an anti-microbial surface functionality. One aspect is the
optimum choice of the laser-processing strategy for a desired
surface texture. The different processing strategies discussed in
detail in Section 2 may have certain strengths or even disad-
vantages. Comparing for example the processing of self-ordered
LIPSS with that of interference-based DLIP – both well suitable
for creating periodic 1D-grating-like surface textures with spatial
periods ranging from the micrometer to the nanometer range –
certain differences can be identified.[26] As an example, the con-
trol of the height (modulation depth) of the laser-induced surface
topographies is rather limited for the LIPSS (LSFL and HSFL)
and not decoupled from their spatial periods. In contrast, the op-
tical interference pattern realized for DLIP rules its periodicity,
while its depth can be independently controlled by the number
of laser pulses applied per DLIP-spot. On the other hand, DLIP
periods are usually limited to values larger than half the laser ir-
radiation wavelength (𝜆/2), while for LIPSS processing with ul-
trashort laser pulses periods of less than 𝜆/10 may be created
through HSFL. In all cases, the simplicity and robustness of the
laser-processing approach must be additionally considered.
Similarly, the optimum choice of the laser-processing strat-

egy for a selected material has to be made. While metals can be
easily textured on large surface areas with laser radiation due to
the linear absorptionmechanisms, the direct processing of trans-
parent (dielectric) materials such as polymers or glasses may be
challenging due to the required nonlinear laser-matter interac-
tion and the temperature sensitivity of the processed materials.
Here, additional surface absorbing layers may be used for en-
abling large area-processing.[142] Another appealing strategy may
be the laser-texturing of a “master” in a suitable (hard) metal sur-
face, which is subsequently replicated on a (soft) polymer surface
via molding. This procedure is feasible even for large surface ar-
eas and comes with the additional advantage to exclude any in-
fluences of potential laser-induced oxidation or other chemical
alterations.
Another important aspect is related to the uniformity of the

laser-textured surface topographies. In all cases, where laser
beam scanning is involved in the surface texturing process care
should be taken to avoid the creation of surface irregularities,
such as i) regions that remained non-textured (e.g., due to a
too large hatch distance h), ii) severe laser ablation at surface
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contaminations (e.g., via increased optical absorption), iii) ir-
regular ablation due to laser-induced heat-accumulation (e.g.,
through locally varying thermal sample properties), etc. Such
unwanted surface spots may act as initial seeds of biofilm growth
at “bacterio-philic” surface defects. The latter can counteract a
targeted bacteria-repellent effect of the local surrounding. Thus,
a very homogeneous laser texturing is required.
A fourth aspect may be relevant if the laser-texturing is per-

formed in the ablative regime, i.e., when material is removed via
laser ablation from the treated surface. This usually involves the
formation of atomic species, clusters, or nano- andmicroparticles
that are departing from the surface into the surrounding. Most of
these are removed via a suction and exhaust system of the laser-
processing machine/system but a part of these particles can re-
deposit around the laser-irradiated spot as so-called “debris”. A
large part of the debris may be removed by a sample cleaning fol-
lowing the laser-processing. However, the particulates remaining
at the surface may also have an influence on the bacterial growth,
e.g., if nanoparticles or chemically altered ablation products are
created. In such cases, the effects of the laser-generated surface
texture must be distinguished from that of the covering residual
debris.
Finally, a comment should be made on the surface wettabil-

ity of laser-textured surfaces that may not be stable and could
change over time, potentially affecting the growth of bacteria.
For example, the laser-texturing of metals in air environment
usually results in hydrophilic or super-hydrophilic surfaces due
to laser-induced oxidation. Within a few weeks, however, such
samples can turn hydrophobic or super-hydrophobic[143] — even
without any measurable change of the laser-induced topography.
This phenomenon is caused by the adsorption of hydrocarbon
molecules from the ambient atmosphere. These molecules may
be partly removed again via surface cleaning activities or thermal
treatment, however, it is very difficult to obtain a long-term stable
surface-wetting state of the laser-textured surfaces.[144]

6.2. Challenges of Specific Materials: Providing the Ground

Regardless of the surface topography (laser-induced textures or
initial roughness) the bacterial adhesion at surfaces may be af-
fected in different other ways by the pristinematerial itself. Here,
chemical aspects must be named, since compound materials
can release specific constituents acting toxic to bacteria. A well-
known example is brass that was historically used for centuries
asmaterial for handles of doors, windows, and other everyday ob-
jects being touched frequently by many different persons. Brass
is an alloy composed of copper and zinc and has an inherent
ability to kill rapidly a wide range of harmful microbes — often
within 2 h or less — and with a high degree of efficiency. It acts
bactericidal when high concentrations of copper ions are released
from the surfaces that are able to generate detrimental perturba-
tions for the bacterial cell induced by the ionic imbalance or ex-
cessive production of reactive oxygen species (ROS) that in turn
can lead tomembrane, protein andDNA damages and eventually
to cell death.[145]

Other aspectsmay arise from surface contaminations thatmay
reside from the manufacturing, e.g., transferred by a rolling pro-
cess. Also, material imperfections such as microscopic or macro-
scopic pores or sinkholes may provide a protected habitat for

bacteria. Regarding all of these aspects, it is essential to estab-
lish a “standard protocol” of efficient surface cleaning and sub-
sequent disinfection that finally brings the surfaces always into
a defined state. All samples (laser-processed or not) should be
always treated in the same manner to allow a direct compari-
son of their bio-assessment results. For sensitive materials such
as polymers, rubber, etc., care must be taken to not exceed crit-
ical temperatures (e.g., for disinfection) or to not use chemi-
cal agents/solvents that could affect the material structure, or
could induce chemical surface reactions or the subsequent re-
lease of material constituents. Similarly, sample storage condi-
tions should be controlled and unified.

6.3. Outlook into the Future: Design Aspects and Potential
Concepts for Anti-Microbial Surfaces

The emergence of bacterial multidrug resistance in turn imposes
an increasing demand for antimicrobial surfaces that are “safe
by design” and act without the use of chemicals. Abundant liter-
ature dealing with this topic is available by now and significant
progress has been made in understanding how and why some
surfaces act bactericidal or bacteria-repellent (antifouling). The
upcoming question is here: Do generalmechano-bactericidal and
antifouling concepts exist?
Looking into nature, general concepts seem to exist. For ex-

ample, rigid nanopillar arrays with a strong “bactericidal effect”
are found on cicada wings. Ivanova et al.[146] demonstrated that
the effect is based on the physical structure of the wing, not
on its chemistry. Inspired by this, the most common type of
bactericidal design of surface nanopatterns under investigation
are nanopillars. Generally, effective dimensions for bactericidal
nanopatterns are known by now (see Figure 19 above) and are
comprehensively described in the review article of Modaresifar
et al.[85]

For “antifouling surface structures”, various general mecha-
nisms are under discussion, partly also inspired by nature. For
example, the leaves of the well-known Lotus plant or of the wa-
ter fern Salvinia are both strongly superhydrophobic and, for
Salvinia, exert a long-lasting air-retaining capacity. For both ex-
amples, the superhydrophobicity confers a self-cleaning poten-
tial by removing dirt together with rolling-off water droplets,
thereby minimizing adherence of organic matter including bac-
teria, while keeping the leaf dry. Here, hydrophobicity is mainly
achieved via hierarchical micro-nanostructures on the leaf sur-
faces. Note that the Lotus leaf shows an outstanding water repel-
lence particularly on its upper side. The reasons for these prop-
erties can be ascribed to the combination of surface micro- and
nanostructures with optimized geometry and the unique chemi-
cal composition of the epicuticular waxes.[147]

However, even for the most potent surface topography, it
is obvious that the spectrum of activity and applicability is
limited since the bactericidal or antifouling effects manifest
only under certain environmental conditions in combination
with the specific bacterial test strains. Generally, for bacteria,
clear importance can be attributed to their cell size and shape,
the occurrence of cell appendages (pili/flagella), or the ability to
EPS production. Once the bacterial test species and strain are
defined, a combination with environmental factors that are set
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Figure 28. Interacting factors that contribute to microbial adhesion to a
surface.

by the specific intended field of application has to be considered.
Salt concentration influences adhesiveness with impaired adhe-
sion under low ionic strength compared to high ionic strength
conditions[148] but also affects the expression of several cell sur-
face appendages.[149] The availability of organic matter may lead
to the formation of a conditioning film that will cover nanorough
structures and change the chemistry of the surface, thus, po-
tentially counteracting its topographically desired antiadhesive
effect. Temperature influences the physiology andmetabolism of
bacteria and regulates the expression of certain cell appendages
and adhesive proteins, just to mention a few (Figure 28).
Additionally, questions regarding the intended application

(e.g., medical or technical) should be discussed at the earliest pos-
sible stage of surface design. It is important if the functionalized
surface will be submerged in a liquid, and if so, whether perma-
nently or occasionally. Nutrient-rich liquids can result in superfi-
cial residues from drying, whichmay interfere with surface struc-
tures and encourage microbial attachment. The choice of culture
medium and, therefore, nutrient availability, affects cell growth
rates and EPS synthesis and can also lead to the formation of a
conditioning film. Generally, Lotus-like and easy-to-clean struc-
tures might be more suitable for applications, where surfaces
were usually kept dry.
If a biological contamination of the surface cannot be avoided,

it is necessary to know if the surface is accessible for cleaning. If
so, periodically removal of organic material (e.g., cell debris) can
ensure accessibility of surface structures. This can avoid the for-
mation of a so-called “secondary biofilm”, which may form atop
killed bacteria. However, aggressive cleaning may attack sensi-
tive nanostructures in a chemical or mechanical way, particularly
for soft organic samples. Here, care must be taken to preserve
the functionality of the surface topography. On the other hand,
it was proven already that laser-texturing can produce very sta-
ble nano-, micro- and hybrid nano-micro-textures at the surface
on inorganic materials (e.g., metals) with beneficial tribological
properties featuring reduced friction and wear (see the review
articles[18,150]).
Such a synergetic surface design combining a bacterici-

dal effect with bacteria-releasing properties was explored by

Salatto et al. for nanopillar-covered surfaces – inspired by the
anti-bacterial wings of cicada.[151] The authors also presented
Molecular Dynamics (MD) simulations revealing that when the
bacterium−substrate interaction is strong, the lipid heads of
the bacterial cell membrane strongly adsorb at the hydrophilic
nanopillar surfaces. This can eventually conform the lipid bi-layer
membrane to the curved structure of nanopillars, while locally
generating high mechanical stress within the cell membrane as
the driving force for its rupture. Membrane rupture then starts
with the formation of pores between the nanopillars (i.e., the
bactericidal effect) and ultimately leads to the membrane with-
drawal from the nanopillar surface (i.e., the bacteria-releasing
effect).
It is scientifically and economically significant that the anti-

microbial surface effect is durable and stable. The current state
of technology may not ensure the development of ever-lasting
bacterial-repellent structures. Biofilm and cell adhesion tests per-
formed by studies given in Table A1 were limited with respect
to incubation time, thus, statements regarding long-term effects
might be inconclusive or impossible to make at all.
Overall, due to its flexibility and wide range of applications,

laser-processing is one of the most promising tools for the
production of customized surface topographies. Laser-treatment
allows the production of different types of surface structures
with dimensions from the nanometer to the micrometer
scale. Even hybrid micro-nano-structures can be created (see
Section 2). These structures can serve for tailored surface
functionalization by modifying physical or chemical properties
like the surface topography or the chemistry of the top layer,
respectively.
On the laser source side, a selection of the laser wavelength

can be made to match the material-specific optical absorption.
In addition, ultrashort laser pulses can also enable nonlinear ab-
sorption of the laser pulse energy, and, therefore, materials that
are actually transparent to the laser wavelength can also be pro-
cessed. The energy density (fluence) / intensity on the target ma-
terial and the number of laser pulses per spot, as well as the pro-
cessing strategy, are of particular importance for the final pro-
cessing result. Depending on the specific requirements for the
surface structures, single and multiple beam geometries can be
used on 2D- and 3D surfaces, as systematically explored in Sec-
tion 2.
At present, ultrashort laser-processing rates of the order of

m2 min−1 can be achieved with a clear tendency towards higher
processing speeds in the future due to the rapid progress in the
field of high-repetition-rate laser sources and novel beam de-
livery concepts. Since about 20 years the average output power
of ultrafast lasers doubles every two to three years and fol-
lows a type of Moore’s law with the multi-kW level already
demonstrated.[152] Ultrafast polygon-mirror-based scan systems
currently allow laser beammoving speeds of the order of km s−1.
So, this technique is suitable for application on an industrial
scale.
Overall, it can be said that tailoring the surface topography by

laser treatment, in combination with a suitable selection of mate-
rials, appears to be a powerful strategy to achieve bacteria repel-
lent (or even attractive) surfaces for various applications. Further-
more, a product whose antibacterial effect is based on topography
shall be safe by design.
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