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A B S T R A C T

Nanosecond pulsed laser texturing has been performed on stainless steel with the objective of developing
surface treatments to reduce bacterial adhesion on mechanical components in food handling machinery. The
adhesion of Escherichia coli (E. coli) on four distinct textures has been investigated with standardised proto-
cols for measurement of antibacterial performance. Surface morphology has been studied in detail for each
texture to ascertain the presence of hierarchical structures and determine the role of topography in reducing
bacterial adhesion. Despite the absence of sub-micrometric features comparable with bacterial size, this
work highlights the crucial role that nanosecond pulsed laser irradiation plays in promoting a thin layer of
iron oxide that reduces E. coli adhesion through local repulsive electrostatic interactions.

© 2020 CIRP. Published by Elsevier Ltd. All rights reserved.
Keywords:

Laser
Texture
Antibacterial
ghts reserved.
1. Introduction

The growing interest in manufacturing textured smart surfaces
mimicking the functional properties of natural interfaces has pushed
scientists towards finding new, effective and easy-to-implement
approaches for processing large areas. As a result, several techniques
including electro-physical processes, and chemical and thermal treat-
ments have seen significant research activity in relation to both the
functionalities of processed surfaces as well as their adaptability to
the requirements of industrial production [1]. Amongst these, laser
texturing is particularly well-suited as it can be implemented within
an industrial context for processing large areas on complex shapes
[2]. Ultrashort pulsed lasers prevent target melting during laser-mat-
ter interaction, allowing the production of textures comprising sub-
micrometric features with hierarchical regularity [3]. Such textures
exhibit topographies very similar to biological interfaces having spe-
cific functionalities such as the self-cleaning lotus leaf or antimicro-
bial shark skin. In particular, the latter has inspired the idea of
designing surface topography to influence surface bacterial adhesion
and thus produce long-lasting and chemical-free antibacterial surfa-
ces for the agrifood industry and/or in biomedical devices [4].

The working principle of such textured antibacterial surfaces is a
complex interplay between surface morphology and chemistry; mecha-
nisms that are still not fully understood. A large reduction in contact
area between a bacterial cell and substrate creates an unsuitable envi-
ronment for cellular attachment. Due to the small size of single bacterial
cells (»1 mm), sub-micrometric protrusions induced by ultrashort laser
pulses appear to be effective at producing antibacterial behaviour [5,6].
Despite the potential of ultrashort laser sources, their high setup cost
and relatively long processing times still make them difficult to imple-
ment in an industrial context. Conversely, despite their lower effective-
ness in producing sub-micrometric structures, nanosecond lasers could
represent a low-cost and more conventional alternative. Furthermore,
nanosecond lasers offer the possibility of obtaining greater benefits in
terms of surface chemistry. Nanosecond laser irradiation leads to the
transfer of a small quantity of thermal energy to the target surface that
produces an oxide layer on stainless steel in air with thickness ranging
from tens to hundreds of nanometres [7]. These chemical compounds
have been found to interfere with bacterial activity as their intrinsic
anionic nature hinders bacterial adhesion [8].

Based on this hypothesis, the present work focuses on demon-
strating the effectiveness of conventional nanosecond laser texturing
in preventing contamination of AISI 316L stainless steel surfaces by
Escherichia coli (E. coli), a common bacterial strain of significant
importance within the agrifood industry. The main idea behind this
approach is to create changes in surface morphology and chemistry
by exploiting laser-induced material removal and oxidation of the
target surface. The final objective is to demonstrate that surface tex-
tures characterised by sub-micrometric features are not always nec-
essary to significantly reduce the formation of biofilm. Though
nanosecond laser pulses are less effective at obtaining hierarchical
surface structures, the production of a thin iron oxide layer may play
a key role in lowering the adhesion of E. coli through chemical and
electrostatic phenomena. Being biocompatible, such a solution could
be widely used not only within the agrifood industry but also in bio-
medical science and pharmaceutics.
2. Surface properties affecting bacterial adhesion

Experimental investigations have revealed that the sequence of
events leading to the formation of biofilm depends on several surface
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and environmental properties [9], including morphology, charge,
chemistry, wettability and fluid dynamics. The boundary properties
of a surface are always the result of interplay between surface topog-
raphy and chemistry.

Biofilm formation involves several length scales ranging from the
bacterial cell size during the initial stages of attachment to length
scales compatible with wettability measurements during final stages.
However, since attachment during the initial stage is expected to be
a precursor of subsequent stages, bacterial size should represent one
of the most relevant length scales of the entire sequence leading to a
mature biofilm.

Several works have focused on finding a direct correlation
between wettability and bacterial adhesion, leading to contrasting
opinions [10]. In particular, Gupta et al. [11] mainly attribute the anti-
bacterial behaviour of stainless steel substrates processed with nano-
second laser pulses to a decrease in surface wettability. However,
measurement of this surface property with the standard sessile drop
method is the result of the mean topography and chemical properties
over a relatively large area that is not representative of initial bacte-
rial interaction with the surface in a submerged environment.

Bacteria can be treated as colloidal particles due to their size,
which ranges from hundreds of nm to a few mm. The ability of bacte-
ria in a liquid solution to adhere to flat substrates can therefore be
studied in terms of traditional theories relating to colloidal stability,
such as the Derjaguin Landau Verwey Overbeek (DLVO) theory,
describing the aggregation of aqueous dispersions [12]. The DLVO
theory interprets interactions between a colloidal particle and a flat
surface as the combination of attractive Lifshitz-Van der Waals and
repulsive electrostatic interactions. The repulsive contribution that
will be considered within this study is typically quantified in terms of
the so-called Zeta potential [13]. This potential accounts for excess
charge on a bacterial surface due to ionic exchanges with the sur-
rounding liquid environment. Large absolute values of the Zeta
potential are representative of strong surface repulsions. Conversely,
small absolute values indicate attractive behaviour. The Zeta poten-
tial is a function of the pH of the solution in contact with the surface.
In particular, by increasing the solution pH, the Zeta potential
decreases, passing from positive to negative values as shown in Fig. 1.
Fig. 1. Representative graph of the working principle of ns laser treated stainless steel
surfaces [13,14]. Bacterial repulsion is induced by promoting a layer of oxides which
lowers the Zeta potential within the pH range 6�8, environmental conditions compati-
ble with bacterial life (in blue).

Laser parameters used for experiments.

Parameter group 1 2 3 4

Average power (W) 7 17 7 17
Repetition rate (kHz) 20 20 20 20
Pulse energy (mJ) 350 850 350 850
Peak pulse fluence (J/cm2) 24.8 60.1 24.8 60.1
Scanning velocity (mm/s) 2000 2000 600 600
Hatch spacing (mm) 100 100 100 100
Average energy dose (J/cm2) 3.5 8.5 11.7 28.3

Fig. 2. Schematic representation of nanosecond pulsed laser irradiation with (a) sepa-
rate ablation craters and (b) 50% pulse overlap in the longitudinal direction.
The so-called isoelectric point is a characteristic quantity repre-
senting the pH at which the Zeta potential changes sign. In relation to
stainless steel, the Zeta potential has been widely studied [14], lead-
ing to an accepted value of the isoelectric point at pH » 4. Pulsed
laser irradiation and oxide growth modify the composition of stain-
less steel substrates by reducing Cr concentration within the melt
zone [7], leading to an abundance of surface iron oxides with a conse-
quent reduction in the isoelectric point to pH » 2 [13]. This reduction
implies a global reduction of the Zeta potential for the treated stain-
less steel surface, as represented in Fig. 1. In particular, within the pH
range 6�8, representing environmental conditions compatible with
bacterial life, high negative values of the Zeta potential may result in
strong repulsion of bacterial cells which, with few exceptions, are
characterized by a negative net charge [15]. The limited thermal
effects promoted by nanosecond laser irradiation can therefore be
exploited to induce controlled surface oxidation, which is expected
to promote antibacterial behaviour.
3. Materials and methods

An Ytterbium-doped fibre laser with emission wavelength of
1064 nm and pulse duration of 104 ns was used to texture
50 £ 50 mm AISI 316L stainless steel specimens with an initial aver-
age areal surface roughness (Sa) of 100 nm. A galvanometric scanning
head with 160 mm focal length f-theta lens was used to scan the
focused laser beam over the surface of each sample in a series of par-
allel lines while varying the velocity, hatch spacing and laser pulse
fluence. All tests were performed in ambient air with a focused laser
spot diameter of 60 mm.

Four parameter groups, summarised in Table 1, were selected to
determine the influence of the macroscopic surface topography and
oxide layer thickness on antibacterial performance. Two laser scan-
ning strategies were employed, the first comprising separate ablation
craters with no pulse overlap (groups 1 and 2) and the second com-
prising linear grooves with 50% pulse overlap in the scanning direc-
tion and no overlap in the hatch direction (groups 3 and 4). Both
strategies are shown schematically in Fig. 2, where typical character-
istics of nanosecond laser-textured surfaces are highlighted, includ-
ing the ablated volume, melt layer and oxide layer. These
configurations were performed at moderate (24.8 J/cm2) and high
(60.1 J/cm2) pulse fluence to vary the feature size and oxide layer
thickness resulting from interaction between the laser beam and sur-
face. Additional tests were performed with the same scanning strate-
gies and pulse fluence over the range 3.5�60.1 J/cm2 to determine
the maximum removal depth.
It was necessary to avoid ablation features with depths exceeding
10 mm and high aspect ratios, as these represent favourable condi-
tions for bacterial nesting at the bottom of valleys [6]. For this reason,
the expected topography after laser exposure was calculated by con-
sidering the single pulse ablation depth as a logarithmic function of
pulse fluence:



Fig. 3. Measured surface topography of parameter groups (a) 1, (b) 2, (c) 3 and (d) 4
with optical profiler (top) and ShFM in central region of crater/groove (bottom). ShFM
scale bars represent 5 mm.
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da ¼ Ca ¢ ln F
Fth

� �
; F�Fth ð1Þ

where Ca ¼ 1:25 mm and Fth ¼ 3 J/cm2 where determined through
preliminary tests. The resulting surface topography following a single
laser pulse was then calculated based on a Gaussian laser fluence dis-
tribution:

F ¼ F0exp �2 x
2 þ y2

w2
0

 !
ð2Þ

where F0 is the peak pulse fluence and w0 is the focused laser spot
radius (30 mm). The topography was then determined by summing da
for all laser pulses with longitudinal and lateral pulse separation dis-
tances corresponding to the scanning strategy.

The thickness of the surface oxide layer that forms after resolidifi-
cation of the melt layer exhibits approximately linear dependence on
the total energy dose where the pulse overlap is � 90%, ranging from
a few nanometres at low energy dose to 300�500 nm for doses in the
order of 400 J/cm2 [7,16]. The oxide layer in the present study was
therefore expected to be discontinuous for group 1 with a thickness
of a few nm and uniform for the other groups with a thickness of
15�30 nm.

Microscopy was performed on the textured surfaces with an opti-
cal microscope equipped with 5�100£ objectives. A Taylor Hobson
CCI-MP coherence scanning interferometer with 50£ objective
(NA = 0.55) was employed for optical profilometry, achieving a reso-
lution of <0.6 mm in the horizontal plane and < 1 nm in the vertical
direction over a 346 £ 346 mm sampling area. The cited resolutions
were established in line with the requirements of ISO 25178-600 for
geometric product specifications. Each surface profile obtained with
the optical profiler was levelled, after which a very limited number of
unmeasured points resulting from an insufficient or saturated signal
were filled via interpolation. The average areal surface roughness
was determined based on three samples for each texture type. Scan-
ning shear-force microscopy (ShFM) was performed with a custom
setup comprising a tungsten wire probe with 50 nm tip diameter
attached to a quartz tuning fork that was maintained in dithering
oscillation parallel to the sample surface. Damping of the oscillation
in close vicinity to the surface (a few nm) was exploited in a closed-
loop configuration to adjust the tip-sample distance and acquire the
topography with a resolution of 1 nm in the horizontal plane and
0.1 nm in the vertical direction. Such a resolution enabled verification
of the presence of nanoscale surface features possibly affecting bacte-
rial attachment. ShFM maps were filtered to remove a very limited
number of local defects parallel to the fast scanning direction.

Bacterial adhesion tests were performed with E. coli (ATCC 8739)
based on ISO 22196 and ISO 27447 standards for measuring antibac-
terial performance. Bacterial colonies were transferred to Nutrient
Agar (NA) and incubated for 24 h at 37 °C before being transferred
again to NA and incubated at the same temperature for another 18 h
to ensure that cells were free from environmental stress and in an
appropriate growth phase. The stock was then diluted to N/500 and
an optical density of 0.5 before being transferred into sterile contain-
ers where individual samples were immersed for two hours at 24 °C.
During this test period, textured surfaces were held horizontally fac-
ing upwards while the containers were agitated at a frequency of
1.5 Hz and a stroke of 30 mm. Samples were then removed from the
containers and held horizontally to remove excess fluid, before
orthogonal surface swabs were taken over the entire surface area,
diluted in solution, seeded in NA and incubated at 37 °C for 48 h. A
colony counter was used to quantify the number of colony forming
units per swab. Three identical samples were tested for each parame-
ter group, together with three untextured control samples.
Fig. 4. Predicted (solid line: 2000 mm/s, dashed line: 600 mm/s) and experimental (+:
2000 mm/s, £: 600 mm/s) maximum removal depths as functions of laser pulse flu-
ence, together with representative microscope images. Points 1�4 represent parame-
ter groups given in Table 1. White microscope scale bars represent 100 mm.
4. Results and discussion

The measured surface topography of all laser-textured surfaces as
acquired with the coherence scanning interferometer and ShFM is
presented in Fig. 3. The measured average areal surface roughness
(Sa) based on three samples for each texture type was 0.52 mm,
1.27 mm, 0.96 mm and 1.84 mm for surfaces produced with parameter
groups 1�4, respectively. The obtained values of Sa exhibited a dis-
persion of no more than 0.05 mm between measurements. In the case
of separate ablation craters obtained at moderate fluence (group 1),
the limited diameter of craters led to incomplete surface coverage
and a relatively low average areal surface roughness. The individual
craters were nonetheless characterised by material removal in the
central region and a circular ridge formed by movement of the liquid
phase during laser exposure (see Fig. 2). With high pulse fluence
(group 2), homogeneous surface coverage was achieved with a series
of ablation craters whose ridges were predominantly in contact with
those of surrounding craters. The scanning strategy with overlapping
pulses led to a series of parallel grooves with maximum removal
depth ranging from 3.7 mm at 24.8 J/cm2 to 6.2 mm at 60.1 J/cm2 and
a corresponding increase in the average areal surface roughness.
ShFM measurements excluded the presence of significant nanoscale
features resulting from redeposition of ejected nano-particles during
laser irradiation.
The calculated and measured maximum removal depth is pre-
sented as a function of pulse fluence for both separate (groups 1 and
2) and overlapping (groups 3 and 4) laser pulses in Fig. 4. It can be
observed that pulse overlap did not translate into greater removal
depth until pulse fluence was sufficiently high to produce craters
similar in size to the focused laser spot. As a result, the maximum
ablation depth was identical with both scanning strategies up to 8 J/
cm2, after which higher removal depth was achieved at 600 mm/s
than at 2000 mm/s. A minimum pulse fluence of 24.8 J/cm2 was
therefore chosen for bacterial adhesion tests to ensure that grooves
were achieved at 600 mm/s. The four test conditions employed for
bacterial adhesion tests are indicated in Fig. 4.
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In terms of the expected effect of surface topography on bacterial
adhesion, the macroscopic features present on all treated surfaces
were generally too large and shallow to significantly reduce the con-
tact area between the surface and bacterial cells of size »1 mm. The
lack of nanoscale features observed with ShFM suggests that uniform
coverage of the surface with sub-micrometric protrusions such as
those held responsible for antibacterial behaviour following ultra-
short laser pulses were not present after nanosecond laser irradia-
tion.

Fig. 5 presents the geometric average of the E. coli bacteria count
after two hours of exposure to the bacterial solution. Values are nor-
malised against the untreated control samples. An interpretation of
the overall trend can be given by referring to the laser energy dose
(Table 1). Highest bacterial adhesion was observed for samples
treated with parameter group 1, corresponding to the lowest energy
dose. Incomplete surface irradiation in this case implied the existence
of regions between craters that were not oxidised. Thus, bacterial
adhesion was expected to be similar to that of the control samples.
Samples obtained with parameter groups 2 and 3 showed that by
increasing the energy dose, the resulting treatment has strong anti-
bacterial behaviour (»98% reduction). A further increase in energy
dose (group 4) led to a rise in bacterial adhesion.
Fig. 5. Normalised residual E. coli count for surfaces treated with the parameter sets
given in Table 1.
The large reduction in bacterial adhesion observed for parameter
sets 2 and 3 can be interpreted in terms of the physical and chemical
mechanisms involved in bacterial biofilm formation. Though it has
been suggested in other studies [11] that surface topography plays a
role in achieving antibacterial properties following nanosecond
pulsed laser texturing, the resulting surface topography does not
have the sub-micrometric features necessary to reduce the contact
area between a bacterial cell of size »1 mm and the surface. It is
therefore expected that for samples 2 and 3 bacterial adhesion was
mainly influenced by surface chemistry, in particular by the enhance-
ment of electrostatic repulsions induced by a thin oxide layer pro-
moted by laser treatment.

This reasoning, based primarily on the chemical contribution, can
be considered valid in quasi-static conditions where cellular motion
is deemed to be Brownian. If hydrodynamic forces are present, it can
be expected that other effects could occur in the presence of large
micrometric protrusions, such as protection against hydrodynamic
turbulence. This could be an interpretation of the less pronounced
reduction in bacteria count for sample 4, processed with highest
energy dose and exhibiting a higher removal depth compared to
samples 2 and 3. In the conditions employed during the contamina-
tion phase, in which the samples were continuously agitated, such a
“sheltering effect” may have come into play. The sheltering effect
was expected to be less pronounced for samples 2 and 3, for which
local effects relating to surface chemistry were expected to dominate,
leading to improved antibacterial performance. Ideal process param-
eters were therefore those that led to complete coverage of the target
surface but limited material removal.
5. Conclusion

Nanosecond pulsed laser irradiation has been found to be an
effective approach for reducing E. coli adhesion on 316L stainless
steel surfaces where the laser scanning strategy and pulse fluence are
chosen to achieve homogeneous coverage of the surface with abla-
tion features of limited depth (� 4 mm). The mechanisms behind this
antibacterial behaviour are fundamentally different to those taking
place following ultrashort pulsed laser irradiation, where sub-micro-
metric protrusions reduce the contact area between bacterial cells
and the substrate during the initial phases of attachment. For nano-
second laser pulses, this pathway is excluded due to the lack of signif-
icant nanoscale features. Chemical phenomena due to the formation
of a thin iron oxide layer are instead more likely, as the presence of
this phase leads to high negative values of the Zeta potential that
result in strong repulsion of negatively charged particles such as bac-
teria. Results obtained with highest energy dose nonetheless imply
that ablation features with high removal depth lead to protection of
bacterial cells against hydrodynamic turbulence and are therefore
less effective. Though it is clear that further investigation is required
to verify the exact mechanisms with which bacterial adhesion is
reduced, the possibility of utilising nanosecond laser pulses offers the
prospect of lower cost laser-textured antibacterial surfaces in the
near future.
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