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ARTICLE INFO ABSTRACT

Keywords: The influence of surface topography resulting from ultrashort pulsed laser texturing on bacterial cell adhesion is
Laser studied as a method for preventing contamination on stainless steel components. The initial adhesion of a single
Topography spherical cell on a rough surface prior to the onset of any chemical or biological effect is simulated with a

Antibacterial properties

numerical approach including non-covalent interactions between the cell and textured substrate. The study

demonstrates that when asperities are large enough to allow the cell to occupy valleys between two adjacent
protrusions, the cell is protected from hydrodynamic turbulence and is therefore more prone to adhere to the
substrate. Results pave the way to validating, in quantitative terms, hypotheses relating to the influence of
surface topography on bacterial growth. Two different levels of anisotropy are taken into account to contrast the
high adaptability of spherical cells, demonstrating that laser texturing can invoke a specific biological response.

1. Introduction

The requirement to avoid the formation of surface biofilms in food
and medical applications has pushed researchers to find new and in-
creasingly more effective surface treatments to inhibit the proliferation
of bacterial cells. Common solutions to inhibiting bacterial con-
tamination of surfaces involve the use of antibiotics [1] or the emission
of ions [2] such as silver. These techniques have been adopted in bio-
medical devices such as prosthetic implants for years to contrast the
problem of post-surgical nosocomial infections [3]. The side effects
produced by such substances and the spread of antibiotic-resistant
bacterial strains, however, is pushing researchers to find new solutions
to increase the durability and reliability of such devices. In the food
production industry, the requirement to ensure adequate levels of hy-
giene in machinery requires expensive cleaning procedures employing
aggressive chemicals and, in most cases, temporary interruptions to the
production cycle [4]. To overcome such difficulties, new strategies are
being developed to increase the cleanability of such components.

One of the most promising lines of research in this direction is based
on the idea of reducing adhesion strength between bacterial cells and a
substrate by tailoring the surface roughness [5,6]. Within this context,
several surface treatments have proven to be effective in reducing the
amount of biofilm compared to untreated surfaces [7,8]. Amongst these
techniques, ultrashort pulsed laser texturing has emerged as a powerful
and versatile surface engineering process for achieving antibacterial
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properties [9]. Laser technology is a highly valid approach across a
wide range of manufacturing applications due to its simplicity, the
absence of requirements for clean room facilities and the possibility of
performing the treatment in air or other gaseous environments [9-12].
The ease with which this approach can be applied compared to other
surface texturing techniques such as ion beam structuring [13] there-
fore makes it a good candidate for implementation in an industrial
context for processing of large areas.

Laser interaction with metals on a time-scale shorter than the
electron-phonon relaxation time leads to a complex array of physical
phenomena that depend on the laser wavelength, pulse duration and
pulse fluence. Within specific parameter windows, interaction between
the incident laser pulse and surface plasmon polaritons leads to the
formation of Laser Induced Periodic Surface Structures (LIPSS), elon-
gated ridges perpendicular to the polarisation direction with a separa-
tion distance similar to, or smaller than, the laser wavelength [14].
Structures of this type produced with a laser wavelength of 1030 nm
have been shown to reduce Escherichia coli (E. coli) retention by more
than 99% and Staphylococcus aureus (S. aureus) retention by more than
80% compared to reference samples representing current best practise
in the food production industry [8]. When considering the interaction
of bacterial cells with a textured surface, it must be noted that E. coli
and S. aureus have different geometry; the former is a rod-like cell with
a mean base diameter of 1 um and a length of 2-3 um [15], while the
latter is a spherical cell with a diameter of 0.5-1 um [16]. Other laser-
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based techniques such as Direct Light Interference Patterning (DLIP)
can also be employed to achieve similar-sized structures that have been
shown to reduce bacterial attachment [17-19].

Bacterial adhesion at a single-cell level and the eventual formation
of biofilm are complicated processes involving a wide range of physical,
chemical and biological phenomena [20]. In particular, local hydro-
dynamic effects induced by surface topography can influence the
probability of irreversible bacterial attachment, the first stage of biofilm
growth.

The most widely accepted hypothesis relating to the influence of
surface topography on bacterial attachment [21] currently states that
surface protrusions whose size are slightly smaller than the bacterial
cell size are most effective at reducing the contact area between the cell
and substrate by creating a “fakir effect” and thus an unfavourable
environment for proliferation. Furthermore, it has been hypothesised
that such protrusions could produce local mechanical stresses in the
bacterial cell wall that induce alterations in cellular metabolism [22].
The connection between surface topography and bacterial adhesion is
reflected in current industrial standards for surface roughness in the
food industry (R, < 0.8 um) [23] and length-scale thresholds for the
formation of the dental plaque [24]. The principle has also been used to
explain the antibacterial nature of several biological interfaces such as
gecko's feets or cicada's wings [25-27]. Ultrashort pulsed laser treat-
ment is a good candidate for the production of man-made antibacterial
surfaces as it can be used to produce textures with protrusions whose
sizes are compatible with the aforementioned requirements.

Such a framework, however, is based on the implicit assumption
that a bacterial cell is a perfectly rigid body that interacts with a surface
via contact only. Previous studies instead suggest that the problem of
bacterial adhesion is more complicated as it is influenced by a range of
other physical and chemical factors. Bacterial adhesion is often de-
scribed as a two-stage process. In the first stage, the cell is kept in the
proximity of the substrate by non-covalent interactions including at-
tractive Lifshitz-van der Waals interactions, acid-base interactions,
electric double-layer repulsions etc. If the first step takes place, the cell
begins to produce extracellular polymeric substances to increase the
bonding energy with the substrate. Such behaviour can be influenced
by the presence of organic conditioning films on the surface.
Furthermore, the role of the liquid environment where the cell is in-
herently placed is completely excluded from this line of reasoning. In
particular, the effects of shear flow or other hydrodynamic mechanisms
are not considered, despite occurring in many practical applications
such as the food industry.

In an attempt to enable a more realistic description of the initial
stages of interaction between a single bacterial cell and a rough laser-
textured surface, a novel numerical simulation of cell dynamics in close
proximity to a rigid, rough surface will be presented in this paper. In
order to isolate hydrodynamic effects, the simplest possible bacterial
shape has been considered as a first step, with simulations performed on
a single spherical coccoid-like cell whose mechanical properties per-
taining to deformation have been modelled based on data from the
literature. Cell dynamics have been simulated in the presence of a
moving fluid and different substrate topographies inspired by laser-
textured surfaces featuring LIPSS in the form of either elongated ripples
or isolated dots [28]. Owing to the high flexibility of currently available
surface texturing processes in terms of shape, size and aspect ratio,
other quasi-regular geometries have also been simulated with the aim
of initiating systematic analysis of cell-surface interactions as a function
of straightforward geometric parameters such as the ratio of bacterial
cell size to surface periodicity or surface structure height.

2. Simulation
Simulations were performed by implementing the object-in-fluid

feature [29] of the ESPResSo package [30] in a Python code specifically
developed to describe motion of a single bacterial cell in close
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proximity to a textured surface. ESPResSo allows representation of
deformable objects as triangular meshes immersed in a fluid, modelled
according to the Lattice-Boltzmann algorithm. This computational ap-
proach calculates the velocity field of a fluid based on the corre-
sponding Boltzmann distribution determined at the nodes of a simple
cubic lattice. The mesh employed to represent the cell was obtained
with an icosahedral sphere typically having 642 nodes. Cell nodes in-
teract with each other via bonding forces described through various
associated terms such as stretching, bending and so on. By observing
the analytical expressions for forces acting on each node, it is possible
to note that the dominant contribution to cellular bonding energy for a
bacterial cell is given by the so-called stretching interaction, simulated
by the presence of a spring along each edge connecting adjacent mesh
nodes, and the so-called bending interaction, which takes into account
effects produced by variation of the angle between two mesh faces
having one edge in common. Explicit expressions for the relevant
contributions are given below.

Let L4p be the length of a single mesh edge whose vertices are A and
B, and L,z° be the corresponding value in the equilibrium configura-
tion. The stretching contribution to bonding forces is defined as:

Lug ) Las — L3
K (A,B) = kS“(#)M”AB
Lip Lip (@)
10.5+/172.5

T and nyp is the

where kg is the stretching force constant, x (1) =
unit vector from A to B (see Fig. 1(a)).

Let O be the angle between two mesh triangles with a common edge
AB, and 6° be the corresponding value in the equilibrium configuration.

The bending contribution to the bonding forces on vertex C is given by:

F,(ABC) = k A8

b D Napc )

where ky, is the bending force constant, A8 = 6 — 6° is the deviation of

A

Fig. 1. Representation of geometric quantities relating to stretching, bending
and constant-volume interactions (a) and constant-area interactions (b).
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6 from the equilibrium value and nupc is the normal unit vector to the
triangle ABC. Although stretching and bending terms constitute the
dominant contributions, additional forces were included to account for
area and volume conservation constraints. The area conservation con-
tribution acting on vertex A is given by
F(4) = —(kmM +k
SaBc 3
where k,; and kg are force constants and w, is the unit vector pointing
from the barycentric coordinate of the triangle ABC to vertex A (see
Fig. 1(b)). The first term in brackets takes into account local area
conservation and depends on the areal variation 2EC of triangle ABC
with respect to the equilibrium value Sppc. The s%Bgond term instead
considers global area conservation and takes into account the total
mesh surface S. The total force F,(A) acting on vertex A and due to
triangle ABC is directed along unit vector w,, pointing from the cen-
troid of the triangle to point A. Finally, volume conservation is given by

E(4) = _kv%SSABCnABC 4)
where k, is the volume force constant.

Values employed for parameters given in Egs. (1)-(4) were based on
data from the literature [31] relating to the stiffness and Young's
modulus of S. aureus. The corresponding force constants in molecular
dynamics (MD) units used by the software are listed in Table 1.

As mentioned above, the mesh representing the cell was immersed
in a fluid. The traditional approach for implementing “immersed
boundary conditions” within the Lattice-Boltzmann algorithm states
that coupling between the fluid and cell occurs via the force

f=&w-v)

where v is the velocity of a cell node, u is the average velocity of the
neighbouring fluid nodes and ¢ is a coupling coefficient set as 1.5 ar-
bitrary units. The dynamics of a bacterial cell in a fluid is normally
described as motion in a viscous molasses [32]. This is often called the
Stokes regime and is normally identified by Reynolds numbers ranging
from 107° to 10~ 3. Hydrodynamic parameters in the current simula-
tion were chosen to achieve a Reynolds number of 10~ °. With the
choice of friction coefficient mentioned above and a Reynolds number
of 10, the velocity field of the fluid reaches values in the range of tens
of micrometres per second.

The cellular mesh interacts with the substrate during the simulation,
with the latter modelled as another triangular mesh. The employed
substrate geometry was chosen to reflect the topography of laser-tex-
tured stainless-steel substrates that have been shown experimentally to
reduce bacterial attachment for specific bacterial cells [28]. Two types
of quasi-regular arrays comprising elongated ripples and isolated dots,
respectively, were chosen for simulations. This choice of topography
was based on the laser-textured surfaces shown in Fig. 3, which were
produced with ultrashort laser pulses having linear and circular po-
larisation, respectively. In the former case, LIPSS formed perpendicular

(5)

Table 1

Bonding parameters in MD units relating to the simu-
lations. All parameters are described in terms of three
fundamental units: the unit of length corresponds to a
physical length of 150 nm; the unit of time corresponds
to a physical time interval of 10™3s and the unit of
mass corresponds to 1.55 %10~ *°kg.

Parameter Value (MD units)
0 12

ky 12

ka 0.02

kag 0.9

k, 1.5

10
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to the polarisation direction and resulted in elongated ridges. In the
latter, the intersection of radial LIPSS forming perpendicular to the
local polarisation orientation with successive overlapping laser pulses
led to the formation of spikes or dots similar in dimensions to the laser
wavelength. The period of the simulated arrays was taken as 0.30 ym
for ripples and 1.50 um for dots, respectively. Let (x,y,2) be the spatial
coordinates of a generic node of the substrate mesh. To obtain a quasi
dot-like triangular mesh, the following relationship between x, y and z
was employed:

2
27 27
zZ(Ly)=A sin(—x) sin(y)]
[ Ax Ay ®)

Elongated ripples were instead reproduced with the following re-
lation:

2
z(,y)=A [sin(z—ﬂx)]
Ay @)

The code simulates non-covalent interactions between the cell and
substrate in terms of two point forces generated on cell nodes by force
centres corresponding to the substrate nodes. The interaction between a
single cellular node i and a single substrate node j is simulated by the
Lennard-Jones potential (see Fig. 2):

. 12 . 6
Vi) =¢||2n] —ofmin
"y "y ®

This potential is widely employed in MD simulations due to the fact
that it effectively models surface interactions on a colloidal scale. Such
interactions generally have a short range repulsive character, re-
presented by the twelfth power term in Eq. (8), combined with long
range attractive interactions, represented by the sixth power term.
Parameters employed for simulations are summarised in Table 2.

3. Results and discussion

Fig. 4 shows a sequence of snapshots taken from the simulation of a
spherical cell representing a coccoidal bacterium immersed in a fluid
moving from left to right. For the sake of conciseness, we report only
four snapshots for all simulated computational conditions. The cell in-
teracts with a “dot-like” substrate based on the surface presented in
Fig. 3(b), achieved through laser-texturing of stainless steel surfaces in
a previous study [28]. Cellular motion induced by the fluid when the
cell is not interacting with the substrate is mainly translational in
nature, in agreement with the drag effect induced by the fluid. Owing to
interaction between the cell and substrate, however, the cell shape
deviates from its equilibrium spherical form and its kinetic energy

A

%

min

j

Fig. 2. Representation of the Lennard-Jones potential.
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Table 2
Lennard-Jones parameters employed for simula-
tions.
Parameter Value
€ 3.5 x 107287
Timin 33nm

acquires a rotational component. The consequence is a decrease in the
centre-of-mass velocity. After having interacted with the first dot-like
protrusion, the cellular mesh essentially restores its spherical shape and
maintains mostly translational motion approaching the top of sub-
sequent protrusions without significant increases in its rotational ki-
netic energy.

The aforementioned behaviour is represented in Fig. 5, which re-
ports the rotational energy and centre-of-mass velocity component in
the direction of flow as functions of time. Both graphs show a repeated,
quasi-periodic trend, reflecting the occurrence of “bounces” on top of
substrate protrusions. The first bounce, in which interactions between
the cellular mesh and substrate are maximum in strength, leads to a
significant decrease in the centre-of-mass velocity and, correspond-
ingly, to an increase in rotational energy. Since interactions between
the cell and substrate are weaker in subsequent bounces, the effect
becomes less evident.

These results highlight the role played by surface topography in
dictating cell dynamics, a key finding of experimental works in-
vestigating the effect of ultrashort pulsed laser texturing on bacterial
adhesion [8]. By changing the surface texture, cell dynamics are
modified. Fig. 5 displays the corresponding behaviour of a cell inter-
acting with “ripple-like” structures obtained by ultrashort pulsed laser
texturing of stainless steel (Fig. 3(a)) [28] featuring a height similar to
the previously considered dots but a smaller spatial period. In this case,
the cell bounces more frequently but with a less pronounced overall
decrease in centre-of-mass velocity due to the smaller surface feature
height.

As far as cell-substrate interactions are concerned, it can be re-
marked that these are governed not only by the distance-dependent
Lennard-Jones potentials presented in Eq. (8), but also by local hy-
drodynamic effects induced by the surface topography. This is sup-
ported by the simulated fluid velocity field represented by the coloured
streamlines in Fig. 4. Under the simulated conditions and assuming a
flat surface, the fluid velocity would be homogeneous throughout the
entire volume with the exception of a very thin layer close to the sur-
face where the fluid would be at rest. Both the surface topography and
immersed cell produce local modifications in fluid velocity field. For
instance, fluid velocity around the cell approaching the side wall of a
protrusion increases, as shown by the red streamlines in Fig. 4(b). Local
modifications in fluid velocity, in turn, affect cell dynamics, thus con-
tributing to the levitation effect that makes the cell overcome the dot-
like protrusion, together with the repulsive nature of the Lennard-Jones

\\g |

\\' ‘ )
S
\

\\!
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potential at short distance. In addition, cell deformation leading to
deviations from a spherical shape also depends on the fluid velocity
distribution.

In the case of ripples, the cell spends a comparatively small amount
of time between adjacent protrusions, where the fluid velocity field is
more markedly modified. As a consequence, shape deformations are
less pronounced, leading to smaller contributions from rotational de-
grees of freedom to the overall kinetic energy (see Fig. 6(b)).

The simulations clearly address the initial stages of bacterial at-
tachment prior to the onset of any chemical or biological effects that
would eventually lead to irreversible adhesion. Treatment of these
factors would require detailed knowledge of the chemical properties of
the fluid and surface, and a model for the vital activity of the selected
bacterial cells.

Nonetheless, the length of time a cell spends in proximity to a
surface can be expected to heavily affect attachment of single bacterial
cells and subsequent biofilm formation. These results suggest that tex-
tures with large “hills” will increase the stay time in between adjacent
protrusions. The related phenomenon is known in the literature as the
“shelter” effect [21] where the surface roughness acts as a shelter that
protects a bacterial cell from hydrodynamic turbulence.

Conversely, stay time may decrease with higher density, smaller
surface structures. This observation was confirmed by conducting ad-
ditional simulations, presented as an example in Fig. 7, with textures
having the same spatial period as the previously-considered dots but
with higher peaks. Though structures with a large aspect ratio are
usually not achieved via single-pass ultrashort pulsed laser machining,
they can be envisioned within presently available surface processing
methods.

Snapshots shown in Fig. 7 demonstrate strong deformation of the
cell caused by prolonged interaction with the rigid wall of the protru-
sion. In such conditions, the centre-of-mass velocity is markedly re-
duced compared to flow above a flat surface, eventually leading the
bacterium to stop completely. In such conditions, adhesion is expected
to be favoured as the substrate effectively behaves as a bacterial trap.

Fig. 8 shows a graph of the stay time, measured as the time required
for the cell to reach the top of a single dot-like protrusion, as a function
of the aspect ratio of the protrusion, defined as the ratio between the
height and the period of the dot-like pattern. The latter was fixed at
1500 nm in all cases.

The graph shows that the cell stays in proximity to the surface for a
time interval that increases with the height of the protrusions,
achieving asymptotic behaviour for an aspect ratio of 0.55. This cor-
responds to a height of 825 nm. The significance of this result is that the
threshold height is comparable to the cell size of 600 nm. The simula-
tion therefore confirms that the cell size establishes an upper critical
threshold for the size of protrusions for surfaces that must exhibit
negligible shelter effect.

Though existing theory relating to the initial phases of bacterial
attachment essentially considers the relationship between the bacterial

Fig. 3. SEM images of ripples perpendicular
to the light polarisation (red arrow) (a) and
dots produced with circular polarisation
(b). Ripples are elongated ridge-like pro-
trusions with typical periods of 0.7-0.8 um.
Dots occur as bump-like structures with a
typical diameter of ~1 pm. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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Fig. 5. Rotational energy (a) and centre-of-mass velocity vcm, » (b) along the
flow direction vs. time for a single spherical mesh moving in proximity to a dot-
like surface. Z, represents the initial height of the cell from the substrate. The
spikes are the result of numerical effects due to the discrete nature of the si-
mulation procedure.
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Fig. 4. Snapshots showing the behaviour of
a single coccoidal bacterium near a “dot-
like” surface [12] at consecutive points in
time: 0.1ms (a); 0.3ms (b); 0.5ms (c);
0.7 ms (d). The fluid velocity field is shown
as streamline colours from blue to red for
increasing velocity. (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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Fig. 6. Rotational energy (a) and centre-of-mass velocity v. m, » (b) along the
flow direction vs. time for a single spherical mesh moving in proximity to a
ripple-like surface. Z. represents the initial height of the cell from the substrate.
The spikes are the result of numerical effects due to the discrete nature of the
simulation procedure.
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Fig. 7. Snapshots showing the behaviour of
a single coccoidal bacterium at consecutive
points in time near a “dot-like” surface with
higher protrusions than in Fig. 2: 0.1 ms (a);
0.3ms (b); 0.5ms (c); 0.7 ms (d). It should
be noted that the increase in height leads to
larger deformation of the cellular mesh and
a larger contact area. This should lead to an
increase in the probability of adhesion.
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Fig. 8. Stay time vs. aspect ratio for a cell in proximity to a dot-like protrusion
(A, = 1500 nm).

cell size and surface feature dimensions in terms of attachment point
theory [33,34], simulation results presented here within suggest a more
complex scenario involving the interaction between a cell and substrate
in the presence of important hydrodynamic turbulence. While the
number of available contact points for bacterial cells is expected to
decrease with surface features smaller than the cell size, reductions in
bacterial attachment approaching this point [35] are likely due to more
complex effects. Simulation results therefore have important implica-
tions for the design and production of antibacterial surfaces, providing
a clear methodology and guidelines for topography appropriate for
reducing bacterial attachment.

4. Conclusion

By analyzing observables related to the motion and the interactions
between a single spherical cell and a substrate inspired to laser textured
surfaces, we observed the so-called “shelter effect” in terms of an

increase in the stay time of a factor ~4 for topographies whose size are
larger than the cellular size. The experimental textures to which the
computational surfaces are inspired are considered good candidates for
achieving antibacterial behaviour, since they show values of areal
surface roughness compatible with the requirements for an anti-
bacterial behaviour (S, = (90 * 5) nm for the ripples, S, = (60 = 5)
nm for the dots). Simulation of the interaction between a bacterial cell
and textured substrate allows the biological response of a metal surface
to be tuned, opening up new possibilities for the design and manu-
facture of components that are strongly resistant to biofouling. The
model presented within this work represents a step forward in devel-
oping reliable laser-based manufacturing methods for improving the
antibacterial performance of surfaces. Though such processes have been
demonstrated empirically in the past, their optimisation has not been
possible due to lack of a detailed and comprehensive approach taking
into account the mechanisms of bacterial adhesion at the scale of sur-
face roughness.

In relation to the two laser-textured surfaces considered in this
work, the following conclusions can be drawn:

e The motion of a cell immersed in a fluid in proximity to a textured
surface is strongly influenced by surface topography;

e Surface protrusions present on textured substrates act as obstacles
that lower the cell velocity, extending the stay time inside the region
between two adjacent surface protrusions and therefore the prob-
ability of irreversible adhesion;

e The hypotheses relating to the influence of surface topography on
bacterial adhesion has been confirmed with simulation data, in
particular in relation to the “shelter” effect discussed in the litera-
ture;

e Conversely, the model suggests that in the presence of densely
packed surface structures such as those on laser-textured anti-
bacterial surfaces, a single bacterial cell tends to be completely ex-
posed to hydrodynamic turbulence and is therefore less prone to
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adhere to the surface itself.

The next phase of model development will include accounting for
different bacteria shapes and specific surface parameters such as peak
form, height, period and density in order to establish the ideal topo-
graphy to inhibit the initial stages of bacterial adhesion and allow ap-
propriate process parameters to be selected for their production.
Bacterial adhesion involves a plethora of different mechanisms, for
which the influence of the specific bacterial strain, interactions between
neighbouring bacterial cells and the presence of proteic waste materials
filling the space between surface protrusions must be investigated.
These aspects, together with industrial considerations such as the life-
time of processed surfaces subject to wear or chemical corrosion, will be
the object of future investigations.
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