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Abstract

An original model has been developed for the initial stage of bacterial adhe-

sion on textured surfaces. Based on molecular dynamics, the model describes

contact between individual bacterial cells in a planktonic state and a surface,

accounting for both the mechanical properties of the cells and the physico-

chemical mechanisms governing interaction with the substrate. Feasibility of

the model is assessed via comparison with experimental results of bacterial

growth on stainless steel substrates textured with ultrashort laser pulses. Sim-

ulations are performed for two di↵erent bacterial species, Staphylococcus aureus

and Escherichia coli, on two distinct surface types characterised by elongated

ripples and isolated nanopillars, respectively. Calculated results are in agree-

ment with experiment outcomes and highlight the role of mechanical stresses

within the cell wall due to deformation upon interaction with the substrate, cre-

ating unfavourable conditions for bacteria during the initial phases of adhesion.

Furthermore, the flexibility of the model provides insight into the intricate inter-

play between topography and the physico-chemical properties of the substrate,

pointing to a unified picture of the mechanisms underlying bacterial a�nity to

a textured surface.
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1. Introduction

The requirement to contrast bacterial biofilm formation on surfaces is of

vital importance in numerous fields including food processing machinery [1]

and biomedical equipment, in particular in relation to post-surgical prosthetic

infections [2]. The traditional approach to contrasting bacterial proliferation5

consists of charging the substrate with antimicrobials [3, 4, 5], a technique that

su↵ers from limited duration, together with other side e↵ects associated with

antibiotic substances. The release of surface ions constitutes a valid alternative

[6, 7, 8, 9, 10]; however, it is not without long-term side e↵ects. A growing

volume of literature is instead devoted to investigating the ability of micro and10

nanoscale textured surfaces to contrast biofilm formation [11, 12, 13, 14, 15, 16].

The concept behind this approach is that antibacterial behaviour depends on

the size of surface protrusions. In particular, surface features whose sizes are

smaller than that of individual bacterial cells inhibit bacterial attachment due to

a reduction in the bacterium-substrate contact area based on simple geometric15

considerations, depicted schematically in Fig. 1(a). On the other hand, pro-

trusions larger than the bacterial size may o↵er a larger contact area, as shown

schematically in Fig. 1(b), and at the same time shelter against hydrodynamic

shear flow, eventually promoting adhesion of cells in a planktonic state [11, 12].

Despite encouraging results obtained to date with this approach, correlation20

between bacterial adhesion and physico-chemical surface properties has not yet

enabled adequate levels of predictability in the behaviour of processed surfaces.

While several works have found clear correlations between roughness and reten-

tion of specific bacteria types [13, 14, 15, 16], others have found that surface

roughness has negligible e↵ects on adhesion [17, 18, 19].25

A possible reason for such discrepancies may be found in the subtle inter-

play between surface topography and chemistry in determining the macroscopic

behaviour of cell-substrate interactions. Changes in these properties are often
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di�cult to control individually and depending on the technique employed to

generate the textured surface. Several studies have attempted to overcome30

this limitation by studying bacterial adhesion on perfectly regular textures

[20, 21, 22, 23]; however, complete disentanglement of the two contributions

is di�cult to achieve within an experimental context.

Figure 1: Schematic representation of the contact area between a bacterial cell and

textured substrate. A single bacterial cell in contact with a rough substrate characterised

by protrusions smaller (a) and larger (b) than the cell size. The cell-substrate contact area is

highlighted in red.

Further to the above-mentioned complications, textured antibacterial sur-

faces are typically designed on the basis of a “zero-th order” bacterial model,35

where the cell is represented by an infinitely rigid body interacting with the

substrate through simple geometric constraints. Recent experimental studies on

naturally occurring antibacterial surfaces, such as cicada and dragonfly wings

[24, 25, 26, 27], have revealed large deviations from the rigid body model owing

to the presence of high aspect ratio protrusions with apical diameters in the or-40

der of a few tens of nanometres. Single bacterial cells in contact with textured

surfaces experience mechanical stresses that are responsible for large deforma-

tions in their cell walls, leading to cell rupture in the most dramatic cases.

However, it has been hypothesised [28] that even protrusions with smaller as-

pect ratios can result in stresses responsible for increased cell vulnerability or45

alterations in cellular metabolism. This hypothesis provides a wider interpre-

tation of experimental results, including the inhibition of fimbrial production
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induced by nanoscale topography [29] and the antibacterial properties of sur-

faces that are not themselves bactericidal. Furthermore, attractive forces in the

order of hundreds of pN have been detected between single bacterial cells and50

substrates using Atomic Force Microscopy (AFM) [30, 31], which is much larger

than the magnitude that would be expected in purely contact-type cell-surface

interactions [32, 33].

In the case of individual colloidal particles interacting with perfectly flat

substrates, the e↵ects of surface chemistry have traditionally been described by55

the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, accounting for inter-

play between Lifshitz-Van der Waals and electrostatic forces. The more recent

Extended DLVO (XDLVO) theory also accounts for Acid-Base (AB) interac-

tions, which are considered the dominant contribution to attractive interactions

[34, 35]. The Derjaguin approximation typically employed for XDLVO rep-60

resentations of extended objects, however, does not allow the description of

interactions with rough substrates. Surface Element Integration (SEI) has been

introduced to calculate the interaction energy between colloidal particles and

textured surfaces [36, 37]. Within this approach, the antibacterial behaviour

of textured surfaces is accounted for in terms of a reduction in the interaction65

energy for increasing values of average roughness [37]. The role of surface pro-

trusion density in decreasing the cell-substrate contact area has also been pre-

dicted [37]. Other models have been developed to account for cell deformation

in attempts to interpret bactericidal behaviour for nonrigid bodies [38, 39, 40],

describing contact between a cell wall and patterned surface in terms of the70

minimisation of surface free energy. All of these models, however, are based on

adaptation of the cell wall to well-defined textures, typically inspired by bacteri-

cidal biological surfaces [25] and modelled as regular arrays of simple geometric

shapes. As a result, these approaches are inadequate when considering more

irregular textures such as those produced via large scale processing in industrial75

contexts. Moreover, local non-covalent interactions with the substrate, consid-

ered in the DLVO-based approaches, are not taken into account, while fluid

surrounding the cell, one of the most important mediators in the interaction
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[41], is neglected.

To provide a more robust theoretical framework accounting for the antibac-80

terial properties of industrially-relevant textured surfaces, this paper presents

a model of bacteria-substrate interactions where bacterial cells are described as

deformable objects in the framework of Molecular Dynamics (MD), overcoming

limitations associated with the aforementioned approaches in view of a uni-

fied theory for the antibacterial properties of textured surfaces. Bacterial cells85

immersed in a computational fluid representing the surrounding environment in-

teract with a computational substrate via specifically tailored physico-chemical

processes. Owing to the spatial resolution enabled by the MD framework, the

model allows the interaction energy of bacterial cells and surfaces to be de-

termined in a manner that closely resembles experiments, without the need90

for geometric approximations. The feasibility of the approach is assessed by

simulating the interaction of bacterial cells with surfaces chosen to represent

stainless steel substrates textured with ultrashort laser pulses, shown to exhibit

antibacterial properties in a previous work [16]. A statistical analysis is car-

ried out considering a wide range of surface morphologies and di↵erent shaped95

cells. The mechanical properties of the latter were assigned based on currently

available experimental data, with the antibacterial properties of each surface

quantified in terms of local stresses acting on the bacterial cell walls. Depen-

dence of simulation outcomes on parameters relating to surface chemistry leads

to a novel interpretation of the antibacterial e↵ects of textured surfaces.100

2. Methods

Within the model, the cell was immersed in a computational fluid whose

evolution in time was determined with the Lattice Boltzmann (LB) algorithm

(version D3Q19) using the ESPResSo software [42].

The computational cell and cell-fluid coupling were introduced using the105

ESPResSo “object-in-fluid” package [43]. The simulation box was a paral-

lelepiped of size Lx = 2.5 µm, Ly = 3.8 µm, and Lz = 5.5 µm. The physi-
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cal properties of the computational fluid are summarised in the Supplementary

Material. The cell was represented by a surface mesh with a node density of 204

µm�2, su�ciently large to ensure adequate resolution of cellular deformation.110

The average area of a single mesh face was therefore ⇠2.5⇥10�3 µm2, similar

to the typical apical area of AFM tips employed to investigate the mechanical

properties of single bacterial cells. As a consequence, direct comparison could

be made between the stresses acting on single points of the cellular mesh and

experimental data from external loads applied to single bacterial cells via AFM.115

Each cell node interacted with adjacent nodes through forces given by the

sum of various contributions, as discussed in detail in the Supplementary Ma-

terial. Dominant contributions included the so-called stretching terms that de-

pended on the distance between linked nodes, weighted with a proportionality

factor ks, and the bending terms that depended on the angle between mesh120

faces at a common edge, weighted with a factor kb.

(c) (d)

Figure 2: Computational cells and substrates. Images of meshes representing spherical

(a) and spherocylindrical (b) model bacterial cells, and examples of substrates obtained by

replicating portions of ShFM topographical maps [16]: LIPSS (c) and Nano-Pillars (NP) (d).

Simulations were performed for two distinct cellular geometries, represented

graphically in Fig. 2: a spherical cell with a diameter of 1.0 µm [panel (a)] and
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a spherocylindrical cell with a base diameter of 1.0 µm and a total length of 2.0

µm [panel (b)]. These two geometries and their relevant dimensions were chosen125

in line with experimental investigations [16], where the antibacterial behaviour

of surface nanostructures was tested for spherical Gram-positive Staphylococcus

aureus and spherocylindrical Gram-negative Escherichia coli bacteria.

The computational substrate was represented by a parallelepiped mesh of

size 4.3 µm ⇥ 2.5 µm ⇥ 0.3 µm, comprising triangular faces with nodes act-130

ing as force centres for interactions with the computational cell. The substrate

node density was the same as the cell node density, which was considered a

compromise between the attainment of adequate surface resolution and the ab-

sence of computational artefacts (e.g. due to intersections between the cell and

substrate meshes). An original Python code was developed to replicate mea-135

sured topographical data on the upper face of the parallelepiped substrate so as

to study the interaction of bacterial cells with substrates employed for experi-

ments. Specifically, data acquired by Shear Force Microscopy (ShFM) on AISI

316L stainless steel substrates textured with ultrashort laser pulses [16] was

employed. ShFM is a variant of scanning probe microscopy able to reconstruct140

surface morphology with nanometre spatial resolution [44]. Topographical maps

used in the analysis consisted of 1024⇥1024 discrete pixels with a spacing of 39

nm.

Two main surface feature classes were considered, Laser Induced Periodic

Surface Structures (LIPSS) and Nano-Pillars (NP), having been identified as145

producing antibacterial e↵ects for specific bacterial cell types [16]. LIPSS are

elongated ripple-like surface protrusions that typically develop upon irradiation

of metals or semiconductors with linearly polarised ultrashort laser pulses at

fluence levels near the single-pulse ablation threshold. Their spatial period

is generally slightly greater than half the laser wavelength, corresponding to150

about 0.8� 0.9 µm for a laser wavelength of 1064 nm in the present study. The

height of such protrusions leads to a typical average areal roughness of Sa ⇠

90 nm. NP are instead isolated dot-like structures obtained through ultrashort

laser processing with partial super-positioning of multiple, tangentially polarised
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ultrashort laser pulses. The spatial separation of the NP considered within this155

study ranged from 0.8 to 1.3 µm, with feature heights corresponding to an

average areal roughness of Sa ⇠ 60 nm [16]. The replication of small portions

of the topographical maps on computational substrates is reported in Fig. 2

[panels (c) and (d)].

Within the model, the cellular mesh interacted with the substrate through160

the pairwise Lennard-Jones-like (LJ-like) potential

V (rij) =

8
><

>:

C1

r12ij
� C2

r6ij
rij  rc

0 otherwise ,
(1)

where rij represents the distance between the i-th cellular node and the j-th

substrate node and rc is a characteristic cuto↵ distance. Equation 1 di↵ers from

the classical Lennard-Jones (6,12) potential due to the presence of two param-

eters, C1 and C2, representing independently weighted repulsive and attractive165

terms, respectively.

Cell-fluid coupling was accounted for via a viscous force ~Fi, whose expression

for the i-th node was

~Fi = ⇠(~ui � ~vi) , (2)

where ~vi is the velocity of the i-th node, ~ui the fluid velocity field in proximity

of the i-th node and ⇠ the coupling coe�cient.170

A crucial aspect of the simulation dealt with assigning physically coherent

values to the computational parameters governing mechanical properties of the

cell and its interaction with the fluid and substrate, with di↵erent approaches

employed to ascertain each parameter. Determination of the stretching and

bending parameters, ks and kb, was accomplished through a calibration proce-175

dure based on simulation of Single Cell Force Spectroscopy (SCFS) experiments

[45, 46, 47, 48]. For parameters C1 and C2 in Eq. 1, values were determined

with a theoretical model based on summing all pairwise LJ-like interactions

between cell and substrate nodes, the latter represented as a flat and infinite

8



mesh. By adopting a continuous approximation, this led to an integral for the180

total interaction potential between the whole cell and substrate as a function of

their mutual distance. In order to validate the results, the modelled force vs.

distance behaviour was compared with experimental force-displacement curves

obtained in SCFS measurements [32, 49]. The adhesion force [32], defined as

the minimum force for cellular detachment from a surface, and the work of ad-185

hesion, defined as the corresponding work [49], were used for evaluation of C1

and C2. Additional requirements were imposed to ensure computational stabil-

ity and prevent unphysical behaviour such as intersections between cellular and

substrate meshes. Finally, optimised values of ⇠ were determined based on the

method proposed by Cimrák, et al. [50] involving calibration with a model for190

Stokes damping of ellipsoidal bodies in a fluid at rest. For the sake of concise-

ness, the above-mentioned techniques and the corresponding values of optimised

computational parameters are discussed in detail in the Supplementary Mate-

rial.

2.1. Simulation routine195

The simulation of single cell-substrate adhesion events required definition

of cell-substrate mechanical contact. In the initial stage of bacterial adhesion,

the driving forces mediating the approach of a cell to the surface cannot be

described analytically, since they mainly stem from stochastic processes such as

Brownian motion and the dynamics of flagellar appendages [51]. It is therefore200

not possible to describe mechanical contact based on physically coherent driving

forces. To overcome this limit, an original definition of contact was introduced.

From experimental data available in the literature, it was possible to retrieve

information about the geometry of single bacterial cells adhered to flat sub-

strates. Focused Ion Beam (FIB) tomography combined with SEM microscopy205

has been employed to obtain cross-sectional images of single spherical bacteria

such as S. aureus [52] anchored on substrates. Contact-mode AFM topographi-

cal images of an E. coli bacterial cell were also available [53], enabling extraction

of transverse topography profiles for di↵erent cellular conditions.
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In the case of a spherical bacterium, cellular geometry at mechanical equi-210

librium was defined by the di↵erence �h between the vertical coordinates of

the highest and lowest points of the cell. In the case of a spherocylindrical

bacterium, cellular geometry was instead described by the sectional eccentricity

e, defined as the ratio between the vertical and horizontal diameters, d1 and

d2, of the elliptical section estimated from AFM topographical profiles. Using215

data from the literature [52, 53], values of �h/h0 ⇠ 0.9 µm and e ⇠ 0.7 were

obtained, where h0 is the undeformed cell diameter.

Figure 3: Approach and contact on flat substrates. Schematic representations of the

preliminary phase of the simulation routine, necessary to define cell-substrate mechanical con-

tact and the corresponding control parameters for spherical (a) and spherocylindrical geometry

(b).

The simulation routine was divided in two distinct phases. In the first, the

cellular mesh approached a perfectly flat computational substrate by exploiting

the force exerted by the computational fluid flux perpendicular to the substrate220

plane. At each simulation step, �h and e were used to monitor the geometry
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of the spherical and spherocylindrical cells, respectively. The simulation was

stopped when these parameters reached the values stated above within a 1 %

tolerance, as shown in Fig. 3. Upon conclusion of this preliminary phase, the

following parameters were retrieved for use in the subsequent phase: the inten-225

sity of the applied force fapproach, the number of steps required for completing

the approach Napproach, and the initial distance between the centre of mass of

the cell and the flat substrate zapproach. It must be noted that the only restric-

tion relating to the choice of fapproach was that the trajectory of cell nodes was

su�ciently resolved to reach the required values of �h and e within the specified230

tolerance.

Once the approach phase was completed, the second consisted of repeating

the same procedure for a textured substrate with the same value of fapproach

as derived in the preliminary simulation. The initial distance between the cen-

tre of mass of the cell and the mean plane of the simulated topographical map235

was set to zapproach and the simulation stopped upon reaching the number of

steps Napproach. By maintaining all other simulation parameters constant, this

procedure ensured equal simulation conditions for flat and textured substrates.

Variations in the mechanical response of the cellular mesh and/or in the inter-

action with the substrate could therefore be attributed to the presence of the240

surface textures only.

The shape and spacing of the surface features a↵ect adhesion through geom-

etry, determining the probability that a cell makes contact with a protrusion or

valley on the substrate. In order to account for inherent variations due to the

irregular nature of each substrate, the same adhesion simulation was repeated245

200 times for each substrate type, considering small portions of each surface

that were randomly extracted from the experimental ShFM topographical map,

with the results analysed statistically. Additionally, a random rotation parallel

to the substrate mean plane was imposed on the spherocylindrical cell for each

experiment to take into account shape anisotropy.250

The e↵ects of contact on individual nodes of the computational bacterial

cells were quantified in terms of the total force, defined as a total f-metric value,
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Figure 4: Local stress on the cell wall. Example of a spherocylindrical cell adhered to

a substrate characterised by LIPSS (a), false colour map (b) representing the local stresses

on the cell walls in an adhesion experiment and example of normalised frequency histogram

of the maximum local stresses (c) produced with 200 simulations. The cell shown in (b) is

rotated about its axis with respect to the cell shown in (a).

derived from sti↵ness interactions between cell nodes. The total f-metric was

represented graphically as a false colour map superposed on the computational

cell, an example of which is given in Fig. 4(a) and (b). Due to the local nature255

of stresses acting on the cell wall, the maximum value of the total f-metric,

hereafter referred to as maximum local stress, was considered in the statistical

analysis. As an example, Fig. 4(c) shows a frequency histogram of the maximum

local stress on the cellular wall.

3. Results and Discussion260

The routine discussed in Sec. 2.1 enabled simulations to be carried out where

individual bacterial cells were made to adhere to di↵erent variants of textured

substrates, calculating local stresses acting on the cell wall in each case. The

investigation was based on the hypothesis that, with su�ciently high stress,

unfavourable conditions for cellular adhesion would take place leading to en-265

hanced antibacterial properties. As the computational substrates represented

replications of specific experimental textures, a comparison could be made with
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macroscopic investigations carried out in line with standard bacterial assays

[16]. It must be noted, however, that the simulation focused on the initial stage

of biofilm formation where bacterial cells were in a planktonic state and thus270

provided complementary information to experimental protocols, which were also

a↵ected by the subsequent bacterial colonisation stage.

3.1. Role of substrate roughness

For a given surface texture, the height of protrusions and therefore surface

roughness is expected to a↵ect cell adhesion. In order to ascertain the role of275

surface feature height on local stresses for an adhered cell, the topography of the

experimental ShFM maps for LIPSS and NP was multiplied by a scaling factor

Mz. Mz = 1.0 corresponded to the measured ShFM maps, while Mz > 1.0

corresponded to higher roughness and Mz < 1.0 to lower roughness.

Figure 5: Dispersion of data in 200 simulations. Frequency histograms of the maximum

local stress produced in 200 simulated experiments for the following combinations of cell

geometry and surface texture: spherical - LIPSS (a), spherocylindrical - LIPSS (b), spherical

- NP (c), spherocylindrical - NP (d).

For each of the 200 simulations performed in line with the procedure de-280

scribed in Sec. 2.1 for all combinations of substate, scaling factor and cell, the
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Figure 6: Role of surface roughness. Maximum local stress, averaged over 200 simulations,

as a function of Mz for the four combinations of cell geometry and surface texture considered.

Error bars correspond to the standard deviation over the statistical sample. Lines connecting

data are intended as guides only.

maximum value of the local stress on each computational cell was extracted.

Figure 5 presents histograms reporting the frequency for the maximum local

stress observed in the simulations. Four values of Mz were considered for each

combination of cell geometry and surface texture. It may firstly be noted that285

results are characterised by a large dispersion of values, reflecting fluctuations in

morphology typical of laser-machined samples and the consequent randomness

of the cell contact position. It is, however, evident that there is a shift in the

distribution peak towards larger local stresses for increasing values of Mz and

therefore surface roughness. This means that by vertically amplifying the to-290

pography, increasing the height of surface protrusions, a larger stress is induced

in cell walls. This finding is confirmed by analysis of the maximum local stress

as a function of Mz, averaged over the entire sample of 200 experiments, shown

in Fig. 6. In addition to this outcome, the results highlight the presence of com-

paratively larger stresses for spherocylindrical geometry compared to spherical295

geometry at constant Mz.

Assuming that mechanical stresses play a dominant role in determining bac-

terial a�nity to a textured surface, the above finding is in line with experimental

outcomes presented within the literature [54], where spherical bacteria cells ex-
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hibit higher mechanical strength compared to rod-like cells and possess higher300

adaptability to di↵erent textured substrates. Moreover, experimental results

in [16], corresponding to Mz = 1.0 in the simulations, indicated a substan-

tial di↵erence between the antibacterial properties of substrates for E. coli and

S. aureus, with the residual bacterial content systematically higher for spherical

S. aureus than for the rod-like E. coli species. Simulation results show that the305

maximum local stress is around three times higher for spherocylindrical cells

than for the spherical cells, which is in line with the original hypothesis that

su�ciently high stress leads to unfavourable conditions for cellular adhesion.

In relation to the surface texture itself, results in [16] suggest a slightly more

pronounced antibacterial e↵ect for LIPSS than for NP, with residual bacterial310

counts slightly higher in the latter case for E. coli. Within the simulations,

sensitivity to the surface texture was less evident for the spherocylindrical cell

than for the spherical cell, with local stresses obtained for LIPSS and NP gen-

erally within their respective error bars independent of Mz. This outcome can

be accounted for in terms of the larger degree of randomness within the simula-315

tion procedure for the spherocylindrical geometry, where the axis of the cell was

randomly oriented over the substrate for each simulation, leading to a larger

spread in the results. The longitudinal size of rod-like cells therefore leads to

greater sensitivity to topographical fluctuations than for spherical cells within

the finite sample of experiments considered. The simulations also suggest that320

NP are more “aggressive” than LIPSS for spherical cells, which is in general

agreement with other experimental observations suggesting that an increase in

the randomness of the texture, as is the case for NP, results in more pronounced

antibacterial behaviour [55].

A key aspect to validating the hypothesis relating to the role of cell wall325

stress on antibacterial behaviour is linked to evaluation of the stress intensity

so as to understand the extent to which values obtained in the simulation can

be expected to cause changes in bacterial viability. Unfortunately, relevant

data are not available in the literature as dedicated experiments are di�cult

to conceive. As mentioned above, however, the particular choice of mesh node330
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density enabled straightforward calibration of local stresses in physical units

through simulation of SCFS experiments. A direct comparison between the

local stress on a single mesh node and the external loads generally applied

to individual bacterial cells in SCFS can therefore be carried out. Relevant

literature suggests that bacterial cells are often subjected to external loads that335

do not exceed 2-3 nN [45, 46, 47, 48], with a few exceptions [56]. Since one of

the requirements of SCFS is to maintain the cells alive during measurements,

it can be assumed that such external loads do not to lead to cellular damage.

Therefore, local stresses attained within the simulations are not expected to

result in direct cytotoxic e↵ects but are instead expected to lie within the range340

in which possible alterations in cellular metabolism can be induced, possibly

responsible for the unfavourable environment leading to antibacterial behaviour

[28].

3.2. Role of the physico-chemical surface properties

With the possibility of individually changing relevant parameters, the simu-345

lation represents a viable route to disentangling the e↵ects of physico-chemical

properties and surface morphology on bacterial adhesion. Surface chemistry is

expected to play a role in cellular adhesion via di↵erent mechanisms. For in-

stance, an increase in the repulsive nature of cell-substrate interactions might

stem from variations in the ionic strength of the environment. Other possibili-350

ties include an increase in the volume of extracellular polymeric substances and

therefore total steric repulsion range, or an increase in acid-base interactions

associated with changes in surface wettability. The physico-chemical properties

of the surface were determined within the model via the LJ-like potential in

Eq. 1, where C1 and C2 were used to weight the repulsive and attractive terms,355

respectively, playing the role of control parameters. The results discussed in

Sec. 3.1 were obtained with C1/C2 = 2.4 ⇥ 10�1 and C1/C2 = 8.4 ⇥ 10�4 (ex-

pressed in computational units with C2 fixed to 3.1⇥10�6) for the spherical

and spherocylindrical cells, respectively. Such values were determined based on

an optimisation procedure detailed in the Supplementary Material, leading to360
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a simulated adhesion force of . 500 pN. Such a value, lying in the range of

typical forces between a single S. aureus cell and human skin, is considered as

corresponding to conditions of strong adhesion [32] and was therefore chosen as

an upper limit. It must be emphasised that optimised values of C1/C2 depend

on cellular geometry, despite referring to local node-node interactions, as they365

were determined based on macroscopic quantities including the cell-substrate

adhesion force, which is representative of interaction between the whole cell and

substrate.

(b)

(a)

(c)

(d)

Figure 7: Role of the repulsive/attractive interactions. Maximum local stress and

contact area, averaged over 200 simulations, as a function of the ratio C1/C2 (expressed in

computational units with C2 fixed to 3.1⇥10�6) for spherical (a, b) and spherocylindrical

(c, d) cells. Simulations were performed on computational substrates replicating LIPSS (red)

and NP (black). Error bars correspond to the standard deviation over the statistical sample.

Lines connecting data are intended as guides only.

Similar to the procedure outlined in Sec. 3.1, 200 simulations were carried out

on textured surfaces with topographies replicated from ShFM maps (Mz = 1.0)370

for di↵erent values of C1/C2. According to the definition of mechanical contact

in Sec. 2.1, the choice of C1 and C2 should in principle lead to di↵erent values

of Napproach at fixed fapproach and zapproach. Therefore, for each tested value of
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C1/C2, a specific procedure for determination of Napproach was performed. Sim-

ulated surface interactions were varied by increasing C1, starting from optimised375

values of C1 and C2. The range of variation in C1/C2, spanning several orders

of magnitude, was tailored for each simulation condition in order to maintain

numerical stability and prevent unphysical artefacts.

The maximum local stress, presented as an average of the 200 simulations

in Fig. 7 for spherical and spherocylindrical cells [panels (a) and (c), respec-380

tively], decreases with increasing values of C1/C2 due to the increasingly repul-

sive nature of cell-substrate interactions. In the case of spherical geometry, the

relationship between maximum local stress and C1/C2 is asymptotic for large

values of the latter, which can be interpreted as representing the spatial region

where the pairwise potential is non-zero. In fact, this envelope approaches a flat385

surface for large values of C1/C2, for which dependence of cellular behaviour on

C1/C2 is lost for further increases in this ratio. Moreover, spherical cell geom-

etry led to smaller dispersion of results, in agreement with the larger geometric

adaptability of this cellular shape.

Further interesting interpretations can be drawn by studying the behaviour390

of the contact area between the cellular mesh and the substrate. In this work,

the contact area was determined by employing the cuto↵ radius rc for the pair-

wise LJ-like potential. The contact area was defined as the sum of the areas of

the cellular mesh faces having all their three nodes located at a distance of less

than rc from at least one substrate node. Results are reported for the spherical395

and spherocylindrical geometries in Fig. 7 [panels (b) and (d), respectively]. In

both cases, a small decrease in contact area was observed as the repulsive char-

acter of the interaction increased, even in the presence of large variations in the

ratio C1/C2 and hence relevant modifications to the physico-chemical properties

of the surface, with negligible dependence on the kind of surface features. It400

can also be noted that the contact area was systematically larger in absolute

terms for the spherocylindrical geometry than for the spherical geometry. In

comparison with the experimental results in [16], where the antibacterial be-

haviour of textured surfaces was found to be more evident for rod-like E. coli
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than spherical S. aureus, the simulation results indicate that the absolute value405

of the contact area is not a meaningful parameter for predicting antibacterial

properties.

A relevant conclusion that can be derived from the performed analysis is that

a reduction in contact area with increasingly repulsive interactions corresponds

to a reduction in the maximum local stress. Alternatively, this problem can be410

analysed in terms of the attractive component of the interaction energy, defined

as the sum of the attractive contributions in the LJ-like potential, reported in

the Supplementary Materials: the absolute value of this quantity decreases with

increasing C1/C2.

Figure 8: Interplay between contact area and local stress. Schematic representation

of the two possible mechanisms responsible for antibacterial behaviour.

The whole set of results suggests a possible unified interpretation of the role415

of physico-chemical properties and surface roughness on the antibacterial prop-

erties of textured substrates. The schematic presented in Fig. 8 is intended to

clarify the concept: when the chemical composition of the substrate determines

local overall attractive interactions, the cell tends to be locally attracted towards

the substrate, thus increasing mechanical stresses and eventually leading to un-420
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favourable conditions for cellular life. When the overall chemistry determines

local repulsive interactions, the cell is locally repelled from the substrate and the

mechanical configuration approaches a condition of interaction based exclusively

on geometric contact. In this configuration, antibacterial behaviour can be in-

terpreted according to the traditional approach based on reduced contact area425

facilitating cellular removal via hydrodynamic turbulence. Thus, antibacterial

behaviour could result from interplay between the two e↵ects: a stress-e↵ect

[Fig. 8(a)] and a geometric e↵ect [Fig. 8(b)].

Bacterial cells are known to be able to modify their hydrophobicity within a

certain range in order to adapt their surface chemistry to a substrate [57]. The430

model predicts that, within a certain range of cellular chemical compositions,

a substrate can exhibit antibacterial behaviour through di↵erent mechanisms.

Therefore, in the presence of sub-micrometric features, surface chemistry should

play a minor role in determining overall antibacterial behaviour. This finding

is in agreement with experimental results in [16], where two surfaces with the435

same geometry (LIPSS) but substantially di↵erent physico-chemical properties

were tested. The first was hydrophobic, obtained by keeping the laser treated

stainless steel substrates in air at room temperature for 30 days. The second

was hydrophilic, obtained by keeping the laser treated substrates in water at 90

�C for 48 hours, a procedure able to promote the formation of hydrophilic iron440

oxides [58]. Both surfaces achieved low bacterial retention for rod-like E. coli

but with negligible di↵erences in antibacterial behaviour between the two. This

outcome validates the hypothesis that chemistry plays a negligible role when

textured substrates are considered.

4. Conclusions445

Through implementation of MD tools, a unified model has been developed to

simulate the initial stage of bacterial adhesion on textured surfaces. The model

accounts for an extensive set of mechanisms at play on the nanoscale, including

cell deformation, modelled in agreement with known mechanical properties of
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selected bacteria, interaction with the fluid, playing an essential role in mediat-450

ing the relevant dynamics, and interaction with the substrate, described through

a potential with independently weighted attractive and repulsive contributions.

The model represents a substantial step forward compared to conventional de-

scriptions of cellular adhesion, which either consider bacteria to be rigid bodies

and antibacterial behaviour to be the result of decreased contact area or consider455

bacterial to be deformable in the presence of regularly shaped textures. The

occurrence of localised stresses on cellular walls, known to lead to unfavourable

conditions for bacterial proliferation, can be reliably described as a function of

topographical properties. The flexibility of the model, inherent in its ability

to account for real surface textures, o↵ers a viable approach for predicting the460

antibacterial properties of a wide range of substrates produced with practical

processes. Individual adhesion experiments can be repeated over a statistical

sample, accounting for morphological fluctuations typical of most large scale,

high throughput processing technologies. Model validity was assessed based

on stainless steel substrates textured with ultrashort laser pulses in a previous465

work [16], where pronounced antibacterial behaviour was reported, in partic-

ular for rod-like E. coli bacteria. The model demonstrates how the elongated

shape of the bacteria leads to higher local stresses than for spherical cells, with

implications for bacterial viability during the initial stage of adhesion.

The ability to individually manipulate a wide range of physical parameters470

via the MD approach paves the way to a robust, unified theory of the entire

adhesion process. Simulation of the contact area and attractive interaction en-

ergy can be performed while tuning the interaction potential over a wide range

of values to mimic variations in the physico-chemical properties of the surface.

Simulation outcomes suggest that the antibacterial properties of textured sub-475

strates stem from interplay between strong local stresses for textured surfaces

with mostly attractive potentials and reduced contact area for textured surfaces

with mostly repulsive potentials.

Further work will be devoted to confirming model outcomes over a wider

range of conditions, including substrates with higher roughness and spacing480
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such as those produced with longer laser pulses [59], as well as accounting for

possible hydrodynamic e↵ects eventually leading to detachment of initially ad-

hered bacterial cells.
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Hernández, J. (2018). Fabrication of biocompatible and e�cient an-

timicrobial porous polymer surfaces by the Breath Figures ap-

proach. Journal of colloid and interface science, 513, 820-830. doi:

https://doi.org/10.1016/j.jcis.2017.11.050.510

[5] Wang, B., Liu, H., Zhang, B., Han, Y., Shen, C., Lin, Q., & Chen, H.

(2016). Development of antibacterial and high light transmittance bulk

materials: Incorporation and sustained release of hydrophobic or hy-

drophilic antibiotics. Colloids and Surfaces B: Biointerfaces, 141, 483-490.

doi: https://doi.org/10.1016/j.colsurfb.2016.02.021.515

[6] Ferraris, M., Perero, S., Ferraris, S., Miola, M., Vernè, E., Skoglund, S., I.
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