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Abstract

The ever-lurking threat of bacterial contamination and infection has seen a recent resurgence in line with the increasing ubiquity
of biochemical resistance. Accordingly, intense research focus has been placed on the discovery of alternative mechanisms of
action for antibacterial property. Nanopatterned surfaces, which operate on a physical mechanism of action, are showing great
promise in this regard. That being said, the role of individual parameters in nanopattern bactericidal activity remains unclear. In
this work, we develop a two-dimensional finite element model to study the interaction of a Bacillus subtilis cell with a
nanopatterned surface in ABAQUS/Standard. Using our model, we analyze the effect of key physical parameters associated with
pillar geometry and bacteria-surface interaction. Our results indicate that the localized deformational stresses generated within the
bacterial peptidoglycan are sufficient to bring about catastrophic rupture and subsequent death. Moreover, we demonstrate that the
most effective strategies for enhancing bactericidal efficiency are reducing pillar diameter and increasing attractive interaction.
These findings can be used to guide the optimization of fabricated nanopatterned surfaces.
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1. Introduction

Surface adhesion of bacteria triggers a biochemical cascade that metamorphoses an isolated cell into a complex,
microcolony known as a ‘biofilm’ [1]. Biofilms confer enhanced resistance enabling its members to withstand
physiological stresses that would otherwise overwhelm them in isolation. This makes biofilms notoriously difficult to
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eradicate — a point best appreciated in the context of implant device infection which often necessitates costly and
complicated revision surgery [2]. Accordingly, it is highly desirable to have surfaces resistant to bacterial adhesion.

The design of such surfaces is experiencing a drastic paradigm shift due to the increasing ubiquity of biochemical
resistance. Traditional approaches for antibacterial property that use chemical functionalization underpinned by a
biochemical mechanism of action are no longer effective [3]. Novel strategies are being pursued, and one of the most
promising is nanopatterned surfaces. Originally inspired by insect wings, nanopatterned surfaces elicit bactericidal
properties with a physical mechanism of action. More specifically, interaction between the bacteria and nanopattern
causes deformation of the peptidoglycan, which leads to catastrophic rupture and subsequent leakage and death [4].

Despite intense research interest, a number of questions remain. Most pertinently, these pertain to the nature and
role of the bacteria-surface interaction, and the effect of nanopattern geometry [5]. Accordingly, numerous attempts
have been made to study these questions experimentally, though conclusions are weak or unclear. For instance, several
experiments report that reduction to pillar diameter increases bactericidal efficiency, whilst drawing from data where
pillar diameter, height and spacing are all simultaneously modified [6]. This is largely due to technological limitations
which currently prevent accurate and repeatable control of individual geometrical parameters at the required resolution.
Nevertheless, understanding the role and effect of interaction and geometry represents the key to unlocking the full
potential of nanopatterned surfaces.

Accordingly, this works presents a technique to systematically study individual, key parameters involved in
bacteria-nanopattern interaction, free of technological limitation and experimental intensiveness. To do so, we develop
a two-dimensional finite element model in ABAQUS/Standard for the interaction of Bacillus subtilis cell with a
nanopatterned surface. Using this model, we elucidate the effect of interaction force and pillar geometry (i.e. diameter,
height and spacing) on deformational stress and bactericidal efficiency.

Nomenclature

D diameter of nanopillars

S spacing between nanopillars

H height of nanopillars

Fo interaction force at zero separation
Ep elastic modulus of peptide crosslinks
Ec elastic modulus of glycan strands
VPG Poisson’s ratio of glycan strands

UTS  ultimate tensile strength

2. Methodology

The deformation of a B. subtilis cell interacting with a nanopatterned surface was studied with a two-dimensional,
finite element model using the ABAQUS/Standard implicit solver (Fig. 1). Developing the model required careful
consideration of four aspects — materials, geometry, interaction and mesh generation. Some key parameters are
summarized in Table 1.
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Fig. 1. Two-dimensional, plane strain simplification of bacteria-nanopattern interaction
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Table 1. Key parameters for finite element model of bacteria-nanopattern interaction

Material Mechanical Global mesh
Feature Geometry . Element type .
model properties size (nm)

Peptidoglycan  Thickness = 35nm [7] Elastic E =115MPa CP4ER 1

Outer diameter = 1um [7] v=0.118[8, 9] (Plane strain)
Internal Outer diameter = 930 um N/A N/A R2D2 1
components (Discrete rigid)
Nanopillars Diameter (D): 20-80nm N/A N/A R2D2 1

Spacing (S): 200-500nm (Discrete rigid)

Height (H): 200-500nm

2.1. Materials

Physical rupture of peptidoglycan is the underlying cause of death in bacteria-nanopattern interaction [4].
Developing an appropriate material model for peptidoglycan material is thus critical for our simulation. Our model
specifically pertains to the peptidoglycan of B. subtilis — a widely studied, gram-positive bacteria which is stiffer and
more robust to the nanopattern mechanism than gram-negative counterparts [10]. Most accurately, peptidoglycan is a
nonlinear material, owing to viscoelastic properties [11] and stress-stiffening behavior [12]. For ‘small’ deformations,
however, peptidoglycan is approximately linear. Various AFM experiments have demonstrated linear force-
indentation response to sinking depths of 250nm [13], and forces of 100pN [14]. Also, previous theoretical models of
cell walls have used linear elastic approximations, showing good agreement with experimental results [8, 9, 13]. In
this work, sinking depths are less than 250nm, and interaction forces are all in the order of 100pN, so a linear elastic
approximation is appropriate. Peptidoglycan has mechanical properties that are directionally dependent, due to the
disordered circumferential arrangement of glycan strands and peptide crosslinks [15]. For instance, glycan strands in
the hoop direction have a higher stiffness than peptide crosslinks in the axial direction (i.e. Eg > Ep). For our
simulation, the mechanical properties in the glycan direction are most relevant as they are in the plane of our two-
dimensional model. To the best of our knowledge, however, Eg has not been previously reported for B. subtilis. Hence,
we used available data for the elastic modulus in the peptide direction and an average of the ratio Eg / Ep from previous
studies to infer the glycan properties. By this means, an elastic modulus of Eg = 115MPa was derived (Table 2). This
is in the order of estimate by Tuson, et al. [16]. Based on the theoretical work of Assidi, et al. [8] and Gumbeart, et al.
[9] the average Poisson’s ratio of peptidoglycan in the glycan direction is vpg = 0.118. Considering these factors, the
peptidoglycan material was taken to be elastic and modelled with CPE4R (4-node, plane strain, quadrilateral, reduced
integration) elements with mechanical properties listed in Table 2.

Table 2. Elastic moduli of peptidoglycan

Reference Bacteria Gram-stain Ep (MPa) Eg (MPa) Eg:Ep
. 30 35 1.17
[17] E. coli Negative
15 60 4
3 32 10.67
[8] N/A
5 10 2
[12] E. coli Negative 23 49 2.13
. 4 11.4 2.85
[9] E. coli Negative
17.5 66.3 3.79
[18] B. subtilis Positive 30 (~115)

The various materials of components internal to the cell wall (i.e. plasma membrane, cytoplasm and intracellular
structures) were neglected and internal features were simplified as a discrete rigid wire constrained with a surface-to-
surface tie at the internal diameter of the peptidoglycan. This restricted the global shape change of the bacteria during
interaction and confined the deformation to the peptidoglycan layer, mimicking the effect of high-turgor pressure in
gram-positive bacteria [11].
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Lastly, the material of the pillars was also considered to be rigid. This simplification was permitted due to the
order of magnitude difference between the stiffness of gram-positive peptidoglycan (~100MPa) and materials
commonly used for nanopatterns fabrication such as titanium (~100Gpa) [19] and black silicon (~100Gpa) [20].
Deformation of the pillars is thus considered negligible relative to the deformation of the peptidoglycan, having
minimal influence on our results.

2.2. Geometry

Like its mechanical properties, the dimensions of peptidoglycan depend on turgor state, hydration state and
immobilization method. For the case of intact, turgored and hydrated B. subtilis cells, an outer diameter of 1um and
thickness of 35nm are observed using cryogenic electron microscopy techniques [7]. These values were used in our
model as the experimental conditions mimic those in vivo.

Nanopillars were modelled as round-capped cylinders, spaced equally to form an organised nanopattern. The
nanopattern can thus be defined entirely by three geometric parameters — pillar diameter (D), height (H) and spacing
(S). Our original simulations were carried out with dimensions of D = 60nm, H = 200nm and S = 200nm to imitate
the wing nanopattern of Psaltoda claripennis which is an established natural model for biomimetic design [21].
Diameter was subsequently varied between 20-80nm, with the lower bound reflecting the resolution that can be
achieved with some fabrication techniques, though not with great uniformity or control [22]. Pillar spacing was varied
from 200nm to an upper limit of 500nm, as further spacing approached the scenario where the cell contacted the
substrate before the pillars (i.e. no suspension). Pillar height was also varied between 200-500nm (Table 1).

2.3. Interaction

Bacteria-surface interaction can be described in two phases. The first phase pertains to initial approach and
immediate contact, during which physicochemical properties generate distance-dependent attractive or repulsive
interactions in the order of 100pN [23-25]. The second phase pertains to adsorption after contact, during which
molecular and cellular interactions generate time-dependent adhesive forces, typically in the order of 1nN [26]. Given
that these adhesive forces are ‘reactive’, the ‘action’ forces in the first phase are of greater interest for our model. The
precise value and nature of the interaction forces during this phase is a complex interplay of physicochemical
properties, such as the surface hydrophobicity and charge of the bacteria and substrate, and the pH and ionic strength
of the surrounding aqueous medium. Approach forces for B. subtilis interacting with a nanopatterned surface have not
been reported, though various observations support an approach that is attractive in nature. For instance, nanopatterned
surfaces are superhydrophobic, owed to their physical topography [20]. High levels of hydrophobicity are strongly
correlated to physicochemical attraction, due to ease with which interfacial water is eliminated [24]. Also, various
studies have shown increased numbers of adhered bacteria on nanopatterned surfaces versus flat controls [27]. Lastly,
Harimawan, et al. [26] demonstrated adhesive retraction forces of 1.488nN for B. subtilis on stainless steel 316.
Favorable attractive forces in the first phase of interaction are typically a precursor to adhesive forces developed in
the second phase. Accordingly, for B. subtilis-nanopattern interaction we take a conservative estimate of 100pN per
contacted pillar (i.e. 200pN) of attractive force at zero separation (i.e. Fo).

In ABAQUS/Standard, this interaction was modelled as a surface-to-surface contact with ‘hard’ normal behaviour
and relatively low isotropic, tangential friction coefficient (0.1) [28]. This was carried out in two steps. In the first
step, the bacteria cell was brought into contact with the nanopattern with a very small sinking depth (i.e. 0.05nm).
Stresses generated in this step were more than a magnitude smaller than those in the second step. The small, initial
contact was necessary to achieve convergence in the second step, in which a downward concentrated force was applied
at the reference point of the rigid centre to simulate the interaction force (Fo). Exactly similar results were also obtained
using a body force load type.

2.4. Mesh generation
Peptidoglycan was meshed with CPE4R elements generated by a medial axis algorithm with minimized mesh

transitions. Other, rigids parts were meshed with R2D2 (2-node, plane strain, linear link) elements. The density of the
mesh was controlled by adjusting approximate size with the global seed controls. By this means, a convergence study
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was also carried out. This study indicated that a mesh-independent solution could be achieved confidently using
elements of approximately 1nm, which produced about 180,000 elements and a reasonable CPU time of around 3.5

minutes (Fig. 2).
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Fig. 2. Mesh convergence study
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Fig. 3. Parametric study of deformational stress on peptidoglycan in B. subtilis-nanopattern interaction. Visualisation of deformation and stress
contour for interaction with pillars of diameter (a) 60nm and (b) 20nm (S = 200nm, H = 200nm, Fo= 200pN). (c) Effect of pillar diameter on
maximum von Mises stress at spacing of 200nm and 500nm (H = 200nm, F,=200pN) (d) Effect of pillar spacing on maximum von Mises stress
with pillars of diameter 60nm and 20nm (H = 200nm, Fy=200pN ) (e) Effect of pillar height on maximum von Mises stress with pillars of diameter
60nm and 20nm (S = 200nm, Fo=200pN) (f) Effect of interaction force on maximum von Mises stress with pillars of diameter 60nm and 20nm (H

=200nm, S =200nm)
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3. Results and discussion

Our model was used to conduct a parametric study, with results displayed in Fig. 3. As the bacteria interacts with
the nanopattern, its peptidoglycan layer deforms to the contours of the pillars in the contact region (Fig. 3a). This is
easily visible for narrower pillars, in which case the shape change is more pronounced (Fig. 3b). Our results suggest
that the stresses accompanying this local deformation are of several megapascals. These stresses are interpreted in the
context of a prevailing theory on nanopattern biocide that postulates that local deformation stresses kill the bacteria
by piercing its peptidoglycan [22, 29, 30]. More accurately, the stress exceeds the ultimate tensile strength (UTS) of
the peptidoglycan initiating local failure that propagates until catastrophic rupture. Studying hydrated cellular ‘thread’,
Thwaites and Surana [18] found an ultimate tensile strength of 13MPa for B. subtilis. This is in the same order of
stresses predicted by our model, reinforcing that physical — not biochemical - mechanisms underpin the bactericidal
effect. Our results further indicate that this bactericidal effect can be enhanced or suppressed by controlling key
physical parameters of the interaction.

3.1. Effect of pillar diameter

When a diameter of 60nm is used in our model — imitating the pillar geometry found on the wings of P. claripennis
— a maximum stress of approximately 8MPa is generated within the peptidoglycan. This would suggest that the
nanopattern geometry is ineffective against B. subtilis, which has a tensile strength of 13MPa. Indeed, this mimics a
common experimental finding that gram-positive bacteria are mechanically robust to insect wing nanopatterns due to
reinforced peptidoglycan [3]. Our model predicts that reducing pillar diameter to at least 20nm is required to affect B.
subtilis bacteria (Fig. 3¢). This is part of a trend whereby reducing nanopillar diameter causes an exponential increase
in the stress developed within the peptidoglycan layer. This should be accompanied by enhanced killing efficiency —
a trend which indeed demonstrated in numerous experimental studies [6, 22, 30, 31]. Some theoretical models also
agree [32]. Our observations are most likely due to the reduction in interfacial contact with narrower pillars, which
distributes the interaction forces over a smaller area and intensifies stress. Evidently, reducing pillar diameter seems
to be a very viable strategy for enhancing the effectiveness of manufactured nanopatterned surfaces.

3.2. Effect of pillar spacing

Increased pillar spacing results in minor enhancement to maximum stress within the peptidoglycan layer (Fig. 3d).
This is, however, most likely an ‘artifact’ from the contact geometry that has a greater tangential component in the
case of large spacings. Conversely, experimental findings mostly suggest that decreasing spacing elicits increased
killing efficiency [6, 30]. This is attributed to an increase in the number of contact points with closely packed pillars
[31]. In these experiments, however, the effect of spacing is not properly isolated, hence the conclusions are not robust.
In our two-dimensional interaction model, the cell only ever contacts two pillars, even when very small spacing is
applied. Expanding the model to 3D in to account for the numerous pillars along the length of the bacteria may provide
better insight into the role of pillar spacing.

3.3. Effect of pillar height

Our data indicates that deformational stress is independent of pillar height (Fig. 3e), so long as there is total
suspension of the bacteria (i.e. pillars at least ~50nm tall). This would imply that the killing efficiency of a nanopattern
is insensitive to changes in pillar height. This result is at odds with an overwhelmingly popular experimental
observation that taller pillars enhance bactericidal property [6, 22, 31, 33]. Though these studies do not effectively
decouple the contributions of individual geometric parameters, pillar height certainly seems to play some role. A
possible theory is that pillar height modulates interaction forces between the bacteria and the underlying substrate,
eliminating some short distance repulsion and increasing attractive interaction force [27]. The modulation of
interaction force by height is not captured by our model, though we do demonstrate that interaction force strongly
affects deformational stress, as discussed further below. Thus, a more comprehensive, distance-dependent description
of the interaction forces using DLVO theory may provide more accurate and verifiable results.
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3.4. Effect of interaction force

Interaction force has a direct, linear effect on the stress developed within the peptidoglycan (Fig. 3f). For example,
a nanopattern comprising 60nm diameter pillars that is normally innocuous to gram-positive bacteria has lethal effects
when interaction force is increased beyond approximately 400pN. An analogous linear trend is also reported by Li
[34], using a theoretical model of nanopattern adhesion based on a surface thermodynamics approach. This effect is
also demonstrated experimentally by Nowlin, et al. [27] studying two strains of Saccharomyces cerevisiae. In this
study, the stronger adhering strain was killed with increased efficiency. Taken together, these results imply that
nanopattern killing efficiency can be improved by enhancing attractive interaction via control of physicochemical
surface properties to increase hydrophobicity [25] and/or decrease surface charge [24] for example. This could be a
viable strategy for manufacturing.

In addition, our results suggest that interaction force in the order of 100pN is the minimum required to generate
stresses sufficient to rupture the peptidoglycan layer. For example, applying the effective weight of the bacteria in
simulated body fluid (pa.supitis = 1.22 g/cm?, pspr = 1.02 g/cm®) to our model generated deformational stresses of only
several kilopascals. This seems highly unlikely to cause rupture, implying that the interaction between bacteria and
nanopattern is not merely gravitational. This brings into question the validity of earlier conceptual models which
postulated that the bacteria would deform under its own weight.

Due to the scale and resolution of this interaction, the value of our results simply cannot be verified with certainty.
Their accuracy is also limited by a number of assumptions. For instance, the exact values for cell diameter,
peptidoglycan thickness, mechanical property and interaction force can vary substantially and are highly dependent
on growth phase [35], hydration state [18], turgor state [12], surrounding medium [24] and immobilization method
[36]. Whilst care was taken to use values that would mimic the physiological state in vivo, some discrepancy is to be
expected. In addition, our model neglects extracellular structures, such as pili and flagella, which can act as surface
sensors that behave actively [37]. This is inherent to the difficulty of simulating a highly dynamic and active biological
problem as a static, mechanical one. That being said, the predicted trends seem highly valid in the context of previous
experimental findings. Thus, our results provide strategies to improve the manufacture of enhanced nanopatterned
surface for antibacterial application.

4. Conclusion

In this work, ABAQUS/Standard was applied to study a two-dimensional finite element model for the interaction
of a B. subtilis cell with a nanopatterned surface. We demonstrate that the localized deformation stresses generated in
the peptidoglycan are sufficient to cause rupture and subsequent death. This model also provided an efficient method
to study the isolated effects of key interaction parameters such as pillar geometry and interaction force. Our results
suggest that the most effective strategies for increasing the bactericidal efficiency of nanopatterned surfaces are to
reduce pillar diameter and enhance attractive interaction. Pillar height and spacing were not significant parameters in
our model, though future improvements are proposed to better account for their possible effects. Our work serves as
a guide to optimize the manufacture of nanopatterned surfaces.
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