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ABSTRACT: Bacteria are mechanically resistant biological structures that can
sustain physical stress. Experimental data, however, have shown that high-
aspect-ratio nanopillars deform bacterial cells upon contact. If the deformation
is sufficiently large, it ly ses th e ba cterial ce Il wall, ul timately le ading to cell
death. This has prompted a novel strategy, known as mechano-bacteriige
technology, to fabricate antibacterial surfaces. Although adhesion forces were
originally proposed as the driving force for mechano-bactericidal action, it has

* stochastic simulations [
been recently shown that external forces, such as capillary forces arisiffg from § 5 Poisonstatities %_“ % 5
an air—water interface at bacterial surfaces, produce sufficient loa idly S8 E?i; g
kill bacteria on nanopillars. This discovery highlights the need lly %g g 8 BLos
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including the density and arrangement of
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addition to the cell wall thickness and elastic modulus. Considering that
Y we performed experiments using nanopillar arrays with precisely controlled
model predictions, these demonstrate that nanopillars with a larger spacing

g@Sextuted with nanopillars have gained attention for their antibacterial properties.' ™ Presenting an array of
i3 @ s smaller than bacterial dimensions, these surfaces mechanically deform bacterla  upon contact." > If the

Mge¥enough, they permanently damage the cell membrane, causing cell lysis.">® Since this antibacterial
mechani hy51ca1 forces instead of chemical interactions (e.g., antibiotics or disinfectants) to kill bacteria, it reduces the
likelihood iotic resistance and eliminates the release of toxic chemicals.”” Therefore, it is considered a robust and
sustainable altéfnative antibacterial strategy.”” Nanopillar-textured surfaces, by their unique potential to tackle the bacterial chemical-
resistance problem, offer a new perspective for developing antibacterial materials for industrial antifouling surfaces, environmental
surfaces in healthcare settings, and medical implants.”®” The success of this technology depends, in part, on the fabrication of
nanopillars for a diverse range of substrates and the establishment of appropriate environmental conditions for maximizing their
effect.””

In recent years, §
nanoplllars with

Accordingly, understanding and optimizing the effecta re e ssential for technological applications.

In a previous work, we showed that external mechanical forces are essential elements for killing bacteria on nanopillared
surfaces.” VVhile, conventionally, bacterial adhesion forces were considered as the main driving force for deforming bacteria on
nanopillars,'>'" we observed that bacteria on silicon and ZnO nanopillars remained viable during long assay periods when the
substrates were fully immersed.”'" This suggests that adhesion alone is insufficient to cause rapid cell death.”'' When bacteria on
nanopillars were exposed to either capillary forces of an air/liquid interface or reaction forces from an external weight, they were
structurally damaged and rapidly killed.”'" Thus, harnessing external forces to reduce the action time offers a
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novel means of improving the mechano-bactericidal effect,
paving the way for new applications, such as environmental
antibacterial surfaces. For instance, the air—liquid interface
formed during evaporation can effectively eliminate bacteria
from contaminated droplets (e.g., respiratory droplets) or
intermittent liquid contact (e.g, cleaning the surfaces of
medical equipment).'!

Given the importance of this discovery, there is a need to
better understand the mechanism of bacterial killing on
nanopillars. Since adhesion was considered the dominant
mechanism for bacterial killing, many theoretical models have
been developed to help explain the mechanism.'”~'® In these
models, insights into the mechano-bactericidal effect were
obtained by minimizing the free energy of adhesion and
mechanical deformation.”*~"* For example, in one of the
pioneering models, Pogodin et al. predicted that in the
mechano-bactericidal effects driven by adhesion, nanopillars do
not directly puncture a cell, but stretching and rupture of the
cell wall in the nanopillar interspacing area is the main cause of
cell rupture.'® These approaches have been of great interest to
elucidate bacterial deformation caused by adhesion effects;
however, further modeling efforts are required to address this
mechanism when external forces, such as those caused by
capillarity, are the dominant drivers.

To help assess simplifying approximations in the analytical
models, more direct modeling approaches, such as finite
element analysis (FEA) have been recently adopted. The FEA
approach allows for resolving localized stress and strain fields,
providing a different and arguably more realistic illustration of
the interactions between nanopillars and cells. Velic et al.'® and
Cui et al.'” developed FEA models to study bacterial killing o
nanopillars caused by adhesion forces between the cell wall an

to estimate the adhesion energies required to
rupture. In another work, Mirzaali et al.'® comp

bacterial cell and the surrounding liquid.
et al. modeled the mechanism
mechanical interaction, elucidating th:
trated stress rings and cell wall p
models have been used to de
fabrication parameters. These
trends, stemming ¢
assumptions (see Table¥
for instance, Cui

on of concen-

urthermore, FEA
e ‘optimal substrate
ons led to different

ed a significant impact on
stress, identifying an optimum
m."” Valic et al. found a weak

correl opillar spacing and cell deformation,
obtainin m spacing of 125 nm.'® Mirzaali et al.
argued in larger spacings and proposed an optimal

spacing of 300%m."'® Overall, the assessment of previous FEA
models highlights the immense benefits of FEA for conducting
rigorous case studies. However, as each of the past works is
based on a specific type of force and class of bacterial strain, a
broad picture of the biomechanical and topographical effects
on the mechano-bactericidal effect is lacking.

In this work, we provide new insights into mechano-
bactericidal mechanisms by introducing an FEA model that has
three distinctive features. (i) Being inspired by our recent
experimental work highlighting the primary role of external
forces (such as capillarity) in mechano-bactericidal effects, our
model aims to simulate bacterial deformation under non-
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specific external loads. This unexplored domain is pertinent to
bacterial deformation under both body and surface forces that
can serve as indentation loads. This would be essential for
comparing and reconciling results from various mechanisms.
(ii) The model presents an integrative accounting of cell
biomechanical effects, including the variation of the internal
cell pressure (turgor) during the deformation, which is missing
in earlier FEA models. This inclusion can increase the accuracy
of the simulation, according to Cui et al’s findings.'” (iii) It
provides a systematic and comprehensive analysis of key
biomechanical parameters and nanopillar arrangement, which
suggests the relevance of the findings to a
problems. Through this model, we demons

that can substantially impact the
bactericidal activity. We also idetify d
parameters for maximizing me@gha
Motivated by the theoretical Its)
bactericidal experiments usj
size and arrangement. Regi
experimental data and
both approaches, u
guiding theadesig

opillar design
icidal killing.
etformed mechano-
arrays of controlled
g concordance between

hand-in-hand, are beneficial for
al antibacterial materials.

) in 2D-axisymmetric and 3D geometries.

ometry. The geometry of the base model comprises a spherical
jum with an outer diameter of 500 nm and an inner diameter of
(cell wall thickness 2.5 nm,”® corresponding to the wall
s of Gram-negative Pseudomonas aeruginosa). For the Gram-
positive bacterium, the cell dimensions mimic Staphylococcus aureus
with an outer diameter of 500 nm and inner diameter of 450 nm (cell
wall thickness = 25 nm”"). The nanopillar diameter is taken to be 50
nm as a representative size of bactericidal nanopillars and based on
the diameter of silicon nanopillars exhibiting a high kill efficacy
(~99.9% for Pseudomonas aeruginosa).9

Physical Properties. A bacterium is modeled as an elastic shell with
physical properties representative of a typical bacterial cell envelope.
The cell envelope of Gram-negative bacteria comprises an inner and
outer membrane sandwiching a peptidoglycan layer.”> The cell
envelope of Gram-positive bacteria comprises a peptidoglycan layer
and an inner membrane.”” It is well established that the mechanical
stiffness of a bacterial cell relies primarily on the rigid peptidoglycan
layer.”® For simplicity, the elastic shell was assumed to be
homogeneous and isotropic, reflecting the elastic properties of the
peptidoglycan layer (also termed the cell wall).”® For the base model,
we assumed an elastic modulus of 30 MPa>* (refer to Table 1 in the
review article by Elbourne et al.™® for the range of relevant values),
Poisson ratio of 0.3,”° a yield strength of 13 MPa for the cell wall,
based on published estimates,”* and an internal hydrostatic pressure
of 0.3 bar, a value measured directly by atomic force microscopy.”’
When the model was executed at the cell wall elastic modulus of 200
MPa to study the effect of bacterial stiffness, a yield strength of 90
MPa corresponding to 45% breaking strain was used, identical to the
assumption of Cui et al'” and in agreement with Thwaites
measurements.”* The nanopillars were modeled as silicon with an
elastic modulus of 130 GPa.*® All materials were approximated as
linearly elastic.

Boundary Conditions. A contact boundary condition between the
lower surface of the elastic shell and the nanopillar was specified
(penalty-factor method), and a vertical displacement toward the
nanopillar was prescribed for the apical point of the top shell surface.
This equates the problem to bacterial deformation under body force
or a surface load with a negligible impact on the contact region. The
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s the geometrical attachment of engaging
nd does not involve any quantitative definition
n forces such as van der Waals forces. The
ion was evaluated in adhesion mode for all models,
except when adhesion and nonadhesion modes were compared in
which case the adhesion assumption is explicitly noted. A uniform
pressure boundary condition was assigned to the internal surfaces of
the bacterial shell. Given the incompressibility of the liquid cell
cytoplasm, we defined a constant internal volume constraint for the
elastic shell. Accordingly, for each indentation step, the internal
pressure is automatically adjusted to satisfy this constraint.

Mesh. For 2D simulations, a quadrilateral mesh with a maximum
element size of 1 nm was used on the bacterial envelope, and a
triangular mesh with a maximum element size of 2 nm was used for
the nanopillar. The bacterial cell wall mesh comprised 2369 elements,
and the nanopillar was comprised of 1159 elements. For 3D

simulations, a free triangular mesh with maximum element size 1
nm was prescribed across the shell thickness and maximum element
size 2 nm prescribed on the nanopillars. For the bacterial cell wall, the
mesh was revolved along the bacterial quarter sphere to create a swept
mesh with 50 elements. The bacterial cell wall comprised 705,550
tetrahedral elements and each nanopillar 10,601 elements. All of the
mesh sizes were chosen according to an appropriate mesh
independence study.

Solution. Bacterial indentation was implemented by using the
auxiliary sweep option of the stationary solver to model the cell
displacement (1 nm increments). Total contact force and von Mises
stress values were calculated from the solution.

EXPERIMENTAL SECTION

Ordered Nanopillar Array Fabrication. E-beam lithography
was used to fabricate ordered nanopillars with two different diameters
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and several different spacings (diameter = 90 nm, spacing = 200, 300,
400, and 600 nm; diameter = 200 nm, spacing = 300, 400, and 600
nm). First, silicon wafers (Pure Wafer, USA) were cleaned thoroughly
with three successive 5 min baths of propan-2-one, propan-2-ol, and
deionized water. Then, a negative resist layer of Ma-N 2401 (Kayaku
Advanced Materials, USA) was spin-coated on the substrate with the
adhesion promoter hexamethyldisilazane (HMDS, Sigma-Aldrich,
Canada). The total thickness of the resist is S00 nm. The fabrication
parameters were varied in the lithography, using a modified Zeiss
microscope (Leo 1540 XB, Zeiss, Germany), to produce designs with
the desired diameter, density, and periodicity. Following lithographic
exposure, wafers were developed in a solution of Ma-D 525
(MicroChem Corp, USA). Thereafter, an etching process was carried
out at a rate adjusted based on the intended pillar height (~100 nm/
min), in a mixture of sulfur hexafluoride and octafluorocyclobutane, in
an inductively coupled plasma etching system at 20 °C. Following the
fabrication, wafers were cleaned by removing the photoresist residues
through rinsing in Remover1165 (Dow Chemical Company, USA)
and O, plasma cleaner (Plasmaline 415, Tegal, USA).

Preparation of Bacterial Culture. The bacterial strain P.
aeruginosa (PAO1), a widely used model of Gram-negative pathogenic
bacteria, was used in the experiments.29 The bacterial source was
preserved in —80 °C glycerol stocks, from which fresh cultures were
streaked onto a Luria—Bertani (LB, Life Technologies, USA) agar
plate before each experiment. Bacterial suspensions were prepared by
first transferring a single colony from agar plates to the LB liquid
medium (5 mL) and then incubating overnight at 37 °C until
reaching a logarithmic growth phase. The final working suspensions
were obtained by centrifuging the overnight culture (3000g for 4 min)
and resuspending the bacterial pellets in physiological phosphate-
buffered saline. The bacteria concentration was adjusted before each
experiment by ensuring an optical density (ODyq) of ~0.3, measured
via a UV—visible spectrophotometer (Biomate 3S, Thermo Scientific,
USA).

Scanning Electron Microscopy (SEM) Analysis. To evalu
the morphology of attached bacteria upon mechano-bactericida

submerged in bacterial suspension (2 mL) in 12-well
(Corning Incorporated, USA). Upon a 30 min waitin,
to ensure bacterial attachment, samples were exposed
under sterile conditions allowing the liquid to evap
= 21 °C, relative humidity (RH) ~20—40%). I
evaporation, bacteria were fixed by gently pl
over the substrates and then incubated
artifacts upon exposure of bacteria to

point drying was adopted. First, thefquidgi he well plates was
replaced with ethanol through @ stepwiSé increase of ethanol
), 10048nd 100%), over waiting

dryer (EM CPD030, Leica

concentration (30, 50, 70, 80,80
intervals of 10 min. NeX%ghi
ering the samples was replaced

Microsystems, Germany),
with CO,, which wa
a5 kV acceleration voltage by using
, FEI Company, USA).

Bacterial ation on a Flat Surface and on a

Nanopillar. The central aspect of the mechano-bactericidal
mechanism, which is known to typically appear on high-aspect-
ratio nanopillars, is surface topography. To build representative
models of mechano-bactericidal activity, we first characterized
cellular deformation on a nanopillar, as the basic mechano-
bactericide unit, comparing it with the bacterial mechanical
interaction with a flat surface. We modeled the deformation of
a typical Gram-negative bacterium (with the biophysical
parameters matching those of Pseudomonas aeruginosa) under
a linear displacement. The nanopillar geometry comprised a
single pillar with diameter D = 50 nm, similar to the dimension
of etched silicon nanopillars used in previous studies and

Find the manuscript on ACS Appl. Mater. Interfaces

Hoi.org/10.1021/acsami.3c09552

known to cause a substantial bactericidal effect.” The von
Mises failure criterion, which relates the calculated stress to the
yield strength measured in a uniaxial tensile test, was adopted
to assess the yield criteria, similar to previous models'”*” and
other biomechanical studies.”’ The model was implemented
with and without adhesive contact between the bacterial cell
wall and nanopillars.

The force and stress characteristics of a bacterial cell wall
pressing against the substrates mentioned above are illustrated
in Figure 1. The cell in the reference condition is under mild
stress of the internal cell pressure, which, as expected, is
considerably below (31%) the yield strength.
pressing against the nanopillar, considerable
the point of contact (Figure 1a), as indicate
stress versus displacement and force
curves (Figure 1b). The simulagion s
smaller force (1.2 nN under eS
nonadhesion contact) is requised
nanopillar than on the flat §arf:
condition, 26.4 nN fo esigh). Accounting for the
difference in reported Q@lues elastic modulus, which
range from 30 to 206 25 the range of indentation forces

i wall yield on nanopillars, termed

a substantially

0.9 nN for
eld bacteria on the
nN under adhesion

yield forc t with values from indentation
experiments de d discussion on the role of cell
bio i provided in the next section). Examples of

e forces include 1—2 nN by Suo et al,** 10
** and 20 nN by del Valle et al.**

acteria adhering to surfaces may experience various forces,
ding adhesion forces, which are typically estimated to be
an 1 nN or at most a few nN,> as well as gravitational
ith much smaller magnitude (107> nN). Additionally,
acteria transition from their natural wet environments
to dry surfaces, capillary forces come into play from liquid
evaporation. These capillary forces can become significant,
reaching magnitudes of several tens to hundreds of nN when
the surfaces are sufficiently hydrophilic,'" far surpassing
adhesion and gravitational forces.” The experimentally
observed bactericidal destruction by capillary forces on
nanopillars can thus be attributed to the much higher value
of these forces compared with the predicted cell wall yield
forces (on these topographies). Conversely, consistent with
simulations indicating that bacteria are considerably more
resistant to deformation and yielding on flat surfaces, capillary
forces result in negligible bacterial deformation on smooth
surfaces.”'’ Also consistent with our experimental observa-
tions,” other forces, such as adhesion forces, which are typically
smaller than the yield forces, have negligible effects on bacterial
morphology when on flat and nanopillar topographies.

From a mechanistic perspective, the stress calculated by the
model allows for further analysis of bacterial deformation and
potential rupture, particularly in the context of the existing
debate on the location of cellular disintegration. Pogodin et al.
postulated that the strong adhesion of bacteria to nanopillars
produces excessive stretching of the suspending cell wall, and
that the tension from this deformation leads to a cell wall
fracture with no puncturing."’ Velic et al.'® and Islam et al.,"’
in contrast, predicted a different response, suggesting a local
increase in the stress on nanopillars. In our comparative model,
we see that although on a flat surface the stress has a much
more uniform distribution, the stress concentrates focally on a
nanopillar in the form of a central spot (without adhesion) or a
ring (with adhesion) (Figure 1a, red arrows). Previous studies
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anical parameters on the cellar deformation on nanopillars having a diameter of SO nm. (a) Literature values of bacterial
527374 In cases in which multiple values are reported to account for anisotropy, only the smallest value is shown (in
such cases, th s are still typically within the same order of magnitude). * indicates a value of 2.6 MPa. Data obtained from ref 25 Table 1 with
permission, with%the inclusion of additional data. (b) Literature values of bacterial cell wall thickness.”>**~>* (c) Deformation profiles for a model
Gram-positive and Gram-negative bacterium at different turgor pressure values (P) for the cell wall modulus E = 30 MPa. (d) FEA simulation
outputs showing the curves for indentation force versus displacement, maximum von Mises stress versus displacement, and maximum von Mises
stress versus indentation force for the cell wall modulus E = 30 MPa and 200 MPa (at P = 100 kPa and E = 30 MPa the Gram-negative bacterium’s
maximum von Mises stress at the floating condition, i.e., before contacting the nanopillar, is 22 MPa, exceeding the cell wall yield strength, and is
therefore not shown). The yellow dashed lines show the approximated values of the cell wall tensile strength.

of biological materials have shown that such concentrated microscopy (FIB-SEM) have provided images illustrating cell
stress fields, developing upon indentation, result in cell deformation and lysis resulting from the bacterial envelope
puncture,” consistent with our experimental observations.’ being pierced by nanopillars.*® In cases where deformation
This view further corroborates other experimental observa- does not result in impaling, it can still significantly stretch the

tions. Techniques such as focused ion beam scanning electron cell upon contact with nanopillars.””** Additionally, observa-
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tions indicate that cells lysed through nonpenetrating
mechanisms may exhibit different interactions at the nano-
pillar-bacterium interface.*® For instance, Jenkins et al. showed
that entrapment of bacteria between nanopillars may give rise
to cell impedance, deactivating the attached bacteria.>®

Overall, these results show that the proposed FEA model is
capable of capturing, at least qualitatively, nanopillar—
bacterium interactions; it might therefore be used to conduct
broader studies on various aspects of mechano-bactericidal
activity.

Effect of Bacterial Mechanical Properties on Bacterial
Deformation. Having analyzed the baseline model, it is
pertinent to dissect deeper mechanistic aspects of mechano-
bactericidal activity, namely, the effects of cell wall thickness,
elastic modulus, and internal pressure. Cell wall elastic
modulus is a key biomechanical property of bacteria that is
largely dependent on the chemical composition and structure
of the cell wall. It varies among different bacterial species
depending on the characteristics of the cell wall peptidoglycan
network, such as arrangement, cross-linking patterns, chain
length, or degree of branching.®” Cell wall thickness (t) is
influenced by the thickness of peptidoglycan layer and varies
substantially between bacterial classes, with the Gram-positive
bacteria having a substantially thicker cell wall (20—80 nm)
than Gram-negative bacteria (1-10 nm).25 Turgor pressure
(P) depends on the bacteria type and, in addition, is
significantly affected by the cell biological state and environ-
mental conditions, varying from hypertonic to hypotonic
depending on the medium osmolarity. "

Despite the influence of these parameters on cell
biomechanics, they have not been fully studied and decouple
with respect to mechano-bactericidal effects. Here, we addre
this gap by systematically examining the effects o g
parameters across a relevant range of values. The {
elastic moduli were prescribed values of 30 and
covers the range of frequently reported va or

in cell wall structure and measurement
variations are shown in Figure 2a). TH& cell icknesses
were set to 2.5 nm for Gram-negative erugindsy and 25 nm
for Gram-positive S. aureus (typi | thickness values
are shown in Figure 2b). The ¢ sure was considered
an independent variable sybje ion upon changes in
the surrounding cel -9 our simulations, turgor
pressure was assumed igibly affected by air—liquid
displacement as de

ouches the substrate has little impact
e, except for Gram-negative bacteria at

MPa for G~ aiid 2.76% at E = 30, and 0.41% at E = 200 MPa
for G*). We performed simulations independently varying each
biomechanical parameter to assess its importance in nano-
pillar—bacteria interactions. We report our results in terms of
bacterial deformation profiles in Figure 2c (E = 30 MPa) and
Figure S1 (E = 200 MPa) and the force and maximum von
Mises stress curves in Figure 2d.

The increase in turgor pressure in Figure 2d produces a
notable increase in the stress and indentation force; however,
interestingly, the maximum von Mises stress versus force
curves is independent of turgor pressure. This reflects the
variation of the force being offset by the change of von Mises
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stress. Gram-positive bacterial deformation, unlike that of
Gram-negative bacteria, shows a slight sensitivity to turgor
pressure, as both force and maximum von Mises stress vary
only slightly with turgor pressure. This indicates the cell wall
elastic rigidity is more dominant than the resistive turgor
pressure effect in the mechanical behavior of Gram-positive
bacteria. Qualitatively, the rigidity of Gram-positive bacteria
translates into noticeable differences. Figures 2a and S1 show
that the deformation of Gram-positive bacteria is accompanied
by a notable stress concentration on the nanopillar apex, while
that of Gram-negative bacteria is ring-shaped and concentrated
in the contact zone, although it is likely that b acteria are
eventually punctured due to localized stress

The thicker cell wall of the Gram-

displacement and force—displace
increase in the cell wall mo g
increase in the forces and st ). Unlike the turgor
pressure, these competi tal indicate a sublinear,
but still significant imp&gh of ¢ dity (elastic modulus and
chanical resistance. For Gram-
e at E = 30 MPa is 1.1—-1.2 nN,

: an the 6.5—7.0 nN yield force for
bacte Both values increase at E = 200 MPa,
force for the former is 6—7 nN, and for the
nN; these indicate that the Gram-positive

riggers a substantial

cture than the Gram-negative bacterium. These effects also
to the ellipsoidal bacterial shapes used to approximate
ngated form of many bacterial species (see Figure S2).
ugh experimental data on the decoupled effects of cell
hanics is lacking, the deduced roles of cell wall
mechanical properties are consistent with existing litera-
ture.” "> An ideal experimental evaluation would involve
experiments on an identical bacterial strain with the ability to
independently modulate target biomechanical parameters;
however, this is likely impossible without the preparation of
highly specialized mutants and sophisticated measurements.
Instead, existing data mostly report species-to-species compar-
isons of the mechano-bactericidal activities. Several exper-
imental studies have so far compared bactericidal activities
against multiple species of Gram-positive and Gram-negative
bacterial classes.”'**’ These studies assessed that Gram-
positive bacteria, which have a thicker cell wall and typically
larger elastic modulus, are much more resistant to the
mechano-bactericidal effect than Gram-negative bacteria (e.g.,
in one report, 97.1% killing for Gram-negative P. aeruginosa
versus 61.3% for Gram-positive S. aureus'”). Using black
silicon pillars and capillary forces as an external load, we
experimentally confirmed that S. aureus bacteria undergo much
less damage than P. aeruginosa under external capillary forces
(Figure S3). These results, which corroborate our model
predictions, indicate that the cell wall thickness and elastic
modulus are likely universal determiners of the efficacy of the
nanopillar bactericidal effect.

Our findings on the critical role of cell wall thickness and
elastic modulus are also consistent with the hypothesized
importance of cell wall biomechanical parameters in other
modeling works. In Watson’s study,"> which provides a model
of bacterial deformation under adhesion, cell wall thickness
increases both the bending and stretching contributions and is
considered inversely proportional to the tensile stress.
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assigned according to their position. Due to the
r, contact the bacterium at different indentation
force and stress characteristics of bacterial deformation on a single
icht) the total force (on 16 nanopillars) versus displacement, the
um von Mises versus indentation force, and the maximum von
ce of contact for each distinct pillar position (see the sketch in
horizontal arrows correspond to the compact and the widely
the cell wall tensile strength.

Comparing the cell wall tensile strength and
subsequently indicate the unlikelihood of th
bacteria with a larger wall thickness (e.g

theless, the cell wall elasticity models i alues were

considered key factors in d i
Sour’ model sets forth
0p f turgor pressure on

behavior.'® Expanding on thes
a framework that includes the
ed@formation, which further
biomechanics over a wide

force and stress curv
reveals the strong imp3
range of conditio d

bacterial biomeclféni b®come available in the future, this

and other mode vide a foundation for developing
more predictions.
Effec trical Construction. Next, given the

inherent ce of the mechano-bactericidal effect on
topography, to¥gain better insights into mechano-bactericidal
activity and criteria for designing effective antibacterial
surfaces, it is of interest to analyze more complex geometries,
particularly substrates with nanopillar-textured topographies.
Building upon the foregoing baseline model, we compared the
bacterial deformation on an array of 16 nanopillars,
corresponding closely to the nanopillar densities found on
artificial silicon geometries.'’ The geometry is constructed in
two arrangements with differing array densities, a compact
array with a center-to-center interpillar spacing of S = 60 nm
and a widely spaced array with § = 100 nm. Considering the
axisymmetry, the position of the nanopillars is classified as

interior, exterior, and lateral (Figure 3a). Interior, lateral, and
exterior nanopillars consecutively contact the bacterial surface
at the “first”, “second”, and “third” contact points (marked in
Figure 3a), causing successive interactions with 4, 12, and
eventually 16 nanopillars (Figure 3b).

First, the stress diagram upon the deformation illustrates
that, despite the increase in the number of nanopillars
contacting the bacterium, the stress field remains focused on
the contact point, again, similarly to the single-pillar scenario
(Figures 3a and S4). This does not produce the strong
interpillar stretch, as hypothesized in a previous work."?
However, we see new trends in spatiotemporal contact force
and stress fields. According to Figure 3a, as the bacterium is
indented on the arrays and establishes contact with an
increasingly larger numbers of nanopillars, the force grows at
a much larger rate than that of a single nanopillar. This is
plausible considering the resistance that it encounters from
additional nanopillars (see the force—displacement curve in
Figure 3b). However, interestingly, the value of the maximum
von Mises stress, despite an initial overlap, also increases faster
on arrays than on a single nanopillar (see the maximum von
Mises stress—displacement curve in Figure 3b). Overall,
although the increase in forces overcomes the rise in the
stress to give the arrays a stronger mechanical resistance than a
single nanopillar (see the force—von Mises stress curve in
Figure 3b), the scaling relation of the force with the number of
pillars is highly nonlinear. To reach the yield stress, the widely
spaced array requires a force of 3.3 nN (at 80 nm
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displacement), whereas the more compact array requires 6.9
nN (at 170 nm displacement).

To gain deeper insight into the varying forces and stresses,
we further analyzed the reaction force and stress field for each
type of nanopillar (Figure S5). These are highly correlated with
the nanopillar positioning. The reaction force by which
nanopillars counter the indentation decreases from the exterior
to lateral to interior. This may be attributed to the masking
effect of the surrounding nanopillars and the associated
constriction in their free contact with the cell wall. On the
other hand, the stress-distribution contours illustrate that the
stress maxima are located on lateral and external nanopillars
(after the second and third contacts, see Figure 3a). This
asymmetric positioning of external nanopillars can increase the
stress, rendering the cell wall more susceptible to yield. This is
consistent with the higher yield force demanded by the
compact array, which has a more uniform stress than that of
the widely spaced array. Taken together, we infer that despite
the positive contribution of each nanopillar to bacterial
deformation, the extent of its influence is highly dependent
on the nanopillar arrangement.

Considering the significance of these results and the lack of
controlled, parametrized experimental data on the role of
topographical effects in bactericidal effects caused by external
forces, we assessed the validity of these predictions by
conducting experiments. To this end, we fabricated silicon
substrates with ordered nanopillar arrays by using e-beam
lithography, a reliable technique for producing customized
geometries with vertical walls. Two sets of surfaces were
fabricated, one with D = 90 nm and the other with D = 200
nm, which both fall within the range of bactericidal surface
The former diameter corresponds to the smallest siz
achievable with the e-beam method for the considered
ratio and is reported to be highly bactericidal,
serves as an example of a larger diameter, whi
considered less bactericidal."” The tested spacings
= 200, 300, 400, and 600 nm. The experirg

the patterned surfaces fall intg
there is little variation in
among the surface
morphology upon exp8
fixed immediately i

de of capl]lary forces
“To preserve bacterial
hese forces, bacteria were

ﬂuorescence milrq resolution >200—500 nm) and
esolution >10 nm). Fluorescence
microsc is li in the extent to which it can resolve
cell wall de n, principally assessing membrane integrity,
so SEM was afopted as the primary analytical method in this
work.

Figure 4a shows morphological bacterial damage, revealing
that the extent of injury varies widely. For substrates with D =
90 nm and S = 200 nm, cells (seen mostly on the top of the
array) experienced minor damage, whereas increasing S to 300
and 400 nm resulted in flattening and piercing by bent
nanopillars. On the surface with S = 600 nm, bacteria were
completely torn apart, shrunk, and sunk into the arrays. Similar
trends were observed on the surface with D = 200 nm, which is
blunter, although less damage is evident as a whole. This trend
is seen quantitatively in Figure 4b, where a comparison on the
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e 4. Experimental assessment of mechano-bactericide on
d silicon nanopillar arrays. (a) Bacterial damage on nanopillar

and a smooth surface for most cases. Sometimes irregularities are seen
atop the nanopillars with D = 200 nm, due to the etching effects. (b)
Quantitative results of bacterial populations for three replicates for
each sample (each cluster). No/minor damage: cell with minimal
deformation and damage (no noticeable piercing), medium damage:
notable cell deformation characterized by piercing and nanopillars
bending, which was previously shown to correlate with the amount of
mechano-bactericidal forces,* major damage: cells sunken into the
bottom of the array and pierced all the way through. In some cases,
the interaction between nanopillars and bacteria is so intense that it
causes nanopillar bending (mainly seen for pillars with smaller
diameters).

mechano-bactericidal activity was made by classifying cells into
those with minor or no damage (cells remain integrated with
negligible deformation), medium damage (flattened and
pierced), and major damage (sunken, pierced through). This
assessment of the bacterial population reveals a universal
pattern across multiple samples, verifying trends set forth by
the model predictions.

The observed mechanism is reminiscent of the well-known
“bed of nails” effect despite the intriguing fact that the type of
forces and scale of the problem are entirely different. When a
person lies on a bed of nails, despite the injury that each nail
may cause, the distribution of body weight among many nails
reduces the load on each nail, preventing damage. To
maximize the mechano-bactericidal effect, the bed-of-nails
effect must be prevented. Thus, based on these results, an
effective heuristic design strategy would be to increase the
interpillar spacing as much as possible—potentially as long as
an efficient contact between bacteria and the pillars is ensured
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and below the limit in which bacteria may freely slip through
without touching nanopillars. In silico models, such as those
shown in Figure S6, can be used to simulate bacterial spatial
distribution and the number of contact points for bacteria
upon variations in interpillar spacing.

The comparison between these results and previous works
shows that the effect of interpillar spacing varies with
mechano-bactericidal mechanisms. In adhesion-driven mecha-
no-bactericidal mechanisms, larger spacings were suggested to
cause less damage due to the weaker binding strength between
the substratum and bacteria. Cui et al., who investigated the
antibacterial activity of nanopillared polycarbonate (PC)
surfaces against E. coli, reported an interpillar spacing of 170
nm as the most bactericidal within the 100—300 nm range.>*
Wau et al. also reported a similar range for the optimal killing
efficiency of OrmoStamp nanostructures against S. aureus.>
On the contrary, Modaresifar et al. reported a different trend
whereby decreasing the nanopillar spacing increased mechano-
bactericidal activity,”® finding 100 nm as the most efficient
interspacing.” Results obtained from theoretical models also
vary depending on the model scope and assumptions. Models
simulating adhesion effects report optimal values from a
balance between adhesion strength, increasing at lower
spacing, and the cell wall stress effect, growing at larger
spacings.16 Mirzaali’s work simulating bacterial deformation
under body forces, such as bacterial wei§ht, shows higher
bacterial deformation at larger spacings.'” Overall, despite
some common features (such as the presence of an optimum
value), reconciling the results across different mechanisms
appears to be complex and could be additionally compounded
by the coexistence of multiple mechanisms.”” Identifying t
relevant forces and estimating their magnitudes through
rigorous experimental and computational approach
essential step in deciphering discrepancies in th@literd

Prospective Utility of the Model. Being di
nearly a decade ago, the mechano-bactericj
emerged as a novel paradigm to de ical-free
antibacterial materials, has been t
investigations.””'" While substantial
out on demonstrating the mechg

vledge
parameters is lacking and has contradictory results
: ) is is partially due to

the limitations of exp
physics at the ]
experimental prgfoc hat®could be widely adopted for

acterization. We attempted to

systend@tically cont erimental factors by defining sample
prepara ysis protocols that differentiate between
external rnal forces. We identified influential

mechanisms aWd parameters (such as surface hydrophobicity)
that can be leveraged to enhance mechano-bactericidal
activity.”'" Although such modifications can improve the
bactericidal activity of nanopillared surfaces, several technical
challenges remain; these include the need for efficient
fabrication techniques across a broad range of materials and
enhanced nanopillar mechanical properties. In addition, it has
been shown that nonmechanical forces, such as oxidative
stresses or molecular interactions with antimicrobial chemicals
grafted on nanopillars, can induce bactericidal activities.””® A
deeper investigation of such effects and potential synergistic
strategies is a valuable area to explore in future studies.
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Parallel to attempts on experimental fronts, it is also
important to develop computational tools to help interpret
experimental hypotheses and guide future experiments.
Computational modeling undertaken in this work comple-
ments analytical approaches, which are limited in their ability
to assess spatiotemporal variation of forces and stress. In this
work, we introduced a modeling approach that, by simple
assumptions centered on biomechanical aspects of bacteria and
the substrates, can fill existing gaps and provide more accurate
predictions. The model, which successfully explained a variety
of experimental responses to topographical and biomechanical
characteristics, may be adopted to design bacterigidal materials
for potential use in the biomedical a
industries. Given the significant costs
manufacturing and testing of design p
parameters on substrate de@ns
leveraging the proposed computagi

study, it may be customiz
specific nanopillar geom

se case involving a
ize, and properties. One
odeling is the lack of a
cellular properties. This partly
suring properties at small scales
putational toolboxes to analyze the
ile improving experimental protocols
etter results, using more effective computa-
ch as the one here, may improve the analysis

origiffites from its geometrical ability to intensify the stress on
the contact area, which could induce cell wall puncture. We
confirmed that the mechanical yield of bacteria by nanopillars
could result from any external force of sufficiently high
magnitude, demonstrating the significant role of cell physical
properties in bactericidal efficacy. Cell wall rigidity, as
determined by its elastic modulus and thickness, substantially
affected the bacterial susceptibility to external forces. Turgor
pressure substantially impacted the magnitude of contact force
and cell wall stress; however, the offset effect of these two
revealed a negligible contribution to the cell rupture
susceptibility. Finally, nanopillar arrays were demonstrated to
have different force and stress characteristics in comparison to
a single nanopillar. Most importantly, we experimentally and
computationally unveiled that denser nanopillar arrays have
weaker bactericidal effects, pointing toward the well-known
bed-of-nails effect. The ability of FEA to elucidate the
mechano-bactericidal mechanism and its key determinants
can promote its use in future research on mechano-bactericidal
materials.

Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c09552.

Summary of previous computational studies on bacter-icidal
deformations, simulation results for bacteria with higher
elastic modulus, simulation results for ellipsoidal bacteria,
experimental data on bacterial deformation in a 3D model,
description of surface wettability conditions, and stochastic
simulation of bacterial distribution on nanopillar arrays.
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Table S1. Previous finite element modeling studies on bactericidal deformations on nanopillars

Article Cell wall Cytoplasm Bactericidal Surface Bacterial ~ Force Dimensions Findings
model model force material features  value
Mirzaali  linear elastic visco- gravity, silicon S.aureus 5.57 x W: 25-200 nm, nanopillars with
etall hyperelastic ~ buoyancy 107? IS shorter widths
material N/mm? (interspacing):
Water 40-300 nm
column
0.794
N/mm?
L 4
Cui et elastic, linear constant adhesion silicon - E. coli 5nN D: 2 0 n too large or too
al.? viscoelastic, turgor titanium (6.5 kPa) S (génte small nanopillar
plastic creep pressure cing):  spacing reduces
00— 3 7H  stress exerted on
00 nm cells by
nanopillars
Velicet  orthotropic NA adhesion rigid 0 D: 60 nm no variation in
al® elastic material negativi 2 (variation: 20- maximal
(isotropic neo 180 nm), S envelope strain
Hookean) (center-to-center  when changing
spacing): 180 interspacing (up
(S/D variation: to 10 mJ/m?
2-4), H=200 nm  adhesion energy)
(variation: 100-
300 nm)
Islamet  elastic constant congact E. coli maximum D:30nm. S bacteria-
al4 turgor incr strain (center-to-center  nanopillar
pressure turgor energy: 0.8  spacing: 200 interaction
e J nm) punctures cell

wall
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Figure S3. Comparison of response between the Gram-positive (S. aureus) and Gram-ngga
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significant structural damage. Scale bar=2 um (SEM Acceleration volta@e=5
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Ilars are classified as interior, lateral, and exterior (see Figure 3a).
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Wetting conditions for different interpillar spacings

The area having a nanopillar pattern in this work is fabricated using e-beam lithography, a method
known for its high precision but low throughput. Accordingly, the patterned segment is relatively
small (200 umx200 um). For this reason, it was not feasible to measure the droplet contact angle
using a contact angle goniometer. However, the contact angle can be estimated using the Wenzel
equation [7].

According to the Wenzel equation, the apparent contact angle on a topographic surfac
to the intrinsic contact angle on a flat surface of the same material through the royugh
The roughness factor represents the ratio of the geometric surface area tqythe @ (flat)
surface area. For hydrophilic surfaces, the presence of roughness tends to maktf :
more hydrophilic. When the roughness factor falls below a certain thresholg Nace becomes
completely wet. %

consequently, determined the intrinsic contact angle cutoff hat omplete surface wetting
(apparent contact angle approaching zero). Notably, in all ca ff value is below our flat
surface contact angle of 29°, indicating that the patter comes completely wet. Based on
these results, the interspacing variation has little impact value of the capillary forces,
suggesting that these forces can be assumed to be identical on all tested substrates—the correlation
between capillary forces and surface hydrophobicity ¥ discussed in our previous studies [5,6].

Roughness ratio (patterned area/flat are \ Intrinsic contact angle (flat)
4.53 77°
1.88 @ 58°

In the table below, we have calculated the roughness factor f s pillar spacings and,
ﬁt

44°
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Simulation of bacterial distribution on nanopillar arrays

Figure S6 summarizes the analysis of simulations of bacterial populations randomly placed on
nanopillar arrays with varying nanopillar spacing S.
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Figure S6. Stochastic si d their Poisson-statistics approximation of bacterial cells randomly placed on

square nanopillar arrays interpillar spacing S). (a) lllustrations of bacterial cells randomly placed on

nanopillar arrays with.de arse nanopillar spacings. Analysis shows that, for S<0.6 um, more than 95% of

bacteria contaCtia anopillar (bacterial area=0.45 pm?, length=1.5 pm, width=0.5 pm; nanopillar
A

naljsis of simulations undertaken with 500 cells on each array (circles): (left) Fraction of cells

n be used to calculate a bactericidal efficiency for each cell. For demonstrative purposes, the graph
sho ericidal efficiency, approximated as the average reciprocal number of contacts per cell, for the
popula cells that contact at least one nanopillar. Error bars are the standard deviation.

According to Poisson statistics, the probability of x nanopillar contacts per cell is

e—l x

P(x) =

x!
where
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A

/125,—2

is the average number of nanopillar contacts per cell, A is the cell area, and S is the center-to-center
nanopillar spacing (1/S? is the nanopillar areal number density). The fraction of cells contacting at
least one nanopillar is

1-P0)=1-e"*

and the average bactericidal score is . O
=|4/D? 1
oy B g \
() = x=|A/D?| ’
o1 POO
su 80, is the maximum
fogS>=D).

Note that bacteria are assumed to contact any number s, consistent with experimental
observations of bacteria being impaled on one nangpillar. For experiments with capillary forces
arising from liquid evaporation, planktonic bacteria§contact nanopillars as the water level falls,

with positions that are assumed to be randomK
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