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Analysis of the mechano-bactericidal effects of nanopatterned
surfaces on implant-derived bacteria using the FEM
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Abstract.  The killing of bacteria by mechanical forces on nanopatterned surfaces has been defined as a mechano-bactericidal
effect. Inspired by nature, this method is a new-generation technology that does not cause toxic effects and antibiotic resistance.
This study aimed to simulate the mechano-bactericidal effect of nanopatterned surfaces' geometric parameters and material
properties against three implant-derived bacterial species. Here, in silico models were developed to explain the interactions
between the bacterial cell and the nanopatterned surface. Numerical solutions were performed based on the finite element
method. Elastic and creep deformation models of bacterial cells were created. Maximum deformation, maximum stress,
maximum strain, as well as mortality of the cells were calculated. The results showed that increasing the peak sharpness and
decreasing the width of the nanopatterns increased the maximum deformation, stress, and strain in the walls of the three bacterial
cells. The increase in spacing between nanopatterns increased the maximum deformation, stress, and strain in E. coli and P.
aeruginosa cell walls it decreased in S. aureus. The decrease in width with the increase in sharpness and spacing increased the
mortality of E. coli and P. aeruginosa cells, the same values did not cause mortality in S. aureus cells. In addition, it was
determined that using different materials for nanopatterns did not cause a significant change in stress, strain, and deformation.
This study will accelerate and promote the production of more efficient mechano-bactericidal implant surfaces by modeling the
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geometric structures and material properties of nanopatterned surfaces together.
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1. Introduction

In recent years, the increasing use of permanent
implants has positively affected patient's life. However, in
orthopedics, implant-associated infections are considered
one of the main factors limiting the use of implants (de
Breij et al. 2016). Implants are ideal surfaces for bacteria to
form biofilms. Infections begin when pathogenic micro-
organisms are attached to the implant surface and colonize
there. Gram-positive Staphylococcus aureus can form a
biofilm in orthopedic implants, heart valves, and devices
such as pacemakers and can be isolated from prosthetic
materials. The spread of bacteria on the implant is direct or
hematogenous. Obesity, immune system deficiency,
malignancy, and repeated surgeries of the same region
increase the risk of S. aureus infections (Kuiper et al. 2014).
Escherichia coli is a Gram-negative bacteria that normally
lives in the intestinal flora and can cause extra-abdominal
infections with various factors. E. coli, like many bacteria
forms a biofilm, attaches to the implant surface, and
colonizes, causing infections (Crémet et al. 2012).
Pseudomonas aegrinosa is another Gram-negative bacteria
that causes implant-associated infections.
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P. aeruginosa is considered one of the most difficult
bacteria to treat in medicine, with its ability to develop
multi-drug resistance, biofilm formation ability, and
virulence mechanisms such as forming colony variants
(Cerioli et al. 2020).

Prolonged use of antibiotics in surgical implant
procedures causes systemic toxicity (Hansen et al. 2012).
Persistent infections may cause more operations as well as
complicate existing treatment. Implant-related infections are
difficult to treat, so the most effective solution is to develop
methods to prevent infection (Chouirfa et al. 2019). In the
past, “release-based coatings” have been used to inhibit
bacterial colonization (Li et al. 2018). However, in this
method, problems such as cytotoxicity, inflammatory
responses, and bacterial resistance developed due to the
uncontrolled release of the drug in the coating (Westberg et
al. 2015). Therefore, there has been increased interest in
mechano-bactericidal approaches, an innovative and
alternative method inspired by the prevention of bacterial
colonization and biofilm formation by naturally structured
nano-surfaces (Cui et al. 2021, Alameda et al. 2022).

Mechano-bactericidal activity is affected by the cell wall
structure and size of the bacteria as well as the properties of
the nanostructures on the material surface. (Zhou et al.
2021, Linklater et al. 2021). In the mechano-bactericidal
effect, the interactions between the nano-surfaces and the
cell lead to physical rupture of the cell wall, leakage of the
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cytoplasm, and eventually death of the bacteria (Pogodin et
al. 2013, Roy and Chatterjee 2021). The interaction of
bacteria and nano-surfaces is a dynamic process and is
under the influence of multiple factors. There is a consensus
that the bactericidal effect of nano-patterned surfaces is the
result of/results from mechanical forces (lvanova et al.
2020). However, it is very complicated to simultaneously
characterize the effect of many factors on the bactericidal
mechanism (Alameda et al. 2022). Therefore, computer-
aided numerical simulations, in which many factors can be
processed simultaneously, are widely used to eliminate
uncertainties.

The finite element method (FEM) is a mathematical
method used in engineering approaches in many fields,
especially medicine; and dentistry, and in solving complex
engineering problems (Pandey et al. 2019, Eltaher et al.
2019, Mehar and Panda 2019, Pandey et al. 2019, Altabey
et al. 2020, Yaylaci et al. 2021, Bouafia et al. 2021, Kuma
et al. 2021, Yaylact 2022, Yaylac1 et al. 2022a, b, c,
Guvercin et al. 2022a, b, Xia et al. 2023, Zagane et al.
2023, Uzun Yaylaci et al. 2023). In some studies, finite
element analysis was used to calculate interactions between
bacteria and nanopatterned surfaces (Mirzaali et al. 2018,
Velic et al. 2021, Cui et al. 2021). Although the bactericidal
effect of the geometric structure of nanopatterned surfaces
is known, there are few studies examining the effects of
both geometric features and material properties together.

This study aimed to simulate the bactericidal effect of
the geometric parameters (peak sharpness, height, width,
and spacing) and material properties (chrome-cobalt,
zirconium, titanium, and magnesium) of nanopatterned
surfaces against three implant-derived bacterial species (E.
coli, P. aeruginosa, and S. aureus). Cell-surface interactions
were calculated by numerical analysis based on FEM
methods. For this purpose, elastic and creep deformation
models of E. coli, P. aeruginosa, and S. aureus cells
adhered to the nanosurface were created, and cell
deformation, stress, strain, and mortality were calculated.

In this study, the model was designed using the ANSYS
Workbench package program (ANSYS 2013). The kinetic
reaction of the material under various mechanical stresses
and strains was analyzed using the finite element module.
The FEM analysis applied in this study aimed to simulate
the interactions between bacteria and the nanopatterned
surfaces.

E. coli, P. aeruginosa, and S. aureus were used as model
bacteria to investigate cell-surface interactions. Gram-
negative and rod-shaped E. coli cell is approximately 2 um
length and 0.5 pum in diameter (Vadillo-Rodriguez et al.
2009) with a cell wall thickness of 6 nm (Turner et al.
2013). P. aeruginosa is a Gram-negative and rod-shaped
bacteria. The P. aeruginosa cell is 0.5 pm in diameter, 1.5
pum in length (Zhao et al. 2022), and 3 nm in cell wall
thickness (Turner et al. 2013). Gram-positive and cocci-
shaped S. aureus cell is 0.6 um in diameter and has a cell
wall thickness of 10 nm (Pogodin et al. 2013). Fig. 1 shows
the schematic illustrations of E. coli (A), P. aeruginosa (B),
and S. aureus (C); cells.

Height, width, and spacing were considered the basic
geometric parameters for the nanopatterns shown in Fig. 2.

Table 1 Material parameters of model bacteria

Models Element Type Values Literature
D1=1666.7 MPa", Mirzaali et al
Cytoplasm Hyperelastic Uo = 2Cyp, (2018) '
C10=6.21*10°MPa
Bacteria Linear elastic E=25MPa,  Turner et al. (2013)
wall v=0.16 Yao et al. (1999)

A)

Fig. 1 3D representation of bacteria E. coli (A), P.
aeruginosa (B), and S. aureus (C)
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Fig. 2 The schematic illustration of the nano-patterns with
different geometries

In many models, the height of the nanopattern does not
significantly affect bactericidal activity (Velic et al. 2021).
In addition, it has been reported that the membrane tension
does not change when the height rises above 200 nm (Li
2016). In the analysis, the height of the nanopatterns was
fixed at 200 nm. Other parameters, width, peak, and
spacing, were chosen to be compatible with the solutions.
Peak sharpness was coded as flat: F, ellipse: E, quasi-flat:
QF, semicircular: SC, and sharp tip shapes: STS.

The elastic properties of model bacteria used for
mechano-bactericidal analysis are given in Table 1.

The properties of the chromium-cobalt, zirconium,
titanium, and magnesium materials analyzed in the study
are listed in Table 2.

Planes 183 and 182 were assigned from the finite
element program library for cell walls and nanopatterns to
construct the mesh structure of bacterial models. The
number of elements used to obtain the optimum
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Table 2 Material parameters of nano-patterns

. Elasticity Poisson .
Material Module (MPa) Ratio Literature
Chrome-Cobalt Callister and
(CoCr) 218000 033 Rethwisch (2013)
Zirconium (Zr) 205000 0.22 Callister and

Rethwisch (2013

il

Fig. 3 The finite element mesh structure of E. coli (A),
P.aeruginosa (B), and S. aureus (C) cells

convergence value of each mesh structure was 56194 for E.
coli, 47268 for P. aeruginosa, and 27280 for S. aureus. In
addition, the network structures for E. coli, P. aeruginosa,
and S. aureus bacteria contained 94446, 81403, and 50440
nodes, respectively (Fig. 3).

It was assumed that the bacteria were immersed in 5 mm
of liquid and placed at the bottom of the medium. Thus, two
forces occur: the first is the bacteria's weight, and the
second is the hydrostatic pressure from the environment.
The equal effect of these forces was applied to the cell wall
and cytoplasm as a body force. Buoyancy was ignored as
they were minor compared to body forces. Friction between
bacteria and nanopatterned surfaces was neglected. A
surface-to-surface contact element defined the interaction
between bacteria and nanopatterned surfaces. E. coli, P.
aeruginosa, and S. aureus were considered to have masses
of 1 pg (Cayley et al. 1991), 0.4 pg (Ghanbari et al. 2016),
and 1 pg (Donlan 2002), respectively.

The quality of the resulting mesh structure was checked,
and the adequacy and suitability of the element dimensions

Fig. 4 Finite element models analysis of E. coli (A),
P.aeruginosa (B), and S. aureus (C) cells

Table 3 Comparison of the equivalent von Mises strain
(maximum)

Bacteria Maleki et al. (2021)  Presentstudy  Emae
E. coli 0.793 0.783 1.26
P. aeruginosa 0.452 0.445 1.55

were verified. FEM models of E. coli, P. aeruginosa, and S.
aureus cells after analysis are given in Fig. 4.

The turgor pressure values of the model cytoplasms are
the representative values used as pressure values while
forming the cell wall. This pressure value is according to
the literature; it was applied to bacterial models at 0.304
MPa for E. coli, 0.15 MPa for P. aeruginosa, and 2.533
MPa for S. aureus (Whatmore and Reed 1990, Yao et al.
2002).

3. Results and discussion

FEM analyses were aimed to simulate the interaction of
bacterial cells with the nanopatterned surface and to
elucidate the effect of geometric and material properties of
these nanopatterned surfaces on the mechano-bactericidal
effect.

Validation Study: To test that the finite element model
created in the package program works correctly, it is
compared with the numerical results in the literature. A
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Fig. 9 Parametric analysis (width, spacing, peak sharpness, and material) of E. coli for mortality, taking into account

strain

comparison of the closeness of the results was made based
on mean absolute error (Emae). Emae IS used as the fit
equation to evaluate the fit of numerical results and is
defined as (Ren et al. 2022).

RLi - RFEMi
R,

L

x100,(i = 1,2,3,...,n) (1)

Emae

where Rii and Reemi are the literature and FEM results,
respectively. n denotes the total number of results.

Different values were used for each bacteria. The
constant values used are as follows;

E. coli: height (200 nm), width (50 nm), peak radius (25
nm), spacing (500 nm),

P. aeruginosa: height (250 nm), width (50 nm), peak
radius (25 nm), spacing (250 nm),

S. aureus: height (100 nm), width (50 nm), peak radius
(25 nm), spacing (130 nm).

Fig. 5 shows the change in maximum stress, strain, and
deformation versus nanopattern width, considering the
following parameters: (Peak sharpness=STS, spacing=300
nm, material=Zr). It is seen that stress, strain, and
deformation increase with the decrease of the width. The
same trend is valid for the three bacterial species. When we
compare bacteria, it is seen that the highest values are in E.
coli, then in P. aeruginosa, and the smallest values in S.
aureus. Similar to the report of Velic et al. (2021), reducing
the nanopattern width in this study seems to be a successful
strategy to increase the bactericidal effect of the modeled
nanopatterned surfaces.

Fig. 6 demonstrates the change in the maximum stress,
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Fig. 10 Parametric analysis (width, spacing, peak sharpness, and material) of P. aeruginosa for mortality, taking into

account strain

strain, and deformation against the spacing of nanopattern
considering the following non-dimensional parameters:
(Width=25 nm, peak sharpness=STS, material=Zr). The tips
will behave like a flat surface if the spacing between
nanopatterns is small. High density can lead to a “nail bed”
effect where the bactericidal effect of individual columns is
reduced (Linklater et al. 2021). Conversely, some
experimental studies have shown that decreasing spacing
increases killing efficacy (Dickson et al. 2015). This study
shows that stress, strain, and deformation increase with
increasing distance for Gram-negative bacteria (E. coli and
P. aeruginosa). On the contrary, it is seen that stress, strain,
and deformation decrease with increasing spacing for gram-
positive bacteria (S. aureus). This can be explained by the
fact that if the spacing in the nanopattern is larger than the

size of the cell, bacteria can fall in and avoid the
bactericidal effect by reducing the contact surface.

Fig. 7 presents the maximum stress, strain, and
deformation change against the peak sharpness of the
nanopattern considering the following parameters: (Width
=25 nm, spacing=300 nm, material=Zr). It was found that,
as the peak sharpness increased, stress, strain, and
deformation increased for all bacteria (E. coli, P.
aeruginosa, S. aureus). The highest increase was observed
in E. coli, followed by P. aeruginosa and S. aureus.

Fig. 8 shows the maximum stress, strain, and
deformation change against the material properties (CoCr,
Zr, Ti, Mg) considering the following parameters: (Width
=25 nm, spacing=200 nm, peak sharpness=STS). It was
determined that using different materials for the nano-
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Fig. 11 Parametric analysis (width, spacing, peak sharpness, and material) of S. aureus for mortality, taking into account

strain

pattern did not significantly change the stress, strain, and
deformation.

It was considered that a bacteria could be inactivated if
the equivalent von -Mises strain (geq) determined within the
bacterial wall exceeded the rupture threshold stress (er).
AFM force measurement analyses can determine the
threshold values of bacteria. In literature, threshold values
were measured as er = 0.12 for E. coli (Turner et al. 2013),
er = 0.05 for P. aeruginosa (Gumbart et al. 2014), and er =
0.08 for S. aureus (Bailey et al. 2014).

In Fig. 9, three graphs showed increased mortality in E.
coli cells. 1) while the spacing=300 nm, peak sharpness
=STS, material=Zr values are constant, when the diameter
is below ~50 nm; 2) diameter=25 nm, peak sharpness=STS,
material=Zr, when the spacing increased above ~200 nm; 3)

diameter=25 nm, spacing=300 nm, material=Zr values were
constant, while the peak sharpness was STS. In addition,
while diameter=25 nm, spacing=200 nm, and peak sharpness
=STS values were constant, no mortality was observed even
with the material change.

In Fig. 10, three graphs showed increased mortality in P.
aeruginosa cells. 1) while the spacing=300 nm, peak
sharpness=STS, material=Zr values are constant, when the
diameter is below ~100 nm; 2) diameter=25 nm, peak
sharpness=STS, material=Zr values, when the spacing
exceeds ~200 nm; 3) diameter=25 nm, spacing =300 nm,
material=Zr values were constant, while the peak sharpness
was E-STS. In addition, diameter=25 nm, spacing=200 nm,
and peak sharpness =STS wvalues remained constant,
although no mortality was observed in P. aeruginosa cells
despite the material change.
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Fig. 11 shows that S. aureus cells do not die under any
condition where the model bacteria used in the study (E.
coli and P. aeruginosa) show mortality. Additional analyses
were performed for S. aureus bacteria. Values at which
mortality could be observed were calculated.

Fig. 12 shows the extra analyses performed to monitor
mortality in S. aureus cells. Here, while diameter=10 nm,
peak sharpness=STS, and material=Zr values are constant,
mortality is observed in S. aureus cells at values below the
spacing below ~50 nm.

4. Conclusions

In this study, the mechanical effects of the geometric
parameters (peak sharpness, height, width, and spacing) and
material properties (chrome-cobalt, zirconium, titanium,
and magnesium) of nanopatterned surfaces on bacterial
cells (E. coli, P. aeruginosa, and S. aureus) were
investigated. The mechano-bactericidal effect was calculated
by FEM. Elastic and creep deformation models of bacterial
cells adhered to the nano surface were created, and cell
deformation, stress, strain, and mortality were calculated.
The results showed that sharpening the peak sharpness and
decreasing the width of the nanopatterns increased the
maximum deformation, stress, and strain in the walls of the
three bacterial cells. The increase in spacing between
nanopatterns increased the maximum deformation, stress,
and strain in E. coli and P. aeruginosa cell walls; it
decreased the same values in S. aureus. However, the
increase in spacing between nanopatterns decreased the
maximum deformation, maximum stress, and maximum
strain in the S. aureus cell wall. While the decrease in width
with the increase in sharpness and spacing increases the
mortality of E. coli and P. aeruginosa cells, the same values
did not cause mortality in S. aureus cells. In this study,
mortality values of S. aureus cells were calculated by
performing additional analyses. Using different materials

for the nanopattern did not cause a significant change in
stress, strain, and deformation.

Nano-patterned surfaces show the potential to be used as
an antibacterial material in implants in terms of not showing
toxic effects and bacterial resistance. In this study, computer
modeling of both the geometric structures and material
properties of nano-patterned surfaces will accelerate and
promote the design of more efficient mechano-bactericidal
implant surfaces in the future.
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