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Abstract 1	

Nanopillar arrays that are bactericidal but not cytotoxic against the host cells could be used 2	

in implantable medical devices to prevent implant-associated infections. It is, however, 3	

unclear what heights, widths, interspacing, and shape should be used for the nanopillars to 4	

achieve the desired antibacterial effects while not hampering the integration of the device in 5	

the body. Here, we present an in-silico approach based on finite element modeling of the 6	

interactions between Staphylococcus aureus and nanopatterns on the one hand and 7	

osteoblasts and nanopatterns on the other hand to find the best design parameters. We found 8	

that while the height of the nanopillars seems to have little impact on the bactericidal 9	

behavior, shorter widths and larger interspacings substantially increase the bactericidal 10	

effects. The same combination of parameters could, however, also cause cytotoxicity. Our 11	

results suggest that a specific combination of height (120 nm), width (50 nm), and 12	

interspacing (300 nm) offers the bactericidal effects without cytotoxicity. 13	

Keywords: Nanopattern design, implant-associated infections, osseointegration, finite 14	

element modelling. 15	

  16	
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Nanopillar arrays found on the wings of cicada and dragonfly behave as natural bactericidal 1	

surfaces [1]. The nanopillars penetrate into the bacterial walls or stretch them, resulting in 2	

cytoplasm leakage and cell death [2]. The nanopillars found on the wing of cicada have a 3	

height of 200 nm, a nanopillar interspacing of 170 nm, a width at the base of 100 nm, and a 4	

width at the cap of 60 nm [3]. Similar nanopatterned structures could be found on the wings 5	

of dragonfly with heights of 189-311 nm and widths of 37-57 nm [2]. Surfaces decorated 6	

with similar types of nanopatterns have been fabricated by researchers and are demonstrated 7	

to exhibit bactericidal behavior [4], [5]. 8	

Implantable medical devices could potentially be covered with such types of nanopatterns to 9	

protect patients against implant-associated infections (IAIs). In the case of orthopaedic 10	

implants, IAIs are one of the major factors limiting the longevity of implants [6], [7]. For 11	

example, 0.5-5% of the patients undergoing joint replacement surgeries experience IAIs [8]. 12	

Many researchers are therefore developing coatings [9], surface treatments [10], [11], and 13	

hydrogels [12] to prevent the infections associated with orthopaedic surgeries. However, 14	

many of these coatings may elicit undesired effects such as cytotoxicity [13]. In comparison, 15	

nanopatterned surfaces offer a safer non-pharmaceutical alternative that could be harnessed 16	

to prevent IAIs. 17	

A major research question when designing antibacterial nanopatterns is: ‘what are the best 18	

values for the height, diameter, and inter-spacing of the nanopillars such that the nanopatterns 19	

are bactericidal but not cytotoxic against host cells?’ Answering this question requires a 20	

systematic study of how different parameters influence both types of behaviors. The major 21	

challenge when performing such studies is accurate and reproducible fabrication of 22	

nanopatterns with different sets of design parameters. Nanoimprint lithography [14], 23	
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nanowires based on hydrothermal treatment [15], or deep reactive ion etching [16] have been 1	

currently in use for fabrication of nanopatterns. Most of these techniques are, however, 2	

costly, slow, and labor-intensive and need much calibration before they could be applied to 3	

new (metallic) materials. Here, we present an in-silico approach based on computational 4	

modeling of the cell-surface interactions to find the design parameters of nanopatterns. 5	

We used a model of Gram-positive Staphylococcus aureus (S. aureus), which is a common 6	

bacterium in the human body and a major cause of bone and joint infections [17], to study 7	

the response of bacteria to nanopatterns. Osteoblasts are responsible for de novo bone 8	

formation and osseointegration of the implants [11]. Therefore, these cells were used for the 9	

simulations to study their response to nanopatterns with the goal to preserve them, i.e. no 10	

cytotoxicity behavior. 11	

S. aureus is spherical in shape with a relatively thick wall consisting of peptidoglycans, 12	

which give the bacteria its shape and strength [18] (Figure 1a). The geometrical dimensions 13	

of the bacterial cell, i.e. the outer diameter (𝐷 = 600	nm) and thickness (𝑡ℎ = 10	nm), were 14	

set according to the information available in the literature [19], [20]. Osteoblasts were 15	

modelled using polygons with a hat-shape for the cytoplasm and an ellipse shape for the 16	

nucleus (Figure 1a). The maximum diameter of the cytoplasm (𝐷 = 20	µm) and its thickness 17	

(𝑡ℎ = 6	nm) as well as the dimensions of the nucleus (Figure 1a) were chosen based on the 18	

values reported in the literature [21], [22].  19	

A visco-hyperelastic material model (Neo-Hookean, viscoelastic) was used for modeling the 20	

cytoplasm of S. aureus [23], [24], while the cell wall was assumed to behave linear elastically 21	

[25], [26]. A linear elastic material model was used for modeling the nucleus and membrane 22	

of the osteoblast cells [22] and a similar visco-hyperelastic material model similar to the one 23	
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used for S. aureus was used for the modeling the cytoplasm of osteoblasts [21], [22], [24]. 1	

An analysis of the time period for the viscoelastic material properties was discussed in the 2	

supplementary document and Figure S1. A summary of all parameters and their sources are 3	

presented in Table S1. A linear elastic material model (𝐸 = 150	GPa, ν = 0.278 [27]) was 4	

used to describe the mechanical behavior of nanopillars. This was based on the assumption 5	

that nanopillar were made using electron beam induced deposition with platinum pre-cursors 6	

[28]. We also considered different material properties for the nanopillars (see the 7	

supplementary document, Figure S2). 8	

We used a nonlinear implicit solver (Abaqus Standard 6.14) to simulate the models. 2D plane 9	

strain quadratic quadrilateral elements with hybrid deformation (CPE8H) and without 10	

(CPE8) were respectively used for meshing the cells and nanopillars. A mesh convergence 11	

analysis was performed (see the supplementary document, Figure S3, and S4) according to 12	

which a minimum element size of 3 nm and 10 nm were respectively used for modeling the 13	

S. aureus and osteoblast cells. An out-of-plane thickness of 600 nm and 20 µm were 14	

considered in the modeling of S. aureus and osteoblast cell, respectively. 15	

The finite element models simulated the conditions used in an in vitro experimental study of 16	

how bacteria interact with nanopatterned surfaces [29]. We assumed that cells experience 17	

two types of forces including their own weight and the forces caused by the height of the 18	

water (culture medium) column. The sum of both forces was applied as a body force. The 19	

buoyant forces were small in comparison and were, thus, neglected. 20	

A variation of the height, 𝐻 , width, 𝑊 , interspace, 𝐼𝑆 , radius, 𝑟 , and shape of the 21	

nanopatterned surfaces (Figure 1b) were used in the finite element models. To evaluate the 22	

effects of each design parameter on the deformation of cell walls/ membrane, the most 23	
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extreme values of each parameter found in the literature were implemented in the finite 1	

element models. For example, the smallest and largest values considered for the width, 𝑊, 2	

were respectively 25 nm and 200 nm [11], [14], [16], [30]. 3	

A total mass of 1 pg was used for S. aureus [31]. A parametric study showed that the obtained 4	

overall stress/strain distributions are in general similar regardless of how the mass is 5	

distributed between the cell wall and cytoplasm (see the supplementary document for the 6	

details, Figure S5). We therefore assumed that the cytoplasm and cell walls equally 7	

contribute to the mass of the bacteria, applying 50% of the total body force to each 8	

compartment. The mass of the osteoblast cell is reported to be around 1.48 ng with different 9	

densities for its constituents, i.e., 𝜌<=>?@=A = 1.8×10CD [ton/mm3], 𝜌>EFGH?IAJ = 1.5×10CD 10	

[ton/mm3], and 𝜌J@JKLI<@ = 0.6×10CD [ton/mm3] [21], [22]. The body forces applied to the 11	

different parts of the cell models were determined accordingly (Table S2). 12	

A nonlinear surface-to-surface contact type was considered for all the simulations with a 13	

rough frictional formulation for the tangential behavior and hard contact pressure-14	

overclosure for the normal behavior. The contact type used enabled a smooth sliding of the 15	

cells into the area between the nanopillars. The different compartments of the cells were tied 16	

to each other. A strain-based failure criterion was used to predict a rupture in the cell wall 17	

(or membrane) of bacteria (or host cells). The bacteria and host cells were assumed to be 18	

killed if numerically calculated equivalent von Mises strain, 𝜀NO, in the cell wall or membrane 19	

exceeded threshold of 𝜀PQ = 0.5  for S. aureus [32] and 𝜀PQ = 1.05  for osteoblast [33]. 20	

Furthermore, sinking depth ratio, 𝑆𝐷/𝐷, was defined as the maximum of deformation in the 21	

cell wall or membrane, 𝑆𝐷, normalized to the diameter of the bacteria or cell, 𝐷. 22	
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The height of nanopillars did not substantially change the maximum equivalent strain 1	

experienced by the cell wall of the bacteria, meaning that height does not influence the 2	

bactericidal behavior of the nanopatterns (Figure 2a). However, a combination of the width 3	

and interspacing of the nanopillars caused high levels of variation in the maximum equivalent 4	

strain induced in the cell wall (Figure 2b, c). The von Mises strain and normalized sinking 5	

depth reached their maximum values when the minimum width was combined with the 6	

maximum value of the interspacing, i.e., 𝐼𝑆 = 300	nm and 𝑊 = 200	nm (Figure 2b, c). The 7	

effects of nanopillar shape on the equivalent von Mises strain were relatively limited (Figure 8	

2d). Smaller values of the relative radius, 𝑟/𝑊, caused higher levels of von Mises strain 9	

(Figure 2e). Change in the maximum stress of bacteria and the average stress in nanopillars 10	

are shown in Figure S6 of the supplementary document.  11	

The nanopillar designs that caused high equivalent von Mises strains in the bacteria cell wall 12	

were chosen to simulate their interactions with osteoblasts. We found that combining the 13	

largest values of nanopillar interspacing with the smallest widths could also result in 14	

cytotoxicity (Figure 3a-c). Change of stress in the osteoblast cell and the nanopillars are 15	

depicted in Figure S7 of the supplementary document. Increasing the width of the 16	

nanopillars, however, resulted only in bactericidal behavior but no cytotoxicity (Figure 3b 17	

and c). Two non-dimensional parameters T
TUVW

, and X
VW

 showed strong correlaa tion with the 18	

von Mises strain (Figure 3d, e) and may have some value as surrogate parameters when 19	

designing bactericidal nanopatterns. Taken together, the results of the current study point 20	

towards one specific combination of height, width, and interspacing to ensure the 21	

nanopatterns are bactericidal but not cytotoxic, i.e. 𝑊 = 50	nm, and 𝐼𝑆 = 300	nm.  22	
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The diameters of the nanopillars for which bactericidal effects are predicted are between 25 1	

nm and 50 nm. These values are within the range of the diameter of nanopatterns that have 2	

been shown to be bactericidal against S. aureus [34]. These numerically estimated diameters 3	

are also comparable with those found for the dragon fly wing (50-70 nm) that are known to 4	

be bactericidal against S. aureus [34]. Au nanostructured surface with diameters of 50 nm 5	

[30] has also been found to kill S. aureus, which is in line with our simulation results. In 6	

terms of nanopillar interspacing, the values reported in the literature for bactericidal 7	

nanopatterns are usually higher than 100 nm and in the range of 150-300 nm [35]. Not much 8	

experimental data regarding the cytotoxicity of the above-mentioned nanopatterns is 9	

available in the literature. In one study, nanopillar arrays with an interspacing of 300 nm and 10	

a small width at the top (triangular shape pillars) reduced the attachment of mammalian cells 11	

[36]. These experimental values are comparable to those for which our models predict 12	

cytotoxic behavior (i.e. a diameter of 25 nm and an interspacing of 300 nm).  13	

Systematic study of both bactericidal and cytotoxic behaviors is one of the unique properties 14	

of the current study. The next step will consist of experiments in which these predicted design 15	

values will be used for evaluating their behavior against bacteria and host cells. Although the 16	

predictions of our computational models are in line with experimental findings, the more 17	

general trends may be only valid within the ranges for which we have actually run the 18	

simulations. For example, a nanopillar tip much sharper than those considered here may kill 19	

bacteria. Very sharp nanopillars create singularity in elastic simulations and were therefore 20	

avoided. Moreover, sharpest nanopillars are almost certain to be also cytotoxic, as the 21	

singular strains experienced at the top most probably will exceed the limit allowable for 22	

mammalian cells as well. The trend observed here regarding the height of the nanopillars is 23	
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only valid when the sinking depth of the bacteria is smaller than the height of the nanopillars 1	

in which case the cell does not feel the extra height of the nanopillars. If the sinking depth 2	

goes beyond the height of the nanopillars, larger heights are expected to increase the 3	

deformation and, thus, the bactericidal behavior. 4	

We changed the mechanical properties of the nanopillars within three orders of magntidue 5	

(i.e. 150 GPa to 150 MPa). This spans the properties of a wide range of relevant materials 6	

including titanium and hydroxyapateite. These further simulations have been performed for 7	

the cases that showed a bactericidal effect, i.e., 𝑊 = 25 and 𝑊 = 50 with 𝐼𝑆 = 300. The 8	

conclusions regarding the bactericdial behavior and cytocompatibility of the nanopatterns 9	

remained unchangged regardless of the elastic modulus used. 10	

It is worth mentioning that in this study we only focused on the simulation of Gram-positive 11	

bacteria (S.aureus) and not Gram-negative ones. S.aureus is a major cause of infections 12	

associated with orthopaedic implants. The Gram-positive and Gram-negative bacteria have 13	

different membrane compositions. The Gram-positive bacteria have a thicker cell wall 14	

(between 20-80 nm) composed of peptidoglycan and teichoic, which makes for a more rigid 15	

cell wall as compared to the Gram-negative bacteria that have a thinner outer membrane 16	

(8-12 nm) made up of peptidoglycan [38], [39]. Due to these differences, Gram-negative 17	

bacteria are chemically tougher than the Gram-positive ones but mechanically Gram-18	

negative bacteria are weaker. Since our comoputational models do not take the chemical 19	

interaction of these cells with nanopatterns into account, we believe that the results presented 20	

for the Gram-positive bacteria in this study provides an upper bound for both cell types. 21	

 22	
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In this study, we only considered the gravitational force and the pressure caused by the water 1	

column. The adhesion forces between the bacterium and nanopillars [2], [26], [37], [38] and 2	

the resulting shear forces were not taken into account. Hydrophilic surface properties have 3	

been also proposed as another mechanism affecting the bactericidal properties of 4	

nanopatterns [3], [35], which were not studied here. From our simulations, it is not clear how 5	

much these shear forces and mechanisms individually contribute to the fate of cells. 6	

However, to have a realistic simulation of cytotoxic/ bactericidal activity, all of these 7	

mechanisms should be taken into account. Furthermore, in this study, we only focused on the 8	

contact killing mechanism, while neglecting other chemical mechanisms for killing the 9	

bacteria. 10	

In summary, we developed an in-silico approach for finding the best design parameters of 11	

nanopillar arrays such that the nanopatterns exhibit bactericidal behavior but are not 12	

cytotoxic against host cells. Our finite element models predict that the width and interspacing 13	

of the nanopillars are the most important parameters influencing the bactericidal behavior of 14	

such arrays. We also found a specific combination of width and interspacing, i.e. 𝑊 =15	

50	nm, and 𝐼𝑆 = 300	nm, that our models predict to be bactericidal but not cytotoxic for 16	

host osteoblasts. The proposed nanopatterns can now be tested e.g. on the titanium surface 17	

of joint implants to prevent implant infection and not harm bony ingrowth. 18	
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Figure captions 1	

Figure 1. a) A schematic drawing of Staphylococcus aureus and osteoblast and the 2	

dimensions used in our finite element models. b) The different parameters of nanopatterned 3	

structures including the height 𝐻, width, 𝑊, interspacing, 𝐼𝑆, radius, 𝑟, and shape of the 4	

nanopillars. c) A schematic drawing displaying the positioning of the bacteria on 5	

nanopatterned structures. 6	

Figure 2. The effects of different geometrical features including the (a) height, 𝐻 , (b) 7	

interspacing, 𝐼𝑆, (c) width, 𝑊, (d) shape, and (e) radius, 𝑟 of the nanopillars on the sinking 8	

depth ratio, WZ
Z

, and equivalent von Mises strain, 𝜀NO. 9	

Figure 3. a) The results of four numerical simulations of how osteoblasts interact with 10	

nanopillars. The geometrical features of each model are presented in Table S3. b) Normalized 11	

equivalent von Mises strain, 𝜀NO , with respect to the rupture strain, 𝜀PQ . c) A map of 12	

bactericidal and cytotoxic behaviors predicted for different dimensions of the nanopillars. 13	

The interspace and width are normalized to the diameter of bacteria. The Log-log plots of 14	

von Misses strain versus two normalized parameters (d) T
TUVW

 and (e) X
VW

. 15	

 16	

	 	17	
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