Control of Bacterial Attachment by Fracture Topography
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Abstract

In the biomedical arena, bacterial fouling is a precursor to complications such as implant
infection and nosocomial infection. These complications are further compounded by
biochemical mechanisms of resistance that threaten the action of traditional antibacterial
strategies. Accordingly, antibacterial property by physical, not biochemical, mechanisms of
action are becoming increasingly popular and promising. The present work falls in line with
this paradigm shift. Here, a Ti-6Al-4V microtextured surface is manufactured by destructive
tension at three different cross-head speeds, probed with scanning electron microscopy and
multifocus optical microscopy, and treated with Staphylococcus aureus to study bacterial
attachment. The fractographic study of Ti-6Al-4V revealed the presence of dual-mode
fracture characterised by regions of both ductile, microvoid coalescence and brittle, cleavage
facets. Based on load-extension curves, quantitative roughness data, and qualitative SEM
visualisation, it was evident that cross-head speed modulated fracture behaviour such that
increased speed produced more brittle fracture whilst slower speeds produced more ductile
fracture. The topography associated with ductile fracture was found to possess notable
antibiofouling property due to geometric constrains imposed by the coalesced microvoids.
Accordingly, fracture at low cross-head speeds (Imm/min and 120mm/min) yielded significant
reduction in bacterial attachment, whilst fracture at high cross-head speeds (100mm/min) did
not. The greatest reduction (~72%) was achieved at a cross-head speed of Imm/min. These
findings suggest that antibiofouling property can be elicited by fracture and further ‘tuned’ by
fracture speed. Discovery of this novel, albeit simple, avenue for topography-mediated
antibacterial property calls for further research into alternate techniques for the manufacture
of ‘physical antibacterial surfaces’.
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1. INTRODUCTION

The attachment of bacteria to biomedical surfaces is a precursor to significant healthcare
complications. Attachment is the foundational step toward the formation of a complex,
multicellular community known as a ‘biofilm’. This collective arrangement of bacteria
confers resistance to all manner of physiological stresses making their eradication very
difficult (Boyle, Heilmann, van Ditmarsch, & Xavier, 2013; Vega & Gore, 2014). The
consequences of this are perhaps best appreciated in the context of medical device fouling,
where biofilms lead to antibiotic-resistant infection that necessitates costly and complicated
treatment (Ribeiro, Monteiro, & Ferraz, 2012). In addition, biofilm resistance also enables
pathogens to persist for up to several weeks on the surfaces of hospital bedding, furnishings
and equipment, even despite dry conditions and cleaning with biocides and disinfectants
(Neely & Maley, 2000; Vickery et al., 2012; Weinstein & Hota, 2004). Here they put
susceptible healthcare patients at risk of nosocomial infections by surface-to-patient cross-
contamination, mostly via the hands and gloves of health care workers (Boyce, 2007; Weber,
Rutala, Miller, Huslage, & Sickbert-Bennett, 2010; Weinstein & Hota, 2004).

These implications to device-related infection and nosocomial infection are the major
motives underlying the pursuit of antibacterial surfaces for biomedical application. The
design of such surfaces is experiencing a paradigm shift due to the increasing prevalence of

biochemical mechanisms of resistance that invalidate ‘traditional” antibacterial strategies that



also operate on biochemical mechanisms (Brown & Wright, 2016; Davies & Davies, 2010).
Accordingly, there is a growing interest for mechanisms of action that are distinct from these
conventional approaches. A significant research focus has been placed on so-called ‘physical
antibacterial surfaces’ which rely on physical mechanisms of action elicited by modification

to surface architecture or, more simply, ‘texturing’(Hasan, Crawford, & Ivanova, 2013).

When texturing is performed at the microscale () the resultant antibacterial property is
‘antibiofouling’. This describes an ability to deter the attachment and subsequent proliferation
of bacteria and other microorganisms. The mechanism underlying microtexture
antibiofouling is most popularly elucidated by the ‘attachment point theory’ (Scardino,
Guenther, & de Nys, 2008). This theory posits that the cell’s physical interaction with the
topography — in terms of the degree of attraction and strength of adsorption - relies upon
interfacial area (Dunne, 2002). Hence, by modulating the cell-accessible surface area,
interaction and attachment can be enhanced or suppressed without biochemical modification
(Valle et al., 2015). For instance, when the dimensions of the microtexture are larger than the
size of the fouling microorganism, microtexturing contributes additional surface area
available for contact and increased interaction. Consequently, these microtextures have been
observed to increase attachment numbers for bacteria (Hou, Gu, Smith, & Ren, 2011;
Komaromy et al., 2012; Valle, et al., 2015; Whitehead, Colligon, & Verran, 2005) and other
microorganisms (Callow et al., 2002; Carman et al., 2006; Hoipkemeier-Wilson et al., 2004),
relative to a flat surface. Conversely, when the feature size and spacing are reduced to near-
or sub-cell dimensions, the target microorganism can only establish relatively weak
interaction on feature tops, whilst the interstitial area between features is physically blocked-
off to the body of the cell. For various bacteria (Friedlander et al., 2013; Valle, et al., 2015;
Vasudevan, Kennedy, Merritt, Crocker, & Baney, 2014; Whitehead, et al., 2005; Xu &
Siedlecki, 2012) and other microorganisms (Carman, et al., 2006; Petronis, Berntsson, Gold,
& Gatenholm, 2000; Scardino, Harvey, & De Nys, 2006; Schumacher et al., 2007), these
microtextures reduce attachment relative to a flat control. Based on extensive study and
review, researchers have stipulated that microtexture dimensions approximately 50-90% of
the target organism’s major dimension result in optimal antibiofouling (Scardino & de Nys,

2011). There are negative returns with further reduction (Katsikogianni, 2004).



To elicit this topography-mediated antibiofouling, microtexturing is most popularly
carried out by lithography techniques, typically UV lithography followed by soft lithography
(Bixler, Theiss, Bhushan, & Lee, 2014; Carman, et al., 2006; Chung et al., 2007; Vasudevan,
et al., 2014; Xu & Siedlecki, 2012). Microtexturing by ablation of polymer and metallic
substrates with gas or solid-state laser is also reasonably common (Fadeeva et al., 2011;
Truong et al., 2012; Valle, et al., 2015). That being said, despite their widespread use, the
aforementioned manufacturing techniques have some drawbacks. In the case of lithography,
geometric complexity can be difficult to achieve and production can involve many time-
intensive fabrication steps (Zhang et al., 2014). On the other hand, laser ablation requires
highly customised, expensive equipment and alters surface chemistry through oxidation
(Fiorucci, Lopez, & Ramil, 2015). Both techniques are also more commonly associated with
polymers, which offer limited scope of application in the biomedical arena. These existing
approaches are thus either cumbersome, or simply invalid, for studying the isolated effects of

topography on bacterial adhesion to metallic surfaces.

Fabrication of a metallic textured surface may be carried out more simplistically with
tensile fracture. Tensile fracture involves a few, simple steps that can be executed swiftly,
without reliance on expensive, state-of-the-art clean room facilities. Broadly speaking, a
fracture texture will take on a topography that stems from either ductile, brittle or dual-mode
fracture. In ductile fracture, the topography appears rough and dimpled due to the nucleation,
growth and coalescence of microvoids during plastic flow (Parrington, 2002). In brittle
fracture, flat and featureless ‘cleavage’ facets appear in the topography due to transgranular
fracture along well-defined crystallographic planes (Mudry, 1987). Compared to ductile
fracture, brittle fracture is characterised by rapid crack propagation with very little plastic
deformation and minimal adsorption of energy (Campbell, 2012). In the dual-mode fracture,
both textural features are apparent. More specifically, ‘quasi-cleavage’ facets, which are not
necessarily restricted to well-defined planes, tend to be separated by voids or regions of
microvoid coalescence (Kumar, Roberts, & Wilkinson, 2007). Of course, the nature of the
fracture mode - and thus its resultant topography - depends on various factors related to the
properties of the material and the conditions of the loading. For instance, metals with HCP
and BCC crystal structures are more prone to brittle fracture than FCC counterparts (Mudry,
1987). Also, at lower temperatures, the fracture mode transitions from ductile to brittle
(Gerberich & Yang, 2003). Likewise, lower deformation rates induce more ductile fracture

whilst brittle fracture is more likely to occur at extremely high loading rates (Gerberich &

3



Yang, 2003; Pokluda & Sandera, 2010). By enabling loose control over the failure mode,
these material properties and loading conditions may offer avenues to ‘tune’ the topography

of a fracture texture to achieve antibiofouling property.

This notion creates the basis for the experimental framework presented in this study.
Accordingly, a microscale topography is manufactured by tensile fracture of Ti-6Al-4V
coupons at variable loading rates. By adjusting the cross-head speed, from quasi-static to
dynamic, we modulate the fracture mode to achieve different topographies. The
antibiofouling efficacy, against S. aureus, is evaluated for each topography by comparison to
flat controls. It is shown that lower cross-head speeds can be used to fabricate textured
surfaces with an inherent, topography-mediated antibiofouling property which significantly

reduces the attachment of bacteria.

2. MATERIALS AND METHODS
2.1. Materials and manufacturing

Annealed titanium alloy Ti-6Al-4V (grade 5) was chosen as the model material for its
attractive properties and broad biomedical utility, evidenced by widespread use in joint
replacement, fracture fixation, dental implants and surgical tools (Elias, Lima, Valiev, &
Meyers, 2008; Rack & Qazi, 2006). Description of the mechanical properties and alloy
composition of Ti-6Al-4V can be found in ASTM B265-15 (ASTM International, 2015).
Notably, Ti-6Al-4V comprises o and S phases, which are stabilised at room temperature by
the inclusion of aluminium (5.5 — 6.5 w.t. %) and vanadium (3.5 — 4.5 w.t. %), respectively
(Murr et al., 2009).
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Figure 1: Specification drawing for manufacture of coupon specimens (greyscale figure) (1.5 column)



Raw material was originally sourced in the form of 100x100x0.8mm sheets. From the
master sheets, coupons and flat controls were machined by a water jet cutter with a stream
diameter of 0.9 mm. Flat controls were designed as 5x10x0.8mm rectangular disks. For the
design of the coupons, a standard sheet-type specimen was approximated as per ASTM
E8/E8M-16a (ASTM International, 2016). The standard was adhered to only where necessary
to ensure consistency, permitting some design simplifications be made to facilitate
fabrication. Accordingly, a coupon size of 50x10x0.8mm was defined to maximise yield-
per-sheet whilst simultaneously providing sufficient clamping area for wedge grips (Figure
1). The cross-sectional area in the centre of the coupon was reduced by two semicircular
stress-raisers in order to constrain the fracture. These notches were inspected for burrs or
excessive roughness to minimise irregularities that threatened the validity and consistency of
the results (ASTM International, 2016). Prior to testing, the reduced cross sectional area was

measured to ensure that the width and thickness were within good accuracy (i.e. £0.1mm).

The testing procedure generally followed prescribed methods (ASTM International,
2016). Briefly, the INSTRON 5569A load frame was exercised to non-transient conditions
and force was zeroed to correspond with no gripping. A specimen was then loaded into the
wedge grips, such that the upper and lower grips were displaced 5mm above and below the
reduced central section, respectively. The wedge grips were aligned centrally with the
specimen to ensure purely axial tension. Once positioned accurately, the grips were tightened
with a pre-compression of 85N. A predefined, standard tensile testing method in Bluehill®2
was executed at cross-head speeds of Imm/min, 10mm/min and 100mm/min until complete
fracture. These speeds covered strain rates from quasi-static to highly dynamic. Three
coupons were fractured at each speed. The extension-load curves were inspected prior to
further study, to confirm the consistency and repeatability of fracture results (Figure 2).
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Figure 2: Load-extension curves for tensioning at crosshead speeds of 1, 10 and 100mm/min (colour
figure) (single column)



2.2. Surface characterisation

Two techniques were applied to characterise the fracture surfaces, namely, scanning
electron microscopy (SEM) and multifocus optical microscopy. High-resolution electron
micrographs were captured using a field-emission SEM (JEOL JSM-7001F) with operating
parameters set in the vicinity of 20kV accelerating voltage and ‘medium’ (11) spot size. The
hierarchical nature of the surface was surveyed with magnifications ranging from 1000x to
15,000x. This was carried out at across various representative locations, along the

longitudinal centreline of the fracture surface.

Lower magnification images with extended depth of field were obtained using a
motorized stereo microscope (Leica M125) with Leica Application Suite (LAS) integration.
Z-Stack parameters (start-end positions, no. of steps) were adjusted on the LAS MultiFocus
module to automatically capture and compile 250 image steps from the lowermost, to the
uppermost, focal points on the fracture topographies. This produced a single, crisp, composite
image with greatly extended focus — a so-called ‘montage’. A zoom settings of 5x was used
on a 1.0x plan-apochromatic objective lens. With Digital Surf Mountains®Map software, the
montages were converted into three-dimensional surface maps and post-processed to

calculate 1ISO 25178 surface texture parameters for quantitative comparison.

2.3. Bacterial growth and incubation

Staphylococcus aureus (ATCC 25923) was used as the model microorganism in this
study given its prevalent fouling on hospital surfaces and implant devices (Vickery, et al.,
2012). For instance, S. aureus is the leading cause of hospital-acquired surgical site
infections, and second leading cause of nosocomial bacteraemia and pneumonia (Klein,
Smith, & Laxminarayan, 2007). It is also the most common etiological agent in prosthetic
joint infections, as well as infections associated with internal and external fixators (Lora-
Tamayo et al., 2013; Montanaro et al., 2011).

Prior to each bacterial attachment experiment, cultures were refreshed on nutrient agar
from stocks (Oxoid, Australia). Fresh bacterial suspensions were grown overnight, in 5 ml of
nutrient broth, at 37°C (Oxoid, Australia). Bacterial cells were collected at the logarithmic
stage of growth and the suspensions were adjusted to ODgg= 0.3. Before incubation on

sterilised fractured coupons, the bacteria suspension in PBS was adjusted to ODgpo=1.



Flat controls and coupons fractured at different cross-head speeds (Imm/min, 20mm/min
and 100mm/min, n=3) were totally submerged in diluted S. aureus test solution (1:10) and
incubated at 37°C for a minimum of 18h. The cell suspension was then removed and
fractured coupons were fixed with 3% glutaraldehyde for 3 hours, rinsed three times with
0.1M cacodylate buffer, followed by dehydration in a graded series of ethanol (20%, 40%,
60%, 80%, 90% and 100%) and drying with hexamethyldisilazane. After drying, samples
were gold-coated, mounted and observed under SEM to study antibiofouling behaviour.

2.4. Bacterial attachment studies

Study of bacterial attachment followed standard methods found in Hoipkemeier-Wilson,
et al. (2004) and Callow, et al. (2002). Accordingly, attached S. aureus cells were visualised
with SEM (JEOL JSM-7001F) and quantified by manual interval counting. In terms of
operating parameters, SEM was used with a 20kV accelerating voltage, a ‘medium’ (11) spot
size and a 5mm working distance. To ensure a good representation of each sample,
attachment was surveyed along the longitudinal centreline with 20 fields of view evenly
spanning the entire length of the fracture surface (Figure 3). For all fracture speeds, this
length measured approximately 4mm, hence an even interval of 0.2mm was chosen. Any
fields marred by dust particles were neglected, and the region next to the disruption was
imaged. A magnification of 3,000x was chosen to capture a reasonable quantity of bacteria
(i.e. <10%). For consistency and comparison, the same interval (0.2mm) and magnification
(3,000x) were used to study S. aureus attachment along the centreline of flat control
surfaces. Using three samples for each case (Imm/min, 10mm/min, 100mm/min and control)
and 20 fields of view per sample, a total of 240 fields were examined. The number of
attached bacteria per field was quantified and normalised to projected surface area using the
planar dimensions of the field (Figure 3). Area-normalised attachment (bacteria/mm?) was
compared across all cases to ascertain any significant reduction in attachment that would

indicate an antibiofouling property.
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Figure 3: Study of bacterial attachment on fracture surfaces by manual count with SEM (colour figure)
(1.5 column)

2.5. Statistical analysis

Results are expressed as meanzstandard deviation. Statistical significance was assessed
using one-way ANOVA followed by post-hoc assessment using the Tukey HSD method. p
values of <0.05 were considered statistically significant. In all studies, the minimum sample
size was three. For bacterial attachment studies, 20 fields of views were examined per

sample, amounting to 60 field of view per cross-head speed.



3. RESULTS AND DISCUSSION

3.1. Fractography and characterisation

1 mm/min 10 mm/min 100 mm/min

5000x

15000x

Figure 4: Successive magnification SEM micrographs of fracture surface at different cross-head speeds
(A) 1 mm/min (B) 10 mm/min (C) 100 mm/min (greyscale figure) (2 column)

Scanning electron micrographs of the typical fractures produced at different cross-head
speeds are shown in Figure 4. These illustrate topography at magnifications between 1000x
and 15000x. The successive magnification emphasises the hierarchical quality of the surface.
Several previous studies have linked hierarchical topographies - natural and synthetic - to
antibiofouling property by their enhanced ability to support homogenous wetting (Barthlott &
Neinhuis, 1997; Fadeeva, et al., 2011; Lafuma & Quere, 2003). Moreover, the surface

morphology here demonstrated signs of a dual-mode fracture.

This was to be expected of annealed Ti-6Al-4V. This alloy typically comprises mainly
equiaxed grains of «-phase, with some B-phase settled along grain boundaries (Patil et al.,
2016). Together, these phases facilitate a dual-mode fracture. It is suggested that microvoids

nucleate at the a/p interface, and subsequently grow and coalesce in a ductile fashion (Yang,



Wang, Lin, Zhao, & Ma, 2015). Conversely, ‘cleavage-like’ features are believed to be
formed primarily by transgranular fracture of a grains (Everaerts, Verlinden, & Wevers,
2016; Ivanova, Biederman, & Sisson, 2002). This is underpinned by their HCP crystal
structure which can facilitate cleavage on the basal (0002) crystallographic plane (Mudry,
1987). Accordingly, the fracture texture of Ti-6Al-4V demonstrates coalesced microvoids
separated by quasi-cleavage facets, as seen in Figure 5. This is in agreement with previous
reports of titanium fracture (Attar, Calin, Zhang, Scudino, & Eckert, 2014; Piveta,
Montandon, Ricci, & Nagle, 2012).

Figure 5: Fractographic study via scanning electron microscopy (A) Microvoid coalescence (B) Quasi-
cleavage facet (C) Large, equiaxed dimple (D) Tear ridge. Exemplar is specimen fractured at 100 mm/min
(greyscale figure) (single or 1.5 column)

These fracture modes depend on the applied cross-head speed and resultant strain rate.
Here, the loading conditions range from quasi-static to dynamic. This is accompanied by
several changes related to the deformation mechanisms, mechanical properties and fracture
mode of Ti-6Al-4V. Fundamentally, the dominant deformation mechanism changes from
dislocation motion to the formation of localised shear bands (Lee, Lin, & Huang, 2006).
These shear bands are formed in adiabatic heating, that also results in thermal softening and
reduced work hardening. Other mechanical implications of increasing strain rate to Ti-6Al-
4V include increased yield stress and flow stress. This is true in quasi-static and dynamic
conditions (Follansbee & Gray, 1989; Lee, et al., 2006). Present results seem to agree with
these phenomena. Indeed, increasing the cross-head speed resulted in increased yield and
ultimate force values (Figure 6). Increased strain rate has also been previously reported to

modulate topography. Lee, et al. (2006) reported a primarily ductile fracture of Ti-6Al-4V,
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with dimples that decreased in depth, radius and spacing as strain rate increased in dynamic
conditions. In agreement, an /g titanium alloy reported by Yang, et al. (2015) showed more
dense microvoids, that were smaller in radius and depth with increasing quasi-static strain
rate due to overall greater strain and deformation of the voids at lower strain rates. Lastly,
Lee, Chen, Lin, and Lu (2010) demonstrated the emergence of facetted features indicative of
brittle fracture due to changes in dynamic strain rate. These studies suggest that strain rate has

implications for the formation of facetted features, and also for the dimensions of coalesced
microvoids.
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Figure 6: Effect of cross-head speed on the mechanical properties of Ti-6Al-4V in terms of ultimate load,
yield load and maximum extension (shown on logarithmic scale) (greyscale figure) (single or 1.5 column)

To provide some quantitative elucidation of the proportion of quasi-cleavage facets
and/or size of microvoids with respect to cross-head speed, multifocus optical microscopy
was employed.
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Figure 7: Fractographic study via multifocus optical microscopy (A) Fractured tensile coupon
emphasising cup-and-cone symmetry and necking regions (B) Photomicrograph at lower focal plane of Z-
stack (C) Photomicrograph at upper focal plane of Z-stack (D) Composite, montage photomicrograph.
Exemplar is specimen fractured at 100 mm/min (colour figure) (2 column)

Studying the fracture pattern at macroscopic scales, the ductile fracture mode was most
prominent, as evidenced by the shear lip and so-called ‘cup-and-cone’ fracture indicative of
significant plastic deformation (Figure 7a). Due to this plastic deformation, the resulting free
surface possessed significant height variability, which was best captured through focus
stacking (Figure 7b-d). At this low-power magnification, signs of ductile fracture are visually
dominant. The surface is marked with a rough, dimpled appearance characteristic of
microvoid coalescence. Surface roughness calculated from these images is plotted in Figure
8. As seen, both the height range (S, + S,) and mean height (S,) are reduced with increased
cross-head speed. Hence, these results seem to support the notion that higher loading rates
elicit a less rough surface characteristic of a more brittle fracture (Gerberich & Yang, 2003).
Based on earlier discussion, this results can be explained by two effects related to the dual-
mode fracture of Ti-6Al-4V. Firstly, there is more formation of flat and featureless facets due
to exacerbation of cleavage fracture at high deformation rates (Pokluda & Sandera, 2010).
Secondly, there is reduced growth and coalescence of voids due to rapid propagation and
lower deformation, thus forming smaller, shallower and denser microvoids (Yang, et al.,
2015). These two effects are likely resulting in a lower surface roughness in the case of faster
cross-head speeds, as shown in Figure 8. Conversely, lower speed fracture produces a surface
with higher roughness. This reflects a more ductile fracture with coalesced microvoids that
are larger, deeper and less densely packed due to the increased deformation before and during
fracture (Yang, et al., 2015). Trends from Figure 6 seem to align with this elucidation,

showing that higher loading rates result in reduced extension indicative of more brittle failure
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with lower energy adsorption. This elucidation was further evaluated by comprehensive SEM

imaging applied to study bacterial attachment.
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Figure 8: Mean height (S,), maximum-peak (S,) and maximum-valley (S,) roughness of fracture surfaces
(greyscale figure) (single column)

3.2. Bacterial attachment studies

Interval counting demonstrated a reduction in S. aureus attachment on textured fracture
surfaces relative to non-textured, flat controls (Figure 9). The reduction was dependent on the
cross-head speed at which the fracture surface was produced. The Imm/min, 10mm/min and
100mm/min fracture surfaces reduced average area-normalised attachment by 72%, 43% and
5%, respectively. These reductions were only statistically significant in the case of 1mm/min
and 10mm/min cross-head speeds. Nonetheless, these result imply that fracture surfaces
possess an antibiofouling property that can be modulated by cross-head speed. Given there is
no chemical modification, the antibiofouling property can be attributed to a physical

mechanism of action related to topography.
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Figure 9: Area-normalised counts of bacteria attached on control and fracture surfaces. * indicates a
statistically significant (p-value <0.05) antibiofouling effect relative to the control surface , (greyscale
figure) (single or 1.5 column)

This mechanism appears to be more active in one of the two topographies that stem from
dual-mode fracture. Signs of both ductile and brittle fracture can be found at all cross-head
speeds, as seen in Figure 10. Comparing regions that are microvoid-dominant with those that
are cleavage-dominant reveals a general trend that S. aureus settles less on the former than
the latter. This can be explained in the context of the attachment point theory (Scardino, et al.,
2008). Microvoid coalescence yields a surface that is highly textured and has characteristic
dimensions that are near- or sub-bacterial in size. The S. aureus cells thus interact through
reduced interfacial area, minimising the probability of attachment relative to a flat control
(Xu & Siedlecki, 2012). Cleavage facets, on the other hand, produce a relatively featureless
surface. These regions more closely resemble a flat surface and hence exhibit little or no
relative antibiofouling property. It thus follows that the overall degree of antibiofouling is

determined significantly by the proportion of these different topographies.
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100 mm/min

Cleavage-dominant region

Microvoid-dominant region

Figure 10: Bacterial attachment on flat cleavage facets (A-C1) and antibiofouling on coalesced microvoids
(A-C2). All scale bars are 10um. (greyscale figure) (2 column)

As alluded earlier, lower cross-head speeds have a higher proportion of microvoid
coalescence, whilst higher cross-head speeds have a higher proportion of quasi-cleavage. It is
likely that this proportionality underlies the differential antibiofouling in the study. This
notion is further reflected in the micrographs of Figure 11 which reveal that increasing cross-
head speed elicits more brittle fracture. The effect is best seen in Figure 11c which shows
fields of view representative of the overall fracture produced at 100mm/min. At this cross-
head speed, the topography is relatively flat and featureless, due to the increase of the
proportion of cleavage fracture. Though the texture still shows some signs of a dual-mode
fracture, brittle failure mechanisms play a dominant role, exacerbated by the high
deformation rate (Pokluda & Sandera, 2010). These observations are in good agreement with
earlier roughness results (Figure 8) which indicated an overall lower mean roughness (S,) at
increasing cross-head speeds. With more cleavage formation, the high cross-head speed of
100mm/min accommodates bacterial attachment numbers similar to the unmodified control

surface (Figure 9).
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Figure 11: SEM micrographs of bacterial attachment on fracture and control surfaces (A) 1 mm/min (B)
10 mm/min (C) 100 mm/min (D) Flat control. All scale bars 10um, (greyscale figure) (2 column)

Conversely, fractures at Imm/min and 10mm/min show a greater proportion of ductile
fracture. This is evidenced in Figure 1la-b where the surface appears markedly textured.
With overall more microvoid coalescence, these textures are able to inhibit S. aureus
attachment relative to the unmodified controls. The enhanced antibiofouling property at the
cross-head speed of Imm/min is likely due to the specific size of the microvoids generated.
Recall, microvoids become smaller and more closely spaced at faster loading rates due to less
plastic deformation before and during fracture (Yang, et al., 2015). Furthermore, texture
dimensions at 50-90% of the target cell diameter are ideal for antibiofouling against a range
of microorganisms (Scardino & de Nys, 2011). Though difficult to infer visually from the
‘busy’ SEM micrographs, it is suggested that the Imm/min condition creates texture with
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characteristic dimensions that are closest within this optimal range. This is supported by
roughness data in Figure 8 which shows that mean height (S;) at Imm/min is most proximate
to the diameter of the S. aureus cells (i.e. ~0.5-1um). Whilst subtle, this variation in the
texture geometry could indeed explain the significant bacterial antibiofouling difference
between fractures at Imm/min and 10mm/min which are both microvoid dominant (Hou, et
al., 2011; Komaromy, et al., 2012; Valle, et al., 2015; Whitehead, et al., 2005).

Evidently, the mechanism that underpins this antibiofouling is based on a simplistic
geometric mismatch between the bacteria size versus texture size, as elucidated by the
attachment point theory. Hence, this mechanism may not be robust to the diversity of
‘nuances’ involved in all types of cell-surface interaction. For example, Friedlander, et al.
(2013) brought to light the profound structural function of flagella in bacterial attachment of
Escherichia coli. Flagella are able to create a dense, fibrous ‘buffer’ over unfavourable
topography, and can reach into small interstitial crevices otherwise inaccessible to the body
of the bacteria. As such, they enable the bacteria to better exploit surface area contributed by
texturing, overriding the geometric constraints and antibiofouling effects of sub-bacterial
feature size and spacing (Friedlander, et al., 2013). This is further enhanced by the flagella’s
motility function, which helps bacteria to seek out improved surface access (Friedlander, et
al., 2013; Hou, et al., 2011). It thus seems that the physical mechanism by which these
fracture surfaces operate is limited to less complex bacteria that lack extracellular
appendages. This is true of S. aureus, tested in this study, which is non-flagellated and non-
motile (Valle, et al., 2015). Other, more complex bacteria such as E. coli may not be as
susceptible to antibiofouling by the simple, physical mechanism of the fracture surfaces.
Another limitation of the findings is regarding the duration of the study. To assess whether or
not these fracture textures are able to disrupt biofilm formation sufficiently, a long-term study
(~21 days) would be required as exemplified by Chung, et al. (2007). This is beyond the

scope of the present research, which focuses on attachment-stage antibiofouling.

Most notably, the present study has discovered a novel avenue to elicit topography-
mediated antibiofouling property. We have demonstrated the antibiofouling property of a
fracture surface, which can be enhanced or supressed by adjusting cross-head speed.
Importantly, this occurs without chemical modification, and is hence primarily by the action
of physical mechanisms related to topography. The findings fall in line with earlier work and
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can be explained by consideration of cell-surface interfacial area and the attachment point

theory.

4. CONCLUSIONS

In this work, a Ti-6Al-4V textured surface was manufactured by tensile fracture at
different cross-head speeds, ranging from quasi-static to dynamic. The fracture surfaces were
characterised and subsequently treated with S. aureus to assess bacterial attachment.
Fractographic study of the surface indicated the presence of dual-mode fracture, underpinned
by the alloy’s a and S phases, thus producing regions of ductile, microvoid coalescence and
brittle, cleavage facets. Based on load-extension curves, quantitative roughness data, and
qualitative SEM visualisation, it was evident that cross-head speed modulated the dual-mode
fracture such that increased speed exacerbated brittle fracture and cleavage faceting, whilst
slower speeds produced ductile fracture and microvoid coalescence. In line with the
attachment point theory, highly textured microvoids possessed appreciable antibiofouling
property, whilst featureless cleavage facets did not. Accordingly, fracture at high cross-head
speeds (100mm/min), with high proportion of cleavage, resulted in no significant
antibiofouling. Only fracture at lower cross-head speeds (Imm/min and 10mm/min), which
were microvoid-dominant, yielded significant reduction in attachment. The greatest reduction
(~72%) was achieved at a cross-head speed of 1mm/min. Ultimately, this research has
brought to light a novel, yet simple, technique for topography-mediated antibiofouling
property, contributing knowledge toward the pursuit of innovative antibacterial surfaces for

biomedical application.
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HIGHLIGHTS:

e A Ti-6Al-4V textured surface was manufactured by tensile fracture at three different
cross-head speeds (Imm/min, 10mm/min and 100mm/min).

e Higher fracture speeds produced a higher proportion of brittle, cleavage facets, whilst
lower fracture speeds produced a higher proportion of ductile, microvoid coalescence.

e Regions of coalesced microvoids possessed inherent, topography-mediated
antibiofouling property, as described by the attachment point theory.

e Statistically significant reduction of Staphylococcus aureus attachment was achieved
with cross-head speeds of 1mm/min (72%) and 10mm/min (43%), relative to an
unmodified control surface.

e Antibiofouling property can be elicited simply by fracture, and controlled (enhanced

or suppressed) further by fracture speed.
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