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ABSTRACT
The adhesion properties of Staphylococcus aureus on palladium�cobalt
(Pd�Co) alloy nanostructures with various cross-sectional geometries
have been characterised. They include solid core, hollow, c-shaped, and x-
shaped pillars. These pillars have unique funnel-shaped geometric
features on the top surfaces with average included angles between »142o

and »149o. The success rates of cell attachment on these pillar tops were
quantified by using field emission scanning electron microscopy
techniques. Results show the Staphylococcus aureus attachment rates of
Pd�Co solid core, hollow, and x-shaped pillars are statistically
indistinguishable with success rate up to 82%. X-shaped pillars have the
lowest attachment rate among the four geometries of 46 § 5%.
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1. Introduction

Staphylococcus aureus (S. aureus) is a micro-organism with grape-like shape generally smaller than
1000 nm while in suspension. They are often associated with post-surgical implant infections.[1�14]
This is in part due to the strong affinity for these micro-organisms to adhere to a broad range of
implant materials, such as stainless steel, titanium, and titanium alloys.[7,15�19] Once these bacte-
rial cells attach on implant surfaces, they form colonies and are very difficult to remove. These sur-
face-adhered micro-organisms multiply, grow biofilms, and subsequently cause infection in the
patient.[3] While antibiotic medication can be used to control these infections, excessive and contin-
uous usage of antibiotics may significantly increase the potential for the development of drug resis-
tant strains of bacteria, such as methicillin-resistant Staphylococcus aureus.[6,18,20] Therefore, a
drug-free approach is needed to reduce S. aureus cell adhesion on metal implant surfaces. One pos-
sible approach to reduce surface adhesion is through surface topography and architecture engineer-
ing. The effects of surface roughness or topography on cell adhesion have been characterised by
numerous researchers and play an important role in controlling cell attachment.[15,17,18,21�27]
The majority of these works were focused on the effects of bulk scale surface modification and
treatment methods on bacterial cell adhesion and growth properties.[15,17,18,28] Recently, Jahed
et al. [21] conducted an investigation to understand how individual S. aureus cells attach on electro-
plated nanocrystalline nickel nanopillar structures with various cross-sectional geometries � solid
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core, hollow cylinder, c-shaped, and x-shaped. This report observed that there is indeed a causative
relationship between the geometries and the cell attachment success rates on the nanopillar top
surfaces. The reported results show significantly more S. aureus cells attached on c-shaped cylinder
top surfaces than those with solid core and x-shaped structures. In addition, the observations sug-
gest that a surface depression or via-hole in the centre of the nanopillar top surfaces may enhance
cell adhesion behaviours.

The goal of this work is to test how nanometer scale architectures on palladium�cobalt
(Pd�Co) alloy pillar top surfaces affect the adhesion characteristics of individual S. aureus
cells. Unlike the nickel pillars manufactured by Jahed et al.,[21] where the top surfaces are
smooth and flat, the Pd�Co alloy pillars fabricated for this work contain well-defined nano-
meter scale funnel-shaped surface depressions. Four different columnar features were fabri-
cated with these funnel-shaped tops. They include solid core, hollow, c-shaped, and x-shaped
pillars. This is believed to be the first demonstration of fabricating funnel-shaped Pd�Co
pillars, and an original work in understanding how nanometer scale surface depressions affect
individual S. aureus cell adhesion characteristics. Palladium alloy was selected for this work
because palladium and its alloys have been used in implants.[29�31] In addition, recent work
has demonstrated that gold-palladium coatings on polypropylene mesh graft implants and
stainless steel substrates reduce post-surgical infection rates [32] and enhance long-term adhesion
of human osteoblasts,[33] respectively. Several palladium (II) complexes recently developed also
reveal their anti-bacterial characteristics.[34�37] Budige et al. [38] and Geeta et al. [39] evaluated
the antibacterial activity of mononuclear Co(II), Ni(II), Cu(II), and Pd(II) complexes against
multiple biological agents � Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Klebsiella
pneumonia. They reported that Pd(II) complexes exhibited the most potent activity against these
bacterial cells. Metallic form of Pd nanoparticles have also been demonstrated to be toxic to
Staphylococcus aureus.[40]

Herein, the S. aureus bacterial cell adhesion behaviours on more than 800 Pd�Co funnel-shaped
pillars were characterised. Results show Pd�Co pillars with solid core, hollow, and c-shaped struc-
tures perform indistinguishably and have the largest cell attachment success rates while the x-shaped
pillars had much lower cell attachment success rates. The engineered funnel architectures appear to
improve the adhesion characteristics of S. aureus bacterial cells on pillars with solid cores cross-
sectional geometries.

2. Material and methods

2.1. Nanometer scale pillar fabrication

Palladium�cobalt alloy (Pd�Co) pillars were fabricated using electron beam lithography and elec-
troplating techniques.[21,41] These nanostructures were prepared on silicon substrates coated with
»25 nm titanium thin films followed by a »75 nm titanium tungsten alloy seed layer. After spin-
coating the substrates with poly(methyl methacrylate) (PMMA) resists, arrays of via-hole patterns
were created by using a Vistec EBPG 5000C Electron Beam System and electron beam lithographic
processes. The electron beam column was operating with an accelerating voltage of 100 kV. A com-
mercially available plating solution manufactured by Technology without Limits (West Warwick,
RI, USA) was used to deposit the Pd�Co metal in the via-holes. This electrolyte contains less than
1% tetra-ammine palladium (II) dichloride, less than 1% of cobalt, 2%�5% ammonium chloride,
and less than 0.2% of ammonia. A platinised titanium mesh was used as anode. The deposition was
carried out at ambient conditions with a direct current density of 13 § 1.5 mA cm¡2. After the elec-
troplating processes, excess PMMA were stripped by using acetone. Staedtler non-permanent mark-
ings were labelled on the substrates to help identifying Pd�Co specimens and pillar array locations
during the cell deposition process. X-ray photoelectron spectroscopy analysis revealed the
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electrodeposited blanket Pd�Co films compose of »49 atomic percentage of palladium and »51
atomic percentage of cobalt.

2.2. Cell culture

Staphylococcus aureus (ATCC 6538) bacterial cells were prepared in aseptic conditions. BD Bio-
sciences trypicase soy agar was used to inoculate S. aureus bacterial cells at 37 �C for 24 hours.
An amount of 5 mL of sterilised 2.55% saline with »0.006% nutrient broth added and calcium
alginate swabs were used to harvest the bacterial cells into sterile 15 mL centrifuge tubes. The bac-
terial cells were then washed seven times through centrifugation at 4000 rpm for 10 minutes.
After this, the suspensions were spectrophotometrically adjusted to an optical density of 1.33 at
600 nm. The plate counting method was employed to determine this concentration to be 109

CFU/mL. The prepared live S. aureus bacterial cell suspension was deposited on chips containing
the Pd�Co pillar array. The chips were then loosely sealed within a plastic capsule to prevent sig-
nificant evaporation and incubated at 37 �C for an hour. Afterwards, the chip surface was washed
with deionised water to dislodge cells not well adhered. Finally, the chips were dried at 37 �C for
at least 8 hours. The cell adhesion success rate is defined as the number of pillars with S. aureus
cells remaining attached to the top surface of a specific cross-sectional geometry to the total
counted number of pillars of the same geometry inspected.

2.3. SEM inspections

All of the specimens were inspected before and after the bacterial cell exposures using a high-resolu-
tion field emission scanning electron microscope (Zeiss LEO 1550). The electron gun was operating
at an accelerating voltage of 10 kV with chamber pressure below 1.5 £ 10¡5 mbar. No gold coatings
on the specimens were necessary and they were imaged as-received.

3. Results and discussion

3.1. Nanopillar geometries and surface architectures

More than 800 palladium�cobalt alloy (Pd�Co) pillars were fabricated and inspected for this work.
Representative field emission scanning electron microscopy (FESEM) micrographs of Pd�Co pillars
are displayed in Figure 1(a)�(i). These pillar stems have four cross-sectional geometries as shown in
Figure 1(a)�(d); they include variations of solid core, hollow, c-shaped, and x-shaped pillars. These
pillars were assembled in square arrays with a spacing of 10 mm as revealed in Figure 1(i). The phys-
ical characteristics and geometric dimensions of these specimens are summarised in Table 1.
Figure 1(j) illustrates some of the pillar geometric parameters listed in this table. Since the Pd�Co
deposition rates are fastest at the pillar outer edges, these pillars have funnel-shaped tops with sharp
outer rim edges. This is uniquely different from the nickel pillars tested in our previous work [22]
where the top surfaces are flat and even. Table 1 shows the average included angles of these funnel
top features are in the range of approximately 142�� 149 �. The two pillars shown in Figure 1(a)
and 1(b) consist of axisymmetric cone-like funnel tops with closed (solid core-shaped) and opened
bottoms (hollow-shaped), respectively. The average depth of the funnel features on the solid core
pillars is »145 nm. Figure 1(c) shows a micrograph of c-shaped pillar and it revealed a vertical slit
opening along the pillar sidewall. It is important to note that the hollow-shaped pillars have their
average inner diameter significantly larger than the c-shaped pillars of 696 § 14 nm and 509 §
14 nm, respectively. A micrograph of x-shaped pillar with four-fold symmetric funnel-shaped top
surface is displayed in Figure 1(d). As the Pd�Co pillars continue to grow beyond its PMMA mould
thickness, small mushroom-shaped caps begin to form as shown in Figure 1(e)�(h). The micro-
graphs reveal these mushroom-shaped materials change the pillar surface topography. For example,
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the average inner diameters of the c-shaped pillars were reduced to 359 § 16 nm. The average
included angles of the hollow-shaped and c-shaped specimens increased by »8��15�, i.e. the fun-
nel-shaped pillar tops with these two geometries flattened. Furthermore, the sharp outer rim edges
became rounded with the formation of mushroom domes.

Figure 1. Typical SEM micrographs of as-fabricated palladium�cobalt nanopillars with (a) solid-core, (b) hollow, (c) c-shaped, and
(d) x-shaped geometries. Pillars with small mushroom caps are displayed in (e)�(h). (i) Shows a low magnification micrograph dis-
playing an array of nanopillars. Scale bars in (a)�(h) represents 400 nm while (i) bar corresponds to 5 mm. Schematic drawing of a
solid pillar indicating geometric parameters is shown in (j).

Table 1. Nanopillar geometric dimensions and S. aureus cell attachment rates on Pd�Co and nickel specimens. The data spreads
correspond to one standard error. Values highlighted with curve brackets correspond to the number of nanopillars inspected.

Pd�Co pillars without mushroom tops Pd�Co pillars with mushroom tops Nickel pillars

Cross-sectional
geometry

Cell
attachment

rates

Inner
diameters

(nm)
Included
angles

Cell
attachment

rates

Inner
diameters
(nm)

Included
angles

Cell
attachment

rates

Inner
diameters
(nm)

Hollow 81 § 4% (102) 696 § 14 143o § 3� 66 § 5% (104) 714 § 12 168� § 3� 83 § 4% (113) 637 § 17
C-shaped 82 § 4% (106) 509 § 14 142� § 5� 47 § 5% (108) 359 § 16 150� § 3� 56 § 5% (105) 502 § 13
Solid core 76 § 4% (102) 145� § 6� 43 § 5% (98) 148� § 5� 25 § 4% (104)
X-shaped 46 § 5% (96) 149� § 5� 35 § 5% (96) 150� § 4� 7 § 2% (140)
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3.2. Staphylococcus aureus adhesion characteristics on pillars without mushroom tops

After exposing the funnel-shaped Pd�Co pillars to the S. aureus bacterial cells, inspection using
FESEM techniques was performed. Typical micrographs of these pillars with bacterial cells are dis-
played in Figure 2(a)�(d). These structures do not contain mushroom tops. Visual inspections con-
firmed that S. aureus cells adhered on the top surfaces of the solid core, c-shaped, and x-shaped
pillars. The change in the expected curvature at the bottom of the cells from grape-like to an
impressed frame further validates the adhesion of the bacterial cells to respective pillars. In contrast,
the bacterial cells fell into the interior openings of the hollow pillars, which are visible only in the
top-down view of the pillars as shown in the inset of Figure 2(b) and supplementary Figures S1 and
S2. The success rates for the bacterial cells to attach on pillars with different cross-sectional geome-
tries were quantified and summarised in Table 1 and Figure 3. The number of pillars inspected for
each geometric group is also included in the table and highlighted with curve brackets adjacent to
the attachment rates. The data show S. aureus attachment rates of the axisymmetric pillars (hollow,
c-shaped pillars, and solid core) are 81 § 4%, 82 § 4%, and 76 § 4%, respectively. The data spread

Figure 2. Typical SEM micrographs of the palladium�cobalt nanopillars exposed to S. aureus: (a) solid-core, (b) hollow, (c) c-
shaped, and (d) x-shaped geometries. Pillars with small mushroom caps are displayed in (e)�(h). Inset images included in (b) and
(f) are top-down views of the corresponding nanopillars. Scale bars represent 400 nm.
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corresponds to one standard error. Results reveal the cell attachment rates of these three groups of
specimens are statistically the same. The least efficient cross-sectional geometry is the x-shaped
Pd�Co pillar with only 46 § 5% of the sampled pillars covered with S. aureus cells.

As a comparison, identical cell type and concentrations were deposited on 462 nickel pillars fab-
ricated with the same procedures and geometries described in the previous study.[22] Typical SEM
micrographs of these nickel pillars are displayed in the Supplementary Figure S3. Unlike the funnel-
shaped Pd�Co specimens, the nickel pillar tops are smooth and flat. It is important to note that dif-
ferent experimental parameters are being used during these cell adhesion experiments, such as dis-
similar pillar materials (Pd�Co vs. Ni) and the seed layers (tungsten vs. gold). The attachment
success rates of nickel pillars were also characterised. Visual inspections show all S. aureus cells
rested within the interior openings of the hollow nickel pillars. In contrast, cells were attached on
the top surface of solid core and x-shaped nickel pillars. Out of 105 c-shaped pillars with S. aureus
attached, only two pillars observed to have cells resided in the interior while the remainder of these
specimens have cells bonded on the top surfaces. These cell adhesion behaviours are similar to those
observed in the Pd�Co specimens. Table 1 and Figure 3 revealed S. aureus cells attached on
the nickel hollow pillars with success rates of 83 § 4%, which are statistically indistinguishable from
the Pd�Co counterparts consisting of cone-like funnel-shaped architectures of 81 § 4%. It is
remarkable that these two sets of specimens behave the same when considering different experimen-
tal parameters, such as various pillar metals and dissimilar seed layers. The only commonality among
these specimens is the presence of similar diameter via-holes at the centre of these pillars, suggesting
the significance of via-holes in nanometer scale pillars. In both cases, cells resided in the interior of
these hollow pillars which protected them from being washed away during the rinsing process.

For c-shaped, solid core, and x-shaped nickel specimens, Table 1 and Figure 3 show cell attach-
ment rates of 56 § 5%, 25 § 4%, and 7 § 2%, respectively, which are significantly lower than the
Pd�Co pillars with funnel-shaped tops of 82 § 4%, 76 § 4%, and 46 § 5%, respectively. For both
metals, the x-shaped specimens are the least favourable geometry for S. aureus cell attachment. It is
not immediately clear if different bacterial fouling characteristics between Pd�Co and Ni, surface
charge potential differences between the metals, or the funnel-shaped architecture in the Pd�Co pil-
lars produce more favourable conditions for S. aureus to attach on these Pd�Co specimens. How-
ever, the different performances between solid-core and the c-shaped structures of the two metals
suggest that the funnel-shaped top may be at least partly responsible for the increases of cell bonding
on the solid core Pd�Co pillars. For Ni pillars, the c-shaped structures have average cell attachment
rates at least two times larger than the solid core counterparts (56% vs. 25%). In contrast, the
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Figure 3. Plot of cell attachment rates as a function of pillar materials and cross-sectional geometries.
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attachment rates for the Pd�Co pillars of these two geometries show statistically insignificant differ-
ences (82 § 4% vs. 76 § 4%). It is unlikely that biofouling or surface charge differences between the
two metals alone can account for the change of the geometric cell attachment dependence. This sug-
gested that the success rates for S. aureus to be secured on the Pd�Co solid core pillar tops may be
enhanced by other parameters, such as the funnel-shaped architectures.

3.3. Effects of mushroom-shaped pillar tops on cell adhesion

The S. aureus adhesion characteristics of small mushroom dome capped Pd�Co pillars are dis-
played in Figure 2(e)�(h). These specimens have small mushroom-shaped tops produced by slightly
over-plating the pillar beyond the PMMA mould thickness. The micrographs show bacterial cells
attached on the top surfaces of solid, c-shaped, and x-shaped pillars. For the hollow pillars, cells
entered the interior of the pillars as revealed in the inset of Figure 2(f). Quantitative analysis of the
cell attachment rates on the mushroom-capped pillars are summarised in Table 1 and Figure 3.
Results show, regardless of the pillar cross-sectional geometries, S. aureus cells have difficulty
securely bonding to these mushroom-shaped pillars. The attachment rates decline for pillars with all
cross-sectional geometries. For example, the reduction is significant for c-shaped mushroom pillars
with its success rate plunging to 47%. By rate, this decline represents a »43% reduction of cell bond-
ing efficiently on these structures. Such poor ability for mushroom-shaped Pd�Co pillars to retain
cells on their top surfaces may be in part due to the 29% shrinkage of the average via-hole diameters
caused by the formation of the mushroom caps. In addition, as the mushroom caps grew, the
average funnel included angles increase as shown in Table 1 and thus the c-shaped pillar tops are
flattened. This removes the protection created by the funnel-shaped features from the environment.
Furthermore, the formation of mushroom features smooth out the pillar sharp rim edges. It is
unclear if or how this geometric change affects the cell attachment behaviours.

Specimens with large Pd�Co mushroom domes were also fabricated and exposed to S. aureus
cells as displayed in Figure 2(i) and 2(j). These mushrooms were formed by lengthening the deposi-
tion time and they consist of a surface depression at the centre of the structure. The dome heights
are»800 nm. These micrographs show S. aureus cells have the ability to bind on the mushroom sur-
face depressions and the bottom surfaces of the mushroom caps. In addition, micrographs show
these bacterial cells bonded to Pd�Co pillars do not bend or mechanically deform the respective
pillars. This is in contrast with the previous work [22] where majority of 220 nm diameter nickel
mushroom-shaped pillars bend downward after S. aureus cells attached to the pillars. This is most
likely because the Pd�Co pillar diameter is »1000 nm � about five times larger and much stiffer
than the nickel specimens tested previously. Thus, these structures are considerably more stable
than their thinner nickel counterparts in the presence of bacterial adhesions.

It is important to note that the cell attachment results summarised in Figure 3 may vary with the
cell concentration in the deposition solution. This concentration dependence is expected to be
affected by the pillar geometries which govern the cell attachment mechanisms. When the S. aureus
concentration in the deposition solution increases, it is expected that more cells will successfully
attach on the pillars regardless of their geometry. However, the rate of increase may be sensitive to
the pillar shapes. For instance, S. aureus cells entered the interior of the hollow pillars are well pro-
tected from being removed by external forces. The attachment rate-limiting factor for this geometry
is the probability that cells entered the via-holes. Other rate-determining parameters, such as the
resident time needed for the adhesion bonds to form with the metal, are less significant as the deep
via holes prevent the micro-organisms from escaping. In contrast, the attachment rates of solid core
samples will not only depend on the probability that the cells rest on the top surfaces but also the
resident time cells required to form chemical adhesion bonds with the pillar. Therefore, cell attach-
ment rate relationships among various pillar geometries as shown in Figure 3 may change with cell
concentrations in the cell deposition solution.
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Evidences presented in this work reveal the interplay between distinct pillar funnel-shaped tops,
mushroom caps, and cross-sectional geometries in the successful adhesion of S. aureus bacterial
cells. Results show these well-defined surface architectures may affect the adhesion of S. aureus on
metallic surfaces in a complex manner. The results suggest that common practices attempting to
relate the cell adhesion behaviours with surface finishing methods by using ordinary surface rough-
ness parameters, such as root-mean-squared (rms) surface roughness, may not be sufficient, since
the surface architectural geometric parameters are not defined.

4. Conclusions

The adhesion properties of S. aureus on Pd�Co pillars with funnel-shaped surface features have
been characterised and their results were compared with nanocrystalline nickel pillars. Results show
that hollow pillar structures are the best geometries to promote cell adhesion in both Pd�Co and Ni
structures while x-shaped pillars performs the worst. In contrast, the funnel-shaped architectures
may aid S. aureus in bonding to the top surfaces of solid core pillars. Finally, the mushroom top cap
of the pillar degrades the attachment rates of S. aureus. This demonstrates that surface depression in
the nanometer scale with large included angles is a critical parameter that influences S. aureus cell
surface adhesion behaviours.
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