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a b s t r a c t

A broad range of human diseases are associated with bacterial infections, often initiated by specific
adhesion of a bacterium to the target environment. Despite the significant role of bacterial adhesion in
human infectious diseases, details and mechanisms of bacterial adhesion have remained elusive. Herein,
we study the physical interactions between Staphylococcus aureus, a type of micro-organism relevant to
infections associated with medical implants, and nanocrystalline (nc) nickel nanostructures with various
columnar features, including solid core, hollow, x-shaped and c-shaped pillars. Scanning electron mi-
croscopy results show the tendency of these bacterial cells to attach to the nickel nanostructures.
Moreover, unique single bacterium attachment characteristics were observed on nickel nanostructures
with dimensions comparable to the size of a single bacterium.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Staphylococcus aureus (S. aureus) is a grape-like shaped bacte-
rium that can adhere to organic [1e3] and metal [1,2,4e10] sur-
faces. The overall geometry of S. aureus is round (“coccus”) with
diameters approximately w0.5 mm. This bacterium is a common
source of nosocomial infections especially after implant associated
surgeries [6,11], such as prosthetic joint implants [12], and heart
valves [13]. In addition, they are a common cause of food borne
illnesses by adhering to food service surfaces and contaminating
food supplies [14].

Moreover, the recent discovery of drug resistance strains of
S. aureus [15e17], such as methicillin-resistant and oxacillin-
resistance S. aureus, has led to an emergence of research on bac-
terial adhesion and survival mechanisms on various surfaces.
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Several experimental surface coatings and treatment techniques on
implant surfaces have been developed [7,9,18e22] with the goal of
enhancing osseointegration and reducing bacterial cell adhesion
capabilities. Recent studies have suggested a sensitivity of bacteria
to nanoscale topographical properties of implant substrates. Wu
et al. [23] performed an in vitro study on the effects of titanium
surface roughness on Staphylococcus epidermidis and human oste-
oblast behavior. These surfaces were prepared with polished, satin,
grit-blasted and plasma-sprayed surface finishes. Their results
indicated that not only the vertical roughness is important but also
the lateral roughness parameters of these small surface features
play a role in bacteria attachment. Furthermore, their results
showed a preferential colonization of bacteria on micro-rough
surfaces, whereas the osteoblasts favored interaction with smooth
plasma-sprayed surfaces than with rough satin treated titanium
substrates. In a different study, Truong et al. [24] highlighted the
effects of nanoscale surface roughness on the adhesion of S. aureus
and Pseudomonas aeruginosa bacteria. Bacteria attachment den-
sities were compared on substrates with different topographical
features, but with identical surface chemistry and wettability. Their
experiments demonstrated altered bacteria adhesionmerely due to
surface nano-topography. Specifically, they showed that S. aureus
tend to attach at significantly higher densities to treated ultrafine-
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grained titanium substrates as compared to untreated bulk sub-
strates. Truong et al. [24] hypothesized that surface nano-
topography is a leading factor in controlling bacterial attachment.
The effects of nanorough, nanotubular, and nanotextured titanium
surfaces on S. aureus adhesion were also investigated by Puckett
et al. [25]. They demonstrated that bacteria are less likely to adhere
to the nanorough Ti surfaces prepared with electron beam evapo-
ration but prefer to attach to nanotubular surfaces.

Despite the industrial and clinical importance of the bacterial
surface adhesion, there is no in-depth study on single S. aureus cell
interactions with well-defined nanometer scale three-dimensional
structures. Herein, we present a detailed investigation aimed at un-
derstanding how S. aureus cells attach to nanocrystalline (nc) nickel
columnar nanostructures with various 3D nano-topographical fea-
tures. These nanostructures include pillars of various cross-sectional
geometries, namely solid core, hollow, c-shaped, and x-shaped pil-
lars. These features have outer diameters as small as 220 nm. Three-
dimensional mushroom shaped nanostructures were also prepared
to understand how these cells interact with overhang topographies.
These complex nanostructureswere fabricatedwith electronic beam
lithographic techniques and electroplating methods (see
Experimental methods). Finally, high-resolution scanning electron
microscopy was used to explore the behaviors of individual S. aureus
cells on these nanometer scalemetallic nanostructures of various 3D
topographic features comparable with the size of a bacterium.

2. Experimental methods

Nanometer scale nanocrystalline nickel pillars were prepared by
using state-of-the-art electronic beam lithographic (EBL) methods
and electroplating techniques [26e30]. Fig. 1 illustrates the fabrica-
tion steps for thesenanostructures. Thin titanium (w20nm) andgold
(w100nm)filmswerefirst deposited onbare silicon substrates using
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Fig. 1. Nanostructure fabrication process a) electron beam evaporation of 20 nm ti-
tanium and 30 nm gold on silicon substrate, b) spin coating of PMMA resist, c)
patterning of PMMA resist with ebeam lithography, d) electroplating of desired metal
into patterned holes, e) PMMA resist removal via acetone.
electron beam deposition methods. They are then spin coated with
Poly (methyl methacrylate) (PMMA) EBL resists. Complex geometric
via-hole patternswere produced on these siliconwafers by exposing
these thermal plastic films to an electron beam. Nanocrystalline
nickel was then deposited in these hole patterns with an electrolyte
that contains nickel (II) sulfate hexahydrate (99%, Sigma Aldrich),
nickel (II) chloride (98%, SigmaAldrich), andboric acid (BX0865, EMD
Millipore) with concentrations of 300 g/L, 30 g/L, and 30 g/L,
respectively. A small amount of saccharine (1.9 g/L)was also added in
theplating solution inorder to reduce thenickel crystalline sizewhile
the current density was maintained at 11.5 � 2 mA/cm2 during the
plating process. The excess PMMAfilmwas dissolved in acetone after
the nickel deposition processes. Detailed transmission electron mi-
croscopyanalyses revealed a grain size in the rangeof9.4 and13.2nm
for these nickel nanostructures [30].

S. aureus (ATCC 6538) bacteria were generously provided by Dr.
Lyndon Jones’ laboratory at the University of Waterloo. S. aureus
bacteria were cultured on trypticase soy agar (TSA) plates by using
alginate swabs and incubating the plates at 37 �C overnight. A 2.55%
saline solution was prepared and sterilized by using Nalgene filters
and w0.006% of nutrient broth was added to the saline to preserve
S. aureus during tests. S. aureus cells were transferred to saline solu-
tionbyadding5mLof saline to theTSAplate andusingalginate swabs
to dislodge the bacteria from the plates. S. aureus cells were washed
with saline solution seven times by centrifugation at 4000 rpm for
10 min. The stock solution of S. aureus cells was diluted 10-fold in
saline before testing. During a typical test, a drop of diluted S. aureus
solution was placed on the silicon substrate containing nc-nickel
shaped pillars. The specimens were left in the incubator with con-
stant temperaturesofw37 �C.After6h, the sampleswere rinsedwith
deionized (DI) water to remove cells that are not well adhered to the
surfaces and air dried in fume hood for 12 h. Field emission scanning
electron beammicroscope (Zeiss LEO 1550) was used to inspect how
these S. aureus cells interact with nickel nanostructures.
3. Results and discussions

Representative 70� tilted scanning electron microscopy (SEM)
images of as-fabricated nc-nickel nanostructures with solid core,
hollow, c-shaped, and x-shaped pillars are shown in Fig. 2(aed),
respectively. The outer diameter of these vertical pillars is
w1000 nmwith a height to diameter aspect ratio of approximately
1.5. Fig. 2(b) shows a representative image of the hollow pillars
with average inner diameters of w840 nm. The c-shaped pillars
have an inner diameter of w760 nm (see Fig. 2(c)). The small
openings along the edges of c-shaped pillars allow inspections of
the interiors of these nanostructures. Careful SEM inspections of
the fabricated pillars with different shapes reveal the pillar exterior
sidewalls are extremely smooth and aligned nearly perfectly ver-
tical from the substrate surface. Furthermore, the top surfaces of
these nanostructures are flat and slightly rougher than the side-
walls but the roughness still remains in the nanometer scale.

All the nanostructures shown in Fig. 2 were fabricated simul-
taneously on a single silicon substrate, and are thereby expected to
have similar surface chemical compositions and wettability, and
differ only in nanometer scale morphology. Furthermore, cell
plating was carried out on a single substrate containing all pillar
shapes under identical environmental treatments. These nano-
crystalline nickel pillars are regularly spaced at a 10 mm center to
center distance as shown in Fig. 2(f). In order to better examine how
an individual S. aureus cell interacts with overhang nano topog-
raphy, mushroom shaped nc-nickel nanostructures with stem di-
ameters of 220 nm were fabricated as displayed in Fig. 2(e). The
micrographs clearly reveal the smooth nickel pillar sidewalls.



Fig. 2. Representative SEM micrographs revealing pillars with different cross-sectional
geometries e (a) solid; (b) hollow (c) c-shaped (d) x-shaped pillars, (e) mushroom
shaped nanostructures. An array of c-shaped pillars are shown in (f).
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However, the mushroom caps are fairly rough compared to other
parts of these nanostructures.

All nanostructures were fabricated in large arrays allowing for
the inspection of multiple samples for each cell culture experiment.
A representative micrograph revealing a section of the array con-
taining c-shaped pillars is shown in Fig. 2(f). Overall, the di-
mensions of all fabricated nanostructures were comparable to that
of a single S. aureus bacterium, allowing for detailed studies on
single bacterium responses to the topographical cues of each
nanostructure.

Several S. aureus cells rested on top of c-shaped pillars, covering
the top opening of these pillars as shown in tilted (Fig. 3(a)) and
topedown (Fig. 3(b)) SEM micrographs of c-shaped pillars which
were exposed to saline solution containing S. aureus cells. These
microorganisms have diameters ofw500 nm. Other cells adhered to
the pillar interface with the substrate below that was coated with a
thin layer of gold. As implied by Fig. 3(a), the micro-organism ap-
pears to be partially embedded inside the opening but not fallen into
the hollow center, likely because it is adhered to the pillar rim. This
indicates that this S. aureus cell is in fact suspended like a free-
standing object with only the edges attached to the nanostructure.
In some rare occasions, small bacterial colonies were formed on the
top surfaces of a single c-shaped pillar as show in Fig. 3(c) and (d)
where two or three cells cluster on the top of the pillar, likely
impeding bacteria from entering the opening. This demonstrates
that S. aureus cells can attach securely with little contact surfaces,
such as the top rim of c-shaped pillars. The bacterial adhesion area to
the pillar is estimated to be 0.074 mm2 (see Fig. 3(a) and (b)) Another
interesting observation is that a considerable number of S. aureus
bacteria were able to attach to the vertical, highly curved sidewalls
and withstand the DI water rinse process (see Fig. 3(c) and (d)).
These results demonstrate a strong adhesion of S. aureus on nickel
surfaces. Some S. aureus cells were also able to enter and fall into the
opening instead of residing at the top of the pillars. Fig. 3(e) shows a
micrograph of a c-shaped pillar where no bacterium is located at the
top opening. However, topedown images revealed that a cell is
within the hole and partially adhered to the interior sidewall. In
addition, it is possible that no cell is deposited within these holes,
such as the pillar shown in Fig. 3(g) and (h). The topedown image
clearly shows no S. aureus cells are in the pillar center. However, a
majority of cells attach and remain on the top of c-shaped pillars
rather than within, as shown in the SEM micrograph with the view
of 15 pillars in Fig. 3(i). The image clearly shows eleven out of fifteen
pillars inspected contain cells attached on the top surface which are
indicated with arrows. This demonstrates that c-shaped pillars with
proper inner and outer diameters can be an efficient method to
capture individual cells.

In addition to the c-shaped pillars, S. aureus cells were also
deposited on hollow pillars with the same outer diameters of
w1 mm. SEM inspections of these specimens reveal that some of the
bacterial cells were successfully attached to the rim of the pillars as
shown in Fig. 4. This micrograph shows that the S. aureus cell
attachment mechanism to the pillars appears to be similar to those
observed in the c-shaped pillars shown in Fig. 3(a). In addition to
adhesion at the top of the hollow pillars, SEM inspections show
cells can penetrate deep into the openings due to the slight larger
inner diameter of the hollow pillars when compared to the c-sha-
ped cross-sectional geometries. Cells were located inside the hol-
low pillar holes as shown in tilted (Fig. 5(a)) and topedown
(Fig. 5(b)) SEMmicrographs. Cells are clearly not residing at the top
of pillar but have penetrated inside the hole (Fig. 5(a)). This pene-
tration was not visible with a 70� tilt view, however, when
inspecting the same pillar with a topedown view, a cell can be
observed resting at the interior of the hole (Fig. 5(b)) with the cell
partially attached to the interior wall of the column. However, it is
unclear if the cell is located mid-point or at the bottom of the pillar.
Since the cell is constrained within a hollow pillar, it is not certain if
it can grow or divide due to the space confinement. As a compar-
ison, the tilted and top-down view of another pillar without a
S. aureus cell inside the pillar is shown in Fig. 5(c) and (d). The grain
microstructure of the gold thin film coated substrate, underneath
the hollow pillar, was evident at the bottom of the holes, con-
firming that the interior of the hollow pillar was empty and no
S. aureus cells reside within these pillars (Fig. 5(d)).

The affinity of S. aureus cell attachment on x-shaped pillars was
also studied. SEM micrographs of two pillars with the micro-
organism attached to the top surface of these complex geometric
nanostructures are shown in Fig. 6(a) and (b). These small nickel
pillars have wall thicknesses of approximately 300 nm. The images
suggest that individual cells are likely to firmly adhere to x-shaped
pillars; however, these cells have a lower success rate when
compared with c-shaped pillars (see Fig. 3). Out of the eighteen x-
shaped pillars inspected, only three demonstrated bacteria adhe-
sion at the top of the pillar (see Fig. 6(c)). One of the possible ex-
planations is that most cells that were initially attached on these
nanostructures are detached due to stresses incurred by turbulent
flow of DI water during the rinsing process. In contrast, cells that
were partially or completely embedded below the surfaces, such as
those on the hollow and c-shaped pillars experience smaller tur-
bulent flow stresses during the DI water rinse process.

A few S. aureus cells also survived on top of solid core pillars after
the DI water rinse as shown in Fig. 7(a) and (b). Depending on the
sizes of these cells relative to the pillar diameters, multiple cells may
have attached to these pillars (Fig. 7(b)). However, inspections of the
eighteen pillars shown in Fig. 7(c) revealed that the probability of



Fig. 4. 70� tilted SEM micrograph revealing a S. aureus cell embedded at the top of a
hollow pillar.

Fig. 3. (a), (b) Tilted and top-down SEM micrographs of the same c-shaped pillar that
has been exposed to the S. aureus cells, a single S. aureus cell is attached to the rim of
the c-shaped pillar opening. (c), (d) Tilted SEM micrographs of c-shaped pillars on
which small bacteria colonies have formed. (e), (f) Tilted and topedown SEM micro-
graphs of the same c-shaped pillar where an S. areus cell has penetrated into the c-
shaped hole. (g), (h) Tilted and top-down SEMmicrographs of the same c-shaped pillar
where no S. areus cells has penetrated inside the c-shaped hole. (i). SEM micrographs
of c-shaped pillar array with eleven of fifteen covered with S. auerus cells at the top
surface.
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single microorganisms to successfully attach and survive at the top
surface is closer to the x-shaped pillars but significantly lower than
the c-shaped pillars. There are only five columns in the figure that
show bacterial cells survived on the top of solid core nickel pillars.
Finally, for all columnar shapes, the edge interface between the
nanostructures and the gold substrate underneath were highly
susceptible to bacteria adhesion, and endured the DI rinse. As shown
in Figs. 3e7, small colonies of bacteria concentrate at the outer
interface between the pillars and the substrate, maximizing surface
contact with two contact points, one on the horizontal gold sub-
strate, and another on the pillar sidewall creating strong adhesions.

S. aureus cells were also exposed to nanostructures with over-
hanging topographic features. Fig. 8(a)e(d) presents typical
mushroom-shaped nickel nanostructures that have been exposed to
saline solutionwith bacterial cells. Themicrographs (see Fig. 8(b) and
(c)) confirmed that the bottom surface of the mushroom cap is very
smooth like the stem sidewalls. The mushroom and stem diameters
of these nanostructures arew1400 nmandw220 nm, respectively. It
is interesting toobserve that these cellswerenotonlyable toattach to
the stems of these features but also adhered very well at the base of
Fig. 5. 70� tilted and topedown SEM micrograph revealing two pillars e one with a
cell confined within (a) and (b); and another structure without a cell (c) and (d).



Fig. 6. (a)e(b) 70� tilted SEM micrographs revealing two x-shaped columns with cells
adhered on top. (c) Far view of pillar arrays that show only 3 pillars contain cells at
their top surfaces.

Fig. 8. 70� tilted SEMmicrograph revealing four different pillars that has been exposed
to S. aureus bacterial cells.
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themushroomcapsor the overhangs. This suggests that the adhesion
behaviors of S. aureus cells are not constrained by the direction of the
gravitational force. Similar to the pillars, the interface between the
mushroom caps and the stems, and between the stemandhorizontal
gold substrate contained a higher density of bacteria. This is
Fig. 7. (a)e(b) 70� tilted SEM micrographs revealing two solid pillars with cells
adhered on top. (c) Far view of pillar arrays that show only 5 pillars covered with cells
on the top surface.
conceivably due to the two contact points created at these edges,
maximizing bacteria adhesion resulting in stronger adhesions at
these locations. Furthermore, S. aureus cells adhered to larger
mushroom shaped structures with 5 mm diameter stems fabricated
on the same substrate, together with w220 nm mushroom shaped
pillars. Significantly more S. aureus cells are clustered at the stems of
these large structures than the field area (Fig. 9).

Another interesting characteristic observed in Fig. 8(c) and (d)
indicates some of the S. aureus cells attached to the bottom of the
mushroom form links with cells on the horizontal gold substrate
through an intermediate chain of cells. Pillars with cells that exhibit
Fig. 9. 70� tilted SEM micrograph revealing mushroom shaped structures with 5 mm
diameter stems. Several S. aureus cells were clustered at the stem of these structures
(arrow).
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these behaviors also appear to be bent. However, it is unclear if
bending is driven by the shrinkage of the biological components
during the drying process. However, the ability for these interme-
diate cells tomaintain the connectivity even after the DI water rinse
represents their high adhesion strengths to neighboring bacteria.

Overall, our results demonstrate the sensitivity of bacterial
adhesion to nanometer scale topographical features, and mechani-
cal cuesof the surface it interactswith.Ourobservations suggest that
bacteria not only maximize their surface area, but also show high
resistance todeformation or spreading, hence freestandingon topof
hollow cross sections, with a circular adhesion contact area, rather
than penetrating inside, or adhering to pillar edges and interfaces
forming strong 3D adhesion. One explanation for such behavior is
the high protein adsorption on metallic surfaces [31] which allow
the adhesion of bacteria to a substrate with no prior modification
with extracellular matrix proteins, through ligand/receptor medi-
ated adhesions. A larger contact area will therefore allow a higher
number of ligand and receptor to bind per cell, resulting in the for-
mation of a stronger adhesion. Mohamed et al. [32] showed the
withstanding of higher shear forces by attached S. aureus bacteria as
a function of higher receptors expressed per cell.

4. Conclusions

S. aureus cells were successfully deposited on substrates that
contain nanocrystalline nickel nanopillars with different cross-
sectional geometries and inspected by using high-resolution
scanning electron microscopy. The results reveal these cells are
able to attach to various small nickel nanostructures and endure DI
water rinse but with different survival rates. Nanostructures with
via holes that allow cells to embed themselves partially or fully
within show a greater probability of success in adhesion to the
pillars. In contrast, nickel columns with no holes have the lowest
survival rates. Scanning electron micrographs also revealed that
S. aureus cells are able to attach themselves at the bottom of
overhang nanostructures. Finally, using the presented methods,
and by varying the geometry, size and spacing of the nano-
structures in this study, the effect of nanotopography on S. aureus
adhesion can further be investigated at the single bacterium level.
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