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electrodeposited gold nanospikes
for antibacterial surface applications†
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and Russell J. Crawford*a

The incorporation of high-aspect-ratio nanostructures across surfaces has been widely reported to impart

antibacterial characteristics to a substratum. This occurs because the presence of such nanostructures can

induce the mechanical rupture of attaching bacteria, causing cell death. As such, the development of high-

efficacy antibacterial nano-architectures fabricated on a variety of biologically relevantmaterials is critical to

the wider acceptance of this technology. In this study, we report the antibacterial behavior of a series of

substrata containing multi-directional electrodeposited gold (Au) nanospikes, as both a function of

deposition time and precursor concentration. Firstly, the bactericidal efficacy of substrata containing Au

nanospikes was assessed as a function of deposition time to elucidate the nanopattern that exhibited the

greatest degree of biocidal activity. Here, it was established that multi-directional nanospikes with an

average height of �302 nm � 57 nm (formed after a deposition time of 540 s) exhibited the greatest

level of biocidal activity, with �88% � 8% of the bacterial cells being inactivated. The deposition time

was then kept constant, while the concentration of the HAuCl4 and Pb(CH3COO)2 precursor materials

(used for the formation of the Au nanospikes) was varied, resulting in differing nanospike architectures.

Altering the Pb(CH3COO)2 precursor concentration produced multi-directional nanostructures with

a wider distribution of heights, which increased the average antibacterial efficacy against both Gram-

negative Pseudomonas aeruginosa and Gram-positive Staphylococcus aureus bacteria. Importantly, the

in situ electrochemical fabrication method used in this work is robust and straightforward, and is able to

produce highly reproducible antibacterial surfaces. The results of this research will assist in the wider

utilization of mechano-responsive nano-architectures for antimicrobial surface technologies.
Introduction

Mechano-responsive, nanostructured antimicrobial surfaces
have been the focus of intensive research in recent years.1,2 This
increase in research activity has been largely a response to the
increasing prevalence of multi-resistant bacteria and their
associated infections.3–8 The seriousness of this epidemic has
been highlighted by the Infectious Diseases Society of America
(IDSA), which has labeled antibacterial resistance as a “public
health crisis”.9 Medical experts have predicted that this crisis
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will worsen rapidly in the coming years.3,6,8–10 The adaptation of
bacteria to survive in the presence of conventional antibiotics,
together with their ability to establish biolms on currently
available antibacterial surfaces, is a major medical challenge.
This evolutionary bacterial resistance has led to an increase in
the number of persistent infections caused by resistant strains
of bacteria, oen resulting in patient death. Indeed, species
such as carbapenem-resistant Enterobacteriaceae spp. (CRE) and
methicillin-resistant Staphylococcus aureus (MRSA) have already
evolved to exhibit resistance to many known antimicrobial
agents,11–13 rendering conventional therapies largely ineffective.

To this end, research has pivoted towards the development
of new antimicrobial technologies, with an emphasis being
placed on the development of methods to which bacteria cannot
develop resistance. One such technology is the formation of
surface nanostructures that can physically resist bacterial
attachment or deactivate bacteria upon attachment to the
surface.1,14 This approach can be largely divided into two cate-
gories, namely (1) antifouling surfaces, whereby the extent of
bacterial attachment is limited by an unfavourable surface
nano-architecture,15–19 or (2) antibacterial surfaces, where the
Nanoscale Adv., 2019, 1, 203–212 | 203
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surface induces cell lysis during bacterial attachment.1,2,20–22 In
the latter case, the interaction of bacteria with high-aspect-ratio
nanostructures prevents biolm formation via a physico-
mechanical mechanism.1,21–27 Upon bacterial adsorption, the
cell wall experiences a self-induced mechanical stress via the
action of the substratum surface, which results in cell lysis, and
in-turn, cell death.22,25 Importantly, since the bacteria are
ruptured while attaching onto the surfaces, the bacteria are
unable to establish a biolm. Previous studies have shown that
both Gram-negative and Gram-positive bacterial cells are
susceptible to this mechanistic-rupturing, as long as the inter-
action taking place between the bacterial cell and the surface
nanostructure results in the bacterial membrane deforming
beyond its elastic limit.22,25 More importantly, this process
appears to be independent of surface chemistry, meaning that
bacteria are unable to develop a protective response.1,2,15–17,22–38

Such surface nanostructuring provides a viable replacement for
conventional antibacterial surface technologies that involve the
incorporation of antibiotics or additive chemicals. A compara-
tive analysis of biocidal nanostructures has suggested that
short, sharp nanofeatures tend to exhibit greater biocidal
behavior;1 however, this supposition is not denitive, with
several outliers having been noted throughout the literature.24,39

Cross-referencing the data reported in the current literature
on biocidal substrata1,2,15–17,22–38 highlights a common theme:
the studies have primarily focused on the fabrication of novel
nanostructured surfaces almost exclusively for implant mate-
rials, which utilizes the aforementioned mechano-responsive
mechanism to mitigate the formation of a biolm at the
implant–tissue interface and hence the prevention of any
subsequent infections. Moreover, studies have mainly focused
on substrata such as black silicon (bSi), titanium, titania, and
polymeric surfaces, each fabricated via laboratory scale
methods such as reactive ion etching, electron beam lithog-
raphy, plasma etching, and femtosecond laser irradiation.1,14

These methods are oen not scalable, which somewhat limits
their applicability to broader applications. To enable the wide-
spread application of this technology would require the
consideration of a broader range of manufacturing methods for
the production of, for example, sterile surface coatings and
larger biomedical devices. The identication of a large number
of high-aspect-ratio nano-architectures that kill a range of
bacteria would be greatly benecial in order to unlock the full
potential of mechano-responsive, antimicrobial
nanostructures.

In this study, we employed a simple in situ, low-cost,
electrodeposition method for the purposeful production of
multi-directional gold (Au) nanospikes on a substratum surface.
The resultant nanostructured surfaces were found to exhibit
high levels of antibacterial activity. The nanospike geometry
(length, density, cap-radii, base-radii and surface roughness)
was controlled via both the deposition time and the concen-
tration of the precursor materials (HAuCl4 and the inorganic
directional growth agent, Pb(CH3COO)2). Firstly, a range of
deposition times were employed in order to fabricate a series of
Au nanospikes with average heights of �103, 302, 384, and
555 nm. The antibacterial activity of the substrata possessing
204 | Nanoscale Adv., 2019, 1, 203–212
these nanospikes was then screened against live Pseudomonas
aeruginosa (P. aeruginosa) bacterium. This series of tests estab-
lished that nanospikes resulting from a deposition time of 540 s
led to the formation of a substratum with the highest antibac-
terial efficacy. Following this, a xed deposition time of 540 s
was used to assess the effects of changes in the concentration of
the HAuCl4 and Pb(CH3COO)2 precursors on antibacterial effi-
cacy. The aim of this work was to fabricate highly-bactericidal
substrata containing multi-directional Au nanospikes in order
to provide an insight into the relationship between nanospike
geometry and their antibacterial behavior.
Materials and methods
Nanospike fabrication and characterisation

Gold nanospikes were fabricated using protocols previously
described.40,41 Briey, blank silicon substrata were deposited
with a 10 nm Ti adhesion layer, followed by a 100 nm Au layer
using e-beam evaporation. This substratum was used as the
working electrode. Gold nanospikes were then electrodeposited
onto the smooth gold layer from a solution containing HAuCl4
and Pb(CH3COO)2. The electrodeposition process was per-
formed using a CH Instruments (CHI 760C) electrochemical
analyzer with an electrochemical cell that allowed reproducible
positioning of the working electrode (the base substratum),
with a Ag/AgCl (3 M KCl) reference electrode, and a graphite
counter electrode. Deposition was performed at a constant
potential of 0.05 V for varying deposition times (360, 540, 720
and 900 s). For the time dependant deposition series, a solution
of 6.8 mM HAuCl4 and 1 mM Pb(CH3COO)2 was used. The
surface structure was then altered by varying the HAuCl4 and
Pb(CH3COO)2 concentration; for HAuCl4 concentrations of
3.4 mM and 13.6 mM were used, while Pb(CH3COO)2 concen-
trations of 0.5 mM and 2 mM were investigated. Following
electrodeposition, the substrata were washed several times with
deionized water, air-dried, and characterized using scanning
electron microscopy (SEM), X-ray diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDX). High-resolution electron
micrographs of the native surfaces were recorded using a FE-
SEM, FEI NOVA nanoSEM (FEI company, Oregon, United
States), at 10 kV. EDX measurements were also performed on
this instrument. X-ray photoelectron spectroscopy (XPS) char-
acterization of the materials was performed using a Thermo K-
Alpha instrument at a pressure better than 1 � 10�9 Torr. Core
level binding energies (BEs) were aligned with the adventitious
C 1s binding energy of 285 eV. XRD measurements were carried
out on a Bruker D8 Discover micro diffraction system with
general area detector diffraction system (GADDS) instrument
operating at a voltage of 40 kV and a current of 40 mA with Cu
Ka radiation.
AFM characterization

The substrata were imaged using a combination of MFP-3D and
Cypher ES Atomic Force Microscopes (Oxford Instrument,
Asylum Research, Santa Barbara, CA, USA) at room temperature
(25 �C). All images were obtained using amplitude modulated-
This journal is © The Royal Society of Chemistry 2019
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AFM (AM-AFM) with OMCL-AC240TS cantilevers (Olympus
Corporation, Japan, nominal spring constant kc ¼ 2 N m�1). To
minimize the imaging force, a set-point ratio (imaging ampli-
tude (A)/free amplitude (A0)) of >0.7–0.8 was maintained during
imaging. Each cantilever was calibrated using the thermal
spectrum method, which produced a well-dened resonance
peak, and the lever sensitivity was determined using force
spectroscopy; the spring constant is resolved via the inverse
optical lever sensitivity (InVOLS) using force curve measure-
ments on the hard gold surface in air. The features of all images
presented rotated as the scan angle was changed and scaled
correctly with scan size, conrming they are not a consequence
of imaging artefacts.
Bacteria-surface SEM characterisation

High-resolution electron micrographs of the nanospiked
surfaces incubated with bacteria for 18 hours were recorded
using a eld-emission scanning electron microscope (FE-SEM;
ZEISS SUPRA 40 VP, Oberkochen, BW, Germany) at 3 kV using
methods described previously.37,42
AFM and SEM image analysis

AFM data were processed using a combination of the native
asylum research soware, custom MATLAB codes, and Gwyd-
dion, a free SPM data analysis tool.43 No imaging ltering (noise
deconvolution, scar removal, or FFT ltering) was applied,
meaning that the data was not articially improved for publi-
cation. SEM images were analyzed using both Gwyddion and
ImageJ soware.
Cell viability analysis

A confocal laser scanning microscopy (CLSM) (Fluoview FV10
inverted microscope, Olympus, Tokyo, Japan) was used to
evaluate the proportions of live and dead cells attached to each
surface. Surface attached cells were dyed using a LIVE/DEAD®
BacLight™ Bacterial Viability Kit, L7012. Specically, SYTO® 9
and propidium iodide (PI) uorescent dyes (Molecular
Probes™, Invitrogen, Grand Island, NY, USA) were used to stain
the cells. SYTO® 9 permeated both intact and damaged cell
membranes, binding to nucleic acids and uorescing green
when excited by a 485 nm wavelength laser. PI dominantly
enters cells that have undergone membrane damage, which are
considered to be non-viable, and binds with higher affinity to
nucleic acids than SYTO® 9. Bacterial suspensions were stained
according to the manufacturer's protocol and as described in
our previously published articles.25,37,44 Importantly, discrep-
ancies in viability assessment were avoided by ensuring that no
green (485 nm) and red (543 nm) uorescence overlap was
observed during image assessment. This means that live and
dead cell differentiation was adequately achieved, providing
a meaningful assessment of the antibacterial activity of the
surface. Furthermore, photobleaching of the SYTO® 9 dye was
avoided by limiting each surface location to a single confocal
scan.
This journal is © The Royal Society of Chemistry 2019
Bacterial strains, growth conditions, and sample preparation

The pathogenic bacteria, Pseudomonas aeruginosa ATCC 9721
and Staphylococcus aureus (S. aureus) CIP 65.8T, were obtained
from the American Type Culture Collection (ATCC, Manassas,
VA, U.S.A.) and the Culture Collection of the Institute Pasteur
(CIP, Paris, France), respectively. The selected bacteria repre-
sent two large prokaryotic lineages, namely Gram-negative and
Gram-positive bacteria, whose responses on nanostructured
surfaces will be typical for taxonomically related bacteria. Prior
to each experiment, bacterial cultures were refreshed on
nutrient agar from stocks (Oxoid, U.K.). Fresh bacterial
suspensions were grown overnight at 37 �C in 5 mL of nutrient
broth (Oxoid, U.K.). The density of bacterial suspensions was
adjusted to OD600 ¼ 0.1, aer collection on at the logarithmic
stage of cell growth (data not shown). Experimental protocols
were kept in accordance with our previously published
articles.25,37,44
Results and discussion
Surface characterisation as a function of electrodeposition
time

A series of nanostructured surfaces were prepared using xed
precursor concentrations of 6.8 mM HAuCl4 and, 1 mM
Pb(CH3COO)2, an inorganic directional growth agent, over
a range of deposition times (360, 540, 720, and 900 s) using
previously established protocols.40,41 These initial
electrodeposition conditions were selected in order to promote
the growth of multi-directional nanospikes, formed at an
orientation that was approximately normal to the substratum
surface. Increasing the deposition time alters the nanospike
geometry, increasing the average nanospike height, spacing,
cap-radius, base-radius, aspect-ratio, and surface roughness,
while simultaneously decreasing the pillar density. This
decrease in density occurs as a result of an increase in the
nanospike lateral growth (widening) as a function of deposition
time. Importantly, substrata containing this series of nano-
spikes were used to determine the most biocidal surface
architecture. 5 mm � 3.5 mm tilted (45�) SEMmicrographs and 5
mm � 5 mm AFM images of the resulting nanospikes are pre-
sented in Fig. 1. Both SEM and AFM measurements were
employed to thoroughly determine the nano-architectures
present on the substratum surfaces in order to elucidate the
relationship that exists between the antibacterial behaviour of
a surface and its nanostructure. The deposition time corre-
sponding to the surfaces is given to the le of the images.

For all deposition times, well-dened Au nanospikes with
tapering prismatic ends were observed in both the SEM and
AFM data; however, the surface parameters of the nanospikes
changed as a function of the deposition time. To quantify this
observation, the geometric surface parameters of the nano-
spikes were assessed using image processing soware (Gwyd-
dion43 and Image J), and two-dimensional fast Fourier
transform analysis, for both the SEM and AFM data. This
analysis allowed the average inter-spike spacing (nm), nano-
spike height (nm), cap radius (nm), base radius (nm), spike-
Nanoscale Adv., 2019, 1, 203–212 | 205
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Fig. 1 Native surface data for the nanospike deposition series: column
(1) SEM (45� tilted) and column (2) AFM images of the gold nanospike
surfaces as a function of electrodeposition time. The red and white
scale bars are 200 nm and 1 mm, respectively. 2D-FFT data (insets) are
shown for the top-down SEM images (see Fig. S2†).
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density (/mm2), and the surface roughness (Ra) (nm) to be
determined. The corresponding parameters for each surface
type are presented as a function of electrodeposition time in
Table 1. These values are consistent with those of the Au
nanospikes grown via a similar electrodeposition protocol
previously reported in the literature.40,41 In general, the
Table 1 Quantification of the surface geometry of gold nanospikes as a

Electrodeposition time (s) Spacing (nm) Height (nm) Cap

360 120 � 84 103 � 36 45
540 211 � 120 302 � 57 60
720 312 � 145 416 � 112 94
900 355 � 136 555 � 214 103

a Ra: roughness analysis.

206 | Nanoscale Adv., 2019, 1, 203–212
nanospikes exhibited a multimodal, multi-directional surface
distribution, forming at angles ranging between 45–90� to the
underlying substratum. Additionally, the geometric distribu-
tion of the nanospikes tended to increase with deposition time,
which is exemplied by the increasing standard deviation
associated with the measurements as a function of time. This
indicated that a multi-directional surface structure emerged
with an increasing deposition time. An AFM image of the initial
substratum containing the Ti and Au layers is included in
Fig. S1† for comparison.

X-ray diffraction (XRD) data of similarly prepared nanospike
surfaces has been previously reported over this deposition time
range.40,41,45 The data revealed that the face centered cubic (fcc)
Au nanospikes grew preferentially along the Au(200) crystallo-
graphic plane, due to the affinity of the Pb2+ ion towards the Au
(110) and (100) crystallographic plane, while the AuCl4

� ions
favoured adsorption onto the Au(111) facet. The differing
affinities of these ions to the different planes during the elec-
trodeposition process resulted in the formation of pure gold
nanospikes. As both precursor agents are potentially toxic to
bacterial species, it was important to establish the surface
chemistry of the resultant Au nanospikes. Representative
examples of the XRD, energy-dispersive X-ray (EDX), and X-ray
photoelectron spectroscopy (XPS) data are shown in Fig. S3.†
This data conrms that no Pb2+ or Cl� ions were present on the
electrodeposited surfaces following fabrication. A more detailed
explanation of the data is also provided in the ESI.†
Antibacterial behaviour of the substrata containing the gold
nanospikes

The antibacterial efficacy of the different nanospike-containing
surfaces was initially assessed using P. aeruginosa ATCC 9721
cells. This approach was taken since P. aeruginosa bacteria are
model cells that have been used in previous studies assessing
the efficacy of mechano-responsive antibacterial surfaces.21,25,26

The rationale for this approach was that it would allow us to
determine the optimal anti-bacterial substratum prior to
undertaking further testing against other bacteria such as the
Gram-positive Staphylococcus aureus CIP 65.8T (S. aureus) cells.

The substrata were immersed in a suspension of the bacte-
rial cells for 18 h, aer which time the antibacterial activity of
the substrata were assessed via confocal laser scanning
microscopy (CLSM). Representative CLSM images for each of
the surface type incubated with P. aeruginosa are presented in
Fig. 2a–d. The relative proportion of live-to-dead cells was
function of deposition timea

radius (nm) Base radius (nm) Density (/mm2) Ra (nm)

� 32 47 � 38 26.6 34.0
� 13 89 � 29 16.0 93.0
� 71 112 � 82 11.8 109.6
� 82 115 � 86 9.1 180.0

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Bactericidal activity of the nanospikes against P. aeruginosa.
(A–D) Cell viability of P. aeruginosa (ATCC 9721) cells incubated in the
presence of the substrata shown in Fig. 1. Fluorescent staining of the
samples with LIVE/DEAD backlight highlights the live (green) and dead
(red) cells in the CLSM images. (E) The corresponding average non-
viable cell percentage (red cells) for the different substrata are shown
in the bar graph. The CLSM image size is 70 mm � 70 mm.
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assessed using a uorescent staining technique, where intact
and damaged cells (or live and dead cells) would uorescence
green or red, respectively. The relative numbers of live and dead
cells was then determined and displayed as a percentage in the
bar chart presented in Fig. 2e. The associated standard devia-
tion of bactericidal activity is indicated by the error bars. For the
360, 540, 720, and 900 s electrodeposition surfaces, the average
proportion of non-viable (dead) P. aeruginosa cells was found to
be 52.7, 88.0, 76.0 and 77.5%, respectively. The proportion of
dead cells was signicantly greater than that obtained on the
unmodied gold coated control surface, where only 18.3% of
cells were found to be inactivated (cf. Fig. 2 and S4A†). Inter-
estingly, the highest level of antibacterial efficacy was found to
be on the surfaces prepared over a 540 s electrodeposition
period, which contained nanospikes with an average height
and inter-spike spacing of 302 � 57 nm and 211 � 120 nm,
respectively. This effective nanospike height is consistent with
This journal is © The Royal Society of Chemistry 2019
that reported in a number of previous studies,22,23,27,38,46–48 which
suggests that a nanofeature height of �300 nm tends to display
a greater level of biocidal activity towards both Gram-negative
and Gram-positive bacteria than substrata possessing nano-
spikes with greater or less height.22,23,27,38,46–48 The reason for the
effectiveness of this ‘optimal’ peak height in killing bacteria is
still largely unknown. The inter-pillar spacing on the substrata
used in this study was slightly larger than that of a number of
previously reported effective antibacterial surfaces, which
would initially suggest that nanofeature height plays an
important role in the overall bactericidal behaviour of the
substrates. This assertion has been oen speculated and re-
ported in the relevant literature for both experimental23,32–34,46,49

and theoretical studies22,38 of naturally occurring and biomi-
metic antibacterial nanostructures. These studies have also
shown that the modication of various surface parameters can
signicantly alter the bactericidal activity of the surface. Given
these observation, it appears that single surface parameters
alone do not control the biocidal behavior of the surface, but
rather the behavior arises as a result of the interplay between
several surface parameters.1
Developing multi-directional nanostructures: the effect of
precursor concentration on nanospike morphology

The substratum prepared using a 540 s deposition time
exhibited the highest level of bactericidal activity (see Fig. 1 and
2). This deposition time was then used to study the antibacterial
behavior of the substrata as a function of precursor concen-
tration and the resultant nanospike morphology. Altering the
initial Pb(CH3COO)2 concentration has been shown to promote
uneven nanospike growth, resulting in the formation of more
bimodal nanostructures.45 The surface geometries resulting
from an initial Pb(CH3COO)2 concentration of 0.5 mM and
2 mM are shown in Fig. 3. The resulting surfaces can be
compared to the substrata prepared using a 540 s deposition
time, as presented in Fig. 1. The surface parameters of these
substrata together with those obtained using an initial 1 mM
Pb(CH3COO)2 concentration are presented in Table 2.

It can be seen that reducing the initial Pb2+ concentration
results in the formation of a surface with a wider distribution of
nanospike heights with increased inter-spike spacing, a slightly
lower nanospike density, and an approximately unchanged cap
radius compared to the substratum prepared using 1 mM
Pb(CH3COO)2 (Fig. 1). The substratum prepared using 2 mM
Pb(CH3COO)2 possessed an increased average nanospike height
(and distribution) of 480 � 182 nm.

The effect of the initial HAuCl4 concentration on the resul-
tant surface architecture was also investigated. Increasing and
decreasing the AuCl4

� ion concentrations to 3.4 mM and
13.6 mM, respectively, produced surfaces with lower average
height nanospikes over a deposition time of 540 s. The resulting
antibacterial activity of the substrata was commensurately
decreased. The corresponding AFM, SEM and CLSM data are
given in Fig. S6† and the respective surface parameters are
presented in Table S1.† As the antimicrobial efficacy was
Nanoscale Adv., 2019, 1, 203–212 | 207
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Fig. 3 Native surface data for the Pb+ concentration series: column (1)
SEM (45� tilted) and column (2) AFM images of the gold nanospike
surfaces for 0.5 and 2 mM Pb(CH3COO)2. The 2D-FFT data is shown
for the top-down SEM images (see Fig. S5†). The red and white scale
bars are 200 nm and 1 mm, respectively.
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decreased by changing the initial HAuCl4 concentration, this
data was not considered further.
Antibacterial activity of the substrata prepared using different
Pb(CH3COO)2 concentrations

The antibacterial activity of the substrata prepared using
different Pb(CH3COO)2 concentrations (see Fig. 4) over a 540 s
deposition period was determined using both P. aeruginosa and
S. aureus bacteria. These were chosen as they represent the two
major prokaryotic taxonomic groups: Gram-negative and Gram-
positive bacteria, respectively. Duplicate substratum surfaces
were immersed with each bacterial suspension for 18 hours and
the antibacterial response was then quantied used CLSM
imaging. Representative CLSM images and SEM micrographs
for each of the substrata aer immersion with P. aeruginosa (le
column) and S. aureus (right column) are presented in Fig. 4.
For comparison, the CLSM and SEM images obtained aer
incubating the bacterial samples in the presence of the
unmodied gold coated control surface are shown in Fig. S4†
for both P. aeruginosa (le column) and S. aureus (right column)
bacteria. The relative live-to-dead cell population is shown as
Table 2 Surface parameters of the substrata prepared using 0.5, 1 and 2
timea

Pb(CH3COO)2 conc. (mM) Spacing (nm) Height (nm) Cap

0.5 270 � 111 298 � 98 70
1 211 � 120 302 � 57 60
2 389 � 182 412 � 213 87

a Ra: roughness analysis.

208 | Nanoscale Adv., 2019, 1, 203–212
the proportion (%) of dead cells in the bar chart in Fig. 5. The
associated standard deviation of bactericidal activity is indi-
cated by the error bars. The average proportion of inactivated P.
aeruginosa cells was found to be 92.5, 88.0 and 89.7%, and
average proportion of inactivated S. aureus cells was found to be
64.6, 63.1 and 73.5%, for the substrata formed using the 0.5, 1
and 2 mM Pb(CH3COO)2 precursor concentration, respectively.
Again, these values represent a signicant increase in antibac-
terial activity compared to the respective control surfaces for
both bacterial species. The average biocidal activity of these
substrata towards P. aeruginosa cells was observed to slightly
increase for the 0.5 mM and 2 mM Pb(CH3COO)2 system;
however, the variance was not statistically signicant. As such,
the results obtained suggested that all of the substratum
surfaces exhibited an approximately equivalent degree of
biocidal activity, with the observed uctuation in average
bacterial kill proportions being a consequence of natural vari-
ations within a biological system. Importantly, for implant-
based applications, nanostructured antibacterial technologies
need only to aid osteointegration by reducing the probability of
infection.50,51 Here, the so-called “race to the surface” becomes
important,52 where host cells and pathogenic species compete
for surface colonisation at the implant–tissue interface.
Competitive proliferation studies50,51 have highlighted the
viability of similar surface architectures, demonstrating that
mammalian cells were capable of growing over, and success-
fully colonizing, pre-infected substrata possessing antibacterial
surface nanostructures.

A number of studies have investigated the mechano-
responsive antibacterial mechanism of various nanostructured
surfaces.20,22,24–26,31,32,34–36,38,53–57 While the precise mechanism
responsible for the antibacterial activity is still the subject of
debate,32,58 the consensus between the results obtained from
both experimental22–26,31,32,38,59,60 and theoretical32,33 studies
suggest that a torsional force is induced across the bacterial
membrane upon surface adsorption.1,2 During this event, the
adhesion force of the bacteria results in the surface nano-
features indenting into the bacterial membrane, causing it to
stretch between the nanofeatures to the point of rupture, which
causes cell death.22,38 Both biophysical and theoretical models
have been proposed that describe this interaction, asserting
that Gram-positive bacteria are less susceptible to this
phenomenon than Gram-negative bacteria as a result of their
more rigid cell wall. This phenomenon was also observed in the
current study, with the Gram-negative P. aeruginosa cells expe-
riencing greater degrees of cell lysis than the Gram-positive S.
mM Pb(CH3COO)2 precursor concentrations with a 540 s deposition

radius (nm) Base radius (nm) Density (/mm2) Ra (nm)

� 15 98 � 31 14.8 100.3
� 13 89 � 29 16.0 93.0
� 57 140 � 69 12.3 152.9

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Representative CSLM images and SEM micrographs of (A, C, & E) P. aeruginosa and (B, D, & F) S. aureus cells atop the variant nanospiked
surfaces (indicated to the left). For the CSLM images, cell staining was conducted and interpreted as described in Fig. 2. The CSLM image size is 70
mm � 70 mm. For the SEMmicrographs, both bacterial species have been false colored red to highlight the cell attachment morphology. The red
scale bar is 200 nm in each image.

Fig. 5 Cell viability of P. aeruginosa ATCC 9721 and S. aureus CIP
65.8T cells incubated in the presence of the substrata shown in Fig. 4.
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aureus cells for each substratum surface formed using different
Pb(CH3COO)2 precursor concentrations (see Fig. 5).

Previous studies have established that both Gram-negative
and Gram-positive bacteria are capable of modulating their
This journal is © The Royal Society of Chemistry 2019
surface attachment patterns in response to a nanostructured
substratum.16,17,61 Importantly, when the nanostructural feature
spacing is larger than the bacterial cell, the bacteria will
orientate themselves so that they sit between the nano-
features.62 When the nanofeature spacing is smaller than the
bacterium, rod-shaped bacteria have been found to orient
themselves perpendicularly to the nanofeatures in order to
increase the extent of cell-surface contact.31,60,62–64 This behav-
iour is commensurate with the observed reduction in bacteri-
cidal activity towards the Gram-positive S. aureus cells, meaning
that the smaller spherical bacteriummay be avoiding rupture by
adsorbing onto the substratum at a position located between
the nanofeatures. The larger P. aeruginosa cells are less able to
avoid the surface nanofeatures due to their larger, rod-shaped
morphology, which when combined with their thinner cell-
membrane, results in a greater degree of cell death (see Fig. 4
and 5).

Recently, Kelleher23 et al. and Dickson46 et al. investigated
a series of nanostructurally varient natural (cicada wing) and
biomimetic (PMMA) biocidal surfaces, respectively. Here, the
studies investigated the relationship between the geometry of
the respective nanotopographies and their corresponding
mechano-bactericidal efficacies. The studies concluded that
Nanoscale Adv., 2019, 1, 203–212 | 209
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a reduction in the nanofeatural spacing correlated with an
increase in the surface killing efficiency. Furthermore, several
studies have highlighted that nanofeatures of �300 nm in
height are capable of exerting a greater amount of localized
stress on the membranes of bacterial cells during surface
attachment;1,25,27,36,37 however, in all cases it must be stressed
that it is the combined inuence of all nanostructural surface
parameters that results in the overall biocidal behaviour of the
substratum.1 Together, these observations are commensurate
with the results of this study, whereby there is a correlation
between biocidal activity (see Fig. 5) and the nanospike geom-
etry (see Table 2). Indeed, inspection of the nanospikes formed
from various initial concentrations of Pb(CH3COO)2 high-
lighted a balance between nanofeatural height distribution and
the nanospike density. Here, multi-directional nanospikes, with
an average height of approximately 300 nm, coupled with
a nanospike density between �12–16 nanospikes per mm2,
resulted in a higher antibacterial efficacy towards the bacteria
investigated in this study (see Fig. 1, 2, Tables 1 and 2).

Interestingly, for all Pb(CH3COO)2 based variants the average
antibacterial activity is invariant, within error (see Fig. 5).
However, for the 2 mM Pb(CH3COO)2 system, the error was the
largest observed. The larger error can be attributed to the
following: for the 2mMPb(CH3COO)2 precursor surface, certain
regions of the substratum exhibits the greatest bactericidal
activity – up to 100% and 94% for P. aeruginosa and S. aureus
cells, respectively, but there are also surface locations where the
bactericidal response is signicantly lower. In comparision, the
1 mM and 0.5 mM Pb(CH3COO)2 precursor surface structures
are more uniformly biocidal, which produced a lower associated
error (see Fig. 5). This means that the higher variability and
distribution of nanospike geometry (see data in Table 2) may
lead to the formation of regions of the surface where bacteria
can attach between the nanofeatures, avoiding cell rupture. The
smaller, more-rigid, spherical S. aureus cells have a higher
probability of attaching in these non-lethal regions than the
larger P. aeruginosa cells. These multi-directional, bimodal
nanostructures may exhibit a greater biocidal activity than that
of the more regular nanostructures previously investigated,
including both naturally occuring23,25,26,32,34–36,53–55 and
synthetic24,27,33,37,48,49,54,57,65 surfaces. This occurs because the
bacteria are subjected to forces operating in multiple directions
during surface adsorption, which limits their ability to evade
critical membrane damage, and hence cell death. By contrast,
more conventional, highly-ordered nanostructures21,23,27,46,49

may allow some bacteria to evade the action of the antibacterial
nanotopographies, decreasing the resultant biocidal action of
these surfaces. This suggestion is supported by the observations
of Fisher et al.,47 where multi-level diamond nanocones
exhibited higher degrees of bactericidal behaviour than their
more regular counterparts.

Lastly, Wu et al.66 recently reported the antibacterial activity
of sparsely ordered nanopillars, nanorings, and nanonuggets,
each formed via the electrodeposition of gold onto
nanoporous templates, towards methicillin-resistant S. aureus
(MRSA) cells. Here, the authors reported >99% cell inactivity
aer 2 hours of incubation for all surface structures
210 | Nanoscale Adv., 2019, 1, 203–212
investigated. It is likely that the reported antimicrobial activity
is an overinterpretation of the actual result, as a proliferation
assay was used rather than a staining technique, where the
surface was rinsed and the resulting solution was analysed via
iterative optical density measurements following incubation.
This measurement technique is an indirect method, which
overlooks the true extent of cell-surface attachment, which
could have been analysed using CLSM and SEM. Analysis of the
incubation solution supernatant may not directly correlate to
the number of cells attached to the interface. In this study, we
used standard methods to determine the bactericidal activity of
the nanostructured surfaces.
Conclusions

In this work, we reported the use of a simple, low-cost electro-
deposition protocol for the fabrication of substrata that possess
highly bactericidal gold nanospikes. Of the fabrication condi-
tions investigated, the greatest bactericidal activity towards
both Gram-negative and Gram-positive bacteria was found for
substrates withmulti-directional nanospikes. This was achieved
using different concentrations of the Pb(CH3COO)2 precursor
with a deposition time of 540 s. Altering the initial 6.8 mM
concentration of the HAuCl4 precursor was found to result in
the formation of a substratum with a diminished antibacterial
activity.

It has been shown that the bactericidal activity of the
substrata is physical in nature, and hence the activity can be
directly correlated to the geometric parameters of the
substrates. Here, nanospikes with heights of �300 nm, cap-
radii of �60 nm, base-radii of �90–140 nm, and an inter-
spike spacing between 200–400 nm (considering the some-
what random spike orientations) were found to be more effec-
tive at killing the attaching bacteria than substrata with smaller
or larger features. Every surface investigated in this study was
found to be more biocidal than the smooth gold control
substrates. The multi-directional structures investigated in this
work could be used as a design parameter for incorporation into
gold-based dental implants and next-generation intra-cortical
electrode materials. Furthermore, the simple electrodeposi-
tion method described in this work could be used in the
fabrication of large scale, non-planar surfaces, whereas many
currently available fabrication techniques are limited to the
creation of smaller at surfaces.
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