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The formation of biofilms on implant surfaces and the subsequent development of medical

device-associated infections are difficult to resolve and can cause considerable morbidity to the

patient. Over the past decade, there has been growing recognition that physical cues, such as sur-

face topography, can regulate biological responses and possess bactericidal activity. In this study,

diamond nanocone-patterned surfaces, representing biomimetic analogs of the naturally bacteri-

cidal cicada fly wing, were fabricated using microwave plasma chemical vapor deposition, fol-

lowed by bias-assisted reactive ion etching. Two structurally distinct nanocone surfaces were

produced, characterized, and the bactericidal ability examined. The sharp diamond nanocone fea-

tures were found to have bactericidal capabilities with the surface possessing the more varying

cone dimension, nonuniform array, and decreased density, showing enhanced bactericidal ability

over the more uniform, highly dense nanocone surface. Future research will focus on using the

fabrication process to tailor surface nanotopographies on clinically relevant materials that pro-

mote both effective killing of a broader range of microorganisms and the desired mammalian cell

response. This study serves to introduce a technology that may launch a new and innovative

direction in the design of biomaterials with capacity to reduce the risk of medical device-

associated infections. VC 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4944062]

I. INTRODUCTION

The use of medical devices has become an essential part

of modern day medicine and over the past few years the

healthcare setting has seen a vast increase in their use. The

diversity of such devices is wide, varying from those of a

complex nature like automatic implantable cardio defibrilla-

tors to simpler devices such as urinary catheters.1,2 While

medical devices have improved clinical outcomes for

patients, one thing biomaterials all have in common is their

susceptibility to bacterial colonization. This can lead to the

formation of biofilms on the material surface and subsequent

medical device-associated infection.3 A biofilm is an accu-

mulation of microorganisms on a surface, embedded within

an extracellular matrix, which together form a functional,

structured community4 that maximizes microbial survival.5

Biofilm-associated infections of medical implants are diffi-

cult to resolve and can cause considerable morbidity to the

patient. Microbial cells embedded within the depths of bio-

films are protected from host defences and to the effects of

antibiotics. Studies have shown that some microorganisms

within biofilms require a >1000-fold higher concentration of

antibiotics to be killed compared to their planktonic counter-

parts.6 Revision surgery or device removal is often necessary

to resolve the infection, and this can be at a considerable

cost to the National Health Service and patient well-being.

There is therefore great incentive to devise strategies to

minimize biofilm formation on medical devices and associ-

ated equipment. However, materials completely resistant to

bacterial colonization for clinically significant periods cur-

rently remain elusive. Over the past decade there has been

growing recognition that physical cues can regulate biologi-

cal responses.7 In an era of increasing antibiotic resistance,

physical-derived solutions to control bacterial colonization

by modification of existing implant materials presents a

promising and attractive alternative to antimicrobial agents

or chemical based surface treatments. Of particular interest

is the influence that surface topography (at both nano- and

microscale) has on bacterial viability, and a better under-

standing as to which and how nano/microfeatures may be

exploited to prevent implant-associated infection is required.

Two of the most widely studied physical-based strategies

for antimicrobial surfaces using micro-8,9 or nanotopogra-

phies10–13 are inhibition of microbial attachment (antibio-

fouling) or contact-killing. An example of an antibiofouling

surface is the Sharklet micropattern surface, inspired by

shark skin.14 When patterned onto endotracheal tubes, it was

found to inhibit attachment of numerous pathogens by up to

99% compared to unpatterned controls, and also inhibited

the formation of methicillin-resistant Staphylococcus aureus
and Pseudomonas aeruginosa biofilms.15 The first biomi-

metic surface shown to directly kill bacteria upon contact

was recently described by Ivanova.11 The cicada (Psaltoda
claripennis) fly wing possesses nanofeatures that consist ofa)Electronic mail: l.e.fisher@bristol.ac.uk
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hexagonal arrays of spherically capped, conical, nanoscale

pillars, which are typically 200 nm tall, 100 nm in diameter

at the base, 60 nm in diameter at the cap, and spaced 170 nm

apart from center to center.11,16 When generated on titanium,

these features were shown to be extremely effective at kill-

ing P. aeruginosa and this was proposed to be due to a me-

chanical based mechanism, whereby bacterial cell walls

were stretched and punctured by the nanospikes, resulting in

cell death. The same group also investigated the antibacterial

potential of structures found on the wings of dragonfly

Diplacodes bipunctata and of a black silicon synthetic bio-

mimetic analog.17 The high aspect ratio nanoprotrusions on

both surfaces were found to be highly bactericidal against

both Gram negative and Gram positive bacteria, with kill

rates of up to 450 000 cells min�1 cm�2.17 Likewise, Diu9

engineered cicada wing-inspired nanowire topographies on

medically relevant titanium surfaces using an alkaline hydro-

thermal process as a function of time. They reported bacteri-

cidal activity that was particularly effective against Gram

negative motile bacterial cells.

Cicada wing features have been reported as displaying a

nanopillar morphology;11,18 however, careful observation by

a scanning electron microscopy (SEM) shows that they more

closely resemble nanocone structures, since the base of the

structure is wider than its tip.19,20 Previous work by Chong21

and Yang22,23 has demonstrated fabrication of arrays of

high-aspect-ratio diamond nanocones and nanoneedles.

These nanocone arrays were found to mechanically puncture

mouse MC3T3-E1 preosteoblast cells, which aided the deliv-

ery of molecules into the cells.21 However, the arrays were

not tested for their ability to damage more rigid bacterial cell

walls. Herein, we report the production and bactericidal ac-

tivity of diamond nanocone-patterned surfaces and show

their ability to reduce microbial viability of the Gram nega-

tive opportunistic pathogen P. aeruginosa, a common causa-

tive agent of medical device-associated infections.

II. EXPERIMENT

A. Fabrication of diamond nanocone arrays

Nanocone fabrication was based upon two processes, as

previously described.23 First diamond films were deposited

by microwave plasma chemical vapor deposition (MPCVD),

followed by bias-assisted reactive ion etching (RIE) by elec-

tron cyclotron resonance (ECR) mode microwave plasma.

Polycrystalline films were first deposited on substrates [an

n-type (001) silicon wafer], using a commercial ASTeX

MPCVD equipped with a 1.5 kW microwave generator.

Prior to film deposition, the substrates were scratched using

0.25 nm diamond particle paste. The polycrystalline film

deposition was performed in the plasma induced in a 0.5%

CH4/H2 mixture at a total pressure of 30 Torr and a total gas-

flow rate of 300 sccm. The microwave was maintained at

1200 W and the substrate temperature measured by optical

pyrometer was kept at approximately 850 �C. After the nano-

diamond film deposition was finished, the second step of

RIE was performed using ECR mode microwave plasma.

The ASTeX microwave source employed a magnetic field of

about 875 Gauss generated by an external magnetic coil. The

RIE conditions were as follows: A mixture of 45% Ar/55%

H2 was used as the reactive gases at a total flow rate of

20 sccm; the substrate bias was of �150 to �200 V; the reac-

tant pressure was 1.0� 10�3 Torr. The etching duration was

2 h, and the input microwave power was 1400 W.

Two diamond nanocone surfaces were fabricated and

cut into 5 � 5 mm squares. Surface A, which was obtained

when the RIE bias was �200 V, and surface B, which was

obtained when the RIE bias was �150 V. The approximate

morphology of the diamond nanocone patch was character-

ized using scanning electron microscopy by tilting the sam-

ple holder with a 45� angle.

B. Bacterial culture preparation

P. aeruginosa ATCC 27853 was grown aerobically for

16 h in 10 ml Luria–Bertani broth (LBB, Sigma Aldrich) in a

37 �C shaker incubator set at 220 rpm. The bacterial suspen-

sion was then diluted in LBB to OD600 0.1 and further incu-

bated until midexponential phase was reached. At this time

bacterial cells were harvested by centrifugation (7 min,

5000 g), washed twice in 10 mM Tris-HCl buffer (Sigma

Aldrich), and suspended in Tris-HCl buffer to OD600 0.3

(approx. 107 cfu ml�1).

C. Bacterial adhesion

All test and control surfaces were rinsed with absolute

ethanol prior to bacterial adhesion experiments. The test

surfaces and controls were placed into a 12-well microtiter

plate and submerged in 2 ml of bacterial suspension. Plates

were incubated for 1 h at 37 �C under static conditions. After

incubation, surfaces were rinsed to remove nonadherent bac-

teria by gently holding the surfaces with a pair of tweezers

and passing back and forth five times in a uniform manner

into a Universal container containing Tris-HCl buffer. The

process was repeated three times in total.

D. Live/Dead staining and fluorescence microscopy

Following rinsing, 1 ml of Live/Dead
VR

BacLightTM bacte-

rial viability stain (Invitrogen) was applied to the surfaces

(as per manufacturers’ instructions) and incubated in the

dark for 15 min at room temperature. Surfaces were then

rinsed in Tris-HCl buffer as above to remove excess stain.

Surfaces were maintained in 1 ml of Tris-HCl buffer, and

bacterial adhesion and viability was visualized by fluores-

cence microscopy. IMAGE J software was used to calculate the

number of cells with intact membranes (SYTO 9, green) and

the number of cells with damaged membranes (propidium

iodide, red) based on five images per surface. The average

percentage damaged cells was determined by (no. of dam-

aged cells/total no. of cells)� 100. All tests were carried out

in triplicate. A two tailed homoscedastic Student’s t-test was

performed using Microsoft Excel 2013 to compare data sets.

If the p value was less than 0.05, then results were statisti-

cally significant.
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E. Scanning electron microscopy

Following incubation with P. aeruginosa, surfaces were

fixed by immersion in a 2.5% gluteraldehyde solution

(Sigma Aldrich) dissolved in 0.1 M potassium phosphate

buffer (potassium phosphate monobasic and potassium phos-

phate dibasic, pH 7.2, Sigma Aldrich) for 2 h at room tem-

perature. An alcohol dehydration stage was then performed

by immersing the surfaces in 20%, then 40%, 60%, 80%,

and 100% ethanol for 10 min each prior to 10 min in hexam-

ethyldisilazane (Sigma Aldrich). Surfaces were then air

dried, mounted onto carbon stubs, and sputtered twice with

gold for 1 min each time. A Helios Nanolab 600 combined

with FIB-SEM was used to visualize the surfaces.

III. RESULTS AND DISCUSSION

A. Fabrication of diamond nanocone arrays

In this study, high-density diamond nanocone arrays were

successfully prepared by ECR-assisted plasma RIE. The

samples were tilted to a 45� angle toward the SEM detector

for observation and the diamond nanocones displayed differ-

ent sizes and heights, each with a sharp cone tip (Fig. 1).

The height of the cones on surface A range from 800 nm to

2.5 lm, with the average height being about 1.65 lm.

However, on surface B, the size of the diamond nanocones

can be divided into two groups. A fraction of the diamond

nanocones are very small, with heights of less than 100 nm.

On the other hand, many of the diamond cones are very large

in size, with heights in the range of 3–5 lm. The width of the

cones ranged from 350 to 750 nm on surface A and <100 nm

to 1.2 lm on surface B. Both surfaces displayed sharp tips

which ranged from 10 to 40 nm and surface B was shown to

display greater spacing between the cones compared to sur-

face A. On surface A, the diamond nanocones are intensively

alligned with a density of �4� 108/cm2 while the distribu-

tion density on surface B was smaller at 1.7� 108/cm2, as

determined by counting the nanocones in several representa-

tive SEM images. The two surfaces appeared a uniformly

black color due to the antireflective property of the high den-

sity diamond nanocones distributed over the entire substrate

surface.

The phase composition of the nanocones was studied

using visible Raman spectroscopy and the Raman spectra of

the pristine microcrystalline diamond film and the diamond

nanocone array film are plotted in Fig. 2, after linear back-

ground removal and normalization to the characteristic peak

of diamond at 1332 cm�1. The microcrystalline diamond

film exhibit Raman bands at about 1350 and 1500 cm�1

attributed to amorphous carbon. After etching, the band at

1350 cm�1, associated with disordered amorphous carbon

nearly disappeared. On the other hand, the band at

1500 cm�1 decreased its intensity and broadened. Thus, the

diamond nanocones formed by reactive ion etching retained

the microstructure of the microcrystalline diamond film but

had less graphite and amorphous carbon phase. The ECR-

assisted plasma RIE involves the physical etching by

FIG. 1. SEM images of (a) surface A diamond cone nanopatterned silicon wafer and (b) surface B diamond cone nanopatterned silicon wafer generated by

ECR-assisted plasma RIE.

FIG. 2. Raman spectrum obtained from pristine microcrystalline diamond

film and microcrystalline diamond nanocone arrays.
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energetic ion impact and the chemical etching of graphite or

amorphous carbon by reactive hydrogen atoms/ions. The in-

homogeneous distribution of electrical field in the reactive

plasma causes the preferential etching of graphite and amor-

phous carbon in the grain boundary regions of the microcrys-

talline diamond film by either physical or chemical

sputtering. Consequently, the graphite and amorphous car-

bon phase decreased in the fabricated diamond nanocone

arrays film.

B. Topographical effect on bacterial adhesion
and viability

To date, a variety of diamond nanostructured arrays such

as nanocones, nanowires, nanopillars, or nanowhiskers have

been produced for application in the field of energy, elec-

tronics, and biosensing.23 However, there are no reports on

the effects of biomimetic diamond nanocone-patterned surfa-

ces on bacterial viability. P. aeruginosa is a highly motile,

rod-shaped, aerobic, Gram negative bacterium, and is the

fifth most common organism isolated from all sites of noso-

comial infection.24 It grows in biofilms that promote growth

and survival within the human body and on medical implants

such as catheters or on orthopedic, respiratory, or cardiac

devices and is inherently resistant to many antibiotics.

Previous studies have observed that certain nanostructures

have a greater bactericidal effect against Gram negative bac-

terial cells than Gram positive cells.9,11,18 The reasoning for

this is postulated as relating to the thickness of the bacterial

cell wall. Most Gram positive bacteria have relatively thick

cell walls with a peptidoglycan layer of approximately

20–80 nm, whereas the peptidoglycan layer in Gram nega-

tive cell walls is much thinner (about 5–10 nm).25 Thus, it

has been suggested that Gram negative bacteria require less

stress to disrupt the cell wall, resulting in a greater extent of

cell death than seen with Gram positive cells. Furthermore,

it has been reported that bacterial motility may be associated

with a more pronounced bactericidal effect.9 For these rea-

sons, P. aeruginosa was used as a model bacterium to test

the bactericidal efficacy of the diamond nanocone-patterned

surfaces.

Both surfaces A and B were exposed to high numbers of

exponential phase P. aeruginosa for 1 h and their bacteri-

cidal effects assessed using Live/Dead staining. Typical fluo-

rescence micrographs are shown in Fig. 3, in which cells

with intact membranes are stained green and cells with dam-

aged membranes are stained red. While concerns have

recently been raised regarding P. aeruginosa cells having a

stronger dead cell (propidium iodide) signal than the live

cells (SYTO 9), in a separate experiment involving staining

exponential phase cells and stationary phase cells (data not

shown), cells in the exponential phase of growth and as per-

formed in our adhesion assay show almost all live stained

cells. This is in direct contrast to the many nonviable or dead

cells in stationary phase culture. Both nanopatterned surfaces

showed a significantly (p< 0.001) higher proportion of

membrane damaged cells with very few red cells present on

flat control surfaces, underscoring the fact that the nanofea-

tures were responsible for the killing effects. Furthermore,

while cells attached to the control surface were aligned on

the horizontal plane, bacterial cells associated with either

nanopatterned surface were visualized in different orienta-

tions, suggesting that they positioned themselves both across

the diamond cone tips and were retained vertically in

between the cone structures. This was seen with both viable

and nonviable cells and an example of this is shown by the

arrow in Fig. 3(c), whereby cells orientate themselves with

their ends facing upwards.

The nanopatterned surfaces tested in this study found

comparable numbers of cells as the control silicon wafer

(p> 0.05) [Fig. 4(a)]. However, research regarding the

capacity for nanopatterned surfaces to attract bacterial

attachment is contradictory. Dickson10 found that lower cell

densities were retained on PMMA pillared surfaces follow-

ing 20 h culture compared to on flat surfaces. In contrast,

other research findings have illustrated that the presence of

nanofeatures can promote bacterial adhesion.8,26 Such differ-

ences may be linked to the interplay of different physico-

chemical properties of the material features, bacterial strains

tested and culture techniques, or environmental conditions.

Nonetheless, what is clear in this study is that while the

FIG. 3. Fluorescence micrographs of P. aeruginosa after 1 h incubation on (a) control silicon wafer, (b) surface A diamond cone nanopatterned silicon wafer or

(c) surface B diamond cone nanopatterned silicon wafer. Bacterial viability Live/Dead BacLight assays stained cells with intact membranes green (SYTO 9)

and cells with damaged membranes red (propidium iodide). Surface B, for example, (c) as indicated by the arrows, shows cells aligned with their ends facing

upwards in addition to lying horizontally.
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diamond nanocone surfaces may be bound by bacteria, this

bacterial attachment results in significant killing of the de-

posited bacterial population.

The percentage of stained-dead cells on surface A and

surface B compared to the control is shown in Fig. 4(b).

Both of the nanopatterned surfaces resulted in significant

bacterial killing compared to the control (<0.05%), with

surface B displaying significantly (p¼ 0.006) greater bacteri-

cidal activity (17% killing) than surface A. Due to the higher

ion bombardment by increasing the reactive ion etching bias

to �200 V, nanocones formed on surface A showed sharp

tips, higher cone density, and were more homogeneous in

size compared with those formed by bias of �150 V on sur-

face B. While no in depth study of nanocone size in relation

to bacterial cell interaction is reported, it would appear the

size variation, nonuniformity and the decreased cone density

of nanocone arrays on surface B may act in a way to facili-

tate its bactericidal activity. In a mathematical model by

Xue27 explaining the mechanism of the bactericidal proper-

ties of the cicada wing, they suggest that when nanofeatures

become sharper and the spacing between them is larger, the

antibacterial properties of the surface are enhanced.

Nowlin28 also report that nanopillars with the smallest diam-

eters were able to kill even the weakest adhering strain of

Saccharomyces cerevisiae. This supports the findings from

percentage kill differences between the nanocone features on

surfaces A and B. In contrast a study by Kelleher,20 suggests

that the greater the number of nanostructures with which

bacterial cells come into contact, the greater the bactericidal

activity; however, they do also state this could be related to

the nanostructure pitch and diameter of the features.

In addition to viability staining, equivalent samples were

also fixed after the 1 h bacterial adhesion for visualization by

SEM, as shown in Fig. 5. Images revealed horizontally posi-

tioned, healthy (turgid) cells on the flat control surfaces [Fig.

5(a)], correlating with the appearance of those samples

visualized by fluorescence microscopy. It was hypothesized

that bacterial contact with the sharp, nanometer-sized tips of

the diamond nanocones would generate stress forces across

the bacterial cell wall, causing cells to stretch and puncture

and ultimately lyse, resulting in cell death. P. aeruginosa
adhering to the densely packed cones of surface A which

had slight differences in height and width, but each with

sharp nanometer-sized tips was shown to settle both on top

of these cones and at angles in between the cones [Fig. 5(b)].

Many of the cells [false-colored in Fig. 5(b)] appeared to

FIG. 4. Total numbers of bound bacteria (a) and percentage dead cells (b) af-

ter 1 h incubation of P. aeruginosa on control silicon wafer, surface A dia-

mond cone nanopatterned silicon wafer, or surface B diamond cone

nanopatterned silicon wafer, and subsequent viability determination by

Live/Dead BacLight stain.

FIG. 5. Example SEM images of P. aeruginosa after 1 h incubation on (a) control silicon wafer, (b) surface A diamond cone nanopatterned silicon wafer or (c)

surface B diamond cone nanopatterned silicon wafer. Image (a) shows healthy (turgid) bacterial cells, whereas images (b) and (c) show some damaged cells

that have been spiked or punctured by the diamond nanocone features.
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display an undamaged morphology. However, a proportion

appeared to be damaged by the nanofeatures. The more nota-

ble differences in cone size, height, width and spacing on

surface B showed the P. aeruginosa cells to lie across the

tops of the cones, fall in between them or attach directly to

the flat surface in between the cones [false-colored in Fig.

5(c)]. Nonetheless, the greater nonuniformity of this surface

appeared to effectively damage a higher percentage of cells

as also reported from Live/Dead assays. Collapse and

spreading of these cells over the features was visible, indica-

tive of nonrecoverable cell death.

The diamond nanocone-shaped features were successfully

shown to possess bactericidal capabilities and thus to have

potential to reduce bacterial contamination of medical devi-

ces. In order to provide scope to investigate the optimal fea-

ture specifications to achieve maximum bacterial killing, it is

important for the fabrication technique to be tuneable,29 as is

the case here. With further modification it will be possible to

generate diamond nanocone features that exhibit a greater

kill efficacy. Topographical feature shape and size, along

with distribution and spacing in relation to the size and shape

of the bacteria, are undoubtedly key elements to consider

when engineering nanopatterned surfaces.

While the nanopatterned surfaces serve to enhance bacte-

rial killing, they should also support human cell adhesion,

differentiation, and thus integration with human tissues. For

example, integration between living bone and a hip or tooth

implant (osteointegration) is essential for implant-host sur-

vival and thus implant longevity.30 Kalbacova31 investigated

osteoblast adhesion to diamond nanorod and nanocone struc-

tures, and found osteoblasts seeded onto these surfaces

formed focal adhesion patterns, indicating the suitability of

the surface structures to support cell adhesion, growth, and

differentiation. Thus, the ECR-assisted plasma RIE fabri-

cated diamond nanocone surfaces must also be tested for

promotion of human cell proliferation while at the same time

exhibiting bactericidal capabilities.

IV. CONCLUSIONS

Diamond nanocone-patterned surfaces, representing bio-

mimetic analogs of the cicada fly wing, were fabricated using

an ECR-assisted plasma RIE process. Both surfaces A and B

were found to possess bactericidal capabilities, with surface B

displaying a higher kill rate. To be applied within the medical

setting, future research will need to demonstrate that the tech-

nique can be used to tailor surface nanotopographies on clini-

cally relevant materials (e.g., titanium) that promote both a

desired mammalian cell response and effective killing of a

broader range of microorganisms. Nonetheless, this study

serves to introduce a technology that may launch a new and

innovative direction in the design of biomaterials with

capacity to reduce the risk of medical device-associated

infections.
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