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Antimicrobial Studies of Black Silicon and Black Diamond

Using Gram-Positive Bacteria

Neda Norouzi, Willem Woudstra, Edmund J.W. Smith, Gulnur Zulpukarova, Kaili Yao,
Viraj G. Damle, Romana Schirhagl,* Paul W. May,* and Tom Kamp

Herein, it is investigated if black diamond is useful in a bactericidal surface. Black
diamond is derived from black silicon, a silicon surface structured into nanosized
needles. Black diamond is obtained by coating black silicon with a thin diamond
film, rendering the nanostructures more robust. The bactericidal and antibacterial
properties of fluorine-terminated and hydrogen-terminated black diamonds with
those of black silicon and for flat surfaces of diamond (on silicon) with the
same terminations are studied. The ability to repel and kill Gram-positive
Staphylococcus aureus and Staphylococcus epidermidis is evaluated, which have
a thicker cell wall and are more mechanically robust than the bacteria that are
studied before. The initial adhesion as well as long-term 24 h biofilm formation is
studied. The number of bacteria that initially adhere to the fluorine-terminated
black diamond surface is reduced and has the highest dead bacterial ratio. Biofilm
formation after 24 h shows that while all surfaces outperform glass over the long

1. Introduction

With the rise in antibiotic-resistant bacteria
also comes a high demand for antibacterial,
antifouling, and bactericidal materials that
are not based on antibiotics. Many such
materials have been developed in recent
years, including particle-based systems' ™
and surfaces that repel or kill bacteria on
contact.”™® An interesting class of antibac-
terial surfaces are nanostructured surfaces
which act in two main ways,” sharp struc-
tures that can pierce the bacterial cell
walll'®'? and mechanical stress causing
the cell wall to rupture as bacteria are
stretched on the surfaces."®! One such

term, diamond-coated surfaces with both fluorine and hydrogen termination

have a significant inhibiting biofilm formation effect. In conclusion, fluorinated
and hydrogenated diamond-coated surfaces with and without nanoneedles have
repelling, bactericidal, and biofilm-inhibiting effects on Gram-positive bacterial

strains and are promising antimicrobial surfaces.
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material is black silicon, a synthetic nano-
structured material with high-aspect-ratio
nanoprotrusions, such as nanospikes or
nanoneedles, on its surface produced
through plasma etching." The name
“black silicon” originates from its deep
black color, resulting from the absorption
of >99% of the visible light falling onto
its surface. It has now found applications
in photovoltaics and has recently been used for biomedical
sensing applications.'”'® Black silicon has an excellent bacteri-
cidal effect that can be tuned by varying the lengths and spacing
of the nanoscale needles."” However, silicon nanoneedles are
relatively fragile® and thus, it would be desirable to improve
their mechanical properties and durability. The aim of this article
was to improve the mechanical stability of black silicon while
retaining or even improving the antibacterial properties. To this
end, the black silicon (bSi) needles were conformally coated with
a thin (<500 nm) layer of diamond using a chemical vapor depo-
sition (CVD) process. This new composite material has been
labeled ‘black diamond’ (bD)," and it has been shown previously
that these bD surfaces retain many of the bactericidal properties of
bSi while being chemically more inert and mechanically more
robust.'>202?

Previous work of this type has been performed mostly using
Gram-negative bacteria.?>*!) While in some cases, Gram-
positive and Gram-negative bacteria behave in a similar fashion,
this is not necessarily the case.>* On some surfaces, Gram-
positive and Gram-negative bacteria behave totally differently
depending on the surface characteristics.*>%! Thus, it is crucial
to investigate both types of bacteria to have a complete picture of
the bactericidal properties of a surface.

15,16
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For the experiments in this article, two types of Gram-
positive bacteria were chosen which are currently the most
common causative strains for biomaterial-associated infections:
Staphylococcus aureus (S. aureus) and Staphylococcus epidermidis
(S. epidermidis).””) One important difference between these
two bacterial strains is their extracellular polymeric substance
(EPS) excretion ability.*®

S. aureus is a Gram-positive, spherical-shaped, nonmotile bac-
terium with high EPS excretion ability and is frequently found in
the upper respiratory tract and on the skin. It is an opportunistic
pathogen and a common cause of skin infections, respiratory
infections, and food poisoning.”” Some S. aureus infections
can be treated with antibiotics such as penicillin and vancomycin.
However, recent antibiotic-resistant strains, such as methicillin-
resistant S. aureus (MRSA), are now proving problematic to treat,
leading to many deaths.*”

S. epidermidis is also a Gram-positive, spherical-shaped, non-
motile bacterium found as part of the commensal skin flora."!
However, it has low or no EPS excretion ability compared to
S. aureus. S. epidermidis is not usually pathogenic; however,
patients with compromised immune systems can be at risk of
developing hospital-acquired infections. It is also a frequent
contaminant of laboratory specimens and medical equipment,
such as catheters. S. epidermidis strains are often resistant to anti-
biotics. However, their ability to form biofilms on plastic devices
is a major problem because other bacteria can bind to them,
creating a multilayer and multispecies biofilm with increased
antibiotic resistance.l*?!

2. Experimental Section

2.1. Black Silicon and Black Diamond Samples

Black silicon wafers were supplied by LAM Technologies in the
form of 12 inch Si wafers. They were manufactured from blank
Si wafers in a Lam KiyoGX TCP reactive-ion etcher using an
SFe/O, process gas mixture. Radio-frequency power was induc-
tively coupled into the gas mixture via a transformer to create a
plasma and control the ion density, while ion bombardment onto
the wafer was regulated via a separate applied platen bias. This
process was optimized to oxidize and etch the Si simultaneously,
producing micromasks that enabled the Si to be etched aniso-
tropically into nanosharp spikes or needles. The morphology
of the needles and the flat surfaces was determined by scanning
electron microscopy (SEM). In order to prepare samples for
SEM, they were sputter coated with Ag using an Agar high-
resolution sputter coater and a target of Ag of 99.99% purity.
Samples were coated between 15 and 20 nm. The micrographs
were recorded in secondary-electron detection and backscattered
electron detection mode, respectively.

These needles were 5-10 pm long, with tip separation of
0.25-0.5 pm, as verified by SEM (JSM-IT300, 15 kV) in Figure 1a)
and a tip radius of ~20 nm, verified previously by transmission
electron microscopy (TEM). Chemical characterization of the
samples was also done previously by Raman spectroscopy.””!

These wafers were mechanically cleaved into smaller-sized
pieces for experimental use, with some receiving subsequent
diamond coating. Samples to be diamond coated were seeded
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Figure 1. SEM micrographs of a) a cross section through a bSi wafer,
b) a representative sample of a bD wafer, and c) a ‘flat’ diamond control
wafer (i.e., a uniform, pinhole-free microcrystalline diamond film on a Si
substrate).

with 4-10 nm detonation nanodiamond (DND) using a suspen-
sion of DND in methanol into which the samples were
submerged for 1h and then gently blown dry. This method
allowed a near monolayer of diamond seeds to coat the entire
surface of the needles without causing any damage and was nec-
essary to ensure subsequent diamond growth occurred
uniformly over the entire surface. The seeded samples were then
placed into a hot-filament CVD diamond reactor, and a thin
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(<100nm) film of undoped microcrystalline diamond was
deposited conformally onto the needles using standard CVD con-
ditions (20 torr, 1% CH,4/H,) for 30 min. The diamond deposi-
tion was optimized for these structures with the main criteria
that Si needles should be completely coated in diamond, leaving
no Si exposed, even down to the base of the needle.’® This
required dense seeding with nanodiamond particles to form
almost a monolayer coverage, before CVD began, and the seeds
were grown into a continuous conformal coating. The CVD
chamber could accommodate 2 samples; therefore, this seeding
and deposition process was repeated several times to provide
multiple identical samples to ensure statistical reliability. Over
the time taken to grow the multiple samples required, SEM
images were taken at regular intervals to ensure that the coatings
were identical across the sample set.

Example SEM images of the diamond-coated bSi samples
(hereafter referred to as black diamond) are shown in
Figure 1b. It is clear that the diamond CVD process etched away
the needles such that they were now around 3—4 pm long, but the
diamond coated them uniformly and conformally down to the
base. The tips became rounded, with a tip radius of ~100 nm,
although the tip-to-tip separation remained =0.25-0.5 pm.
For further details, we refer to Dunseath et al.??

As deposited, these bD samples were all hydrogen terminated
as a result of the CVD process, meaning they were slightly
hydrophobic.

2.2. Flat Control Samples

Samples consisting of CVD diamond grown onto flat Si sub-
strates were also prepared to act as control samples. Undoped
Si (100) substrates were mechanically cleaved into smaller pieces
and subsequently mechanically abraded using 1-3 pm diamond
powder and then placed into the hot filament CVD reactor using
the same conditions as before, except for 8 h. This allowed a con-
tinuous microcrystalline diamond film to be deposited of thickness
~3 pm. As Figure 1c shows, these samples are not absolutely flat
but consist of randomly oriented faceted diamond crystallites and
surface topography with an average roughness ~0.25 pm. The crys-
tallites here were of the order of ~1 pm, and the root mean square
(RMS) roughness was similar, at =1 pm (see Table S1, Supporting
Information). Other control samples used for microbiological test-
ing were glass and uncoated bSi wafers.

2.3. Fluorine Termination

Half of the flat control, bSi and bD sample surfaces were fluori-
nated by exposing them to SFs plasma for 10 s in a home-built
DC plasma reactor. This process replaced the C—H bonds on the
exposed surfaces with C—F bonds, making the surfaces very
hydrophobic. SEM images were taken, as described above, to
ensure that this fluorination process did not affect the surface
morphology in any visible manner (see Figure S1, Supporting
Information). Water droplet tests showed that the F-termination
behaved as expected, the water contact angle (WCA) significantly
increased on the bD surface from 108° (H-terminated) to 141°
(F-terminated), showing a large increase in the hydrophobicity.
For the “flat” diamond control samples, there was only a very
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small change in the WCA from 84° to 98° after F termination
(see Table S1, Supporting Information), mostly because the
much smoother surface made the water spread more readily.
These values were consistent with results from previous experi-
ments.”” Chemical characterization of the samples via X-ray
photoelectron spectroscopy (XPS) was performed previously.[*”

2.4, Bacterial Culture Conditions

Frozen (—80 °C) bacterial stocks in 7% DMSO of S. aureus ATCC
12600 and S. epidermidis ATCC 12228 were streaked onto a blood
agar plate (5% sheep blood) and incubated for 24 h at 37 °C aer-
obically. After incubation, a single colony was transferred into a
preculture of 10 mL tryptone soya broth (TSB), vortexed, and
incubated at 37 °C for 24 h aerobically. Main cultures were pre-
pared by transferring 2 mL of the preculture into 40 mL TSB and
incubating for 16 h aerobically. Bacterial suspensions were then
diluted into TSB in a 1:20 volume ratio and further incubated at
37°C for 4h aerobically until the midexponential phase was
reached. Bacterial cells were then washed twice in 10 mMm
Tris-HCl buffer and harvested by centrifuging at 5000g at
10°C followed by sonication for 3 x 10s at 30 W (Sonics and
Materials Inc. Newtown Connecticut USA, Vibra cell VCX
130) to break apart bacterial aggregates.”®** The cells were then
enumerated using a Biirker-Tiirk counting chamber.

2.5. Bacterial Growth

To prepare the surfaces for testing of their bactericidal activity, all
surfaces were first rinsed with ethanol 70% to disinfect them.
Then the samples were placed into 12-well plates, to which
2mL of bacterial suspension of 1x 107 of S. aureus ATCC
12600 or S. epidermidis ATCC 12228 per mL were added, depend-
ing on the experimental group. These samples were incubated
for short term (1 h) or long term (24 h) aerobically at 37 °C under
static conditions. Surfaces were then rinsed by gently washing
five times in Tris-HCI buffer in a universal container without
damaging the surface before testing the bactericidal
properties.2

2.6. Testing Bactericidal Properties

To evaluate the surfaces for their short-term bactericidal activity
and study the initial bacterial adhesion, Live/Dead BacLight
(Bacterial Viability Kit, for microscopy & quantitative assays,
Thermofisher) bacterial viability stain was added to the surfaces
that were incubated with bacteria for 1 h in Tris-HCI buffer. Once
stained, the samples were left in the dark for 15 mins at room
temperature. After staining, the samples were transferred to a
new 12-well plate containing phosphate buffer saline (PBS).
Bacterial cell viability was visualized by fluorescence microscopy
(Leica Microsystems CMS GmbH, Type DM4000B, Camera:
Leica DFC350, 40x water immersion objective). In three inde-
pendent experiments, five images of each surface were taken
each time. Numbers of live (stained with SYTO9, green) and
dead (stained with propidium iodide (PI), red) bacterial cells were
quantified by manually counting using Image] software version
1.53c with the cell-counter plugin.”*”!
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To evaluate the surfaces for their long-term bactericidal activ-
ity, the viability of the bacterial biofilm was quantified. First, all
studied surfaces were inoculated with bacterial suspension in
TSB and incubated at 37°C under static conditions for 24 h.
After incubation, the surfaces were washed twice with PBS.
Next, the biofilms were stained for 15min with Live/Dead
BacLight bacterial viability stain as described previously.
Finally, confocal laser scanning microscopy (CLSM) was applied
to observe a biofilm structure using a Leica Stellaris 5 (LAS X
software version 4.3) with a DMG6 upright microscope (Leica
Microsystems CMS GmbH). The excitation and emission were
set at 488/500 nm for SYTO9 and 561/635 nm for PI. 2% laser
power, pinhole of 1, and a 40x water immersion objective were
used to observe the biofilm. Image stacks were recorded with an
xy resolution of 1024 x 1024 pixels (292 x 292 pm) and z-stack
images were taken in 1 or 2 pm steps, depending on the biofilm
thickness. To quantify bacterial biofilm, the biofilm structural
parameters, including biomass and average thickness, were cal-
culated using COMSTAT 2.1 software from nine biofilm image
stacks of each surface from three independent experiments.***”!

To assess the biofilm formation, the samples that were incu-
bated for 24 h were imaged using an optical coherence tomogra-
phy (OCT) Ganymede II (Thorlabs Ganymede, Newton, NJ,
USA) with a 930nm center wavelength white-light beam and
a Thorlabs LSMO03 objective scan lens, able to provide a maxi-
mum scan area of 100 mm? The imaging frequency was
30kHz with a sensitivity of 101 dB and the refractive index of
biofilms was set as 1.33, equal to that of water. 2D images were
fixed at 5000 pixels but with variable pixel sizes depending on
magnification in the horizontal direction while containing
a variable number of pixels with 2.68 pm pixel size in the vertical
direction. Images were created by the OCT software (ThorImage
OCT 5.4.7.0). Three independent experiments each containing
four biofilm images of each surface were used to analyze the bio-
film height using in-house developed software (LabVIEW 2018,
Version 18.0, National Instruments).[*®!

2.7. Testing Surface Morphology after Bacterial Adhesion

SEM was performed to visualize morphological details on the
bacteria—surface interface. Sample preparation was done as
described by Hazell et al.”” Briefly, the bacteria were fixed onto
the surface by immersion in a 2.5% glutaraldehyde solution in 0.1
M potassium phosphate buffer for 2h at room temperature. The
surfaces were then dehydrated by sequential immersion in 20%,
40%, 60%, 80%, and 100% ethanol for 10 min each and finally
hexamethyldisilazane for 10 min. Before SEM imaging, dried
sample stages were sputtered with a 30nm gold layer and a
Philips XL30 instrument was used to record the images at 10kV.

2.8. Statistical Analysis

Statistical analysis was performed with GraphPad Prism version
8 (GraphPad Software, La Jolla California USA). An unpaired
t-test was used for analysis between two groups, and for three
groups or more a One-Way ANOVA test with a Tukey post hoc
test was performed. A statistical difference was indicated with an
asterisk, *p < 0.05, **p < 0.01, ***p < 0.001, ***¥*p<0.0001.
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We performed a normality test “Shapiro-Wilk”. Most conditions
conformed to the normal distribution. There were a few
conditions that did not meet the standards of the normality test;
however, being biological samples, they were sampled from an
assumed normal population, making the ANOVA an acceptable
test to maintain statistical power.

3. Results and Discussion

3.1. Short-Term Adhesion

The irreversible attachment of bacteria to materials is a pivotal
step toward establishing a biomaterial-associated infection. In
general, nanostructured surfaces have shown reduced bacterial
adhesion due to the fact that nanostructuring decreases the con-
tact area between the surface and adhering bacteria.’” To this
end, we tested whether our surfaces were able to prevent bacteria
from initial adhesion or kill them in the short term by staining
live and dead bacteria after 1 h. Live bacteria with an intact mem-
brane stained green while compromised membranes showed
red, which are considered dying or dead. Figure 2a shows rep-
resentative fluorescence micrographs of S. aureus on different
surfaces after conducting the live-and-dead assay. Figure 2b
shows a quantitative analysis of adhered S. aureus after the
short-term adhesion of 1h. Comparing the different surfaces,
both F- and H-terminated Flat and bSi surfaces had the most
bacteria attached, which was similar to the value for glass. In con-
trast, both F- and H-terminated bD surfaces were able to repel S.
aureus more than their flat counterparts and the bSi surface.
A remarkable observation is the 50% dead bacteria and significant
difference (p < 0000.1) for the F-terminated bD surfaces in
adhered bacteria compared to the other surfaces. While on F- and
H-terminated diamond-coated nanostructured surfaces, 50% and
25% of the attached bacteria were killed respectively, only between
4% and 15% of the S. aureus were killed on the F-and H-terminated
flat and bSi surfaces. This was determined by counting cells in con-
focal images after live—dead staining.

The bacterial adhesion after 1 h for S. epidermidis was imaged
by fluorescence microscopy and shown in Figure 3a while the
quantification of the adhered bacteria is represented in Figure 3b.
The most remarkable observation was the significantly reduced
bacterial adhesion on the F-bD surface compared to other surfaces.
S. epidermidis adhered best to the F- and H-terminated flat surfaces,
in similar bacterial numbers to those for S. aureus. It is worth men-
tioning that for S. epidermidis, fewer dead bacteria were observed
compared to S. aureus on all surfaces except for F-bD. The reduced
number of dead bacteria could be explained by the ability of
S. aureus to excrete EPS.?% S. aureus is a high-level EPS producing
strain,*”) leading to stronger attachment to surfaces. In contrast,
S. epidermidis produces less EPS and likely attaches more loosely
to the surface.””! As a result, S. aureus might be more vulnerable
to being pierced mechanically by surface structures or affected by
surface chemistry, resulting in increased dead S. aureus bacteria
compared to S. epidermidis. While the size of bacteria and thus
the number of needles that could potentially pierce the bacterial
cell wall were reported before to influence the death rate,2%2% this
is unlikely to be the reason for the differences here, because both
bacteria are very similar in size.

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. Adhesion of S. aureus after 1h on flat, bD, and bSi surfaces with F- and H-termination. a) Representative live/dead fluorescent images of the
different surfaces after 1 h adhesion of S. aureus. b) The quantitative analysis of bacterial adhesion and live/dead assay (red represents dead cells stained
by Pl and green represents living cells stained by SYTO9). The percentage of dead cells is shown on top of each column. Error bars represent the standard
deviation of three independent experiments (with five images each). Asterisks indicate a significant difference: green font are for comparing live bacteria
cells and red font are for comparing dead bacteria cells as a percentage.

S. epidermidis

Figure 3. Adhesion of S. epidermidis after 1 h on Flat, bD, and bSi surfaces with F- and H-termination. a) Representative live/dead fluorescent images of
the different surfaces after 1 h adhesion of S. epidermidis. b) The quantitative analysis of bacterial adhesion and live/dead assay (red represents dead cells
stained by Pl and green represents living cells stained by SYTO9). The percentage of dead cells is shown on top of each column. Error bars represent the
standard deviation of three independent experiments (with five images each). Asterisks indicate a significant difference: green font are for a comparison of
live bacteria cells while red font are for a comparison of dead bacteria cells as a percentage.
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While a reduction in bacterial adhesion in both F- and
H-terminated bD samples was observed, F-bD samples showed
a significantly increased reduction in bacterial adhesion. Also, for
S. epidermidis, a higher percentage of dead bacteria was observed
on the F-terminated bD, although the effect was less pronounced
than that observed for S. aureus.

In the literature, there are some reports where bacteria adhere
better to hydrophobic surfaces.*” Thus, it is surprising that
fewer bacteria adhered to the F-terminated surfaces, which
have been shown to be hydrophobic.'® Comparing to earlier
results®?? on Gram-negative (Escherichia. coli K12) and
Gram-positive (Streptococcus gordonii DL1) bacteria, we see much
less adhesion of Gram-positive S. aureus and S. epidermidis bac-
teria. The two primary trends observed in our results were that
fewer bacteria adhered to the F-terminated bD, which also killed
more bacteria, which reflect results found by prior work.*!] We
also achieved higher bactericidal efficacy when using F-bD than
reported for Gram-negative bacteria on a similar surface.***

The possible mechanism for bacterial death is the mechanical
stretching of the bacteria across several needles causing the cell
wall to rupture, assisted by the piercing of the wall by the needle
itself."-*!1 However, there are also reports in the literature where
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bacteria were stretched but not killed, and killing has been attrib-
uted to oxidative stress that is formed at the surface.*? We do not
consider the formation of oxidative stress very likely in this case
since nanodiamonds have been shown to be very biocompatible
and did not induce oxidative stress in mammalian cells or
bacteria in particle form."*** As was found in prior work,
Gram-negative bacteria are often easier to kill through this mech-
anism, mostly because the bacterial cell walls are less rigid and
hence stretch on the needles more easily as the bacterium
moves.!'”! However, we show here that with needles of the cor-
rect size (3—4 pm), distribution (0.25-0.5 pm), surface hydropho-
bicity (=140°), termination (fluorinated), and diamond coating
(4-10nm), Gram-positive bacteria are equally, if not more,
susceptible to this mechanism of bacterial death, as the bacterial
walls of these nonmotile bacteria are more rigid and as a conse-
quence will rupture with less stretching.”

While Gram-negative bacteria are more prone to developing
antibiotic resistance and are considered harder to treat, Gram-
positive bacteria are, for instance, more resistant to irradia-
tion.*”) Thus, it is not obvious that they are also vulnerable to
being pierced mechanically or being ruptured due to being
stretched.

b) S. epidermidis
—-— 100- * ok k
I} E—
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g 10 I n % 1
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Figure 4. Evaluation of the long-term 24 h biofilm formation on different surfaces analyzed by OCT. A quantitative analysis of a) S. aureus and b) S.
epidermidis biofilm height. Error bars represent the standard deviation of three independent experiments of four separate images. Asterisks indicate a
significance difference. Black* glass versus all tested surfaces, blue font each tested surface versus the others, and red font each tested surface versus two
other surfaces in the same group. Representative OCT images of the resulting 24 h ) S. aureus and d) S. epidermidis biofilms on the different surfaces.

Scale bars indicate 100 ym.
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3.2. Long-Term Biofilm Formation

After comparing the 1h short-term prevention of bacterial
adhesion on the different surfaces, long-term biofilm formation
of S. aureus and S. epidermidis after 24 h was evaluated, with the
biofilm height results and micrographs of the OCT shown in
Figure 4.

The initial short-term bacterial adhesion showed promising
repelling and contact-killing properties, especially for the F-bD
surface (Figure 2b and 3b), but eventually after 24 h bacteria grew
on all the surfaces (Figure 4c,d). Nevertheless, all surfaces
showed significant biofilm-inhibiting properties compared to
the glass control for both S. aureus and S. epidermidis.
Furthermore, the diamond-coated flat and bD surfaces show
even better biofilm-inhibiting properties compared to bSi alone,
which is more evident in S. aureus (Figure 4a). Surprisingly, the
bD surfaces eventually showed more bacterial growth than their
flat counterparts (Figure 4a,b), which might be explained by the
more readily available DNDs on flat surfaces compared to bD. In
our previous work regarding DNDs, we proposed a model where
DNDs are inhibiting proliferation and facilitating cluster

(a) S. aureus
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2 20 |
E
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3
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- M Dead
100 LLLEd W Live
KKK

©
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I
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204

Biomass Average Thickness (um)

www.aem-journal.com

forming and thus inhibiting biofilm formation. On the other
hand, similar behavior was also observed by Li et al. who also
observed (for different materials and different bacteria) that
the most promising materials in short-term experiments were
not the same materials that performed best in long-term experi-
ments.*® Also similar findings were reported by Gupta et al.*”)
who observed S. aureus adhesion to different materials.
Although only short adhesion times below 15mins were
observed, they found that some materials attracted more bacteria
early in the experiment but became slower to attract subsequent
bacteria.

As in all biological environments, macromolecules such as
proteins adsorb onto a surface, which results in a conditioning
film for subsequent bacteria adhesion. This can occur on any
hydrophobic or hydrophilic surface within minutes.*®!
The conditioning film is able to change the initial surface physi-
cochemical properties (e.g., surface charge, contact angle, chem-
ical composition, and roughness) and thereby the antimicrobial
properties.*®) Tt has been reported that conditioning films can
decrease or increase the hydrophobicity depending on nutrient
composition,*) which might also be the case for our surfaces

S. epidermidis

LLlll W Dead
30 M Live

N
o

-
o

Biomass (pm3lpm2)

100 = e

o
2

o
2

IS
2

20

Biomass Average Thickness (um)

Figure 5. Evaluation of long-term 24 h biofilm formation on different surfaces analyzed by CLSM. A quantitative analysis of a) S. aureus and
b) S. epidermidis biomass. Error bars represent the standard deviation of three independent experiments of three separate z-stacks. Asterisks indicate
a significant difference, black* glass versus all tested surfaces, blue font each tested surface versus the others, green font comparison of live bacteria, and
red font comparison of dead bacteria.
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Figure 6. Representative single-slice and side-view micrographs of live and dead bacteria in 24 h biofilms of S. aureus or S. epidermidis grown on different
surfaces imaged by CLSM. Biofilm cells were stained with SYTO9 (green = live) and PI (red = dead) fluorescent dye. Scale bars indicate 50 pm.

S. aureus

S. epidermidis

Figure 7. False-color SEM micrographs of the interaction between S. aureus (green spheres ~0.5-1pm in diameter) and the different surfaces.
a) F-terminated flat diamond, b) H-terminated flat diamond, c) F-terminated bD, d) H-terminated bD, e) F-terminated bSi, and f) H-terminated bSi.

and explain why the flat surfaces perform better in the long-term Another explanation might be the fact that EPS provides vis-
experiments (contact angle is possibly similar before and after  coelastic properties to a biofilm that are pivotal for its survival
conditioning films) compared to the other surfaces. against Dbiological, mechanical, and chemical stresses.”"!
Adv. Eng. Mater. 2023, 25, 2301031 2301031 (8 of 11) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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The other possible reason could be that while more bacteria are
killed quickly by contact killing, the dead bacteria then remain
stuck to the surface; these bacterial remains may provide
nutrients to subsequent bacteria, along with a better-suited sur-
face upon which to adhere compared with direct contact with the
functionalized spiky surface. This would imply that in order for
nanostructured surfaces to be effective in the long-term preven-
tion of bacterial build-up, the dead bacterial remains need to be
regularly removed, for example, by frequent washing. It is worth
noting that similar nanostructured surfaces in the biological
world, such as those found on certain insect wings, would receive
frequent washing by exposure to rain.

The biofilm height quantified by OCT was validated with
biomass and biomass average thickness by CLSM, as shown in
Figure 5. Representative CLSM micrographs of the biofilm for
S. aureus and S. epidermis are shown in Figure 6 and S2,
Supporting Information. The biofilm biomass (Figure 5a) and
thickness (Figure 5b) values show a similar trend regarding the

www.aem-journal.com

biofilm formation; live and dead bacteria are distributed through-
out the whole biofilm (Figure 5b) of diamond coated surfaces.*"
All surfaces are significantly inhibiting toward biofilm formation
compared to glass, although F-bD outperforms the flat surfaces in
some cases; both diamond-coated surfaces significantly
reduce biofilm formation compared to the bSi alone. These results
show the added value of diamond coating alone (i.e., even
without nanostructuring) for improved antimicrobial surface
properties.*?%

3.3. Investigating the Interaction between Surfaces and Bacteria

As mentioned earlier, previous reports have established that bD
and bSi needles kill Gram-negative bacteria by either piercing or
rupturing their cell walls."”! To determine if that is also the case
for Gram-positive S. epidermidis and S. aureus, the bacterial
adhesion was analyzed using SEM (Figure 7 and 8).
Consistent with the results from fluorescence microscopy

Figure 8. False-color SEM micrographs of the interaction between S. epidermidis (yellow spheres ~0.5-1 ym in diameter) and the different surfaces.
a) F-terminated flat diamond, b) H-terminated flat diamond, c) F-terminated bD, d) H-terminated bD, e) F-terminated bSi, and f) H-terminated bSi.
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presented in Figures 1a and 2b, in the SEM micrographs, there
are relatively few bacteria adhering to all the surfaces.

Additionally, it was observed that some bacteria seemed to be
pierced and others visibly deformed from the cell wall rupturing
(Figure 7e,f and 8e(f). This finding is consistent with the
live—dead staining results and with the results from the literature
on Gram-negative bacteria.’” These results suggest that the
nanostructured surfaces can also kill some Gram-positive
bacteria on contact.

4. Conclusion

In conclusion, fluorinated and hydrogenated diamond-coated
surfaces, with and without nanoneedles, were found to have
repelling, bactericidal, and biofilm-inhibiting effects on both
Gram-positive S. aureus and S. epidermidis bacterial strains
and are promising antimicrobial surfaces. Data show in the
initial adhesion that black diamond surfaces repel both Gram-
positive bacteria, and on the fluorine-terminated black diamond
surfaces the highest killing was achieved. However, all the
surfaces were far less effective at preventing bacterial build-up
following 24 h biofilm formation. This is believed to be due to
the remains (e.g., proteins) of the dead bacteria, which were
killed initially by contact with the surface, acting as nutrient sour-
ces and a protective layer upon which subsequent bacteria could
grow. This suggests that the mechanical killing of bacteria in this
way could be improved with frequent washing of the surfaces to
remove any bacterial remains and re-expose the underlying
bactericidal surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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