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Abstract

With growing concerns of bacterial resistance to antibiotics, novel methods of protecting surfaces
from bacterial adhesion and proliferation are in high demand. This research focuses on a type of
surfaces termed bactericidal; surfaces that kill bacterial upon adhesion. In particular, this work
investigates materials that employ a physical mechanism of cell death, thus reducing antibiotic
dependence. Black silicon (bSi) is one such surface, consisting of an array of silicon nano-needles
which stretch and kill adhering cells. These needles are however very brittle, limiting the possible
applications of bSi.

To improve the needle strength a diamond coating is grown over the needles, preserving the
nanostructure of the surface. Both uncoated bSi and coated bSi (black diamond) have previously
been proven to be bactericidal towards gram-negative bacteria, with the coating only slightly
reducing the effectiveness.

This work investigates the bactericidal properties of diamond coated bSi against gram-positive
bacteria, specifically staphylococcus aureus, and how the coating affects said properties. Fluorine
termination was also performed on the surfaces to alter hydrophobicity; the effect on the
bactericidal properties was also tested.

It was found the diamond coated black silicon produced was not bactericidal toward the gram-
positive bacteria; death rates were as low as low as 17 %. Flat diamond controls tested displayed a
higher percentage of cell death than black diamond. Fluorine termination slightly affected the
properties, with a slightly higher rate of cell death than the H-terminated surface. Further, S. Areus
demonstrated marginally higher adhesion toward the fluorine terminated surface.
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1 Introduction

1.1 Bacteria and Algae

Bacterial infections and their subsequent complications are a constantly evolving problem faced
within the medical sector. Current methods of preventing and controlling infections rely primarily
upon antibiotics, an area which encounters a range of problems. New antibiotics are expensive to
develop, with little chance of profitability; meaning fewer pharmaceutical companies are willing to
invest time and money into their development.! With growing concerns of antibiotic resistant strains
of bacteria, new methods of limiting such infections are being developed in an attempt to reduce
the dependence we currently have on antibiotics.

The beginnings of a bacterial infection occur when bacteria adhere to a suitable, inert surface. At
this stage, the bacteria are still susceptible to attack from antibiotics so the infection can be
combated relatively easily. Given time the bacteria will begin to proliferate and irreversibly attach to
the surfaces through the formation of a biofilm, an extracellular matrix of exopolysaccharides and
proteins (Fig. 1), this process is termed biofouling.Z Once a biofilm has been formed the bacteria
within it are typically 10-500 times less sensitive to previously deadly antibiotics.>* If a biofilm of
pathogenic bacteria were to form within the body, for example upon an implant, the infection would
be essentially untreatable by conventional methods.? The implant would have to be fully removed
from the body, a very traumatic surgery for even the healthiest patients, and either replaced by a
completely new implant or thoroughly cleaned and then put back into place.® With this in

mind, development of surfaces that can prevent the formation of biofilms altogether (antibiofouling
surfaces) is important for future protection against bacterial infection.

Figure 1. An SEM image of a biofilm formed upon a steel water pipe.

Although not related to bacteria, algae have some similar properties; most notably the ability to
form biofilms on suitable surfaces.” Again, once fully formed the algae are very difficult to remove
due to the multi-layered biofilm structure protecting the inner microorganisms.? Depending upon
the surface on which they grow, the biofilms and any further algae growth can cause various
problems; for example, decreasing the manoeuvrability of a boat and increasing fuel consumption by



up to 50%.? Many different methods of either removing or preventing algal biofilms have been
developed, however no one current solution is suitable for all applications. For example, a Teflon
non-stick coating requires flowing water to be effective, making them little use for the protection of
jetties and other stationary objects. Current solutions include biocides such as copper oxides, which
actively kill microorganisms attempting to attach®, and self-polishing paints which stop algae from
binding in moving water.!! In some applications a non-stick coating, typically fluorinated polymers,
has proved to be a suitable method of protection from algal biofilms, this is also used to protect
against bacterial biofilms."

The process of bacterial adhesion depends upon many factors, most importantly the species of
bacteria and the surface to which they adhere to. In this investigation the surface being adhered to
is non-living or abiotic, this typically means adhesion proceeds via nonspecific interactions. The first
phase of bacterial adhesion is the reversible docking phase, adhesion here is governed by a
combination of forces, including but not limited to: van der Walls, steric interactions and
electrostatic forces. The second stage is known as the locking or anchoring phase, this stage is
typically irreversible. Bacteria that have begun to adhere produce and release exopolysaccharides,
these complex with the surface, forming strong bonds to it.** During and after this stage other
microorganisms are able to stick to any already bound cells with greater ease, increasing overall cell
adhesion rates.**

1.1.1 Cell Wall Structure

Bacteria can be divided into two distinct classes: gram-positive and gram-negative (Fig. 2). This
classificqtion system was developed by Hans Gram in 1884and is related to how different bactri
retain staing molecules.”® The most important difference between them, in the scope of this work, is
the structure of their cell walls. These two types of bacteria have a similar basic cell wall make-up,
containing a phospholipid cell membrane, and a peptidoglycan layer which provides the walls
rigidity.'® The peptidoglycan layer of both is a biopolymer consisting of two amino sugars, N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). The differences between the two classes
of bacteria are the thickness and ordering of these two layers.
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Figure 2. A basic depiction of the cell walls of gram-negative and gram-positive bacteria.




In gram negative bacteria the peptidoglycan layer is relatively thin, typically 7-8 nm, and is
surrounded on either side by a phospholipid membrane. This additional membrane layer slows and
prevents certain harmful compounds, such as penicillin, from entering the cell which affords gram-
negative more resistance to antibiotics. The outermost layer is also responsible for the secretion of
exopolysaccharides which allow the cell to adhere to surfaces.™

In comparison, Gram-positive bacteria have a much thicker peptidoglycan layer, roughly 4-5 times
thicker; in some species this layer is up to 100 nm thick. The peptidoglycan layer accounts for 60-90
% of the cell wall, a far larger proportion than in gram-negative bacteria. Unlike gram-negative
bacteria, the peptidoglycan layer is the outermost section of the cell wall, with no added protection
this typically makes the cells more susceptible to antibiotic attack. However, the increased thickness
of the peptidoglycan layer has other benefits, namely increased resistance to mechanical stress upon
the cell, making cell rupture more difficult. The cell walls also retain their shape more effectively so
will conform to a surface's topology to a lesser extent.

The strain of bacteria that will be used in this research is staphylococcus aureus, a gram-positive
bacterium. Previous studies have been carried out into the structure of the cells wall of these
bacteria, with findings relevant to this work. Analysis of the different compounds present within the
cell wall found that the major component was N-acetylglucosamine, one of the two compounds
which make up the peptidoglycan layer, suggesting this layer is thick in this bacterial species.” As
previously noted, this thick layer will provide a large amount of rigidity in the cell wall, and likely
make it resistant to external stresses. The diameter of these roughly spherical bacteria is shown, via
SEM, to typically be less than a micron.

Algae are a very biodiverse group of organisms; some estimates predict the number of algae species
to be over 1 million. This vast biodiversity results in a wide range of cell sizes, shapes and structures;
within single cell species alone cell diameters range from 0.5 microns in Prochlorococcus to 1 mm

in Ethmodiscus.*® Similarly to both classes of bacteria, the cell wall of algae typically contains a layer

of polysaccharide which provides the majority of the cell’s structural integrity.'® The thickness of this
rigid layer is dependent upon the species of algae and can vary widely. It should be noted that some
single celled green algae do not have a rigid cell wall, so this does not apply to these species.

1.1.2 Bacterial Testing

Bacteria upon a surface can be analysed in a number of ways, with each test providing different
information. The first and one of the most widely used tests is a live/dead assay; this staining
technique allows for differentiation between live and dead cells. In a typical live/dead assay, the
dyes SYTO 9 and propidium lodide are used; SYTO 9 a cell-permeant dye that diffuses freely across
membranes into live cells and into the nuclei, where it binds to nucleic acids and produces a green
fluorescence. Upon binding to nucleic acids the dye is no longer membrane permeable, and so is
retained by living cells. Although propidium iodide also intercalates nucleic acids, it is a very
hydrophobic dye, and as such cannot cross cell membranes, instead it can only enter apoptotic cells
with damaged membranes, where it produces a red fluorescence. Once bacteria upon a surface
have been stained they are characterised via fluorescence microscopy to allow counting of live and
dead cells.

Another test commonly employed is a colony forming unit (CFU) assay; a CFU assay estimates the

number of cells or groups of cells, which have the ability to multiply under given conditions. For this
test to be carried out the colonies have to be grown until visible to the eye, this is typically done by
incubation at 37 °C for up to 24 hours after which colonies are counted. Using the dilution factor of



the applied bacterial solution, compared to the initial bacterial stock, and the volume of culture
applied to the surface the results can be calculated.

1.2 Antibiofouling Surfaces

There are many known naturally occurring antibiofouling surfaces, many of which have this property
due to their surface wettability; being either very hydrophobic or very hydrophilic, with each
providing bacterial protection in different conditions.?’ Rather than killing bacteria, super-
hydrophobic surfaces reduce the bacteria’s ability to adhere to the surface and therefore reduce the
chance of biofilm formation.?* One of the first examples of this found in nature was the Lotus leaf,
with a very high water contact angle and a low slip angle (Fig. 3). When water comes into contact
with the leaf it forms a ball and rolls off the leaf, as it moves it picks up any foreign bacteria leaving a
cleaned surface behind.? Unfortunately this system of protection is only effective in applications
where water will be present to clean the surface and remove foreign bodies.

Figure 3. A lotus leaf displaying superhydrophobic properties.

In an alternative manner, hydrophilicity can also protect a surface from bacterial adhesion in certain
circumstances. This protection occurs through a layer of water being adsorbed onto the surface. The
layer of water that forms on the surface reduces the ability of bacteria to adhere by inhibiting the
initial docking phase of adhesion. It does this by introducing unfavourable hydrophobic interactions
between the cell and the water layer.” The surface must therefore be in an aqueous environmental
all times or the surface will dry, limiting the possible applications of this method. In other cases,
hydrophilic polymer can be added to a surface to reduce bacterial adhesion, these polymer chains
themselves interfere with adhesion and can stop bacteria spreading over a surface.?*



1.3 Bactericidal Surfaces

A material is said to be bactericidal if it kills bacterial cells upon contact, the mechanism of cell
destruction can either be chemical or physical. Many of the naturally occurring bactericidal surfaces
rely on physical methods of killing, rather than chemical methods which many man-made surfaces
employ.? One such surface employing a chemical method, created by Aumsuwan et al, consists of a
polymer layer to which penicillin is covalently attached; it was shown to be effective against
Staphylococcus aureus, a gram-positive bacterium.?® New methods of protection against bacterial
infection are being developed to reduce our reliance on antibacterial chemicals.?” This also aims to
slow the prevalence of antibiotic resistant bacteria by making the use of antibiotics less common.

Other surfaces employ metal nanoparticles, which have been proven to have antibacterial
properties. A range of different metals have been investigated and silver nanoparticles are widely
regarded as the most effective antimicrobial agent; being able to kill bacteria, viruses and certain
other micro-organisms.? Silver nanoparticles kill bacteria by distorting the cell wall, leading to cell
death. The moisture exposed, outermost layer of silver is slowly oxidised which releases particles of
ionised silver. These particles are highly reactive and bind to the structural proteins found within the
bacteria cell wall, this process distorts and eventually kills the cell.”® The nanoparticles are actively
being depleted over time in this process, making this an unsuitable solution for many long-term
applications.?® One area they are still commonly used is in wound dressings as the nanoparticles
have relatively low toxicity to humans and the required therapeutic window of the surface is low.*

A recent area of interest for bactericidal surfaces is surfaces that cause a physical method of cell
death. This removes the concern of bacteria growing resistant to antibiotics and should also reduce
constraints on the length of time that surfaces can be deployed whilst remaining effective. These
surfaces typically have a specific nanostructure which makes them deadly to microorganisms that
adhere to them. There are many naturally occurring bactericidal surfaces found throughout nature;
this has prompted research into bio-inspired surfaces aiming to mimic the properties of said
surfaces.””

Naturally occurring bactericidal surfaces typically rely upon some sort of surface protrusion on the
nanoscale, for their bacterial resistance. The skin of a gecko is one such example, the skin is covered
by an array of spinules or hairs, the hairs are typically a few microns long, have spacing of a few
hundred nanometres and a slight curve (Fig. 4).3* The skin is also superhydrophobic which provides
some self-cleaning properties, similar to the lotus leaf. Watson et al. showed that gecko skin was
bactericidal towards Porphyromonas gingivalis, a gram-negative strain of bacteria. The unique
nanostructure of the gecko skin was synthetically replicated, through casting the skin, by Green et
al., the resulting surface was shown to be an effective bactericidal surface, with no decrease in
efficacy compared to the skin itself.?® This result suggests that the structure of the skin alone is
responsible for its bactericidal properties.
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Figure 4. An SEM image of Gecko skin, showing the nano-structure responsible for its bactericidal
properties."'z

Whilst investigating the antibiofouling properties of the Psaltoda claripennis wings, a species of
Cicada, Ivanova et al. discovered that the wings were actively killing bacteria that adhered to the
surface.® It was previously thought that the wings relied upon their superhydrophobicity to provide
a self-cleaning system of protection against bacteria. However, characterisation of the wings by
electron microscopy revealed that the surface contained a hexagonal array of nanopillars; each pillar
approximately 200 nm tall with an average spacing of 170 nm from centre to centre (Fig. 5).
Biological testing was undertaken, and the wings were shown to be deadly towards Pseudomonas
aeruginosa, a gram-negative bacterium. The wings killed most of the bacteria within 5 minutes of
cell attachment.

Figure 5. A top down SEM image of the Cicada wing, showing the distribution of the nano-pillars.®*

To prove that the structure of the wing is responsible for the bactericidal properties, the wings were
coated in a thin layer, approximately 10 nm, of gold by magnetron sputtering, changing the
hydrophobicity of the surface. The new surface was examined by atomic force microscopy and the
topology was shown to be almost entirely unchanged. Biological testing was repeated upon the gold
coated wings; the results showed no substantial change in the bactericidal activity of the wings. This
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suggests that the nanostructure alone is responsible for the death of adhering bacteria, via a
physical mechanism of cell rupture.

Further research was performed by Hasan et al., investigating the bactericidal properties of cicada
wings toward different strains of bacteria, particularly gram-positive species.*® The research looked
at three gram-negative strains and three gram-positive strains and the wings were again shown to
be effective against gram-negative strains, supporting the previous data(Fig. 6). However, the three
strains of gram-positive bacteria were all shown to be resistant to cell rupture when adhering to the
wings. As covered previously, the cell wall of gram-positive bacteria is multiple times thicker

than those of gram-negative. It can be suggested that this increase in thickness will

improve resistance to mechanical damage from the nanostructures.

Figure 6. An SEM image of a Pseudomonas aeruginosa bacterium after adhering to a cicada wing.>*

Research performed by Kelleher et al. investigated three different species of Cicada, comparing their
nanostructures and the resulting bactericidal activity.*® The authors found that the species with the
tallest pillars and the tightest spacing, averaging 241 nm and 9 nm respectively, killed the highest
percentage of bacteria that adhered. This suggests that the optimum surface properties for a
bactericidal surface are taller pillars, packed tightly together. This work proposed that tighter
spacing was effective as it resulted in more pillars making contact with each cell, something to be
considered when investigating new surfaces.

In previous investigations, smaller gram-positive bacteria were seen to be resistant to the physical
mechanisms of cell destruction employed by bactericidal surfaces.*> However in 2012, Ivanova et al.
discovered that the wings of the dragonfly Diplacodes bipunctata, were in fact bactericidal towards
S. aureus.*” This was the first reported case of a bactericidal surface killing gram-positive bacteria,
this encouraged further research into the area as a broader range of bacteria could now be targeted.
The nanostructure of the dragonfly wing appeared to be a lot more random than cicada wings; in
both height of the pillars and their distribution. Typical heights were a few hundred nanometers,
with average spacing of 90 nm.*®
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1.3.2 Physical mechanism of cell death

To explain the bactericidal nature of Cicada wings, Pogodin et al. developed a biophysical model of
the interactions between the cell membrane of the bacteria and the surface of the wings.* It was
suggested that adhesion of the cell onto the nanostructures of the wings greatly increases the total
area of interaction between the two; resulting in the membrane stretching to cover the increased
area. At a certain point, the membrane reaches its maximum stretching capability, so will rupture
with any further adhesion down onto the nanostructures. This model relies on certain assumptions
and simplifications; firstly, the cell wall is modelled as a thin elastic layer, ignoring the structural
details. This can be done as the cell wall thickness (approximately 10 nm in gram-negative bacteria)
is an order of magnitude smaller than the scale of the nanostructured surface (100s of nm). Again,
due to differences in scale between pillar spacing and the cell itself, the curvature of the bacterial
cell wall can also be ignored in the model.

The relatively simple model proposed is well summarised in the diagram below, the increasing area
of adhesion (S,) and the portion of the cell that is under stress (Sg) can be seen. At a certain point the
stretching of the cell becomes too much and the cell wall will rupture. The diagram visualises how
the cell wall is stretched as it tries to cover more and more of the surface.
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Figure 7. A side on, simplified depiction of a bacterial cell wall adhering to and stretching upon a
nanostructured surface.*

Building upon this model, Xue et al. developed a more mathematically based model which aimed to
explain in more detail how and why the structures of both the surface and the bacteria affected the
cell rupture.*® The model first defines the stretching degree as the difference in the area of the cell
that is adhered to the surface (Sa) and the area that is not (Sg). When the degree of stretching
reaches a certain maximum, the cell will rupture. The bacterial membrane is given a coefficient of
stiffness, rather than being a thin elastic layer. The value of the stiffness depends upon the
peptidoglycan layer; allowing the model to be applied more reliably to bacteria with different
membrane thicknesses, i.e. gram-positive and gram-negative. By considering the strength of the
covalent bonds that bridge peptidoglycan layers, numerical values can be calculated for the stiffness
coefficient.

As it considers a wider range of variables, Xue’s model can be used to determine the most efficient

nanostructure that will result in cell rupture. For example, it was shown that the nano-pillars found
on the surface of Cicada wings would be able to rupture the cell walls of gram-negative bacteria; but
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most gram-positive bacteria would be resistant. This result aligns with the findings of Ivanova et al.
in their investigations of the wing's bactericidal properties. Further investigation found that the
thicker, gram-positive cell walls should rupture when the radius of the nano-pillar is reduced. This
insight could prove helpful when developing bactericidal surfaces that can combat both types of
bacteria.
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Figure 8. A graph displaying the height of a bacterial cell as it adheres to and sinks into a cicada
. 34
wing.

There is also some physical data which supports the mechanism proposed in the above work. It was
carried out by Ivanova et. al. and used atomic force microscopy to measure the depth a bacterial cell
sinks into a surface over time(Fig. 8). The cells slowly sink into the surface over time; for the surface
and bacteria tested this proceeds until the cells are approximately 200 nm deep below the surface.
After this point is reached, the cells rapidly drop until they are almost completely below the surface
of sample (the needle tips). This suggests that at this depth below the surface the structure of the
cells change, considering the mechanism covered above it is very likely that this is the rupturing of
the cells. If the cells have ruptured and lost their rigidity it makes sense that they sink rapidly into
the surface.

1.3 Black Silicon

Black silicon is a uniquely nanostructured material; made from a single silicon wafer that has been
etched, typically by reactive ion etching (RIE).** Initially produced as an unwanted side product of
etching in the 1980s, research into the material didn’t begin until 1995.** The material consists of an
array of silicon needles, the heights of the needles varies massively depending upon the etching
conditions, typical heights range from 1 micron to several tens of microns (Fig. 9). The spacing of the
needles can also be varied to alter the materials properties. The process of fabricating black silicon
typically requires the use of the plasma of two different gases, the first of which etches away the
silicon while the second plasma reacts with the new surface and passivates it, removing any residual
reactivity.”® The result is high aspect ratio needles of pure silicon that can be reproducibly
manufactured. There are other methods that can be used to fabricate black silicon, but the etching
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process is commonly used as it is more straightforward to fine tune the conditions and therefore the
structure.
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Figure 9. SEM images of (a) a tilted view of black silicon, (b) a side on view of the same sample.

The name black silicon arose due to the materials very low reflectivity and high absorbance of
incoming light, together these properties result in a very deep black colour. The high absorbance can
be attributed to the surface morphology; the pillars have a light trapping effect as they are on a
similar scale to the wavelengths of the incoming light.** This property makes black silicon an
attractive material for use in solar cells as almost 100% of light is being absorbed.* Black silicon can
be doped to make it conductive; this doped material is being investigated for use in electrochemical
cells due to the very high surface area to electrode area ratio.*

Following their studies on natural bactericidal surfaces, lvanova et al. observed that black silicon had
a similar nanostructure to the cicada wings. This prompted the first reported study into black
silicon’s bactericidal properties against both gram-positive and gram-negative bacteria.* Black
silicon was found to be highly effective against P. aeruginosa, gram-negative, and S. aureus, gram-
positive with cell killing rates against both bacteria of approximately 450,000 cells min™*cm™. A
second gram-positive bacteria, Bacillus subtilis, was also tested; the rate of cell death was lower at
150,000 cells min™* cm™.

Although black silicon appears promising for bactericidal applications, the fragility of the material is
of concern.”” Previous work on bSi has reported that the high aspect ratio needles are prone to
damage from minute forces.* This would drastically limit possible applications as once the needles
are damagedthe bactericidal properties are diminished. Loss of bactericidal properties is not the only
issue that arises from structural damage; when snapped off the needles are very similar in size and
shape to asbestos, posing a health risk to anyone exposed. These concerns led to a method of
strengthening the needles being developed; growth of a diamond film over the needles. This
technique retains the topology of the material, and therefore its bactericidal properties, whilst
improving durability; allowing a larger range of real-world applications.
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1.4 Diamond

Diamond is an allotrope of carbon with a highly regular, tetrahedral lattice of singly covalently
bonded carbon atoms. This structure results in remarkable properties; diamond is the hardest
known material, has the highest known thermal conductivity of any natural material and is
chemically inert to all chemical reagents at room temperature. This combination of properties makes
diamond suitable for many applications, from cutting tool coatings to optical lenses.*”® *°

Diamond is naturally formed underground where pressure and temperature are extremely high, this
combination of conditions results in naturally occurring carbon being converted to its diamond
allotrope. Due to its high cost and relative scarcity research into diamond was limited at first, this
was until 1955 when Bundy et. al. developed a high pressure, high temperature (HPHT) method of
diamond synthesis.”® Although this was a breakthrough, the method had drawbacks; the conditions
required made it expensive and the diamonds grown were only single crystals. Research into
diamond growth continued, and work by Eversole has shown that it was possible to grow

diamonds layer by layer using gases at much lower pressure than HPHT methods.>* This process, Hot
Filament Chemical Vapour Deposition (HFCVD)used filaments heated to above

1000 °C. However, the growth of the resulting diamond was very slow and in addition layers of sp’
graphite were being deposited, resulting in low quality diamond films.

Building upon previous work, Angus et al developed a method of CVD diamond growth

that incorporated hydrogen gas. The hydrogen etched away any graphite that was deposited
resulting in a pure, polycrystalline diamond film.?* The diamond films that this method produces lend
themselves to a much wider range of applications than singe crystal diamonds, CVD also has the
advantage that the diamond can be grown directly onto a variety of substrates.>®

CVD diamond growth proceeds though a series of chemical and physical processes. The first stage is
the introduction of the reactant gases; typically a dilute mixture (c.a 1%) of methane in hydrogen,
this will also include dopants if growing a doped diamond film. The gases diffuse through the
reaction chamber towards the substrate but before reaching the substrate they encounter the high
temperate filament, entering what is called the activation zone.>® Here the high

temperature and resulting transfer of energy causes the gas molecules to fragment forming highly
reactive radicals.
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Figure 10. A schematic of the basic processes occurring inside a CVD reactor.>

The newly formed radicals continue to diffuse toward the substrate surface, when radicals collide
with the surface there is a chance they will adsorb and react with it. These reactions are the steps
that build up the diamond film. Unless deliberately altered, the final surface of diamond grown in
this way will be comprised of ‘dangling’ hydrogen atoms.>® Carbon can’t be the terminating atom as
it requires four covalent bonds to be stable, this wouldn’t be possible as a surface atom. If a
hydrogen radical collides with the surface there is a chance it will remove a dangling H atom from it;
producing an H, molecule. The resulting gap on the surface is a highly reactive site. Due to the higher
concentration of hydrogen in the gas mixture, the site will typically react again with hydrogen and
revert to its previous structure. There is, however, a slight chance that a methane radical will
interact with the reactive site; irreversibly forming a carbon-carbon bond. These carbon-carbon
bonds are the building steps that produce the diamond lattice.*® Given enough time a tetrahedral
carbon lattice will grow as unwanted graphitic carbon atoms are etched away.
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Figure 11. The reaction pathway which results in diamond growth, via the addition of highly reactive radicals to
the surface of bulk diamond.*®

1.4.1 Surface Termination

As mentioned above, the surface layer of diamond cannot be terminated by carbon due to the
valency that would be required; in typical conditions CVD growth results in hydrogen termination of
the film. This hydrogen termination is relatively unstable so can be replaced by other atoms or
molecules. Changing the surface termination of diamond can alter the properties, for example
certain groups affect the hydrophilicity of the surface.

Oxygen is commonly used to terminate the diamond surfaces; the process of doing so is relatively
straightforward. As the carbon oxygen bonds produced are more thermodynamically stable than
carbon hydrogen bonds, the replacement occurs over time if a hydrogen surface is exposed to air.
Oxygen termination can also be achieved through exposure of the surface to oxygen plasma, or by
dipping the sample into certain acid baths.”” Amino terminated diamond surfaces can also be
produced by exposing the surfaces to ammonia plasma.®® In a very similar manner, fluorine
termination can be achieved by using plasma of fluorine containing gases such

as sulfur hexafluoride.”
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Surface termination may affect the bactericidal properties of a material due to the affect it can have
upon the surface wettability. More hydrophilic surfaces have been shown to increase rates of
bacterial adhesion compared to hydrophobic surfaces. Considering bactericidal surfaces, it could be
suggested that more adhesion is a good thing; more bacteria on the surface may result in a higher
rate of cell destruction. This general trend of increasing cell adhesion is true for relatively flat
surfaces but does not necessarily apply to the highly nanostructured surfaces being used in this
research. In fact some work has shown that increasing hydrophobicity may actually increase
adhesion to such surfaces.®

19



1.6 Previous Work

Significant work has been conducted regarding the bactericidal properties of black silicon. It has
been shown to be effective against both gram-negative and gram-positive strains of bacteria, with
higher death rates displayed by gram-negative strains. The bSi needles used in these studies were
approximately 500 nm long, with a spacing of 200 nm.

Within the Bristol diamond group work has been undertaken looking into black diamond, and how a
diamond coating affects the bactericidal properties of the material compared to bSi. The results of
this work were promising, showing an increase in cell death by over 20% compared to a flat diamond
control. The diamond coating did slightly decrease the cell death percentage when compared to bSi;
this is thought be caused by increasing tip diameter.

Different surface terminations have been carried out, and the resulting samples were also tested for
their bactericidal properties. It was found that increasing the surface hydrophilicity, through oxygen
termination, reduced the cell death percentage by almost 15 %, compared to an H-terminated
sample.

All work done in Bristol has been using gram-negative bacteria, in particular Escherichia coli. This

leaves a gap in the research as no gram-positive bacteria have yet been tested on black diamond
surfaces.
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1.7 Project Aims

The major aim of this work was to build upon the research that has previously been completed
within the diamond group; to investigate the bactericidal properties of black silicon and black
diamond. More specifically this work aimed to test how well such materials can be used to control
the adhesion and growth of gram-positive bacteria; an area that has not yet been looked into. It also
aimed to measure the effect that fluorine termination has upon the bactericidal properties of black
diamond.

We hoped to achieve this by first fabricating black diamond using a range of bSi, ensuring the level of
growth preserves the fine nanostructure. Half the samples would be fluorine terminated to test the
effect this had. Bacterial testing will be carried out upon the samples, measuring the number of dead
and alive cells after a short incubation, in live/dead assays.

As no work has been previously carried out using gram-positive bacteria, this work should set a
foundation for future work in this area. It should provide an insight into what properties should be
targeted for improving bactericidal properties and also what to be avoided.
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2 Methodology

2.1 Sample Production
2.1.1 Black Silicon, bSi

The first wafer of bSi used was produced by Colin Welch, from Oxford Instruments. A second wafer
used was provided by Colin Welch. Before any additional processing, the wafers were cut into
samples of size 1 cm?, using a diamond tipped scribe.

2.1.2 Seeding

A seeding solution, consisting of 10 drops of NanoAmando colloid (particle size of 3.3+ 0.6 nm, 2 %
weight/volume in water), in 25 mL of methanol was produced; the solution was sonicated by a tip
sonicator for 1 hour to ensure as little particle aggregation as possible. The bSi samples were
attached to a rotating disk within the electrospray machine, using carbon sticky pads and the disk
was rotated at 100 rpm. Approximately 5 mL of the seeding solution was added to a syringe
connected to a high voltage power supply and a voltage of 65kV was applied to the needle. The
solution flowed through the needle, depositing the nano-diamond onto the surface of the samples.

2.1.3 Diamond Growth

The seeded bSi samples were put into HFCVD reactor, the reaction chamber was put under vacuum
and allowed to reach <20 mTorr. The substrate heater was turned on and allowed to heat the
sample for 20 minutes. Gas, with a composition of 1 % methane in hydrogen, was flowed into the
chamber with a total flow rate of 200 sccm. A further 0.7 sccm of dilute diborane in hydrogen was
flowed into the chamber. By changing the strength of the vacuum applied, the pressure of the
chamber was adjusted to 20 Torr.

A current of 25 A was supplied to 3 Tantalum filaments, producing a voltage of ~9 V. The voltage
increased with time as the filament began to degrade. The growth was run for the required time
depending upon the sample; 20 minutes for 2.4 um needles and 15 minutes for 2.7 pum samples. The
methane and diborane gases were turned off 2 minutes before the end of the runs; this was to
encourage full hydrogen termination.

2.1.4 Termination

The samples requiring fluorine termination were placed into a DC plasma generating terminator, 4 at
a time. The chamber was evacuated of air and argon was flowed through for 10 minutes, the
chamber was pumped down to <10 mTorr. SF; was flowed into the chamber and allowed to reach a
pressure of 1 Torr, this was achieved by altering the vacuum being applied. A large voltage was
applied to the sample tray, generating a fluorine plasma, this was done for 10 seconds.
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2.2 Characterisation

2.2.1 Scanning Electron Microscopy

Samples were characterised via scanning electron microscopy (SEM), images were taken for further
analysis of nano-structures.

2.2.2 Water Droplet Contact Angle

Samples were loaded onto a Kruss droplet shape analyser, a syringe was filled with deionised water
and put into the equipment, with the needle diameter measured for calibration. A droplet of water
with volume 1.5 pL was produced onto the surface. Using a side facing camera, the contact angle
between the droplet and the surface was measured, using the Advance program; three
measurements were carried out for each droplet.

2.2.3 Raman

Raman spectra of the samples were collected using a Renishaw Raman Spectrometer. The laser had
a 514 nm wavelength with a power of ~30 mW. The spectra acquisitions were 6 seconds long with
10 accumulations for each sample.

2.3 Bacterial Testing
2.3.1 Culture Production

A preculture was made by suspending a colony of Staphylococcus Aureus ATCC 12600 in 10 mL of
sterile tryptic soy broth (TSB) at 37 °C and 150 rpm for 14 hours. 200 mL of TSB was mixed with the
preculture in a 1:20 dilution and incubated at 37 °C for 16 hours in a static incubator. The resulting
cells were collected by centrifugation at 6500 rpm and washed with 10 mL phosphate buffer solution
(PBS). This step was repeated once more. The cells were collected and re-suspended in PBS,
sonicated and counted in a Burker-Tirk counting chamber. A final bacterial suspension of 10’ CFU/mL
was made in TSB.

2.3.2 Live/Dead Assay

Before testing, all surfaces were rinsed with 70% ethanol and placed into a welled plate. 2 mL of the
suspension described above was added to each sample and the samples were incubated at 37 °C for
1 hour. The surfaces were gently washed in a container of PBS, by rinsing 5 times. Live/Dead®
BacLightTM bacterial viability stain was added to the sample wells and the sample were incubated at
room temperature for 15 minutes in the dark. Samples were then transferred to wells containing
PBS and were characterised via fluorescence microscopy.

2.3.3 CFU Count Assay

Before testing all surfaces were rinsed with 70% ethanol and placed into a welled plate. 2 mL of the
suspension described above was added to each sample and the samples were incubated at 37 °C for
24 hours. Samples were removed and washed in PBS, twice. The washed samples were then
sonicated for 5 minutes in 1 mL PBS to remove bacteria. The resulting PBS bacteria suspension was
serially diluted in 10 fold steps and each level of solution was spread over a TSB agar plate. Plates
were incubated overnight at 37 °C in a cell incubator and the number of colonies counted the next
morning after 14 hours.
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2.4 Black silicon production

Four 1 cm? pieces of flat silicon were layered with scotch tape in such a way that removing each
piece would expose a new quarter, with one quarter always exposed. A masking solution was made,
consisting of 10 drops of NanoAmando colloid (particle size of 3.3 £ 0.6 nm, 2 % weight/volume in
water), in 25 mL of methanol; the solution was sonicated for 1 hour. This solution was serially
diluted to produce three solutions of 25, 5 and 1 % relative concentrations. The samples, along with
the stock solution of colloids, were loaded onto the rotating metal disk of the electrospray
equipment and rotated at ~100 rpm. 5 mL of the stock solution was added to the syringe and a
voltage of 65 kV applied to the needle. When the solution has all passed through the needle the
samples were removed and a layer of tape removed, exposing another quarter of the sample. The
above process was then repeated for the 25, 5 and 1 % solutions, in that order, removing a layer of
tape each time. By the end of this each sample had a different mask concentration on each quarter.

Figure 12. Silicon samples, each masked with nano-diamond, with a different masking concentration
on each quarter.

The first of the samples was placed onto the substrate holder of the DC plasma generating
terminator. In the same manner as described previously, a DC SFs plasma was generated. The sample
was exposed to the plasma for 10 seconds. The next samples were exposed to the plasma for 1
minute, 5 minutes and 10minutes; each with otherwise identical conditions.
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3 Results and Discussion

3.1 Black Silicon

A number of bSi wafers were considered for use in the production of black diamond samples, each
with different needle lengths and densities. The SEM images below show some of the potential
samples.

Figure 14. SEM image of a second sample of bSi, with an average needle height of 2.4 um.
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Figure 15. EM image of a bSi sample with average needle length of 2.7 um.

Due to their variety of needle lengths, shapes and densities, the three samples shown above were all
used to produce a range of black diamond. The bSi shown in figure 13 can be seen to have more of a
tipi peak shape, rather than the typical needle found in the other samples. It was thought that this
change, alongside its varying peak heights, could be well suited to killing bacteria. Research showed
that the wings of dragonflies are bactericidal toward both classes of bacteria; it is thought this is due
to it possessing varying peak heights. The remaing two samples were chosen to be grown upon as
similar bSi has previously been shown to be effective at killing certain bacteria; its ability to do the
same to other strains is to be tested.

The bSi displayed in figures 14 and 15 have a needle spacing of approximately 300-400 nm, a similar
scale to the structure of dragonfly wings, which have been found to be bactericidal toward gram-
positive bacteria; this suggests that the bSi and resulting black diamond may be well suited to killing
similar bacteria.

3.2 Black Diamond

Figure 16. A sample of 1.3 um needle bSi, after 1 hour of diamond growth.
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Figure 17. A sample of 1.3 um needle bSi, grown for 30 minutes.

Comparing figures 16 and 17 it can clearly be seen that the sample grown for only 30 minutes has
retained much more of its original nano-structure, the peaks are more pronounced with much less
growth in-between the individual tipis. Considering the stretching mechanism of cell death that has
been proposed previously, it would be expected that this preservation of surface structure would
promote cell death. The cells have to be able sink into the surface and adhere down the needles
simultaneously; with shallower dips between peaks less stretching of cell membrane would be
expected. Another key structural element to consider is the needle tip size, a wider tip would
provide a better resting place for bacteria and could reduce the degree to which they attempt to
sink into the surface. With both these points in mind, the shorter growth time was decided to be
most suitable.

After considering the size and shape of the bacteria that will be used in this experiment, it was
decided that the 1.3 um tipi bSi would ultimately not be suitable for the experiment. The first factor
that led to this decision was the spacing of needles being too high, the bacteria to be used in this
experiment was to be gram-positive, with typical cell diameter of ~1 um. From figure 17, it can be
deduced that in many places on the surface a bacterial cell of that size would nestle safely between
peaks. If this were to occur, cell stretching would not take place, thus allowing the bacteria to
proliferate on the surface. Another issue was that a good portion of the surfaces fine structure was
lost in the growth process, in figure 13 the tipi peaks are comprised of a large number of smaller
peaks. This was part of the reason this bSi was chosen, in the black diamond sample many of these
peaks have rounded out, in the process forming one larger peak.

bSi with 2.4 um needles was then investigated, three different diamond growth lengths were
attempted, 20 minutes, 40 minutes and an hour. Two of the resulting surfaces are pictured below,
the hour growth is not included as the peaks were barely visible due to overgrowth.
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Figure 18. 2.4 um bSi, after 40 minutes of diamond growth.

Figure 19. 2.4 um bSi, after 20 minutes of diamond growth.

Looking at figure 18 and 19 above, it is clear that after 20 minutes of growth a much larger degree of
the nanostructure is preserved. Much fewer of the needles have clumped and filled the troughs
between them, leaving the gaps required for the bactericidal action. On the 40 minute sample the
needles have also rounded out to a greater degree, increasing the needle tip diameter; this is
expected to decrease the bactericidal properties. With this in mind, 20 minutes was selected as the
optimum growth time as it provided a full coating on the needles whilst minimising loss of fine
structure. Looking back at the tipi peaks it is clear that the needles have a more defined point and
better spacing; two properties likely to increase the cell death rate. Once the growth length had
been decided a full set of 16 identical samples was produced.
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After this first set of samples had been tested for bacterial testing, a new wafer of bSi, with an
average needle length of 2.7 um was acquired (Fig. 15). Based on growth times used for the previous
bSi, initially 20 minutes of diamond growth was carried out on the sample. An SEM image of this is
shown below (Fig. 20). Although the surface is fully coated in diamond, there are some areas in
which the needles have been overgrown and clumped together. Knowing the effect this may have
upon the bactericidal properties a 15 minute growth was carried out.

Figure 21. 2.7 um bSi, after 15 minutes of diamond growth.

In figure 21, in the bulk of the surface the needles are far better separated; based on the proposed
cell death mechanism this should improve the surface’s bactericidal properties. Another key
difference between the two growth lengths is the needle tip diameter; figure 21 displays a
noticeably smaller tip. This factor will also likely improve the bactericidal properties.
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3.3 Water Droplet Contact Angle

2.4um bSi H -
F -

2.4 um bDia H 81.3
F -

2.7 pm bSi H 112.2
F .

2.7 um bDia H 68.7
F .

Complete wetting of the droplet onto the surface was observed for five samples, the four fluorine
terminated surfaces and the 2.4 um bSi sample, in each case the droplet touched the surface and
instantly lost its shape. This meant no contact angle could be observed or measured. All of the
fluorine terminated samples gave the same complete wetting outcome; this suggested that this
polar surface bond reduces the sample’s hydrophobicity. This was not the expected result as fluorine
termination typically increases hydrophobicity. The combination of fluorine termination and the
nanostructure of the surface must, in some way, interfere with the surface tension. No surface
tension results in a loss of droplet shape and therefore surface wetting.

Interestingly, the hydrogen terminated sample of: 2.7 um bSi, 2.7 um bDiamond, and 2.4 um
bDiamond were all able to give reliable results. A surface is classified as hydrophobic if the water
droplet contact angle is over 90°, making only the 2.7 um bSi hydrophobic. This was likely due to a
combination of its surface properties, one potential explanation being the hydrogen termination
preventing the nanostructure from interfering with surface tension; stopping surface wetting from
occurring. For this to be the case there would have to be another difference between the H-
terminated 2.7 um bSi and bDiamond, to cause the difference in hydrophobicity. A possible differing
property is the needle tip size; with no diamond growth the tip diameter is much smaller in the bSi
sample. The water droplet may sit atop the smaller needles more easily, resulting in higher contact
angles.

The 2.4 um bDiamond sample was shown to be slightly hydrophilic with a contact angle of 81.3. This
is most likely due to similar reasons as mentioned above for the 2.7 um needles. However, the above
explanation doesn’t fully explain these results as the 2.4 um bSiresulted in complete wetting of the
surface, therefore in this case the smaller needle tip did not increase hydrophobicity.
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With this in mind it should be said that the explanations given above are hypotheses that attempt to
make sense of the data that was available. To be sure of any of this reasoning more experimental
data would be required. Firstly, more samples of bSi should be tested, with careful note of the
needle tip size. Another property to consider is the density of the needles, as this would affect how
the water droplet sits upon the surface. A greater range of surface terminations should also be
investigated, looking into terminations such as oxygen, which is expected to increase hydrophilicity
rather than decrease like fluorine.

Flat Silicon H 31.2
F 61.1

Flat Diamond H 98.9
F 86.4

After the interesting results found with the nanostructured surfaces, control tests were carried out
upon flat samples. These were performed to ensure the fluorine terminations were successfully
depositing fluorine on the surfaces. A polished surface of silicon was the first to be tested on in this
manner. Reassuringly, the water contact angle almost doubled from 31.2° to 61.1°; this shows a
drastic increase in hydrophobicity and revealed that the termination had been successful. Next, a
flat sample of diamond was tested, here the contact angle decreased slightly after fluorine
termination. The decrease is relatively small and can be explained by the roughness of the surface.
Unlike the polished silicon surface, the diamond contained many imperfections and grain
boundaries; these probably affected the terminations effectiveness.
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3.4 Raman
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Figure 22. Raman spectrum of uncoated bSi, with 2.4 um needles.
—— Counts

14000

12000 - I \

|
10000 - b /

Counts
Z
—
s

8000 |
6000 \

4000 |

I

2000

T T T T T T
600 800 1000 1200 1400 1600 1800 2000

Wavenumber Shift (cm™)

Figure 23. Raman spectrum of 2.4 um bSi after 20 minutes of diamond growth.
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Figure 24. Raman spectrum of 2.7 um bSi after 15 minutes of diamond growth.

Silicon typically shows a peak in a raman spectrum at about 520 cm™, this peak has been cropped
from figure 22 to allow the other peaks to be seen, as the first order peak has a very high intensity.
The removal of this peak also allows for continuity between the other spectra. The peak seen at 950
cm™ can also be attributed to silicon and has been reported in literature to appear in the raman
spectrum of nanostructured silicon.®

Diamond displays a peak at 1332 cm™ in a typical Raman spectrum; looking at both figure 23 and 24
it can be seen that such a peak is missing. This is, at first, unexpected as we have grown a layer of
diamond upon each of these samples so would expect to see this peak. However, this peak isn’t
detected due to the crystal size of the diamond that is present. Smaller crystals, in this case nano-
diamond, result in a peaks that are shifted to lower wavenumbers. This is reported throughout the
literature, with peak typically is found at 1100-1200 cm™ dependent upon crystal size.

Considering the growth conditions of these samples it makes become clear why such peaks were
observed. The samples were seeded with a nano-diamond solution, and the growth times were
relatively short, resulting in the crystals within the diamond layer remaining relatively small. These
nano-crystals can be seen in the SEM images (figures 16-21) of the black diamond samples.

A final point to note is the clear difference between the spectra of the bSi and the bDiamond,
suggesting that the surface composition has been drastically changed. The large peak at 950 cm™is
no longer present in the bDiamond spectra, and the peak at 1150 cm™ can’t be seen in the bSi
spectrum.
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3.5 Black silicon fabrication

From initial inspection of the samples it was clear the required specifications had not been fully
achieved. The samples did not have the deep black colour that can be seen in other pieces of black
silicon, there was however a slight colour change within some of the samples, the polished finish
was lost and the colour changed from silver to an off white.

Vo

Figure 25. Masked silicon wafers, before etching.

Figure 26. A sample after 5 minutes of plasma etching.
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Figure 27. A sample after 10 minute of plasma etching.

Images of the sample that were etched for 10 seconds and a minute are not included here as they
are almost identical as to before any etching. From these images alone very little can be deduced
and so the samples wer analysed by SEM,the data from which are shown below.

Figure 28. SEM image of the silicon sample with a 131 % relative masking concentration, after ten
minutes of etching.
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Figure 29. SEM image of the silicon sample with a 131 % relative masking concentration, after ten
minutes of etching.

The two figures above show one of the best surfaces that was fabricated using the procedure
outlined above. It is clear to see that some etching has occurred as the surface is no longer a flat
polished surface; this reassures that the SFg plasma had been generated successfully. Looking in
more detail, it can be seen that the peaks on the surface of this sample are unfortunately not
particularly needle like, possessing more of a tipi structure. Whilst some of the bSi previously worked
with did have a similar structure, it was deemed unsuitable for the bactericidal application of this
experiment. The two images also show a certain number of residual diamond particles on the
surface, these would need to be removed before the samples could be processed any further.

More importantly, we must consider the scale of the structural elements on the surface. The peaks
in this sample are up to 1 micron thick, with peak to peak separations up to several microns in
length. Considering the size of the bacteria in question (~1 micron), and the mechanism of cell
death, it is very likely that the surface would not be capable of killing bacteria. It is more likely that
any bacteria to adhere to the surface would rest between the peaks with no membrane stretching
occurring. This is before considering a diamond coating, which has been consistently shown to
reduce cell death rates.
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Figure 30. SEM image of the silicon sample with a 1 % relative masking concentration, after ten
minutes of etching.

Interestingly, the surface of the sample shown above has a very similar peak density to the sample
with much higher masking concentration. This test was conducted with the thought that the masking
density would determine the density of peaks, as only the silicon under diamond particles would
have been protected from the plasma. This result suggests that perhaps the mask that was applied
does not actually affect the etching rates and there is a different etching mechanism producing the
peaks observed.

Just like the previous sample, the aspect ratio of the peaks is too low, with a tipi structure rather
that the desired needles. The consistency in shape between the two does again suggest the mask is
not responsible for the nanostructure we are seeing.

After further research into the fabrication of black silicon it was observed that changing the gas
composition within the chamber altered the way the plasma etches. To achieve the needle
structure, the plasma composition will need to be altered, adding small concentrations of dopant
gases to the mixture.
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3.6 Bactericidal Results
3.6.1 Cell Death Percentages
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Figure 31. A graph displaying the cell death percentages of a range of samples.
Label Sample Description
A F-terminated flat diamond
B F-terminated black diamond
C H-terminated flat diamond
D H-terminated black diamond
E Black silicon

The first results to look at are those for samples A and B, the two fluorine terminated samples; it has
been found that the flat diamond control actually had a slightly higher cell death percentage than
the black diamond sample. It should be noted that the difference is very small and would very likely
be found to be insignificant with more repeats, however this was limited in this first run of testing
due to time constraints. This result is, of course, unexpected as the needles have been previously
shown to improve cell death rates but again further work would have to be performed to show that
this result is significant. However, previous work in this area has focussed only on gram-negative
bacteria so there was a certain amount of uncertainty regarding how effective the surfaces would be
against gram-positive bacteria.
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With samples C and D, a similar trend is seen, with the flat diamond control having a higher cell
death percentage. The difference between the two results is larger and more significant, with almost
a halving in cell death percentage. Again these results are unexpected and will need to be repeated
to ensure reproducibility.

Comparing the two black diamond samples, B and D, fluorine termination affords a higher cell death
percentage. Considering this, it could be argued that fluorine termination has improved the
bactericidal properties of the sample. Despite this increase, it cannot be ignored that the flat
samples were both shown to have better bactericidal properties. This limits any possible applications
of black diamond as a bactericidal surface, at least in places where gram-positive bacteria are
present.

The result for sample E, an uncoated piece of bSi, provides the highest cell death percentage of the
whole set. The result is only a few percent higher than the other samples, but it does suggest a more
efficient killing surface. To improve cell death percentages in the future, it appears, as expected, the
fine nanostructure of the bSi should be preserved as much as possible. This could mean finding ways
to decrease tip diameters for example. As covered in the introduction decreasing tip size has been
linked to an improvement of bactericidal properties in the wings of dragonflies; this should extend to
black diamond surfaces.

Whilst analysing the results above, it needs to be mentioned that the testing was not carried out in
an ideal fashion. The ability to perform repeats was severely limited, with samples only able to be
used once. We expected the flat samples to be reusable after cleaning but with the cleaning
methods attempted, this was not found to be the case. A larger number of the black diamond
samples were sent for testing, however multiple were damaged in transport. Time constraints also
played a part in the limited testing, with many samples being left unused. At this current time, data
from only one repeat of each sample was available. This lack of repeats means no concrete
conclusions can be drawn, at least not with high certainty.

Figure 32. An SEM image showing bacteria on the black diamond needles of sample D.

In order to better understand the results of this testing, SEM images of the surfaces were taken,
after an hour of incubation at 37 °C. In figure 32 above, the bacteria can clearly be seen upon the
surface of sample, with the majority fully intact. This is as expected as the cell death percentage for
this particular sample was only 17%. The important thing to note is that the bacteria appear to be
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sitting atop the needles, rather than adhering down the needles and into the surface. This adhesion
down the needles is required for the mechanism of cell death to occur. This image shows us that the
structure of these samples is not suitable for this strain of bacteria; this is not to say that they may
not be suitable for use with other strains. It is expected that these smaller sized bacteria will require
more densely packed needles as the bacteria must be able to come into contact with several at a
time for the stretching to occur. This idea of many points of contact was suggested by Kelleher when
he investigated the wings of several cicada species.*® Smaller needle tips will most likely be more
suited to these bacteria for a similar reason.

3.6.2 Number of adhered cells

©
=
Q
ofd
(S}
©
2 100
©
o
w 80
< [72)
e =
Q@ 60
Y= Q
o
¢ 40
E
>
2 20
S 0
2
A B C D E
Sample
Figure 33. A graph displaying the total number of adhered cells to each sample, after one hour of
incubation.
Label Sample Description
A F-terminated flat diamond
B F-terminated black diamond
C H-terminated flat diamond
D H-terminated black diamond
E Black silicon

40




Comparing the fluorine terminated samples to the hydrogen terminated ones, it can be seen that
the fluorine terminated had a higher number of adhered cells, when comparing the similarly
structured samples (A compared to C, and B with D). This suggests that the fluorine on the surface of
the sample creates a stronger attraction between it and the cell. The polar surface bonds likely have
a favourable interaction with the bacterial binding proteins; which are employed by cells to adhere
to surfaces. This is also found to be the case in other work surrounding highly nanostructured
materials.®

Another point to note is that the black diamond samples both have a higher number of adhered cells
than their flat controls with the same surface termination. Knowing the samples are otherwise
identical it can be assumed that the surface structure is responsible for this difference. In literature
surrounding this area, it has been shown that bacteria adhere more favourably to rougher surfaces;
this follows in the results above as the nano-structured black diamond is the rougher of the two
samples.

There are some points of concern when considering this data, the first being that there is no way of
knowing the percentage of cells that are adhering. To enable this, the total number of cells that
come into contact with the surface would also have to be recorded; this would be a very difficult
task with no straightforward solutions. Having this data would shed a light onto how favourable
interactions between surfaces and bacteria actually are. Without knowing that the same number of
cells came into contact with each surface, we cannot be confident that the fluorine surfaces are
actually adhered to at a higher rate, just that a higher number have.

As with the data for cell death percentages, the lack of a good number of repeats reduces the
confidence in any conclusions that are drawn. This uncertainly is also displayed here by the large
error bars that are displayed on the graph. In many cases the differences between two results are
largely eliminated by the error bars, meaning the results are very possibly not significantly different.
For example samples C and D, the error bars for these two samples are overlapping so concluding
that there is any real difference between the two is a weak conclusion at best. Of course, with more
repeats the errors may reduce which would allow for an increased level of confidence in the data.
Ideally a greater number of repeats would have been carried out, but again the issues with cleaning
the samples and time constrains did not allow this.

When moving forward with this work, fluorine termination should be considered as a method of
increasing the cell adhesion. However, considering the limitations of the current data, a wider
number of samples should be tested to ensure the validity of this idea. In the scope of this work
increasing cell adhesion numbers would be beneficial as the mechanism of cell death requires
bacteria to fully adhere to the surface before death occurs.
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3.6.3 CFU Counts
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Figure 34. A graph displaying the results of a CFU count assay, after 24 hours of incubation at 37 °C.

The graph above shows that even after an ethanol rinse each of the samples still contained a large
number of bacterial cells that are capable of multiplying and forming a bacterial colony. This tells us
that the samples are not able to be reliably tested upon more than once as the bacteria that are
retained from previous tests will interfere with results. It can be seen that sample B and D had a
higher number of CFU’s compared to the flat controls, suggesting that the bacteria adhered more
strongly to the nano-structured surfaces. More vigorous methods of cleaning could be employed but
doing so runs the risk of damaging the needles, even with the added strength the diamond provides.

Figure 35. A fluorescence microscopy image of sample B after 5 hours of incubation at 37 °C.
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This image displays the surfaces inability to inhibit the growth of bacteria that have adhered to the
surface as there are very few dead cells compared the large number of living cells. This suggests that
although the surface may be able to kill a certain percentage of cells that adhere, once a cell begins
to replicate the surface does very little to slow this process down. This issue would make such

surfaces of little use in many applications as they will not stop bacterial proliferation and biofilm
formation.
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4 Conclusion

Firstly, the black diamond grown from the 2.4 um needle bSi has been shown to not be an effective
bactericidal surface towards staphylococcus aureus, a gram-positive bacteria. The flat diamond
controls used in this work resulted in a higher percentage of cell death than black diamond.
However, the surface that was produced may be effective against other gram-positive bacteria; this
would likely depend upon the cell size and shape. The cell would likely need to make contact with
more needles so perhaps larger cells would be killed by the surface. Based upon previous work, the
needles would probably be effective against gram-negative bacteria but this would need to be
tested.

Fluorine termination marginally improved the surfaces bactericidal properties of the surfaces as the
F-terminated black diamond sample had a slightly higher cell death percentage. Considering that the
flat diamond controls had higher cell death, this may have little use with these specific samples; this
could still be applied in any further work however. Fluorine termination was also shown to increase
cell adhesion to the black diamond; this fact may prove useful in future work. The data regarding cell
adhesion is of limited confidence as no value for the total number of cells coming into contact with
the surface was recorded. Due to a lack of data, the above conclusions must be considered critically,
as there is no way to be sure of the repeatability of results.

Lastly, the fabrication method of black silicon attempted in this work was unsuccessful, producing
surface protrusions that were both the wrong structure and size. More fine-tuning of the etching
process will be required to produce the nano-needles that were aimed for. However, there is
confidence that the plasma generated was capable of etching silicon, and an exposure time of ten
minutes should be suitable to generate the needle height required.
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5 Future work

The first and most important next step will be to perform more repeats on the samples that have
already been produced. There is an entire new set of samples ready for bacterial testing, and several
of the 2.4 um black diamond samples that can be used as repeats. These repeats would allow for
greater levels of confidence in the results; they may even result in new conclusions as the data is
analysed.

Building on from this, a greater range of black silicon should be tested upon, with different needle
heights and densities. | believe that the most important property to look at will be the density of the
needles as this determines how many needles each bacteria will come into contact with; this is also
affected by the needle tip diameter. Research into naturally occurring bactericidal surfaces has
shown that the wings of certain dragon fly are bactericidal towards gram-positive bacteria. It is
thought that this is due to the varied heights of the peaks on the wing. Considering this, | suggest
that bSi with varying needle heights on the same sample should be tested for a surface that is
bactericidal toward gram-positive bacteria.

The samples produced in this work should also be tested against different strains of bacteria, both
gram-positive and gram-negative. The efficiency of the surfaces will of course be affected by the
structure of the bacteria itself. | expect that larger cells (i.e. gram-negative and certain gram-
positive) will be effectively killed by the surfaces that have been produced, as enough of the needles
will make contact with the cell membrane.

Lastly, a new area of research to be looked at is how well, and if at all, black diamond surfaces can
be used to control algae adherence and growth. With such a large biodiversity within algae | expect
it will be exceedingly difficult to find a surface that is suitable for all applications. This project has
shown how difficult this can be when working between the two classes of bacteria. However, algae
similar in size and structure to bacterial cells are likely to be susceptible to the mechanism of cell
death that is employed by black diamond.
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