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ABSTRACT : Plasma processingge, functionalisation and deposition of antibacterial coatings, is often
used to enhance surface properties of biomaterials. Plasma is, howeveyrafoion active medium,
andthe result of processing depermsthe nature dboththe plasma and the substratum. Here we show
that when an antibacterial coatinge( polyterpenol) is plasma polymerised onto four types of titanium
substrata that differ in their micrand nancscale topography (but not thmulk chemistry), the
distribuion of functional groups,.g., —-OH and —C=0, in the polymer across the surface differs
sufficiently, and so doethe antibacterial activity of the resulting material system. While the addition of

a coating hinders biofilm formation by Staphylococcus aurand Pseudomonas aeruginosa, the
bactericidal effect is significantly stronger in polymers deposited onto surfaces possessing lower degres
of nanoscale roughness, e.gubstrata after mechanical and chemical polishiffee reduced
antibacterial efficacy ithe case of greater surface roughméssubstratde.g.for mechanically polished

or lotusleatf-like surfaces)s attributed to a greater extent of thickness ooifermity and heterogeneity

in the functional group distribution across the surface. These findings suggest that the magnitude ar
distribution of topographical feature$ the substratum should be considered when designing plasma

enabled surface modification strategies.

1. Introduction

Low-temperature plasmas represent a powerful platform of processing tools for surface modification o
a wide range of materials for matgchnological and biomedical applicatididsb]. In processing of
materials that interface with living tissue&-§], including coronary stents, orthopaedic |dmsshring
implants and polymer catheters, plasma treatment is frequently used to impart a complex engineere
micro- and nancscale topography and/or surface chemistry without negatively affecting the bulk
properties of the material. These surface properties are important because, to a large extent, they def
how materials interact with their environmentvivo, including biomolecules, cells and tissues, and
their susceptibility to bacterial colonisatif13]. Bacterial attachment and subsequent development of

implantassociated infections remains a critical challenge for medical dete# s one that is often



difficult to address using conventional approaches,, gxgophylactic or therapeutic systemic

administration of antibiotics, because of the substantially increased drug tolerance of microorganisms i
the biofilm state as well as the growing resistance of bacteria to conventional antibiotics. For this reaso
the development of surfaces that retard biofilm development, especially those that do not rely on the u:
of conventional antibiotics but rather employ alternative chemical or physical mechanisms, is a topic o

intense research efforts in many fields, idohg in plasma nanotechnology.

Radiofrequency (RF) plasmas have been shown to be effective for thetemeeforming of natural
antimicrobial agents such as essential oils and their derivatives, including monoterpene alcohols, ar
their immobilisation on surfaces in the form of solid poly#ike® coatings with a broad spectrum
antibacterial activity against Granegative and Grafpositive pathogenic organismE3-17]. Essential
oil-derived antimicrobials, such as cinnamaldehyde, have been shown to disrupt surface colonisatic
and biofilm formation of pathogenic bacteria by modulating the intracellular signalling processes in a
number of clinicallyrelevant pathogensl$]. The application of essential dibhsed antimicrobial
coatings overoadbearing implants, such as those made of titanium and Ti alloys, represents an
attractive approach for significantly enhancing their biocompatibility and preventing their surfaces being
colonised by microorganisms. This occurs because the biocidatyaofi such coatings appears to be
limited to bacteria and not mammalian cells, which allows for the efficient attachment and proliferation

of the latter cell lines16, 19].

The unique flexibility and low temperature of plashssed processing allows for the deposition of
biodegradable essential-tiased coatings over complex three dimensional shapes, including cotton and
viscose fabrics40], as well as polymer, ceramand metallic biomaterials that are expected to come
into contact with biofluids, human cells, and pathogenic microorganisms. At the same time, low
temperature plasma is a highly energetic, sustainecegotfibrium system featuring essential non
uniformity with respect to its spatiotemporal properties, often resulting in a wide variety of flow, thermal,
and chemical instabilities. In the case of processing electrically active and conductive media, such &

deposition over the surface of titanium, the complature of the interaction between plasma and the



substratum can lead to thedistribution of fluxes of energy and matter to the surf2d¢ The extent

of this resulting nomuniformity may at least in part be controlled by the characteristics of the surface,
including its topography, morphology, ordering of ndeatures and chemistr22]. The implication of

this nonuniformity is that surfaces possessingpranounced degree of physical or chemical non-
uniformity may promote the deposition of a coating that vaniéts chemistry and surface topography.

In addition, during the plasma deposition process, certain sections of the coating may become mol
susceptible to the farrangement of surface bonaisd changes in the rate with which the material is

being deposited or removed from the surface.

The aim of this study was to investigate whether the magnitude and distribution of the surface
topographyfeatureon certain substrata over differéabgthscales may affect the transport and surface
deposition of the polymer building blocks generated in a plasma gas phase, in turn affecting the
chemistry and biological activity of the resultant coating. Given that the inherent topography of the
titanium sulstrata may impart a certain level of antimicrobial activity to the surface, as is the case with
surfaces that are modified to display a lotus-tgpé topography, we also investigate whether the
activity of the plymer coating may be further enhanced or inhibitgdhanges in the micrand nane

scale topography of the substrata.

2. Materials and methods
2.1 Preparation of titanium substrata

Four types of substrata, namely chemically and mechanically polished-TgMEhemically and
mechanically polished equal channel angular pressed (EKDARechanically polished (M#i), and
femtosecond laser ablated (FIA) titanium samples were prepdreaccording to experimental
methodology outlined inZ3] and[12]. All titanium samples were prepared from a singleeagived
ASTM Grade 2 commercial purity Ti extruded bar (Tico Inc., USA) annealed at 140t 1 h. The
bar was cut into smaller billets (~10 mm in diameter). Billets used to fabricateTGNWHP-Ti and FLA

Ti did not receive any further treatment prior to being cut into 2 mm slices.
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To fabricate the ECAHI substratagqual channel angul@rocessing involved four passes at 350 °C,
according to route Bc, in which the workpiece was rotated by 90° about its long axis between the
FRQVHFXWLYH SDVVHV 7KH (&%3 WUHDWPHQW UHGXFHG WKH
and ensured a uniform distribution of fairly equiaxed grains within thefraddnaterial. The sample

preparation process is shownFigure 1.

All billets were sectioned into 2 mm thick slices § PP XVLQJ ZLUH HOHFWULF G
DQG SURJUHVVLYHO\ JURXQG RQ VLOLFRQ FDUELGH JULQGLQ
that a planar surface could be produced with only shallow surface scratches, free of deformation pit:
No further mechanical or chemical polishing treatment was applied to thE EH#mples, which were
rinsed in acetone and methanol, and stored until required. Excluding the diamond polishing stage, tr
CMP-Ti and ECARTI samples were polished directly with colloidal silica (@Pmean grain size of
0.06 um) mixed with hydrogen peroxide (30%) at a ratio of 20 parts imsed and ultrasonically

cleaned in nanopure2@ ZLWK UHVLVWLY E)MoloRdd byfind clgaising witrethanol.

To fabricate the hierarchical superimposed Raarad microstructures on the FEA samples, the
mechanically polished surfaces were uniformly irradiated with 50 femtosecond laser pulses at the last

fluence of 100 J/cm?2 under ambient air conditions, and then cleaned using acetone in an ultrasonic ba

The laser structuring was performed using a commercially available amplified Ti:Sapphire femtosecont
laser system (Femtopower Compact Pro, Femtolasers Produktions GmbH, Austria), which delivers sut
304s pulses at an 800 nm central wavelength with a pulse energy of up to 1 mJ, and a repetition rate -
1 kHz. An xy motorized translation stage (Physik Instrumente GmbH, Germany) was used for sample
positioning and translation, and a compwentrolled LCD element was used for setting the laser pulse

energy.
2.2 Coating of the titanium substrata

All titanium substrata treated as described in Section 2.1 were coated with a thin polymer coating
fabricated using the direct plasma conversion of terphehunder RF plasma conditions under low

pressure and ambient temperature conditions. The RF energy (13.56 MHz) was applied to-a custor
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made glass chamber via two capacitively coupled copper electrodes using almuititonatching

network[24].

In addition to the titanium samples, glass slides (Bidkaientific, Ltd, Toronto, Ontario, Canayland

KBr windows (International Crystal Laboratorje&arfield, NJ., USA) were employed as model
substrata to confirm the resulting thickness and chemical composition of the terpivlefitn,
UHVSHFWLYHO\ *ODVV VOLGHYV x P P, Xbronte, FORtari ICRd&#er@ F L H C
thoroughly cleaned by first washing them in the solution of Extran (S&jdrech, St. Louis, Missouri,

USA, 1:5 Extran to double distilled water), followed by a 30 min stirac bath in distilled water at 50

°C, and were finally subjected to an isopropanol rinse to remove any residual contamination. The slide

were then dried using compressed air.

Once the substrata were placed into the deposition chamber, it was evacuated to 200 mTorr, and flush
with argon for 1 min to eliminate any excess oxygen. At this point, the RF generator was turned on
form the flow discharge, and the substrata were exposed to an argon plasma for 1 min to remove al
potential contaminants from the surface and prepare them for deposition. The flow of argon was the
stopped, and upon further evacuation to 50 mTorr, the tergioémonomer (99.9% pure, Australian

Botanical Products, Ltfiwas released gradually into the chamber.

Terpinenrd-RO KDV D PROHFXODU ZHLJKW RI J PRO ERLOLQ.
YDSRXU SUHVVXUH RI PP +J DW xf& DQGAYBSdaXl&uialet Q VL
ambient temperature and pressure conditions, it was possible to deliver the monomer into the chamb
ZLWKRXW WKH XVH RI DQ H[WHUQDO KHDWLQJ RU FDUULHU JC

min ‘L,

Deposition of the film took place at 25 °C and a pressure of 150 mTorr under 10 W RF power for 1C
min. The deposition process did not produce any measurable heating of the substratum, which remain
at 25 °C for the duration of the process. These conditions were selected as they allow for the depositic

of degradable coatings that are capable of eluting biochemically reactive spBci&}.|



2.3 Characterisation of polymer films coated on glass substrata

The polymer coatings were deposited on the glass slides and KBr windows at the same time as those
the titanium substrata. These coatings were then characterised using a variable angle spectrosco
ellipsometer (model M2000, J. A. Woollam Co. Inc.) to confirm the optical properties and thickness of
the resulting surface films. The relevant data were acquired within the 200c QP VSHFWUDO U
DW DQJOHV RI LQFLGHQFH RI 3x x f f DQG fdetenimstHQ V
Brewser angle for the polymer film. This was done to maximise the difference betweemndg s
componentsof the polarization state of light falling onto the coating. A regression analysis was
performed using the WVASE32 software package. To determine the thickness of the polymer film, the
ILOP ZzDV DVVXPHG WR EH KRPRJHQRXV DQG RSWLFDOO\ WUDC
using a Cauchy dispersion, with a surface roughness layer (50% polymer/ 50% air) applied above t
refine the model. The real refractive inde&nd extinction coefficienkf as a function of wavelength

were thenapproximated by fitting a combination of Gaussian and Lorentz harmonic oscillators to the
data, with all fittings yielding a mean squared error (MSE) value of less tfidme Zverage deposition

rate for the polymer at 10 W wapproximately 38 nm/min, yielding coatings with an average thickness

of ~380 nm.

An Attenuated Total Reflection Fourier Transform Infrared spectroscope-(ATR, Perkin Elmer
Spectrum 100 FTIR spectrometer, within 4000 "xBRJLRQ DW D UHY R ¥sadlikR Q R
confirm the chemical composition of the polymer. An Atomic Force Microscope (AFMMNT
NTEGRA Prima) was used in the tapping mode at a scanning rate of (typically) 1 Hz to confirm the
surface roughness over scanning areagofi i —P pum 1 —P DQ@&1 —P 16&
cantilevers (NTMDT) with a spring constant of 11 N/m, tip radius of curvature of 10 nm, aspect ratio
of 10:1, and resonance frequency of 150 KHz were used for the scanning process. A CA measurin

system was employed to determine water contact angles (KS\K8W@1Instruments Ltd., Finland).

Characterisation of the surface was perforfoedt least three different locations @aminimum of five

samples for each of the differelypesof substrata studied. All contact angle values for the polymer



coatings on glass and KBr were found to be in good agreement with greseusly reported for

polyterpenol 25, 26].
2.4 Surface characterisation of titanium substrata

The surface morphology of unmodified and polyterparnated titanium surfaces was investigated
using atomic force microscopy (Solver P7LS,-MDT Co.). Standard instrument software (LSPM

v.8.58) was used to quantitatively estimate the surface rougahgssnanometre scale. Scanning was
performed in the sengentact mode with the cantilever perpendicular to the samples at a rate of 1 Hz.
Whisker type silicon cantilevers (NSCO05, WIDT) with a spring constant of 11 N ' tip radius of
curvature of 10 nm, aspect ratio of 10:1, and resonance frequency of 150 kHz were used for analysi
For each sample type, topographical data were obtained for at least three samples and scanned i
minimum of five randomly chosen locations. Scanning areas of two sizes were used to investigate micrc
and nandeatures. The changes being observed were discussed in terms of their statistical significanc
as determined by Student's twailed ttests. Water contact angle measurements wererpetl using
anFTA1000 (First Ten Angstroms Inc.) instrument and MilliQ water. A minimum of five measurements
of contact angle for each titanium surface were collected, with each measurement being recorded with
Pelco Model PCHM 57%-camera in 50 images taken within 2 s. Images were then processed with the

FTA Windows Mode 4 software to estimate individual contact angles.

A chemical analysis of the polyterpenol thin films was performed using the IFS 125/HR Bruker
spectrometer equipped with a Michelson interferometer with an optical path length of 942 cm fer single
sided data acquisition. Optics /6.5, and three internal light sources, namélsc Hagnp (51000 cm

1), Globar source (103000 cmt), and a Tungsten lamp (10@8000 cmt) were used for analysis. The

data was acquired over 108000 cm'.
2.5 Modelling of the surface features

$QDO\WLFDO PRGHOOLQJ ZzDV DSSOLHG WR WKH GDWD REWDL
pum) of the titanium substrata before and after polymer deposition to investigate the degree of orderin

of microscale features on the surfaces opragesses and polyterperaaated titanium substrata.
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Specifically, we have calculated thewger spectral density functions and autocorrelation functions for
all samples before and after treatment. The power spectral density function can be calculated accordi

to the followingequation:
6 rVi=p) 6
9(-)= =— AF5p. + (1)

wherePj(K) is the Fourier coefficient of thetlh row. For a more detailed description of the model, see
e.g. referencg¢27]. This function reflectgshe variations of signals as a function of frequency, thus

discriminating between theequenciesvith strong and weak signal variations

The pwer spectral density function is a means to determine the frequencies of signals (in our case, tt
surface features play the role of a signal) in the data matrix. In the general sense, these distributions m
reveal if there are deviations from ordering by illustrating the dependesforasiance on frequency.
Importantly, the power spectral density function reveals the frequencies that may play a significant role
in the behaviour of the system. The muddling was made using sopece Gwyddion softwa

(http://gwyddion.nel

The radial distribution function g (r) of a system of components is used to descrilibduensity of
these components varies as a function of distance from a reference component. As such, it may provi

useful information about homogeneity and isotropyhe surface.

ThegenerakedHough transform is a tool used to detect arbitrarily complex shapes within a pattern or
map of features, e.g. a surface with naged micrescale protrusions and highlight the differences in
the ordering of these surface features between sample grodpsaiked description of this method of

pattern recognition can be found in referen@87%9].
2.6 Microorganisms, culture conditions, and biological characterisation

For this study, linically significant human pathogens, namely Staphylococcus a@Hu$5.8 and
Pseudomonas aeruginogd CC 9025, were chosen. Microorganisms were sourced from the Culture
Collection of the Institut Pasteur (CIP, France) and American Type Culture Collection (ATCC, USA).

%DFWHULDO VWRFNV ZHUH SUHSDUHG LQ J O\ F HCLhRdOve@X W U
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refreshed on nutrient agar (Oxoid) prior to each experiment. For each strain, a fresh bacterial suspensi
was then incubated overnight in 100 mL of nutrient broth (in 0.5 L Erlenmeyer flasks) at 37 °C with
shaking (120 rpm). Bacterial cells were then kated at the logarithmic stage of growth, with the cell

density adjusted to Odgb = 0.3 and quantified by means of a haemocytometer.

$OLTXRWV RI /| Rl EDFWHULDO VXVSHQVLRQ ZHtbateGah®& RV L
unmodified titanium samples. At least five samples were used for each surfasgdaypebmbination.

Three independent experiments were performed to substantiate the results. Following an 18 h incubatic
period at room temperature (ca. 22 °C), the samples were gently rinsed with copious amounts of MilliC
water so that only sessile bagal cells remained. The samples were then allowed to dry at room
tempeature for 45 min at 55% humidity to maintain a séyulrated state of the bacteria, as confirmed

by their morphological appearance.

The bacterial cells retained on the substrata were then visualised using scanning electron microsco
(SEM) and confocal scanning laser microscopy (CSLM). For SEM, the samples were first coated witt
gold using a Dynavac CS300 device following the previodsiscribed experimental procedure, and
WKHQ VFDQQHG XVLQJ DQ )(6(0 =(,66 6835% 93 DW N9
magnification conditions. HIKU HVROXWLRQ LPDJHV RI DQG T PDJQLI

guantitative assessment of tieeained bacteria.

For CSLM analyses, the samples were prepared according to standard staining techniques using
LIVE/DEAD BacLight Bacterial Viability Kit, L7012 (Thermo Fisher Scientific, Waltham, MA, USA),
where SYTO® 9 i€mployed for staining of both live and dead bacteria green, and propidium iodide is
able to selectively stain dead bacteria red. In sB0nuL of working dyesolutionwas introduced to 100

pL of bacterialsuspensiomfter 18 h of incubation and prior to rinsing with copious amounts of water,
and incubagd for 15 min at 22°C. Fresh medium was then added, and the samples were allowed to

incubate for a further 30 min 22 °C, followed by ringng with sterilized MilliQ water.

An Olympus Fluorview FV1000 Spectroscopic Confocal System was used to collect images of the

retained bacteria, with a 485 nm laser used to image green dye, and a 535 nm laser employed to ime
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red dye. These data were then processed using Fluorview FV 7.0 software to produce a series of
image stacks. Specifically, a minimum of six typical biofilm areas for every surfadbdygperial strain
combination was exported into a stack of gsege 8bit images, which were then quantitatively
analysed using COMSTAT computer software. Biofilms were described in terms of their biovolume,
which is comprised of live and dead cells, and by the average thickness of the biofilm formed by the

bacteria.
3. Results and discussion

For this study, we have chosen polyterpenol, a polymer material fabricated from tea-deéved
monoterpene alcohol using singleep reforming in a radio frequency (RF) capacitively coupled plasma
[25, 26]. Terpinend-ol has strong, broaskectrum activity, and its high vapour pressure at ambient
temperature renders it exceptionally walited for plasm&nhanced chemical vapour deposition.
Furthermore, once in its coating form, polyterpenol is opticedliggparent and stable when exposed to
sterilising UV light and gamma radiati¢80, 31]. The titanium substrata possess distinct, defined
surface topographies that have been attained using chemical and mechanical polishing, equal chani
angular pressingB], and femtosecond laser ablatidi2]. Equal channel angular pressing was used to
modify the bulk properties of the metallic material by refining the grain structure of the mg8gjal
whereas femtosecond laser ablation was employed to impart a lotlikdestfucture containing micro

and nanoscale quageriodic seforgansedstructures on the metalirface[12].

The antimicrobial activity of polyterpenol deposited on different titanium substrata was tested using
clinically significant human pathogens, namely Staphylococcus aargliseudomonas aeruginosa.

S. aureus is responsible for one in three surgelgted infections; for example, S. aurdwass been
identified as the primary pathogen in 63% surgical site infections following spinal fusion procedures,
with 25% of the infections found to be polymicrobial in nat88.[P. aeruginosas regarded as an
important emerging opportunistic nosocomial pathogen of clinical relevance, particularly concerning

urinary, gastrointestinal, respiratory system, and soft tissue infections, as well as bone and join
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infections, and is recognised as a major factor in the mortality of patients suffering from systemic

infections[33].
3.1 Surface characterisation

Typical optical images of topography of titanium surfaces prior to and following polyterpenol deposition
are presented iRigure S1, and the results of quantitative analysis of surface roughness parameters are
summarised in Table $S1Supporting information. The thremensional reconstructions of surface
morphology of the aprepared and polyterperocbated samples obtained using optical micrographs

(100pm 1 —P AFQ@Gnages’5umi —P DUH SWFHWHXOQWHG LQ

Table 1.Surface roughness analysis for AFM scanning area of S uym—P IRU XQPRGLILH

polyterpenoicoated titanium surfaces.

Roughness values £ SD

Ra (nm) Ry (nm) Rmax (Nnm) Rskw Riur
CMP-Ti 04+01 0.6+0.1 145+ 3.2 56.0+£0.1 25.0+6.5
ECAP-TI 0.6 +0.3 0.8+04 10.1 +5.2 -04+03 41+11
MP-Ti 280+11 340+14 186.2+x61.8 0.1+0.02 25+0.2
FLA-TI 128.8+ 7.7 161.5+8.5 1183.3+122.1 -04+0.04 3.1+0.2

PT CMRTI 0.8+0.1 1.4+0.2 22.9+53 21+0.7 152+16

PT ECARPTi 5.8%+0.9 7.5%+13 1196+436 06+0.1 54%10

PT MPR-Ti 41.7+17.3 519+211 310.0+83.7 0.01+03 29+04

PT FLA-TI 81.2+7.2 1029+85 793.0+117.2 -02+0.2 3.2+0.3

The optical images show smooth, uniform and homogeneous surfaces of substrata before and af
application of the coating. At this length scale, it is very difficult to pinpoint the differences between
such surfaces as CMH and ECARTI. At smaller lengthscales, the AFM images revealed a more
complex and diverse topography, with nanoscale andnanbscale features being observed, the

magnitude and distribution of which differed between different sample groups.
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A Unmodified samples Polyterpenol-coated samples B i Unmodified samples am Polyterpenol-coated samples
2 a0 e 0.00
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225

CMP-Ti

Figure 2. Threedimensional reconstruction of typical surface morphology for samples before (left
column) and after (right column) deposition of the polyterpenol coatingygical optical images of
asprepared and polymeFRDWHG WLWDQLXP VXEVWU DB/ DpicaFAPFK irvagési

of the surface topography of uncoated and coated titanium substrata at high resolution, at scanning are
of 5um 1 P 7KH FRORXU VFDOH E bdihgaMe topraQiBe suKitientHnfQiRaton
about orderingand presence of shernge and longange periodic structures, these images reveal

differences in the structure and morphology of nanonssigled surface features and topographies.

Understanding the nature and ordering of shamge and longange periodic structures on surfaces is
important since the interaction between surfaces and living matter is known to be influenced by the
topography on a particular length scale or oarag of length scales34]. For example, the attachment,
proliferation, and differentiation of cells, both prokaryotic and eukaryotic, is thought to be affected by
surface structures spanning the micron, nanometer, antbsioneter scaled?,23,35]. It is therefore
important to evaluate the roughness parameters that describe the surface geometry, including tl

conventionalones,such as the average roughness tRe root mean square roughn&gs and the
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maximum roughnesssR, over a number of length scales between the length of the samplieeand
atomic scale. A statistical evaluation of two additional parameters, skewspgaadRkurtosis Ry, was

also performed to enhance our understanding of the evolution of surface topography upon plasm
polymerisation of the terpinefol film. Skewness provides a measure of the symmetry of the height
distribution curve, and can therefore discriminate betwsurfaces described by narrow sharp peaks
with wide troughs and high plateaus with sharp deep valleys, whereas kurtosis represents a measure
the ‘peakedness’ of the height distribution profile. A kurtosis value of 3 is characteristic of a Gaussiar
height distribution, with greater values of kurtosis attridutethe presence of a surface with a narrow
height distribution for which the variance is the result of infrequent extreme deviations. Conversely, &
surface which possesses frequent modestly sized deviations and therefore a well spread out heig

distribution will be described by a kurtosis value of less than 3.

Prior to the application of the coating, titanium surfaces were characterised using AFM over scannin
areas of 5 umi —TRble 1) and 10um 1 —TRable SJ), with the former reflecting the length
scales that are particularly relevant to bacterial attachment and biofilm formation. Th&iGiié
ECAP-Ti substrata were shown to be smooth and uniform, with the average roughfagsh&® 5um

) P VFDQQLQJ DUHD RI “ Q P DyQTheresultswere@ good hgryesEft W L
with previously published report23]. The surfaces of the MPi samples exhibited greater levels of
roughness, with RandRy of 28.0 £ 1.1 nm and 34.0 £ 1.4 nm, respectively, for the scanning area of 5
pm 1 P 7 KHV H extEe@exthbse previously reported for titanium samples prepared by
mechanical polishing36, 37]. The nanostructured surfaces of the FLifsamples were characterised

by the greatest level of surface roughness, wittndR, values of 128.8 £ 7.7 nm and 161.5 £ 8.5 nm,
respectively, and the maximum peak height of 1183.3 = 122.1 nm for thel5 yumP VFDQQLQJ L

These results were also in good agreement with previously reportd@dlata

When applied as a thin coating (<50 nm) on a smooth glass substratum -flauBiawafers (100),

polyterpenol is typically very smooth and deféete, with an average roughnessadRapproximately
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0.3nm when determined using AFM (scan size of 5 um — P LQ D UDQJH RI QP
X-ray reflectometry38], and approximately 0.3 nm estimated using spectroscopic ellipsorB@LrA|[
discrepancy between average roughness values determined using these three methods arises from
difference in measurement areas between tieebmiques (5 P15 P a P,Rnd 1cm i 1cm

for AFM, ellipsometry, and XRRrespectively. All polymer surfaces displayed surface skewness
(Rskw) > 0 and coefficient of kurtosis (R) < 3. Such values fordvand Ryrindicate a disproportionate
number of peaks pertinent to the polyterpenol surfaces and a well spte&dight distribution,

respectively.

For both scanning area sizes, addition of the polyterpenol coating significantly changed the averag

roughnes®a and root mean square roughneg$oRall substrata (p < 0.05). The valueRafaxresulting

from analyses of data obtained from B 1 P VFDQQLQJ DUHDVY GHPRQVWUDW

differences between the unmodified and coated surfaces for all sample types, increasing as a result

modification for the CMPTi, ECAP-Ti, and MRTi substrata, and decreasing substantiallyHerFLA-

Ti substratum. The polymeawoated CMPTi samples showed the lowest level of roughness between the

four groups, withRa andRy values of 0.8 + 0.1 nm and 1.4 £ 0.2 nm for the scanning area Bf 5

5 P UHVSHFWLYHO\ ZLWK WK BR.9-D5.B RrKARIdEi¢hDNh&polydet doatnl

also increased the roughness values for ECAgamples, with the Rncreasing from 0.6 £ 0.3 nm to

5.8 £ 0.9 nm. An increase in the maximum peak heightWth the addition of polyterpenol coating to

the ECARTI was most pronounced, from 10.1 £ 5.2 nm to 119.6 + 43.6 nm for the scanning&rea of
P1 P $ VWDWLVWLFDOO\ VLJQ L IRFER&ENTRNS Lalues EbHIReRuAM&dHigd Z H H

and polyterpenetoated MPTi substrata was also observed forthe®T P VFDQQLQJ DUHD

values increasing as a result of the application of the polymer coating. In contrast, deposition of th

coating onto FLATi samples significantly reduced the, R;andRmax values. These data indicate that

sufficient resolution may be required to distinguish between topographies of coated and unmodifiec

titanium surfaces.
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Forthe 5 P17 — P VFDQ QL GKevnés#iRda,way/ stadistically different for unmodified and
polyterpenoicoated titanium samples other tHdR-Ti samples, for which no statistical difference was
observed (p > 0.05). Thmagnitude oRs«wincreased for the ECAPi and FLATiI samples, fromG.4

+ 0.3 and0.4 £ 0.04 to 0.6 + 0.1 an@.2 + 0.2, respectively, based on data from the 51 P P
scanning area. For the CMIR samples, polyterpenol modification significantly decreased the value of
Rskw, from 56 + 0.1 to 2.09 + 0.7 for the P 1 P VFDQQLQJ DUHD 8QLIRUP GLV
valleys of specific height would result in a symnuegt distribution with a Rwvalue ofzera Negative
skewness is indicative of larger valleys than peaks, wherm@aglarger tharzerois consistent with a

profile that exhibits high peaks and shallow troughs.

Based on the data fromthe 5 iP P VFDQQLQJ DUHDV DSSOLFDWLRQ RI W
statistically significant changes in the kurto$tg,, showing an increase indffrom4.1 £+ 1.1t0 5.4 +
1.0as a result of the coating. A more dramatic change in the kurtosis values was observed for-the CMI
Ti samples, where polyterpenol treatment reduced the valug-ffof 25.0 + 6.5 to 15.2 + 1.6 for the

5 P1 P VFDQQLQJ DUHD S V Xout) héigiw disribution Par théd V' S
polyterpenol coating compared to that of the unmodified dviBamples. Hence, a polyterpenol
coating on the ECAHI1 and FLATI substrata resulted in the formatioh a profile of a distinctly
different topography to that of the respective unmodified surfaces, with the difference in symmetry of
height distribution being most profound in the case of the GM&amples. Coating the MPi and

FLA-Ti substrata with polyterpenol increased ther Ralues, however the difference was only

significant for the data obtained for the MiPsubstratum for5 HA P VFEFDQQLQJ DU Has.

These results suggest that there may be a difference in how the polymer building blocks diffuse an
deposit on the surfaces of topographicdlistinct titanium substrata, with certain morphologies

favouring the accumulation of polymer material on the peaks and ridges, while others promoting
deposition of the polymer within the throughs and valleys on the surface. The former case is therefor

likely to lead to an increase in the magnitude of tall peaks, as is the case of thel E&APMRTi
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samples, whereas the latter would lead to a smoothing of the surface, as observed in the case-of the FL

Ti substrata.

Examination of the optical imagdsigure 2A) confirms the preferential deposition of polymer material
within the crevices of the FLAI surfaces. It is interesting to note that for the 1 Bcanning

areas, the surface that experiences the least increase ifgeaRd Raxsurface roughness parameters

is that of the CMPTi substratum. Byontrastupon coating the ECAi substrata that had very similar
initial roughness values &%, Ry, and Raxexperienced aimcrease in these parametdrat wasby far

more significantConsidering that the CMPi and ECARTI substrata exhibited substantiatlifferent

values of Bw andRr, it is possible that the distribution of peaks on the titanium substrata rather than
their absolute magnitude may play an important role in how the coating is assembled on the surfac
Indeed, based on i&«w andR«r values, the CMH'i surface is decorated by high peaks, the heights of
which are narrowly distributed, with infrequent extreme deviations. In contrast, the surface of the ECAP

Ti substratum is rich in frequent modestly sized deviations of simsBadyp peaks and throughs.

To understand if the distribution ¢drgescalesurface features may have played a role in plasma
polymer deposition and its attendaaéctivity, we applied analytical modelling to representative optical
images (100 A —P RI WKH WLWDQLXP VXEVWUDW D Thisl éfablédl D Q (
usto reveal the microscale structural features andégeee of ordering on the surfaces epescessed

and polyterpenetoated titanium substrata andrébate the differences in the ordering to the resulting
antimicrobial activity of thugprocessed titanium surfaces. The analysis of power spectral density
functions, radial autocorrelation functions and tagh distribution for all sample&igures S3 and
S4)showsthat polyterpenol coating does not change the distribution of rsicate features across the
surface strongly enough to account for the observed changes in antimicrobial activity. Notable
alterationsn the nanoscale roughness paramefeable SJ) that changed significantly as a result of the
application of the coating, both in absolute magnitude (i.e. average, root mean square and maximu
roughness) and in skewness and kurtosis, may thus have played a more defining role in determining t

antimiaobial behaviour of the surfaces.
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Table 2. Water contact angles for unmodified and polyterpaoaited titanium surfaces.

Contact anglel + SD (degrees)

Advancing Receding Static
73.3+15 53.8+6.2 69.3+1.2
839+1.1 52.6 £ 6.2 76.1+ 0.9
133.7+55 116.9+4.4 123.4%+29
158.9+1.2 1522+21 154.7%x1.1
96.8+ 1.4 72.8+ 0.6 87.3+1.3
89.7+1.3 56.9+1.1 87.6 £ 0.8
76.2+1.0 54.7 £ 6.2 68.5+ 2.8
1256 +1.1 62.4+9.3 122.1 + 0.2

The results of the water contact angle (WCA) measurements on the unmodified and polytergieabdl
titanium surfaces are summarised in TableFor the uncoated substrata, the results were broadly
consistent with the physiothemical surface properties reported in our previous papers, where the CMP
Ti and ECARTI substrata were found to be moderately hydrophilic (WCA ~73° and ~76°, respectively
[23]). TheFLA-Ti substrata were found to be superhydrophobic (WCA ~188}J.[Interestingly, while
mechanical polishingrerepreviouslyreported to resulh moderately hydrophilic surfaces (WCA ~73°
[36]), in this study it gave rise @ hydrophobic surface (WCA ~123°). This is likely due to a greater
level of roughness observed fdP-Ti substrata studied he(Bs, Ry, andRmax of 28.0° + 1.1°, 34.0° +

1.4° and 186.2° + 61.8°, respectively) compared to the subssedan our previous studiR{ Ry, and
Rmax0f 1.01° + 0.16°, 2.26° £ 0.37° and 71.68° = 11.64°, respectively) for tHe 5 P VFDQQLC

area[37].

Application of the polyterpenol film resulted in statistically significant changes in the water contact
angle for all titanium surface types (p < 0.0001). When coated on glass eftatl®awafers (100),

polyterpenol is moderately hydrophilic, withavadd UDJH :&$ R i fIRUILOPV IDE!
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input RF power 25, 39, 40]. The surfaces of the polyterpenol films coated onto the Ti substrata were
demonstrated to be more hydrophobic compared to that of the polymer films on the glass or silicon wafe
substrata. In addition to surface chemical composition, surface morphologacagnised as a
contributing factor in determining surface wettability, influencing both the hysteresis and the mean
contact angle of the liquid drop placed on the surfdd¢ [These factors may, in part, account for the
significant differences in water contact angle measurements obtained for these distinct polyterpenc
surfaces. For example, polyterpewohted FLATI substrata wereharacterised by a d¢f 122.1° and

Rqof 311.6 nm, whereas polyterperaalated MPTi substrata exhibited values dfof 68.5° andRrqof

73.9 nm, the roughness enhancing the respective hydrophobicity and hydrophilicity of the surfaces. Th

difference is statistically significant (p < 0.0001).

In addition to the inherent roughness of the polyterpenol films and the underlying titanium surfaces, the
substratum topography would also influence the evolution of the polyterpenol morphology. For the 1
P1 — P D QR5i —P VFDQQLQJ DUHDV X8R biv/49G 0J05 bnvandV X E
1.96 £ 0.12 nmRRq 0f 0.64 + 0.08 nm and 2.13 + 0.12 nmaf0f 8.48 £ 0.96 nm and 30.45 + 2.55,nm
Rskw Of 3.20 + 0.37 and 0.34 + 0.,1and Ry of 5.27 + 0.45 and 21.85 + 1.71, respectivelg] [
Furthermore, glass substrata are insulating, whereas titanium substed¢gtaicallyconductive. These
differences may affect the distribution of the building blocks across the surfaces of substrata, potentiall
leading to a unique combination of surface topography and distributed chemical functional groups fo!
polymers on different subisita, translating into measurable differences in the hydrophobicity of these

different substrata.
3.2 Chemical characterisation

To determine whether the chemistry of the polymer when applied to a substratum was affected by th
differences in the magnitude and distribution of the surface featuresus@atum, highesolution
ATR-FTIR scanning of polyterpenol coatings deposited over different titanium substrata were
performed over the 1008000 cm! range The resultsare presented in Figur@ Previous studies

demonstrated that exposure of the terpid@i-monomer to a plasma field resulted in molecule
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GLVVRFLDWLRQ ZLWK WKH PRVW OLNHO\ VLWHV EHLQJ WKH
[25]. The extent of molecular dissociation has been demonstrated to depend on the power density of t
applied plasma field, with the application of higher input power levels resulting in more extensive

dissociation of the polymer chain, with a resulting digant loss of original chemical functionalities.
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Figure 3. Functional group ratio images of the polyterpecmted titanium surfaces: (a) CMR, (b)
ECAP-TI; (c) MP-Ti; (d) FLA-TIi. The chemical images were obtained using synchrotronresggiution
ATR-FTIR, with the bar indicating the chemical intensity, and the 3D representations of the spectre

correspond to the ultrspatially resolved chemical map.

Analysis of the FTIR spectr&igure 4) showed that all polyterpenol films were hydrocarbeoh; with

a similar magnitude of absorption peaks being present that correspond to mEtlagy@imetric and
symmetric stretching (around 2955, 2930, and 287%)cifhe intensity of the bands associated with
methyl bending (around 1459 and 1380%mwere also found to be similar among the polyterpenol
coated CMPTi, MP-Ti, and FLATI substrata, but were found to be slightly higher for the polyterpenol
films deposied onto the ECAH surfaces. Similarly, the absorption peak indicative of a saturated
carboxylic acid functional group (1707 @pC = O stretch) was found to be of higher magnitude for the
polyterpenocicoated ECAPTI substratum compared to that observed for the other substrata. Absorption

peaks corresponding to anldénded OH stretch, being indicative of the presence of hydroxy functional
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groups, were observad all four spectra; howevethis stretch was found to be slightly higher in

magnitude for the polyterpenotodified CMRTi substratum.

» 0.20 - 2955 —— CMP-Ti
= (methyl asym. C-H) ECAAP-TIi
3 0.15 -
O 2875 (methyl C-H
C 0104 H-bonded OH ( Y ) 1706 (ketone C=0)
3 3434
S (.05 - |
-2 W
0.00

3500 3000 2500 2000 1500
Wavenumber, 1/cm

Figure 4. FTIR spectra of polyterpenol coatings deposited onto chemically and mechanically polished
titanium substrata from aeceived (CMPTi) and ultrafine (ECAP-Ti) grain structures. All
polyterpenol films were hydrocarbeith, exhibiting absorption peaks of similar magnitude

corresponding to methyl-8 asymmetric and symmetric stretching around 2955, 2930, and 2875 cm

To understand the origin of particular chemical groups within the polymer coatings, the mass spectra c
gaseous species formed as a result of fragmentation of tepwlamder plasma conditions, in addition

to those occurringn the absence of plasma, were collected. The resulting spectra could be used tc
guantify the loss of the original monomer species through the plasma process. This is done by calculatir
the difference between species with a greater mass (e.g. 1&drregponding to the peak faregursor
molecular ion GoH1s 2 ) and ions with lower m/Dur previous studies have shown that even at greater
powers of above 25W, the fraction of unfragmented terpfehion CioHis 2 Uwithin the plasma gas
phase remains significant. The subsequent entrapment of this unfragmented monomer within th

polymer network that is formed on the surface of titanium substrata is, therefore, likely.

Fragmentation reactions result in the evolution of water (18H¥@"Y, hydrogen (2 m/H,"y and

hydroxyl radicals (17 m/@H") [42]. The rate constant for the reaction between OH radicals and the
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terpinerd-RO PRQRPHU XQGHU DWPRVSKHULF FRQ@&/MNNdcREBYWINQ G
chemical oxidation by OH radicals being the primary removal pathway for alkanes and alkylated
aromatics from the atmosphe#s]. Positive radical ions of ethylene (28 @4t Y and GoHas €)(136

m/z), positive even electron ions of propylene (43 mi-Q), cyclobutyl (55 m/z ¢H7"), and other ions

such as €Hi1" (71 m/z), GHe" (93 m/z), and €His" (111 m/z) form through D abstraction,
fragmentation and rearrangement reactions. Oxygen containing spgdi€ CsH-O*, and GoH1s0 %+

also form. The gas phase plasma conditions may also promote dimerization and polymerisation ¢
terpinen4-ol species in the gas phase, forming heavier species with the mass of 328I+E" and

463 m/z[3M+H]*, and their derivatives through water abstraction (e.g. 2912M#H] *-H>O and 273

m/z [2M+H]"-2H.0) and fragmentation (e.g. 292 n{@M+H]"- 171 m/2. Due to the inherent
complexity and highly dynamic nature of plasma systems, it is challenging to elucidate the precise
reaction pathways for all of the compounds generated within the gas plasma, as a numbezaxftede

are likely to take place, including cyclization, group transfer and othdfs [

Once transferred to the surface, these species may form pdligeneetworks, with some of the species
physically entrapped within the growing polymer coating. Due to a relatively low degree of ionisation
that is attained under these plasma conditionsqaBrmed by mass spectroscopy studies), it is likely
that the degree of crofisking within thepolymerlike network produceavill be relatively low This

will allow penetration of liquid intahe polymer and facilitatelution of entrapped species, as well as
products of polymer biodegradation. Our previous studies have shown that elution is likely to be one o
the mechanisms of polyterpenol activg5]. This also applies foother polymers fabricated from
essential oiderived molecules using plasn20[ 46]. Furthermore, the diversity of physico—chemical
properties of the fragments produced as a result of exposing tefoidn-chemical species and the
physical effects of plasmas, including electric fields and UV irradiation, may provide an additional
avenue for retarding microbial growth, since these terpfehderivatives may interfere with the

different cellular processes and components in bacterial 4&lls |
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3.3 Distribution of functional groups across polymer surfaces

IR intensity maps for individual absorption bands correspondingto—-&i+ i& 2 DQG i2i+ V!
were collected for polymers deposited onto four different types of titanium substrata. Figfuves
spatially resolved IR microscopy contour plots for the three dominant stretching mode€-e-, -

C=0, and —GH) present on each polyterpenBIRDWHG WLWDQLXP VDPSOHYV P
intensity is chromatically represented on a pixepixel basis and is presented as a function of the
maximum value of absorbance observed for a particular scan. Minimum absorbance is represented by
dark blue colour, maximum absorbance by light pink, and fluorescent green represents a middle grour

between the two.

CMP-Ti ECAP-Ti MP-Ti FLA-Ti

O X -

-0O-H Stretching

O Stretching

-C=

- N W e, ],

-C-H Stretching

Figure 5. IR mapping of individual frequencies corresponding to key chemical functionalities detected

in polyterpenol deposited on four different types of titanium substrata.

The plots revealed a high degree of heterogeneity in the distributiontéfar@d —C=0 functional group
absorbance intensities for the polyterpenol coatings deposited onto the Ti substrata, with the polyme

coating present on the CMR and ECARTI substréa displaying a more uniform distribution of
24



functionalities. For these polymers, smaller islands of varying intensities of functional groups were
distributed across the surfaces. Conversely, the polymers coated onto-theaMPFLATi substrata

exhibit defined largearea groupings or bands of high and low functional group absorbance intensities,
clearly delineated by zones of intermediate functional group density. From these data, it can be seen tt
all polyterpenol coatings are heterogeneous in terms of their surface chemistry, with an unevel
distribution of chemical functionalities being present on their respective surfaces. This heterogeneit
may explain the occurrence of random and distinct sites of bacterial attachment on polyterpenol surface

which would be otherwise free of bacterial cells

It is interesting to note that despite all polyterpenol thin films being deposited under nearly identical
process conditions, the polymers deposited onto the HLgubstratum had the lowest peak intensity
attributed to —€H stretching amongst the four groups, at ~7, compared to values in excess of 19 for
polymers on the CMHi, ECAP-Ti and MRTi substrata. Some areas of the polymer on-HlLAad a
minimum intensity of frequencies associated withHGtretching, potentially suggesting that a very
thin coaing has been laid over these areas of the substratum. This is further confirmed by considerin
the distribution of frequencies associated withh-H@nd —C=0 stretching, with some areas of the
polymer on the FLATi substratum displaying a very low intensitfyfrequencies associated with these
oxygeneontaining moieties. The reduced thickness of the film may imply a reduced availability of
biologically active species capable of retarding microbial attachment via elution and direct surface
killing. Coupled wth the observation that the addition of the polymer masked some of thdiketus
topography responsible for the antifouling property of this surface, this may explain the somewha

reduced antibacterial efficacy that was observedi®mpolyme+FLA-Ti substratum system.

The polymer present on the CMP substratum displayed the highest level of intensity of frequencies
associated with —® stretching, followed by that found on the EGAPsubstrata. The polymer
coatings on the CMHi substratum showed a greater preserfce®H functionalities, whereas the
polymer film on the ECAHMi substratum appeared to be richer in —C=0 functional groups. Both systems

showed excellent biofilanetarding activity against P. aeruginosa, with the polymer film present on the
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ECAP-Ti substratum being particularly effective at preventing the formation of a biofilm, and displaying

some activity against the attachment of S. aureus.

The MRTIi substrata displayed the greatest degree of variation between maximum and minimum
absorbance intensities across each of the three functional groups under investigation. Furthermor
polymers on the MH'i substrata exhibited greater regions containing essentially no oxygen functional
group coverage (viz., certain regions of the-WMiRBample were found to be devoid of hydroxyl groups)
and areas of intense saturation. While the distribution of frequencies associated -“iitandO-C=0
stretching wasdund to be less uniform on the MR substrata, overlapping of the images suggested
that most of the surface area was covered by oxggetaining moieties, rendering the coating effective

in preventing colonisation by P. aeruginosa. However, the coating was unable to prevent the settlemet
of some bacterial cells onto the surface, resulting in a very small number of live and dead cells on th

surface.

A number of studies have established a relationship between either surface chemistry, physical featur
or surface topology and the observed spatial distribution of functional gré8p49]. Thus, it is not
unreasonable to suggest that either of these factors could contribute to the formation of the IR intensit
maps obtained in this study. The future application of ARMr light microscopy—IR characterisation
techniques may substantiatech a claim and advance our understanding of preferential bacterial
adhesion at surface locations that exhibit spatially overlapping topographical and chemical functionality
characteristics. Furthermore, spatially resolved estimation of coating thickness may help correlat:
antimicrobial activity with the amount of biologically reactive agent, &igpinened-ol that can be

released locally by such a coating.
3.4 Bacterial attachment and retention on polyterpanotified titanium surfaces

Previous studies have establishtbdt S. aureus cells are moderately hydrophobic, exhibiting water
FRQWDFW DQJOHV RI DSSUR[LPDWHO\ f DQG JHWD SRWHQ
aeruginoseacells, on the other hand, have been characterised as being moderately hydrophilic, exhibiting

ZDWHU FRQWDFW DQJOHV RI f DQG YDOXHV RI i P9 ,Q
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S. aureusaandP. aeruginosaxhibiteda markedly different attachment response when incubated on the
same type of substratum. The results of CSLM imaging of S. aarelR. aeruginosecells attached

onto unmodified and polymemwated surfaces are presented in Figurewéh Figure 7 showing
representative highesolution SEM images of patterns of the S. auasa®. aeruginosa cells attached
onto polyterpenaetoated titanium substrata. Following an 18 h incubation period® tla@ruginosa

cells were abl¢o colonise the surface of the unmodified GWIPECAP-Ti, and MRTi samples, with

the latter showing the highest cell density of the three substrata. The unmodifie@li Bafples
remained remarkably clear of the colonising bacteria, the results beiggooh agreement with
previously reported finding4d R, 23, 36]. By contrast, the colonisation of the substratum surfacé& by
aureuscells was found to be greatest on the unmodified -FLAurfaces, with the other titanium
samples also showing a significant extent of cell attachment and retention. These findings were also
good agreement with previously published repdtgs 23, 36]. The number of dead S. aureus cells on
the CMRTi and ECARTI substrata was found to be greater than that on the unmodified titanium
surfaces. Such differences in the attachment preferences of both pathogens towards the four types
unmodified titanium samples can be explained in semwh the distinct surface chemistries and
topographies of these materia0], as well as through the inherent differences in cell properties of

these species of bactertl].

Polyterpenol has been demonstrated to retard attachment and proliferation of both S. auReus and
aeruginosacells on polymercoated glass substrata5] 26]. Exposure of morphologicallgtissimilar
titanium surfaces to polyterpenol building blocks under identical plasma processing conditions provide:
an exciting opportunity to investigate the effect of the surface morphology of the substrata on the
physicoehemical properties and consedigtthe antifouling and antibacterial activity of the resulting
polymer coating. Application of the polyterpenol coating significantly decreased the number of S. aureu:
cells that could attach and be retained on the surface. Similarly, the nunbea@fuginosa cells
attaching to the substratum surfaces decreased when the polyterpenol film was applied with th

exception of the polyterpenobated FLATI substratum. The data presented in Tabsifimarises the
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P. aeruginosaand S. aureusbiovolume and viability on the unmodified and polyterpecmsted

titanium surfaces quantified using COMSTATH 6, * if p <0.05).

Figure 6. Representative attachment patterns of P. aerugiaosks. aureuson unmodified (A) and

polyterpenoicoated (B, C) titanium surfaces after anhliicubation period. CSLM images illustrate
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the viable cells (stained green with SYTO® 9) and dead cells (stained red with propidium iodide), with
the scale bars representing 20 um. On (B) and (C), the top panel of images shows live and dead cel

and the lower panel of images shows dead cells only.

In the case of the latter substratum, a statistically significant increase in the number of P. aeruginos
bacteria attached to the substratum surface was observed compared to that of the unmodified FLA
substratum. This could at least in part be attributed to the physical masking of tHikdéotogography

of the FLA-Ti substrata that had been responsible for the initial antifouling properties exhibited by this
surface. Furthermore, the presence of areas of the coated surface containisigiekimsspolymer
coating on the surface of FLA substrata, identified by the higksolution IR mapping, suggested that

the substratum may possess a lower number of biologically active species with the ability to retare
bacterial attachment compared to that &f tiicker polymer layers present on the GMPECAP-TI,

and MPRTi substrata.

Figure 7. SEM images providan overview of the attachment patterns of P. aerugiaosts. aureus

on the surfaces of polymeoated Ti substrata, with the scale bars representing 2 pm.

An opposite response to attachment onto the modified HL.substratum was detected for the S. aureus
cells, with a significantly lower number of cells being observed to attach onto the polyterpateal
FLA-Ti samples. Furthermore, most of the attached cells were determined to be dead. Here; the lotu

like topography of the bare FLAi substrata was ubé& to retard the surface colonisation by the S.
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aureuscells. Therefore, physical masking of some of these features by the polymer did not negatively
affect the ability of the substrata to resist cell attachmentcdsyrast, even though the quantity of
attaching bacterial cells may have been reduced compared to that observed o attach onteTthe CMP
ECAP-Ti, and MRTi substrata, the active species decorating the surface and/or eluted by the
polyterpenol coating edictively reduce the number of bacteria that could attach onto the polyterpenol
FLA-Ti substratum. When combined with the data obtained from the functional group mapping and
surface topography analyses, these results suggest that when developing an antibacterial coating for
implant, it is important to consider the “coating + implant” combamaas a whole system. This is
because the intricacies of the surface of the substratum atnmanm-and subaano scales may affect

the deposition of the reactive species on the surface and thus the chemistry and biological activity of tr
coating. This is particularly important when the coatings rely on release of antibacterial agents that ar
influenced by the coating thickness. This activity may be further enhanced or suppressed by the actic
of the micre and nancscale topography of the fihmovered substrata, where the magnitude and

distribution of the surface features at different scales can play a role.

Table 3. Biovolume and viability of P. aeruginosadS. aureusells attached onto the unmodified

and polyterpenetoated titanium surfaces.

CMP-Ti ECAP-Ti MP-Ti FLA-TI

P. aeruginosa

Biovolume, Unmodified 278+119 131+040 7.37+1.68 0.00+0.00
T “cells per Polymercoated 0.26+0.06 0.00+0.00 0.44+0.16 0.94 +0.33
mmn? p value 0.0004 <0.0001 <0.0001 <0.0001
Unmodified 89.12+2.64 84.90+3.85 92.11+4.88 0.00+0.00
% Live Polymercoated 37.28 +7.46 0.00+0.00 28.96 +£3.23 49.58 £ 2.14
p value <0.0001 <0.0001 <0.0001 <0.0001
Unmodified 1090+ 2.66 15.10+3.85 547+152 0.00+0.00

% Dead
Polymercoated 62.72+ 7.46 0.00+0.00 71.04+3.23 50.42+2.14
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p value <0.0001 <0.0001 <0.0001 <0.0001
S. aureus

Biovolume, Unmodified 11.30 £ 2.64 16.16 +2.50 4.97+1.90 62.23 +2.38
T “cells per Polymercoated 1.94+0.90 5.25+0.79 0.35+0.22 4.63+1.27

mmn? p value <0.0001 <0.0001 0.0001 <0.0001
Unmodified 90.39 +3.14 7857 +7.38 89.62 +3.58 95.08 + 0.58
% Live Polymercoated 57.24+2.01 17.21+3.21 38.46+0.83 11.77+4.24

p value <0.0001 <0.0001 <0.0001 <0.0001
Unmodified 9.61+3.14 21.43+7.38 1045+ 3.73 4.92+0.58

% Dead

Polymercoated 42.76 + 2.01 82.79+ 3.21 61.54+£0.83 88.23 +4.24

p value <0.0001 <0.0001 <0.0001 <0.0001

The antimicrobial properties of terpindral in its liquid form have been demonstrated across a broad
range of organisms, including grgmsitive and grasmegative bacteria, fungi, and even cancer cells
[5254]. Importantly, several studies have suggested that a treatment with tetmheloes not
contribute to the development of singénd multistep antibiotic resistance in methicitiasistantS.

aureus Escherichia coli, P. aeruginosa and Staphylococcus epidertheisepathogens retaining their
susceptibility to both conventional systemic antibiotics and plant secondary metal&Bite3He
mechanism by which cyclic mototerpene alcohols such as terpinkkill cells is yet to be fully
described. Nevertheless, for organisms such as EPcaeruginosaS. aureusand Candida albicans

the effect is believed to primarily involve disruption of the permeability barrier of cell membrane
structures and the accompanying loss of chemiosmotic control. These disruptions then lead to membra
expansion, increase of membrane fluidity and permeability to the passage of smallgaiis K, Na

and C4&"), disturbance of membramembedded proteins and membraoepled, energgependent
processes, inhibition of respiration, and alteration of metabolism, turgor pressure and motility in botf
Grampositive and Granmegative bacteriaSf, 56]. Within the cell, terpene molecules can form

complexes with intracellular proteins through hydrogen bonds and hydrophobic interactions and induc:
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intracellular ROS production that leads to DNA damage. With respect to quorum sensing phenomen:
terpinen4-ol can inhibit the production of violacein in Chromobacterium violageswarming motility

of P. aeruginosa, and biofilm formation in MRSA straib3|.

During plasma polymerisation, the volatile terpi#eal molecules are exposed to plasgemerated
species, with some of these molecules being activated, fragmented or modified. Together with unreacte
monomer units, these species are delivered to thecgynivhere they form polymdéke networks. Some

of these species are physically entrapped within the growing polymer coating. The degree- of cross
linking within aresulting polymetlike network is relatively low. Thus, once the polymer is exposed to
an ageous environment, the liquid can penetrate into the polymer, thereby allowing the entrappec
unmodified species and the products of polymer degradation to elute into the liquid in the immediate
proximity of the polymer surfacén casethe eluted products are the molecules of terp#heh-the
mechanism of antimicrobial activity is similar to that described above. For products of polymer
degradation and species that have been modified by exposure to plasma, the mechanism is less w
understood. The biological activity and antimicrobial efficacy of plant secondary metabolites is
generally related to the specific chemical structure of the molecule, and, more specifically, to the
presence of functional groups that affect the hydrophilicity and lipophilicity of the mol&S)lerhis

is because hydrophilicity allows terpindrel to be highly soluble in aqueous solutions and thus to
approach bacterial cells, whereas lipophilicity of terpidest allows the molecule to perturb and
transport across bacterial membrane, and thgagmwith intracellular biomolecules. It is evident that
fragmentation and modification of monomer molecules in plasma will likely result in a great diversity
of fragments that vary in chemical functionality and, consequently, in how they engage witmtliffe
cellular processes and components of bacterial cells. Our earlier study on the atmospheric presst
plasma treatment of terpindrol suggests that some of these interactions between terpivlen-
fragments and derivatives and bacterial cells mayributé positively to the overall antimicrobial

efficacy of the treatmend[/].
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3.5 Mechanism of polymer coating formation in plasma

From the cell studies, it is evident thatalh cases but one, the addition of the polymer coating makes
the surface of Ti substrata significantly less susceptible to cell attachment, by retarding cell attachmet
and killing the cells that manage to attach. In that one caspdlymercoated FLA), the coating covers

the original superhydrophobic lotlike pattern of FLATI that was designed to repel attachmenPby
aeruginosacells. However, the polymamwoated FLATI gains the ability to retard the attachment and

kill S. aureus cells that coupateviously successfully colosethe superhydrophobic FLAI substrata.
Therefore, the addition of the coating to the surface can be considered highly beneficial for the
prevention of microbial attachment and biofilm formation. Nevertheless, the reasons for the eviden
variability in the antimicrobial activity of polymers deposited on substrata with different surface

topography need to be unraveled

Let us now consider the possible effects of the subdtwptagraphy on the distribution of energy and
particle fluxes over the titanium substrata, and how these relate to the uniformity and biological activity
of thusdeposited thin film coatings. For the purpose of this discussion, the surfaces of titanium substrat
will be considered to have one of the three distinct finishes,mechanically polished, chemieal
mechanically polished, and femtosecond laser ablated, resulting in topographies with markedly differer
magnitude and distribution of nanard micrescale features. While ECAP samples were additionally
subjected to the grain refinement treatment, their surface finish was similar to that of CMP samples, an
thus, for the purpose of this discussi ECAP and CMP samples will be considered to be in the same

category.

Chemicallymechanically polished (CMP and ECAP) samples are the smoothest, with mostly nanoscale
features with a maximum peak height of 100 and an average roughness of less than 1 nm. The
polymer deposited on these surfaces is mostly uniform with regpés chemical composition and
thicknessand has the best antimicrobial performance of the three surface types expressed as the lowe
number of attached cells, as well as the lowest fraction of surviving cells. Mechanically polished (MP)

samples haveusfaces decorated with both miciemd nancscale features with a miaxum peak height
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of approx. 400hm and an average roughness of aroundrb0The polymer film deposited on these
surfaces is less uniform as compared to the CMP group, with areas that are thinner and/or of differel
chemistry. While the polymer coating shows good antimicrobial performance, it is inferior to that of
CMP, with a greater number of attached cells and a greater fraction of surviving cells. Surfaces of FL/
samples have a clearly defined micamdnanoscale pattern with a much higher magnitude of surface
features, with a maximum peak height of abag@0B8nm and an average roughness of aboutr370

The polymer is much thinner overall @@mpared to polymer coatings on other surfatteghemisty

is also nordniform, as seen frorhe intensity and distribution of chemical groups on the FTIR maps.
This polymer has the weakest overall antimicrobial performance when compared to polymers deposite

on CMP and MP samples.

It is evident that the scale of the surface featurestieegnaximum and average magnitude, may at least

in part affect plasmaurface interactions and thus modulate the delivery and subsequent assembly of the
polymer building blocks on the surface, with the assembly being unifminfsmooth’ CMP, less
uniform on ‘rough’ MP, and patchyn ‘patterned rough’ FLA. The ggehase reactions that produce
these building blocks through fragmentation and reassembly of monomer units in the gas phase a
assumed to depend on plasma parameters and are not affected by the surface topography of the subst
This is because the lengshale of the surface features is several orders of magnitude smaller than the
scale of plasma bulk/gas phase where monomer fragmentation, reassembly and potentially formation
larger macromolecules via plasma polyrsstion take plac&8]. This assertionis consistent with
previous masspectroscopy studies that showed the presence of species in the plapmasgdbat are
heavier than the original monomers, suggesting oligomerisation and potentially some

polymerizatiop42,47].

Therefore, it is likely that the scale of surface features primarily affects the delivery of species from the
gas phase to the surface, and surface procdsgpsd 8). This is in broad agreement with previous
investigations by Levchenko et alvho used numerical simulations to show that the surface features of

metallic substrata affect the dynamics of formation of insulating films from plasma on metallic surfaces
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[59, 6Q]. In the gas phase, there is a mix of fragmented monomer enitsrgdicals, ions) and
unfragmented onesyhich are generated in the plasma bulk and then delivered to the surface from the
plasma sheath border above the naiferm surface. The differences in the flux of the species onto the
surface and in the uniformity with which these species reach surfaces with different topographies aris

primarily due to the different ratios of sheath width above the suR@egnand size of featureSeaturs

.e. G= Et’;"’”" These have previousheenshown to play a key role in determining the formation and
\[Wjkh[

evolution of electric field patterns that drive the delivery of pladejosited building blocks to the
surface. Depending on the specific deposition conditions (determined by the sheath width above th
surfaceRsneathand size of surface featuresedr), the fragmented units could assemble into a loosely
crosshnked matrix, or an islanded film, or a uniform coating. The result of this assembly would define
the nature and distribution of functional groups that will be available on the surface, and thus its
wettability and susceptibility to biofouling. The unfragmented monomer units will be physically
entrapped within the matrix; these units are the primary active (biocidal) agents that ard fedbaase

the coating as it degrades, although it is also possible that some of the fragmented units or the

derivatives may also have complementary bioac{@ity
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Figure 8. Schematics of the mechanism of coating formation on surfaces with features of diéfiegémnt

scales, and its implications for polymer bioactivity.
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When plasma comes into contact vittlle chemicallynechanically polished (CMP and ECAP) samples
(Rmax~100nm, Ry< 1 nm) and polymer species begin to assemble on the tips of the nanoscale feature
on the surface of Ti, a significant surface charge may build up (as the polymer is an insulator growing
on a metal). This can lead to the formation of a strong dijgaeslectric field patternwhich increases

the flux of ions from the plasma bulk towards the surface. Such a distribution of the ion flux results in
the deposition of plasm@erived building blocks between the already formed polymer islands, resulting
in the gradual filling of the gaps and voids on the surface. Thus, the strong electric field that is formec
at the nanoscale surface features promotes the formation of a smooth coating via nucleation of ne
deposited phase between the surface features and already nucleated [[SRr@ld. The resulting
coating is fairly uniformin its chemical composition and thickness, and for this reason has the best

antimicrobial performance.

In the case of the mechanically polished (MP) samples, the na@o nancscale features on their
surfaces are much larger and cannot provide for an efficieistréution of the plasmédeposited
building blocks. The electric field pattern is less amif, with astronger field aroundmaller surface
features in the distribution functi@andaweaker field at the larger features. This results in the formation
of a coating that is less uniform in chemistry and thickness due to a weaker effect of platrea o
kinetics of the depositiorbp, 60]. In the case of FLA, a much greater size of surface features results in
a large ratio of the sheath width above the surRaganto the size of featureseature The weak electric

field cannot effectively promote the extraction of the ion flux from the plasma sheath to the surface. The
resulting polymer coating is much thinner overall, and has inferior chemical uniformity, resulting in the

weakest overall antimiobial performance.

Considering that lowtemperature plasmas are widely used for reforn82gd3], synthesisg4, 65 and
surface modificationg6, 67] of a wide range of material6§], these findingsnay have implications
not only for biomedical applications but also for a large number of enginegrphligations, including

in electronics, optics, corrosion protection, etc.

37



4. Conclusions

The aim of this study was to understand to which extent the topography of the underlying surface of th
substratum, including the ordering of the surface morphology, influences the extent and uniformity of
biochemical activity of various surface coatings that have been deposited using such a plasma
technology, and study the key factors that control the resultant behaviour of the coating. Coating of -
range of titanium surfaces witholyterpenol through plasma deposition resulted in chemically similar,
but morphologically distinct surfaces. Material characterisation analyses showed that the modified
titanium surfaces differed in terms of their physat@mical characteristics, particularly with regard to
wettability and surface architecture at the micaad nanoscale. The chemical composition of the
polyterpenol coatings was similar in all films deposited onto the four distinct types of titanium
substratum surfaces. Highsolution mapping revealed the presence of aumpiorm distribution of
functional goups over the surface, likely due to the rthie surface topographical features of titanium
substrata play in the dynamics of the plasma deposition procesy affecting the rate with which
polymer building blocks deposit over the peaks and valleys of the titanium surface. The attachment an
retention of bacterial cells of the nosocomial human pathogenic S. aureBs aadiginosaacterial
strains was found to be retarded on the polyterperalified surfaces compared to those of unmodified
titanium surfaces in all but one caseisléxception was thattachment oP. aeruginosa bacterial cells

to polyterpencloated FLATI substratum thawasenhancediue to the loss of superhydrophobic letus

like pattern of FLATI.

The results of this study show that polyterpenol coatings hold promise as-effecsve surface
modification strategy with the potential to enhance the current and potential biomedical applications o
titanium. Furthermore, this study highlighted thgortance of understanding the nature of bioactivity,
and how it is influenced by the surface topography of the material. It is therefore imperatwesider

not only the eukaryotic, but also prokaryotic, cell response to the surface properties of any candidat

material for biomedical applicatioms order to take full advantage of its potential.
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