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ABSTRACT: Plasma processing, e.g., functionalisation and deposition of antibacterial coatings, is often 

used to enhance surface properties of biomaterials. Plasma is, however, a non-uniform active medium, 

and the result of processing depends on the nature of both the plasma and the substratum. Here we show 

that when an antibacterial coating (i.e., polyterpenol) is plasma polymerised onto four types of titanium 

substrata that differ in their micro- and nano-scale topography (but not the bulk chemistry), the 

distribution of functional groups, e.g., –OH and –C=O, in the polymer across the surface differs 

sufficiently, and so does the antibacterial activity of the resulting material system. While the addition of 

a coating hinders biofilm formation by Staphylococcus aureus and Pseudomonas aeruginosa, the 

bactericidal effect is significantly stronger in polymers deposited onto surfaces possessing lower degrees 

of nanoscale roughness, e.g., substrata after mechanical and chemical polishing. The reduced 

antibacterial efficacy in the case of greater surface roughness of substrata (e.g. for mechanically polished 

or lotus leaf-like surfaces) is attributed to a greater extent of thickness non-uniformity and heterogeneity 

in the functional group distribution across the surface. These findings suggest that the magnitude and 

distribution of topographical features of 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 of 

a wide range of materials for many technological and biomedical applications [1-5]. In processing of 

materials that interface with living tissues [6-8], including coronary stents, orthopaedic load-bearing 

implants, and polymer catheters, plasma treatment is frequently used to impart a complex engineered 

micro- and nano-scale 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 define 

how materials interact with their environment in vivo, including biomolecules, cells and tissues, and 

their susceptibility to bacterial colonisation [9-13]. Bacterial attachment and subsequent development of 

implant-associated infections remains a critical challenge for medical devices [14]. It is one that is often 
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difficult to address using conventional approaches, e.g., prophylactic or therapeutic systemic 

administration of antibiotics, because of the substantially increased drug tolerance of microorganisms in 

the biofilm state as well as the growing resistance of bacteria to conventional antibiotics. For this reason, 

the development of surfaces that retard biofilm development, especially those that do not rely on the use 

of conventional antibiotics but rather employ alternative chemical or physical mechanisms, is a topic of 

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

Radio-frequency (RF) plasmas have been shown to be effective for the one-step reforming of natural 

antimicrobial agents such as essential oils and their derivatives, including monoterpene alcohols, and 

their immobilisation on surfaces in the form of solid polymer-like coatings with a broad spectrum 

antibacterial activity against Gram-negative and Gram-positive pathogenic organisms [15-17]. Essential 

oil-derived antimicrobials, such as cinnamaldehyde, have been shown to disrupt surface colonisation 

and biofilm formation of pathogenic bacteria by modulating the intracellular signalling processes in a 

number of clinically-relevant pathogens [18]. The application of essential oil-based antimicrobial 

coatings over load-bearing 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 biocidal activity of such coatings appears to be 

limited to bacteria and not mammalian cells, which allows for the efficient attachment and proliferation 

of the latter cell lines [16, 19].  

The unique flexibility and low temperature of plasma-based processing allows for the deposition of 

biodegradable essential oil-based coatings over complex three dimensional shapes, including cotton and 

viscose fabrics [20], as well as polymer, ceramic, and 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, sustained non-equilibrium 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 as 

deposition over the surface of titanium, the complex nature of the interaction between plasma and the 
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substratum can lead to the re-distribution of fluxes of energy and matter to the surface [21]. The extent 

of this resulting non-uniformity may at least in part be controlled by the characteristics of the surface, 

including its topography, morphology, ordering of nano-features and chemistry [22]. The implication of 

this non-uniformity is that surfaces possessing a pronounced degree of physical or chemical non-

uniformity may promote the deposition of a coating that varies in its chemistry and surface topography. 

In addition, during the plasma deposition process, certain sections of the coating may become more 

susceptible to the re-arrangement of surface bonds and 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 

topography features on certain substrata over different length scales 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 substrata may impart a certain level of antimicrobial activity to the surface, as is the case with 

surfaces that are modified to display a lotus leaf-type topography, we also investigate whether the 

activity of the polymer coating may be further enhanced or inhibited by changes in the micro- and nano-

scale topography of the substrata. 

2. Materials and methods 

2.1 Preparation of titanium substrata 

Four types of substrata, namely chemically and mechanically polished (CMP-Ti), chemically and 

mechanically polished equal channel angular pressed (ECAP-Ti), mechanically polished (MP-Ti), and 

femtosecond laser ablated (FLA-Ti) titanium samples were prepared according to experimental 

methodology outlined in [23] and [12]. All titanium samples were prepared from a single as-received 

ASTM Grade 2 commercial purity Ti extruded bar (Tico Inc., USA) annealed at 704.4 °C for 1 h. The 

bar was cut into smaller billets (~10 mm in diameter). Billets used to fabricate CMP-Ti, MP-Ti and FLA-

Ti did not receive any further treatment prior to being cut into 2 mm slices.  
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Figure 1. Schematic depiction of the sample preparation process for different types of polymer-coated 

titanium substrata. All titanium substrata were derived from a single rod.  
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To fabricate the ECAP-Ti substrata, equal channel angular processing involved four passes at 350 °C, 

according to route Bc, in which the workpiece was rotated by 90° about its long axis between the 

�F�R�Q�V�H�F�X�W�L�Y�H���S�D�V�V�H�V�����7�K�H���(�&�$�3���W�U�H�D�W�P�H�Q�W���U�H�G�X�F�H�G���W�K�H���D�Y�H�U�D�J�H���J�U�D�L�Q���V�L�]�H���I�U�R�P�������������P���W�R��������–200 nm 

and ensured a uniform distribution of fairly equiaxed grains within the modified material. The sample 

preparation process is shown in Figure 1. 

All billets were sectioned into 2 mm thick slices (d �§���������P�P�����X�V�L�Q�J���Z�L�U�H���H�O�H�F�W�U�L�F���G�L�V�F�K�D�U�J�H���P�D�F�K�L�Q�L�Q�J��

�D�Q�G���S�U�R�J�U�H�V�V�L�Y�H�O�\���J�U�R�X�Q�G���R�Q���V�L�O�L�F�R�Q���F�D�U�E�L�G�H���J�U�L�Q�G�L�Q�J���S�D�S�H�U�V���W�R���D���J�U�L�W���V�L�]�H���R�I���3�����������������������P�����W�R���H�Q�V�X�U�H��

that a planar surface could be produced with only shallow surface scratches, free of deformation pits. 

No further mechanical or chemical polishing treatment was applied to the MP-Ti samples, which were 

rinsed in acetone and methanol, and stored until required. Excluding the diamond polishing stage, the 

CMP-Ti and ECAP-Ti samples were polished directly with colloidal silica (OP-S, mean grain size of 

0.06 µm) mixed with hydrogen peroxide (30%) at a ratio of 20 parts to 1, rinsed, and ultrasonically 

cleaned in nanopure H2�2�����Z�L�W�K���U�H�V�L�V�W�L�Y�L�W�\���R�I�������������0�
���F�P�í1) followed by final cleansing with ethanol.  

To fabricate the hierarchical superimposed nano- and microstructures on the FLA-Ti samples, the 

mechanically polished surfaces were uniformly irradiated with 50 femtosecond laser pulses at the laser 

fluence of 100 J/cm² under ambient air conditions, and then cleaned using acetone in an ultrasonic bath.  

The laser structuring was performed using a commercially available amplified Ti:Sapphire femtosecond 

laser system (Femtopower Compact Pro, Femtolasers Produktions GmbH, Austria), which delivers sub-

30-fs pulses at an 800 nm central wavelength with a pulse energy of up to 1 mJ, and a repetition rate of 

1 kHz. An x-y motorized translation stage (Physik Instrumente GmbH, Germany) was used for sample 

positioning and translation, and a computer-controlled 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 terpinen-4-ol under RF plasma conditions under low 

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

network [24].  

In addition to the titanium samples, glass slides (BioLab Scientific, Ltd., Toronto, Ontario, Canada) and 

KBr windows (International Crystal Laboratories, Garfield, NJ., USA) were employed as model 

substrata to confirm the resulting thickness and chemical composition of the terpinene-4-ol film, 

�U�H�V�S�H�F�W�L�Y�H�O�\���� �*�O�D�V�V�� �V�O�L�G�H�V�� �������×�P�P�×�î�×�����×�P�P���� �%�L�R�/�D�E�� �6�F�L�H�Q�W�L�I�L�F���� �/�W�G��, Toronto, Ontario, Canada) were 

thoroughly cleaned by first washing them in the solution of Extran (Sigma-Aldrich, St. Louis, Missouri, 

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

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

were then dried using compressed air.  

Once the substrata were placed into the deposition chamber, it was evacuated to 200 mTorr, and flushed 

with argon for 1 min to eliminate any excess oxygen. At this point, the RF generator was turned on to 

form the flow discharge, and the substrata were exposed to an argon plasma for 1 min to remove any 

potential contaminants from the surface and prepare them for deposition. The flow of argon was then 

stopped, and upon further evacuation to 50 mTorr, the terpinen-4-ol monomer (99.9% pure, Australian 

Botanical Products, Ltd.) was released gradually into the chamber.  

Terpinen-4-�R�O�� �K�D�V�� �D�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W���R�I�� �����������������J���P�R�O���� �E�R�L�O�L�Q�J�� �S�R�L�Q�W���R�I�� �������í�������� �ƒ�&�� �D�W���������×�P�P�� �+�J����

�Y�D�S�R�X�U���S�U�H�V�V�X�U�H���R�I�������������P�P���+�J���D�W�������×�ƒ�&�����D�Q�G���Y�D�S�R�X�U���G�H�Q�V�L�W�\���R�I�������������6�L�Q�F�H���W�H�U�S�L�Q�H�Q-4-ol is volatile under 

ambient temperature and pressure conditions, it was possible to deliver the monomer into the chamber 

�Z�L�W�K�R�X�W���W�K�H���X�V�H���R�I���D�Q���H�[�W�H�U�Q�D�O���K�H�D�W�L�Q�J���R�U���F�D�U�U�L�H�U���J�D�V�����7�K�H���I�O�R�Z���U�D�W�H���R�I���W�K�H���P�R�Q�R�P�H�U���Z�D�V���K�H�O�G���D�W���a�������×�F�P3 

min�í1.  

Deposition of the film took place at 25 °C and a pressure of 150 mTorr under 10 W RF power for 10 

min. The deposition process did not produce any measurable heating of the substratum, which remained 

at 25 °C for the duration of the process. These conditions were selected as they allow for the deposition 

of degradable coatings that are capable of eluting biochemically reactive species [25, 26].  
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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 on 

the titanium substrata. These coatings were then characterised using a variable angle spectroscopic 

ellipsometer (model M-2000, J. A. Woollam Co. Inc.) to confirm the optical properties and thickness of 

the resulting surface films. The relevant data were acquired within the 200–���������×�Q�P���V�S�H�F�W�U�D�O���U�D�Q�J�H���D�Q�G��

�D�W�� �D�Q�J�O�H�V�� �R�I�� �L�Q�F�L�G�H�Q�F�H�� �R�I�� �3�×� �×�����ƒ���� �����ƒ���� �D�Q�G�� �����ƒ���� �F�K�R�V�H�Q�� �W�R�� �E�H�� �D�U�R�X�Q�G�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�O�\-determined 

Brewster angle for the polymer film. This was done to maximise the difference between the s and p 

components of 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 

�I�L�O�P���Z�D�V���D�V�V�X�P�H�G���W�R���E�H���K�R�P�R�J�H�Q�R�X�V���D�Q�G���R�S�W�L�F�D�O�O�\���W�U�D�Q�V�S�D�U�H�Q�W���D�E�R�Y�H���������×�Qm, and the layer was modelled 

using a Cauchy dispersion, with a surface roughness layer (50% polymer/ 50% air) applied above to 

refine the model. The real refractive index (n) and extinction coefficient (k) as a function of wavelength 

were then approximated 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 than 2. The average deposition 

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

of ~380 nm. 

An Attenuated Total Reflection Fourier Transform Infrared spectroscope (ATR-FTIR, Perkin Elmer 

Spectrum 100 FTIR spectrometer, within 4000–�������×�F�P�í1 �U�H�J�L�R�Q���D�W���D���U�H�V�R�O�X�W�L�R�Q���R�I�����×�F�P�í1) was used to 

confirm the chemical composition of the polymer. An Atomic Force Microscope (AFM, NT-MDT 

NTEGRA Prima) was used in the tapping mode at a scanning rate of (typically) 1 Hz to confirm the 

surface roughness over scanning areas of 1 µm �î�������—�P����������µm  �î���������—�P�����D�Q�G����������µm �î�����������—�P�����1�6�&������

cantilevers (NT-MDT) 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 measuring 

system was employed to determine water contact angles (KSV 101, KSV Instruments Ltd., Finland).  

Characterisation of the surface was performed for at least three different locations on a minimum of five 

samples for each of the different types of substrata studied. All contact angle values for the polymer 
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coatings on glass and KBr were found to be in good agreement with those previously reported for 

polyterpenol [25, 26].  

2.4 Surface characterisation of titanium substrata 

The surface morphology of unmodified and polyterpenol-coated titanium surfaces was investigated 

using atomic force microscopy (Solver P7LS, NT-MDT Co.). Standard instrument software (LS7-SPM 

v.8.58) was used to quantitatively estimate the surface roughness at the nanometre scale. Scanning was 

performed in the semi-contact mode with the cantilever perpendicular to the samples at a rate of 1 Hz. 

Whisker type silicon cantilevers (NSC05, NT-MDT) with a spring constant of 11 N m�í1, tip radius of 

curvature of 10 nm, aspect ratio of 10:1, and resonance frequency of 150 kHz were used for analysis. 

For each sample type, topographical data were obtained for at least three samples and scanned in a 

minimum of five randomly chosen locations. Scanning areas of two sizes were used to investigate micro- 

and nano-features. The changes being observed were discussed in terms of their statistical significance 

as determined by Student's two-tailed t-tests. Water contact angle measurements were performed using 

an FTA1000 (First Ten Ångstroms 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 a 

Pelco Model PCHM 575-4 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 for single-

sided data acquisition. Optics f/6.5, and three internal light sources, namely Hg-Arc lamp (5-1000 cm-

1), Globar source (10-13000 cm-1), and a Tungsten lamp (1000-25000 cm-1) were used for analysis. The 

data was acquired over 1000-4000 cm-1.   

2.5 Modelling of the surface features 

�$�Q�D�O�\�W�L�F�D�O���P�R�G�H�O�O�L�Q�J���Z�D�V���D�S�S�O�L�H�G���W�R���W�K�H���G�D�W�D���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���R�S�W�L�F�D�O���L�P�D�J�H�V�������������î����������

µm) of the titanium substrata before and after polymer deposition to investigate the degree of ordering 

of microscale features on the surfaces of as-processes and polyterpenol-coated titanium substrata. 
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Specifically, we have calculated the power spectral density functions and autocorrelation functions for 

all samples before and after treatment. The power spectral density function can be calculated according 

to the following equation: 

�9 (�- ) =
�6��

�Ç�Æ�Û
�Ã �+�2�Ý�- �+

�6𝑀𝑀�?�5
�Ý�@�4 ,                                                                           (1) 

where Pj(K) is the Fourier coefficient of the j-th row. For a more detailed description of the model, see 

e.g. reference [27]. This function reflects the variations of signals as a function of frequency, thus 

discriminating between the frequencies with strong and weak signal variations. 

The power spectral density function is a means to determine the frequencies of signals (in our case, the 

surface features play the role of a signal) in the data matrix. In the general sense, these distributions may 

reveal if there are deviations from ordering by illustrating the dependencies of variance 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 open-source Gwyddion software 

(http://gwyddion.net/).  

The radial distribution function g (r) of a system of components is used to describe how the density of 

these components varies as a function of distance from a reference component. As such, it may provide 

useful information about homogeneity and isotropy of the surface.  

The generalised Hough transform is a tool used to detect arbitrarily complex shapes within a pattern or 

map of features, e.g. a surface with nano- and micro-scale protrusions and highlight the differences in 

the ordering of these surface features between sample groups. A detailed description of this method of 

pattern recognition can be found in references [28, 29].  

2.6 Microorganisms, culture conditions, and biological characterisation 

For this study, clinically significant human pathogens, namely Staphylococcus aureus CIP 65.8T and 

Pseudomonas aeruginosa ATCC 9025, were chosen. Microorganisms were sourced from the Culture 

Collection of the Institut Pasteur (CIP, France) and American Type Culture Collection (ATCC, USA). 

�%�D�F�W�H�U�L�D�O���V�W�R�F�N�V���Z�H�U�H���S�U�H�S�D�U�H�G���L�Q�����������J�O�\�F�H�U�R�O���Q�X�W�U�L�H�Q�W���E�U�R�W�K�����2�[�R�L�G�����D�Q�G���V�W�R�U�H�G���D�W���í���� °C and were 

http://gwyddion.net/
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refreshed on nutrient agar (Oxoid) prior to each experiment. For each strain, a fresh bacterial suspension 

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 harvested at the logarithmic stage of growth, with the cell 

density adjusted to OD600 = 0.3 and quantified by means of a haemocytometer. 

�$�O�L�T�X�R�W�V���R�I�������������/���R�I���E�D�F�W�H�U�L�D�O���V�X�V�S�H�Q�V�L�R�Q���Z�H�U�H���G�H�S�R�V�L�W�H�G���R�Q���W�K�H���V�X�U�I�D�F�H�V���R�I���S�R�O�\�W�H�U�S�H�Q�R�O-coated and 

unmodified titanium samples. At least five samples were used for each surface type/strain combination. 

Three independent experiments were performed to substantiate the results. Following an 18 h incubation 

period at room temperature (ca. 22 °C), the samples were gently rinsed with copious amounts of MilliQ 

water so that only sessile bacterial cells remained. The samples were then allowed to dry at room 

temperature for 45 min at 55% humidity to maintain a semi-hydrated state of the bacteria, as confirmed 

by their morphological appearance.  

The bacterial cells retained on the substrata were then visualised using scanning electron microscopy 

(SEM) and confocal scanning laser microscopy (CSLM). For SEM, the samples were first coated with 

gold using a Dynavac CS300 device following the previously described experimental procedure, and 

�W�K�H�Q�� �V�F�D�Q�Q�H�G�� �X�V�L�Q�J�� �D�Q�� �)�(�6�(�0�� ���=�(�,�6�6�� �6�8�3�5�$�� �����9�3���� �D�W�� ������ �N�9�� �X�V�L�Q�J�� ������������ ���������� �D�Q�G�� �������������î��

magnification conditions. High-�U�H�V�R�O�X�W�L�R�Q���L�P�D�J�H�V���R�I�������������D�Q�G�����������î���P�D�J�Q�L�I�L�F�D�W�L�R�Q���Z�H�U�H���H�P�S�O�R�\�H�G���I�R�U��

quantitative assessment of the retained bacteria.  

For CSLM analyses, the samples were prepared according to standard staining techniques using a 

LIVE/DEAD BacLight Bacterial Viability Kit, L7012 (Thermo Fisher Scientific, Waltham, MA, USA), 

where SYTO® 9 is employed for staining of both live and dead bacteria green, and propidium iodide is 

able to selectively stain dead bacteria red. In short, 20 µL of working dye solution was introduced to 100 

µL of bacterial suspension after 18 h of incubation and prior to rinsing with copious amounts of water, 

and incubated for 15 min at 22 °C. Fresh medium was then added, and the samples were allowed to 

incubate for a further 30 min at 22 °C, followed by rinsing 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 image 
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red dye. These data were then processed using Fluorview FV 7.0 software to produce a series of 3D 

image stacks. Specifically, a minimum of six typical biofilm areas for every surface type/bacterial strain 

combination was exported into a stack of grey-scale 8-bit 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 tree oil-derived 

monoterpene alcohol using single-step reforming in a radio frequency (RF) capacitively coupled plasma 

[25, 26]. Terpinen-4-ol has strong, broad-spectrum activity, and its high vapour pressure at ambient 

temperature renders it exceptionally well-suited for plasma-enhanced chemical vapour deposition. 

Furthermore, once in its coating form, polyterpenol is optically transparent and stable when exposed to 

sterilising UV light and gamma radiation [30, 31]. The titanium substrata possess distinct, well-defined 

surface topographies that have been attained using chemical and mechanical polishing, equal channel 

angular pressing [23], and femtosecond laser ablation [12]. Equal channel angular pressing was used to 

modify the bulk properties of the metallic material by refining the grain structure of the material [23], 

whereas femtosecond laser ablation was employed to impart a lotus leaf-like structure containing micro- 

and nanoscale quasi-periodic self-organised structures on the metal surface [12]. 

The antimicrobial activity of polyterpenol deposited on different titanium substrata was tested using 

clinically significant human pathogens, namely Staphylococcus aureus and Pseudomonas aeruginosa. 

S. aureus is responsible for one in three surgery-related infections; for example, S. aureus has 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 nature [32]. P. aeruginosa is 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 joint 
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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 in Figure S1, and the results of quantitative analysis of surface roughness parameters are 

summarised in Table S1, Supporting information. The three-dimensional reconstructions of surface 

morphology of the as-prepared and polyterpenol-coated samples obtained using optical micrographs 

(100 µm �î�����������—�P�����D�Q�G��AFM images (5 µm �î�������—�P�����D�U�H���S�U�H�V�H�Q�W�H�G���L�Q��Figure 2.  

Table 1. Surface roughness analysis for AFM scanning area of 5 µm �î�������—�P���I�R�U���X�Q�P�R�G�L�I�L�H�G���D�Q�G��

polyterpenol-coated titanium surfaces. 

 Roughness values ± SD 

  Ra (nm) Rq (nm) Rmax (nm) Rskw Rkur 

CMP-Ti 0.4 ± 0.1 0.6 ± 0.1 14.5 ± 3.2 56.0 ± 0.1 25.0 ± 6.5 

ECAP-Ti 0.6 ± 0.3 0.8 ± 0.4 10.1 ± 5.2 -0.4 ± 0.3 4.1 ± 1.1 

MP-Ti 28.0 ± 1.1 34.0 ± 1.4 186.2 ± 61.8 0.1 ± 0.02 2.5 ± 0.2 

FLA-Ti 128.8 ± 7.7 161.5 ± 8.5 1183.3 ± 122.1 -0.4 ± 0.04 3.1 ± 0.2 

PT CMP-Ti 0.8 ± 0.1 1.4 ± 0.2 22.9 ± 5.3 2.1 ± 0.7 15.2 ± 1.6 

PT ECAP-Ti 5.8 ± 0.9 7.5 ± 1.3 119.6 ± 43.6 0.6 ± 0.1 5.4 ± 1.0 

PT MP-Ti 41.7 ± 17.3 51.9 ± 21.1 310.0 ± 83.7 0.01 ± 0.3 2.9 ± 0.4 

PT FLA-Ti 81.2 ± 7.2 102.9 ± 8.5 793.0 ± 117.2 -0.2 ± 0.2 3.2 ± 0.3 

 

The optical images show smooth, uniform and homogeneous surfaces of substrata before and after 

application of the coating. At this length scale, it is very difficult to pinpoint the differences between 

such surfaces as CMP-Ti and ECAP-Ti. At smaller length scales, the AFM images revealed a more 

complex and diverse topography, with nanoscale and sub-nanoscale features being observed, the 

magnitude and distribution of which differed between different sample groups.  
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Figure 2. Three-dimensional reconstruction of typical surface morphology for samples before (left 

column) and after (right column) deposition of the polyterpenol coating. A. Typical optical images of 

as-prepared and polymer-�F�R�D�W�H�G���W�L�W�D�Q�L�X�P���V�X�E�V�W�U�D�W�D�����6�F�D�Q���V�L�]�H�������������P���î�������������P����B. Typical AFM images 

of the surface topography of uncoated and coated titanium substrata at high resolution, at scanning areas 

of 5 µm �î���� ���P�����7�K�H���F�R�O�R�X�U���V�F�D�O�H���E�D�U���L�V���L�Q���Q�P�����:�K�L�O�H���Q�R�W��being able to provide sufficient information 

about ordering and presence of short-range and long-range periodic structures, these images reveal 

differences in the structure and morphology of nanometer-scaled surface features and topographies.  

Understanding the nature and ordering of short-range and long-range 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 on a range of length scales [34]. 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, and sub-nanometer scales [12, 23, 35]. It is therefore 

important to evaluate the roughness parameters that describe the surface geometry, including the 

conventional ones, such as the average roughness Ra, the root mean square roughness Rq, and the 
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maximum roughness Rmax, over a number of length scales between the length of the sample and the 

atomic scale. A statistical evaluation of two additional parameters, skewness Rskw and kurtosis Rkur, was 

also performed to enhance our understanding of the evolution of surface topography upon plasma 

polymerisation of the terpinen-4-ol film. Skewness provides a measure of the symmetry of the height 

distribution curve, and can therefore discriminate between surfaces described by narrow sharp peaks 

with wide troughs and high plateaus with sharp deep valleys, whereas kurtosis represents a measure of 

the ‘peakedness’ of the height distribution profile. A kurtosis value of 3 is characteristic of a Gaussian 

height distribution, with greater values of kurtosis attributed to the presence of a surface with a narrow 

height distribution for which the variance is the result of infrequent extreme deviations. Conversely, a 

surface which possesses frequent modestly sized deviations and therefore a well spread out height 

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 scanning 

areas of 5 µm �î�������—�P����Table 1) and 10 µm �î���������—�P����Table S1), with the former reflecting the length 

scales that are particularly relevant to bacterial attachment and biofilm formation. The CMP-Ti and 

ECAP-Ti substrata were shown to be smooth and uniform, with the average roughness Ra for the 5 µm 

�î���������P���V�F�D�Q�Q�L�Q�J���D�U�H�D���R�I�����������“�����������Q�P���D�Q�G�����������“�����������Q�P�����U�H�V�S�H�F�W�L�Y�H�Oy. The results were in good agreement 

with previously published reports [23]. The surfaces of the MP-Ti samples exhibited greater levels of 

roughness, with Ra and Rq of 28.0 ± 1.1 nm and 34.0 ± 1.4 nm, respectively, for the scanning area of 5 

µm �î�� ���� ���P���� �7�K�H�V�H�� �Y�D�O�X�H�V exceeded those previously reported for titanium samples prepared by 

mechanical polishing [36, 37]. The nanostructured surfaces of the FLA-Ti samples were characterised 

by the greatest level of surface roughness, with Ra and Rq 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 the 5 µm �î���������P���V�F�D�Q�Q�L�Q�J���D�U�H�D. 

These results were also in good agreement with previously reported data [37].  

When applied as a thin coating (<50 nm) on a smooth glass substratum or ultra-flat Si wafers (100), 

polyterpenol is typically very smooth and defect-free, with an average roughness Ra of approximately 
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0.3 nm when determined using AFM (scan size of 5 µm �î�������—�P�������L�Q���D���U�D�Q�J�H���R�I�������������Q�P���R�E�W�D�L�Q�H�G���X�V�L�Q�J��

X-ray reflectometry [38], and approximately 0.3 nm estimated using spectroscopic ellipsometry [39]. A 

discrepancy between average roughness values determined using these three methods arises from the 

difference in measurement areas between these techniques (5 ���P �î 5 ���P���� �a������ �P�P2, and 1 cm �î 1 cm 

for AFM, ellipsometry, and XRR, respectively. All polymer surfaces displayed surface skewness 

(Rskw) > 0 and coefficient of kurtosis (Rkur) < 3. Such values for Rskw and Rkur indicate a disproportionate 

number of peaks pertinent to the polyterpenol surfaces and a well spread-out height distribution, 

respectively. 

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

roughness Ra and root mean square roughness Rq for all substrata (p < 0.05). The value of Rmax resulting 

from analyses of data obtained from 5 ���P �î���������P���V�F�D�Q�Q�L�Q�J���D�U�H�D�V���G�H�P�R�Q�V�W�U�D�W�H�G���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W��

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

modification for the CMP-Ti, ECAP-Ti, and MP-Ti substrata, and decreasing substantially for the FLA-

Ti substratum. The polymer-coated CMP-Ti samples showed the lowest level of roughness between the 

four groups, with Ra and Rq values of 0.8 ± 0.1 nm and 1.4 ± 0.2 nm for the scanning area of 5 ���P �î��

5 ���P�����U�H�V�S�H�F�W�L�Y�H�O�\�����Z�L�W�K���W�K�H���P�D�[�L�P�X�P���S�H�D�N���K�H�L�J�K�W���R�I��22.9 ± 5.3 nm. Addition of the polymer coating 

also increased the roughness values for ECAP-Ti samples, with the Ra increasing from 0.6 ± 0.3 nm to 

5.8 ± 0.9 nm. An increase in the maximum peak height Rmax with the addition of polyterpenol coating to 

the ECAP-Ti was most pronounced, from 10.1 ± 5.2 nm to 119.6 ± 43.6 nm for the scanning area of 5 

���P �î���� ���P�����$���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H��Ra, Rq and Rmax values for the unmodified 

and polyterpenol-coated MP-Ti substrata was also observed for the 5 ���P �î���� ���P���V�F�D�Q�Q�L�Q�J���D�U�H�D�����Z�L�W�K���D�O�O��

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

coating onto FLA-Ti samples significantly reduced the Ra, Rq and Rmax values. These data indicate that 

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

titanium surfaces.  
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For the 5 ���P���î�� ���� �—�P�� �V�F�D�Q�Q�L�Q�J�� �D�U�H�D���� �W�K�H skewness Rskw was statistically different for unmodified and 

polyterpenol-coated titanium samples other than MP-Ti samples, for which no statistical difference was 

observed (p > 0.05). The magnitude of Rskw increased for the ECAP-Ti and FLA-Ti samples, from -0.4 

± 0.3 and -0.4 ± 0.04 to 0.6 ± 0.1 and -0.2 ± 0.2, respectively, based on data from the 5 ���P��� î� � � �� � � ��P��

scanning area. For the CMP-Ti samples, polyterpenol modification significantly decreased the value of 

Rskw , from 56 ± 0.1 to 2.09 ± 0.7 for the 5 ���P �î���������P���V�F�D�Q�Q�L�Q�J���D�U�H�D�����8�Q�L�I�R�U�P���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���S�H�D�N�V���D�Q�G��

valleys of specific height would result in a symmetrical distribution with a Rskw value of zero. Negative 

skewness is indicative of larger valleys than peaks, whereas a Rskw larger than zero is consistent with a 

profile that exhibits high peaks and shallow troughs.  

Based on the data from the 5 ���P���î���������P���V�F�D�Q�Q�L�Q�J���D�U�H�D�V�����D�S�S�O�L�F�D�W�L�R�Q���R�I���W�K�H���S�R�O�\�W�H�U�S�H�Q�R�O���I�L�O�P���U�H�V�X�O�W�H�G���L�Q��

statistically significant changes in the kurtosis, Rkur, showing an increase in Rkur from 4.1 ± 1.1 to 5.4 ± 

1.0 as a result of the coating. A more dramatic change in the kurtosis values was observed for the CMP-

Ti samples, where polyterpenol treatment reduced the value of Rkur from 25.0 ± 6.5 to 15.2 ± 1.6 for the 

5 ���P �î�� ���� ���P�� �V�F�D�Q�Q�L�Q�J�� �D�U�H�D�� ���S�� � �� ������������������ �V�X�J�J�H�V�W�L�Q�J�� �D�� �P�R�U�H�� �V�S�U�H�D�G-out height distribution for the 

polyterpenol coating compared to that of the unmodified CMP-Ti samples. Hence, a polyterpenol 

coating on the ECAP-Ti and FLA-Ti substrata resulted in the formation of 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 CMP-Ti samples. Coating the MP-Ti and 

FLA-Ti substrata with polyterpenol increased the Rkur values, however the difference was only 

significant for the data obtained for the MP-Ti substratum for 5 ���P���î���������P���V�F�D�Q�Q�L�Q�J���D�U�Has.  

These results suggest that there may be a difference in how the polymer building blocks diffuse and 

deposit on the surfaces of topographically-distinct 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 therefore 

likely to lead to an increase in the magnitude of tall peaks, as is the case of the ECAP-Ti and MP-Ti 
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samples, whereas the latter would lead to a smoothing of the surface, as observed in the case of the FLA-

Ti substrata.  

Examination of the optical images (Figure 2A) confirms the preferential deposition of polymer material 

within the crevices of the FLA-Ti surfaces. It is interesting to note that for the 5 ���P �î���������P scanning 

areas, the surface that experiences the least increase in the Ra, Rq, and Rmax surface roughness parameters 

is that of the CMP-Ti substratum. By contrast, upon coating the ECAP-Ti substrata that had very similar 

initial roughness values of Ra, Rq, and Rmax experienced an increase in these parameters that was by far 

more significant. Considering that the CMP-Ti and ECAP-Ti substrata exhibited substantially different 

values of Rskw and Rkur, 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 surface. 

Indeed, based on its Rskw and Rkur values, the CMP-Ti 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 similarly sharp peaks and throughs.  

To understand if the distribution of large-scale surface features may have played a role in plasma 

polymer deposition and its attendant reactivity, we applied analytical modelling to representative optical 

images (100 ���P���î�����������—�P�����R�I���W�K�H���W�L�W�D�Q�L�X�P���V�X�E�V�W�U�D�W�D���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���S�R�O�\�P�H�U���G�H�S�R�V�L�W�L�R�Q. This enabled 

us to reveal the microscale structural features and the degree of ordering on the surfaces of as-processed 

and polyterpenol-coated titanium substrata and to relate the differences in the ordering to the resulting 

antimicrobial activity of thus-processed titanium surfaces. The analysis of power spectral density 

functions, radial autocorrelation functions and the Hough distribution for all samples (Figures S3 and 

S4) shows that polyterpenol coating does not change the distribution of micro-scale features across the 

surface strongly enough to account for the observed changes in antimicrobial activity. Notable 

alterations in the nanoscale roughness parameters (Table S1) that changed significantly as a result of the 

application of the coating, both in absolute magnitude (i.e. average, root mean square and maximum 

roughness) and in skewness and kurtosis, may thus have played a more defining role in determining the 

antimicrobial behaviour of the surfaces.  
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Table 2. Water contact angles for unmodified and polyterpenol-coated titanium surfaces. 

Contact angle �Í  ± SD (degrees) 

Advancing Receding Static 

73.3 ± 1.5 53.8 ± 6.2 69.3 ± 1.2 

83.9 ± 1.1 52.6 ± 6.2 76.1 ± 0.9 

133.7 ± 5.5 116.9 ± 4.4 123.4 ± 2.9  

158.9 ± 1.2 152.2 ± 2.1 154.7 ± 1.1 

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 

125.6 ± 1.1 62.4 ± 9.3 122.1 ± 0.2 

 

The results of the water contact angle (WCA) measurements on the unmodified and polyterpenol-coated 

titanium surfaces are summarised in Table 2. For the uncoated substrata, the results were broadly 

consistent with the physico-chemical surface properties reported in our previous papers, where the CMP-

Ti and ECAP-Ti substrata were found to be moderately hydrophilic (WCA ~73° and ~76°, respectively 

[23]). The FLA-Ti substrata were found to be superhydrophobic (WCA ~166° [12]). Interestingly, while 

mechanical polishing were previously reported to result in moderately hydrophilic surfaces (WCA ~73° 

[36]), in this study it gave rise to a hydrophobic surface (WCA ~123°). This is likely due to a greater 

level of roughness observed for MP-Ti substrata studied here (Ra, Rq, and Rmax of 28.0° ± 1.1°, 34.0° ± 

1.4° and 186.2° ± 61.8°, respectively) compared to the substrata used in our previous study (Ra, Rq, and 

Rmax of 1.01° ± 0.16°, 2.26° ± 0.37° and 71.68° ± 11.64°, respectively) for the 5 ���P  �î���������P���V�F�D�Q�Q�L�Q�J��

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 or ultra-flat Si wafers (100), 

polyterpenol is moderately hydrophilic, with an a�Y�H�U�D�J�H���:�&�$���R�I�������í�����ƒ���I�R�U���I�L�O�P�V���I�D�E�U�L�F�D�W�H�G���D�W���D���������:��
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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 wafer 

substrata. In addition to surface chemical composition, surface morphology is recognised as a 

contributing factor in determining surface wettability, influencing both the hysteresis and the mean 

contact angle of the liquid drop placed on the surface [41]. These factors may, in part, account for the 

significant differences in water contact angle measurements obtained for these distinct polyterpenol 

surfaces. For example, polyterpenol-coated FLA-Ti substrata were characterised by a �Í of 122.1° and 

Rq of 311.6 nm, whereas polyterpenol-coated MP-Ti substrata exhibited values of �Í  of 68.5° and Rq of 

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

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 

���P���î�������—�P���D�Q�G������ ���P �î���������—�P���V�F�D�Q�Q�L�Q�J���D�U�H�D�V�����X�Q�F�R�D�W�H�G���J�O�D�V�V���V�X�E�V�W�U�D�W�D��had Ra of 0.40 ± 0.05 nm and 

1.96 ± 0.12 nm, Rq of 0.64 ± 0.08 nm and 2.13 ± 0.12 nm, Rmax of 8.48 ± 0.96 nm and 30.45 ± 2.55 nm, 

Rskw of 3.20 ± 0.37 and 0.34 ± 0.11, and Rkur of 5.27 ± 0.45 and 21.85 ± 1.71, respectively [26]. 

Furthermore, glass substrata are insulating, whereas titanium substrata are electrically conductive. These 

differences may affect the distribution of the building blocks across the surfaces of substrata, potentially 

leading to a unique combination of surface topography and distributed chemical functional groups for 

polymers on different substrata, 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 the 

differences in the magnitude and distribution of the surface features on a substratum, high-resolution 

ATR-FTIR scanning of polyterpenol coatings deposited over different titanium substrata were 

performed over the 1000-4000 cm-1 range. The results are presented in Figure 3. Previous studies 

demonstrated that exposure of the terpinen-4-ol monomer to a plasma field resulted in molecule 
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�G�L�V�V�R�F�L�D�W�L�R�Q�����Z�L�W�K���W�K�H���P�R�V�W���O�L�N�H�O�\���V�L�W�H�V���E�H�L�Q�J���W�K�H���&�������í�2�+�����&�������í�&�����������D�Q�G���W�K�H���&������� �&���������G�R�X�E�O�H���E�R�Q�G��

[25]. The extent of molecular dissociation has been demonstrated to depend on the power density of the 

applied plasma field, with the application of higher input power levels resulting in more extensive 

dissociation of the polymer chain, with a resulting significant loss of original chemical functionalities.  

 

Figure 3. Functional group ratio images of the polyterpenol-coated titanium surfaces: (a) CMP-Ti; (b) 

ECAP-Ti; (c) MP-Ti; (d) FLA-Ti. The chemical images were obtained using synchrotron high-resolution 

ATR-FTIR, with the bar indicating the chemical intensity, and the 3D representations of the spectra 

correspond to the ultra-spatially resolved chemical map. 

Analysis of the FTIR spectra (Figure 4) showed that all polyterpenol films were hydrocarbon-rich, with 

a similar magnitude of absorption peaks being present that correspond to methyl C-H asymmetric and 

symmetric stretching (around 2955, 2930, and 2875 cm-1). The intensity of the bands associated with 

methyl bending (around 1459 and 1380 cm-1) were also found to be similar among the polyterpenol-

coated CMP-Ti, MP-Ti, and FLA-Ti substrata, but were found to be slightly higher for the polyterpenol 

films deposited onto the ECAP-Ti surfaces. Similarly, the absorption peak indicative of a saturated 

carboxylic acid functional group (1707 cm-1, C = O stretch) was found to be of higher magnitude for the 

polyterpenol-coated ECAP-Ti substratum compared to that observed for the other substrata. Absorption 

peaks corresponding to an H-bonded OH stretch, being indicative of the presence of hydroxy functional 
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groups, were observed in all four spectra; however, this stretch was found to be slightly higher in 

magnitude for the polyterpenol-modified CMP-Ti substratum. 

 

Figure 4. FTIR spectra of polyterpenol coatings deposited onto chemically and mechanically polished 

titanium substrata from as-received (CMP-Ti) and ultra-fine (ECAP-Ti) grain structures. All 

polyterpenol films were hydrocarbon-rich, exhibiting absorption peaks of similar magnitude 

corresponding to methyl C-H asymmetric and symmetric stretching around 2955, 2930, and 2875 cm-1.  

 

To understand the origin of particular chemical groups within the polymer coatings, the mass spectra of 

gaseous species formed as a result of fragmentation of terpinen-4-ol under plasma conditions, in addition 

to those occurring in the absence of plasma, were collected. The resulting spectra could be used to 

quantify the loss of the original monomer species through the plasma process. This is done by calculating 

the difference between species with a greater mass (e.g. 154 m/z corresponding to the peak for precursor 

molecular ion C10H18�2�Ü+) and ions with lower m/z. Our previous studies have shown that even at greater 

powers of above 25W, the fraction of unfragmented terpinen-4-ol ion C10H18�2�Ü+ within the plasma gas 

phase remains significant. The subsequent entrapment of this unfragmented monomer within the 

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

Fragmentation reactions result in the evolution of water (18 m/z H2O�Ü+), hydrogen (2 m/z H2
�Ü+) and 

hydroxyl radicals (17 m/z OH+) [42]. The rate constant for the reaction between OH radicals and the 
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terpinen-4-�R�O���P�R�Q�R�P�H�U���X�Q�G�H�U���D�W�P�R�V�S�K�H�U�L�F���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���������ƒ�&���L�V�����������î������-10 cu cm/molecule s, with 

chemical oxidation by OH radicals being the primary removal pathway for alkanes and alkylated 

aromatics from the atmosphere [43]. Positive radical ions of ethylene (28 m/z C2H4
�Ü+) and C10H16�Ü+ (136 

m/z), positive even electron ions of propylene (43 m/z C3H7
+), cyclobutyl (55 m/z C4H7

+), and other ions 

such as C5H11
+ (71 m/z), C7H9

+ (93 m/z), and C8H15
+ (111 m/z) form through H2O abstraction, 

fragmentation and rearrangement reactions. Oxygen containing species C3H3O+, C4H7O+, and C10H18O�Ü+ 

also form. The gas phase plasma conditions may also promote dimerization and polymerisation of 

terpinen-4-ol species in the gas phase, forming heavier species with the mass of 309 m/z [2M+H]+ and 

463 m/z [3M+H]+, and their derivatives through water abstraction (e.g. 291 m/z [2M+H]+-H2O and 273 

m/z [2M+H]+-2H2O) and fragmentation (e.g. 292 m/z [3M+H]+- 171 m/z). 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 number of side-reaction 

are likely to take place, including cyclization, group transfer and others [44].  

Once transferred to the surface, these species may form polymer-like networks, 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 conditions (as confirmed by mass spectroscopy studies), it is likely 

that the degree of cross-linking within the polymer-like network produced will be relatively low. This 

will allow penetration of liquid into the polymer and facilitate elution of entrapped species, as well as 

products of polymer biodegradation. Our previous studies have shown that elution is likely to be one of 

the mechanisms of polyterpenol activity [45]. This also applies for other polymers fabricated from 

essential oil-derived molecules using plasma [20, 46]. Furthermore, the diversity of physico–chemical 

properties of the fragments produced as a result of exposing terpinen-4-ol to 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 terpinen-4-ol derivatives may interfere with the 

different cellular processes and components in bacterial cells [47]. 

 



24 

3.3 Distribution of functional groups across polymer surfaces 

IR intensity maps for individual absorption bands corresponding to –�&�í�+�����í�&� �2�����D�Q�G���í�2�í�+���V�W�U�H�W�F�K�L�Q�J��

were collected for polymers deposited onto four different types of titanium substrata. Figure 5 shows 

spatially resolved IR microscopy contour plots for the three dominant stretching modes (i.e., -C-H, -

C=O, and –O-H) present on each polyterpenol-�F�R�D�W�H�G���W�L�W�D�Q�L�X�P���V�D�P�S�O�H�V�������������P���î�����������P�������$�E�V�R�U�E�D�Q�F�H��

intensity is chromatically represented on a pixel-by-pixel basis and is presented as a function of the 

maximum value of absorbance observed for a particular scan. Minimum absorbance is represented by a 

dark blue colour, maximum absorbance by light pink, and fluorescent green represents a middle ground 

between the two. 

 

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 distribution of –O-H and –C=O functional group 

absorbance intensities for the polyterpenol coatings deposited onto the Ti substrata, with the polymer 

coating present on the CMP-Ti and ECAP-Ti substrata displaying a more uniform distribution of 
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functionalities. For these polymers, smaller islands of varying intensities of functional groups were 

distributed across the surfaces. Conversely, the polymers coated onto the MP-Ti and FLA-Ti substrata 

exhibit defined larger-area 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 that 

all polyterpenol coatings are heterogeneous in terms of their surface chemistry, with an uneven 

distribution of chemical functionalities being present on their respective surfaces. This heterogeneity 

may explain the occurrence of random and distinct sites of bacterial attachment on polyterpenol surfaces, 

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 FLA-Ti substratum had the lowest peak intensity 

attributed to –C-H stretching amongst the four groups, at ~7, compared to values in excess of 19 for 

polymers on the CMP-Ti, ECAP-Ti and MP-Ti substrata. Some areas of the polymer on FLA-Ti had a 

minimum intensity of frequencies associated with –C-H stretching, potentially suggesting that a very 

thin coating has been laid over these areas of the substratum. This is further confirmed by considering 

the distribution of frequencies associated with –O-H and –C=O stretching, with some areas of the 

polymer on the FLA-Ti substratum displaying a very low intensity of frequencies associated with these 

oxygen-containing 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 with the observation that the addition of the polymer masked some of the lotus-like 

topography responsible for the antifouling property of this surface, this may explain the somewhat 

reduced antibacterial efficacy that was observed for the polymer-FLA-Ti substratum system.  

The polymer present on the CMP-Ti substratum displayed the highest level of intensity of frequencies 

associated with –O-H stretching, followed by that found on the ECAP-Ti substrata. The polymer 

coatings on the CMP-Ti substratum showed a greater presence of –O-H functionalities, whereas the 

polymer film on the ECAP-Ti substratum appeared to be richer in –C=O functional groups. Both systems 

showed excellent biofilm-retarding 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 MP-Ti substrata displayed the greatest degree of variation between maximum and minimum 

absorbance intensities across each of the three functional groups under investigation. Furthermore, 

polymers on the MP-Ti substrata exhibited greater regions containing essentially no oxygen functional 

group coverage (viz., certain regions of the MP-Ti sample were found to be devoid of hydroxyl groups) 

and areas of intense saturation. While the distribution of frequencies associated with –O-H and –C=O 

stretching was found to be less uniform on the MP-Ti substrata, overlapping of the images suggested 

that most of the surface area was covered by oxygen-containing moieties, rendering the coating effective 

in preventing colonisation by P. aeruginosa. However, the coating was unable to prevent the settlement 

of some bacterial cells onto the surface, resulting in a very small number of live and dead cells on the 

surface.  

A number of studies have established a relationship between either surface chemistry, physical features 

or surface topology and the observed spatial distribution of functional groups [48, 49]. Thus, it is not 

unreasonable to suggest that either of these factors could contribute to the formation of the IR intensity 

maps obtained in this study. The future application of AFM-IR or light microscopy–IR characterisation 

techniques may substantiate such 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 correlate 

antimicrobial activity with the amount of biologically reactive agent, e.g. terpinene-4-ol that can be 

released locally by such a coating.   

3.4 Bacterial attachment and retention on polyterpenol-modified titanium surfaces  

Previous studies have established that S. aureus cells are moderately hydrophobic, exhibiting water 

�F�R�Q�W�D�F�W�� �D�Q�J�O�H�V�� �R�I�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �����ƒ���� �D�Q�G�� �]�H�W�D�� �S�R�W�H�Q�W�L�D�O�� �������� �Y�D�O�X�H�V�� �R�I�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �í���������� �P�9����P. 

aeruginosa cells, on the other hand, have been characterised as being moderately hydrophilic, exhibiting 

�Z�D�W�H�U���F�R�Q�W�D�F�W���D�Q�J�O�H�V���R�I�������ƒ�����D�Q�G�������Y�D�O�X�H�V���R�I���í�����������P�9�����,�Q���D�J�U�H�H�P�H�Q�W���Z�L�W�K���S�U�H�Y�L�R�X�V�O�\���S�X�E�O�L�V�K�H�G���U�H�V�X�O�W�V����
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S. aureus and P. aeruginosa exhibited a markedly different attachment response when incubated on the 

same type of substratum. The results of CSLM imaging of S. aureus and P. aeruginosa cells attached 

onto unmodified and polymer-coated surfaces are presented in Figure 6, with Figure 7 showing 

representative high-resolution SEM images of patterns of the S. aureus and P. aeruginosa cells attached 

onto polyterpenol-coated titanium substrata. Following an 18 h incubation period, the P. aeruginosa 

cells were able to colonise the surface of the unmodified CMP-Ti, ECAP-Ti, and MP-Ti samples, with 

the latter showing the highest cell density of the three substrata. The unmodified FLA-Ti samples 

remained remarkably clear of the colonising bacteria, the results being in good agreement with 

previously reported findings [12, 23, 36]. By contrast, the colonisation of the substratum surfaces by S. 

aureus cells was found to be greatest on the unmodified FLA-Ti surfaces, with the other titanium 

samples also showing a significant extent of cell attachment and retention. These findings were also in 

good agreement with previously published reports [12, 23, 36]. The number of dead S. aureus cells on 

the CMP-Ti and ECAP-Ti 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 of 

unmodified titanium samples can be explained in terms of the distinct surface chemistries and 

topographies of these materials [50], as well as through the inherent differences in cell properties of 

these species of bacteria [51].  

Polyterpenol has been demonstrated to retard attachment and proliferation of both S. aureus and P. 

aeruginosa cells on polymer-coated glass substrata [25, 26]. Exposure of morphologically dissimilar 

titanium surfaces to polyterpenol building blocks under identical plasma processing conditions provides 

an exciting opportunity to investigate the effect of the surface morphology of the substrata on the 

physico-chemical properties and consequently the antifouling and antibacterial activity of the resulting 

polymer coating. Application of the polyterpenol coating significantly decreased the number of S. aureus 

cells that could attach and be retained on the surface. Similarly, the number of P. aeruginosa cells 

attaching to the substratum surfaces decreased when the polyterpenol film was applied with the 

exception of the polyterpenol-coated FLA-Ti substratum. The data presented in Table 3 summarises the 
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P. aeruginosa and S. aureus biovolume and viability on the unmodified and polyterpenol-coated 

titanium surfaces quantified using COMSTAT (n = 6, * if p < 0.05).  

 

Figure 6. Representative attachment patterns of P. aeruginosa and S. aureus on unmodified (A) and 

polyterpenol-coated (B, C) titanium surfaces after an 18 h incubation 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 µm. On (B) and (C), the top panel of images shows live and dead cells, 

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. aeruginosa 

bacteria attached to the substratum surface was observed compared to that of the unmodified FLA-Ti 

substratum. This could at least in part be attributed to the physical masking of the lotus-like topography 

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 containing a low-thickness polymer 

coating on the surface of FLA-Ti substrata, identified by the high-resolution IR mapping, suggested that 

the substratum may possess a lower number of biologically active species with the ability to retard 

bacterial attachment compared to that of the thicker polymer layers present on the CMP-Ti, ECAP-Ti, 

and MP-Ti substrata. 

 

Figure 7. SEM images provide an overview of the attachment patterns of P. aeruginosa and S. aureus 

on the surfaces of polymer-coated Ti substrata, with the scale bars representing 2 µm.   

An opposite response to attachment onto the modified FLA-Ti substratum was detected for the S. aureus 

cells, with a significantly lower number of cells being observed to attach onto the polyterpenol-coated 

FLA-Ti samples. Furthermore, most of the attached cells were determined to be dead. Here, the lotus-

like topography of the bare FLA-Ti substrata was unable to retard the surface colonisation by the S. 
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aureus cells. Therefore, physical masking of some of these features by the polymer did not negatively 

affect the ability of the substrata to resist cell attachment. By contrast, even though the quantity of 

attaching bacterial cells may have been reduced compared to that observed o attach onto the CMP-Ti, 

ECAP-Ti, and MP-Ti substrata, the active species decorating the surface and/or eluted by the 

polyterpenol coating effectively 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 an 

implant, it is important to consider the “coating + implant” combination as a whole system. This is 

because the intricacies of the surface of the substratum at micro-, nano- and sub-nano scales may affect 

the deposition of the reactive species on the surface and thus the chemistry and biological activity of the 

coating. This is particularly important when the coatings rely on release of antibacterial agents that are 

influenced by the coating thickness. This activity may be further enhanced or suppressed by the action 

of the micro- and nano-scale topography of the film-covered substrata, where the magnitude and 

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

Table 3. Biovolume and viability of P. aeruginosa and S. aureus cells attached onto the unmodified 

and polyterpenol-coated titanium surfaces. 

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

P. aeruginosa 

Biovolume, 

�î����4 cells per 

mm2 

Unmodified 2.78 ± 1.19 1.31 ± 0.40 7.37 ± 1.68 0.00 ± 0.00 

Polymer-coated 0.26 ± 0.06 0.00 ± 0.00 0.44 ± 0.16 0.94 ± 0.33 

p value 0.0004 <0.0001 <0.0001 <0.0001 

% Live 

Unmodified 89.12 ± 2.64 84.90 ± 3.85 92.11 ± 4.88 0.00 ± 0.00 

Polymer-coated 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 

% Dead 
Unmodified 10.90 ± 2.66 15.10 ± 3.85 5.47 ± 1.52 0.00 ± 0.00 

Polymer-coated 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, 

�î����4 cells per 

mm2 

Unmodified 11.30 ± 2.64 16.16 ± 2.50 4.97 ± 1.90 62.23 ± 2.38 

Polymer-coated 1.94 ± 0.90 5.25 ± 0.79 0.35 ± 0.22 4.63 ± 1.27 

p value <0.0001 <0.0001 0.0001 <0.0001 

% Live 

Unmodified 90.39 ± 3.14 78.57 ± 7.38 89.62 ± 3.58 95.08 ± 0.58 

Polymer-coated 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 

% Dead 

  

Unmodified 9.61 ± 3.14 21.43 ± 7.38 10.45 ± 3.73 4.92 ± 0.58 

Polymer-coated 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 terpinen-4-ol in its liquid form have been demonstrated across a broad 

range of organisms, including gram-positive and gram-negative bacteria, fungi, and even cancer cells 

[52-54]. Importantly, several studies have suggested that a treatment with terpinen-4-ol does not 

contribute to the development of single- and multi-step antibiotic resistance in methicillin-resistant S. 

aureus, Escherichia coli, P. aeruginosa and Staphylococcus epidermidis, these pathogens retaining their 

susceptibility to both conventional systemic antibiotics and plant secondary metabolites [55]. The 

mechanism by which cyclic mototerpene alcohols such as terpinen-4-ol kill cells is yet to be fully 

described. Nevertheless, for organisms such as E. coli, P. aeruginosa, S. aureus, and 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 membrane 

expansion, increase of membrane fluidity and permeability to the passage of small ions (e.g. H+, K+, Na+ 

and Ca2+), disturbance of membrane-embedded proteins and membrane-coupled, energy-dependent 

processes, inhibition of respiration, and alteration of metabolism, turgor pressure and motility in both 

Gram-positive and Gram-negative bacteria [54, 56]. Within the cell, terpene molecules can form 

complexes with intracellular proteins through hydrogen bonds and hydrophobic interactions and induce 
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intracellular ROS production that leads to DNA damage. With respect to quorum sensing phenomena, 

terpinen-4-ol can inhibit the production of violacein in Chromobacterium violaceum, swarming motility 

of P. aeruginosa, and biofilm formation in MRSA strains [57]. 

During plasma polymerisation, the volatile terpinen-4-ol molecules are exposed to plasma-generated 

species, with some of these molecules being activated, fragmented or modified. Together with unreacted 

monomer units, these species are delivered to the surface, where they form polymer-like networks. Some 

of these species are physically entrapped within the growing polymer coating. The degree of cross-

linking within a resulting polymer-like network is relatively low. Thus, once the polymer is exposed to 

an aqueous environment, the liquid can penetrate into the polymer, thereby allowing the entrapped 

unmodified species and the products of polymer degradation to elute into the liquid in the immediate 

proximity of the polymer surface. In case the eluted products are the molecules of terpinen-4-ol, 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 well 

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 molecule [53]. This 

is because hydrophilicity allows terpinen-4-ol to be highly soluble in aqueous solutions and thus to 

approach bacterial cells, whereas lipophilicity of terpinen-4-ol allows the molecule to perturb and 

transport across bacterial membrane, and then engage with 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 with different 

cellular processes and components of bacterial cells. Our earlier study on the atmospheric pressure 

plasma treatment of terpinen-4-ol suggests that some of these interactions between terpinen-4-ol 

fragments and derivatives and bacterial cells may contribute positively to the overall antimicrobial 

efficacy of the treatment [47].   
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3.5 Mechanism of polymer coating formation in plasma  

From the cell studies, it is evident that in all cases but one, the addition of the polymer coating makes 

the surface of Ti substrata significantly less susceptible to cell attachment, by retarding cell attachment 

and killing the cells that manage to attach. In that one case (i.e. polymer-coated FLA), the coating covers 

the original superhydrophobic lotus-like pattern of FLA-Ti that was designed to repel attachment by P. 

aeruginosa cells. However, the polymer-coated FLA-Ti gains the ability to retard the attachment and 

kill S. aureus cells that could previously successfully colonise the superhydrophobic FLA-Ti 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 evident 

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 substrata topography on the distribution of energy and 

particle fluxes over the titanium substrata, and how these relate to the uniformity and biological activity 

of thus-deposited thin film coatings. For the purpose of this discussion, the surfaces of titanium substrata 

will be considered to have one of the three distinct finishes, i.e., mechanically polished, chemical-

mechanically polished, and femtosecond laser ablated, resulting in topographies with markedly different 

magnitude and distribution of nano- and micro-scale features. While ECAP samples were additionally 

subjected to the grain refinement treatment, their surface finish was similar to that of CMP samples, and 

thus, for the purpose of this discussion, ECAP and CMP samples will be considered to be in the same 

category.  

Chemically-mechanically polished (CMP and ECAP) samples are the smoothest, with mostly nanoscale 

features with a maximum peak height of 100 nm and an average roughness of less than 1 nm. The 

polymer deposited on these surfaces is mostly uniform with respect to its chemical composition and 

thickness and has the best antimicrobial performance of the three surface types expressed as the lowest 

number of attached cells, as well as the lowest fraction of surviving cells. Mechanically polished (MP) 

samples have surfaces decorated with both micro- and nano-scale features with a maximum peak height 
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of approx. 400 nm and an average roughness of around 50 nm. The polymer film deposited on these 

surfaces is less uniform as compared to the CMP group, with areas that are thinner and/or of different 

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 FLA 

samples have a clearly defined micro- and nano-scale pattern with a much higher magnitude of surface 

features, with a maximum peak height of about 3,000 nm and an average roughness of about 370 nm. 

The polymer is much thinner overall as compared to polymer coatings on other surfaces. Its chemistry 

is also non-uniform, as seen from the intensity and distribution of chemical groups on the FTIR maps. 

This polymer has the weakest overall antimicrobial performance when compared to polymers deposited 

on CMP and MP samples.  

It is evident that the scale of the surface features, e.g. the maximum and average magnitude, may at least 

in part affect plasma-surface interactions and thus modulate the delivery and subsequent assembly of the 

polymer building blocks on the surface, with the assembly being uniform on ‘smooth’ CMP, less 

uniform on ‘rough’ MP, and patchy on ‘patterned rough’ FLA. The gas-phase reactions that produce 

these building blocks through fragmentation and reassembly of monomer units in the gas phase are 

assumed to depend on plasma parameters and are not affected by the surface topography of the substrata. 

This is because the length scale 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 of 

larger macromolecules via plasma polymerisation take place[58]. This assertion is consistent with 

previous mass-spectroscopy studies that showed the presence of species in the plasma gas-phase that are 

heavier than the original monomers, suggesting oligomerisation and potentially some 

polymerization[42, 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 processes (Figure 8). This is in broad agreement with previous 

investigations by Levchenko et al., who 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, 60]. In the gas phase, there is a mix of fragmented monomer units (e.g. radicals, ions) and 

unfragmented ones, which are generated in the plasma bulk and then delivered to the surface from the 

plasma sheath border above the non-uniform 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 arise 

primarily due to the different ratios of sheath width above the surface Rsheath and size of features �/feature, 

i.e. �G=
�� �Þ�Ó�Ð�Ì�ß�Ó

�Ë�\�[�W�j�k�h�[
. These have previously been shown to play a key role in determining the formation and 

evolution of electric field patterns that drive the delivery of plasma-deposited building blocks to the 

surface. Depending on the specific deposition conditions (determined by the sheath width above the 

surface Rsheath and size of surface features �/sheath), the fragmented units could assemble into a loosely 

cross-linked 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 are released from 

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

derivatives may also have complementary bioactivity[47].  
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Figure 8. Schematics of the mechanism of coating formation on surfaces with features of different length 

scales, and its implications for polymer bioactivity.  
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When plasma comes into contact with the chemically-mechanically polished (CMP and ECAP) samples 

(Rmax ~ 100 nm, Rq < 1 nm) and polymer species begin to assemble on the tips of the nanoscale features 

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 dipole-like electric field pattern, which increases 

the flux of ions from the plasma bulk towards the surface. Such a distribution of the ion flux results in 

the deposition of plasma-derived 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 formed 

at the nanoscale surface features promotes the formation of a smooth coating via nucleation of new 

deposited phase between the surface features and already nucleated islands [59, 61]. The resulting 

coating is fairly uniform in its chemical composition and thickness, and for this reason has the best 

antimicrobial performance. 

In the case of the mechanically polished (MP) samples, the micro- and nano-scale features on their 

surfaces are much larger and cannot provide for an efficient re-distribution of the plasma-deposited 

building blocks. The electric field pattern is less uniform, with a stronger field around smaller surface 

features in the distribution function and a weaker 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 plasma on the 

kinetics of the deposition [59, 60]. In the case of FLA, a much greater size of surface features results in 

a large ratio of the sheath width above the surface Rsheath to the size of features �/feature. 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 antimicrobial performance.  

Considering that low-temperature plasmas are widely used for reforming [62, 63], synthesis [64, 65] and 

surface modification [66, 67] of a wide range of materials [68], these findings may have implications 

not only for biomedical applications but also for a large number of engineering applications, including 

in electronics, optics, corrosion protection, etc. 
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4. Conclusions 

The aim of this study was to understand to which extent the topography of the underlying surface of the 

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 a 

range of titanium surfaces with polyterpenol 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 physico-chemical characteristics, particularly with regard to 

wettability and surface architecture at the micro- and nano-scale. The chemical composition of the 

polyterpenol coatings was similar in all films deposited onto the four distinct types of titanium 

substratum surfaces. High-resolution mapping revealed the presence of a non-uniform distribution of 

functional groups over the surface, likely due to the role the surface topographical features of titanium 

substrata play in the dynamics of the plasma deposition process, e.g. by affecting the rate with which 

polymer building blocks deposit over the peaks and valleys of the titanium surface. The attachment and 

retention of bacterial cells of the nosocomial human pathogenic S. aureus and P. aeruginosa bacterial 

strains was found to be retarded on the polyterpenol-modified surfaces compared to those of unmodified 

titanium surfaces in all but one case. This exception was the attachment of P. aeruginosa bacterial cells 

to polyterpenol-coated FLA-Ti substratum that was enhanced due to the loss of superhydrophobic lotus-

like pattern of FLA-Ti.  

The results of this study show that polyterpenol coatings hold promise as a cost-effective surface 

modification strategy with the potential to enhance the current and potential biomedical applications of 

titanium. Furthermore, this study highlighted the importance of understanding the nature of bioactivity, 

and how it is influenced by the surface topography of the material. It is therefore imperative to consider 

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

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