Q-carbon as an emergent surface coating material for antimicrobial applications
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Abstract:

Q-carbon, an allotrope of carbon, exhibits exciting functional properties and robust mechanical strength. We propose that
the surface of the Q-carbon can be functionalized by doping it with silicon to enhance its performance as a potential
implant material. As such, a coating of silicon-doped Q-carbon (Si-Q-carbon) is shown to minimize the formation of biofilm,
thus reducing the risk of microbial infection. We report the formation of Si-Q-carbon coatings of varied thicknesses (10
nm and 20 nm) through the plasma-enhanced chemical vapor deposition technique. The surface composition and the
bonding characteristics of the thin films were evaluated by Raman spectroscopy, XPS, and EELS studies, which showed
that the thinnest sample (10 nm) has a high sp? content of ~85%. Furthermore, wettability and surface energy calculations
were undertaken to investigate the surface characteristics of the coatings. The 10 nm sample was found to be more
hydrophilic with a water contact angle of 75.3° (+ 0.6°). The antibacterial activity of Si-Q-carbon coatings was investigated
using a Staphylococcus epidermidis agar plating technique, and the adhesion of bacteria was explained in terms of the
surface properties of the thin films. We demonstrate that the Si-Q-carbon coating with the highest sp® content is
hydrophilic and showed a 57% reduction in adhered biofilm relative to a glass control. We envisage the potential
application of Q-carbon in arthroplasty devices with enhanced mechanical strength and resistance to periprosthetic joint
infections.
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1. Introduction

Carbon-based materials have gained much attention in biomedical research due to their exceptional biocompatibility,
chemical stability, and outstanding mechanical properties [1]. Among them, diamond-like carbon (DLC) is widely explored
as a potential medical implant material due to its enhanced resistance to corrosion [2], anti-inflammatory properties [3],
antimicrobial activity [4], and improved tribological properties [5]. Furthermore, DLC coatings can be grown on various
substrates at relatively low deposition temperatures [6], making this class of carbon-based materials economically and
technologically important.

A number of thin film deposition techniques have been reported for the growth of DLC coatings, including chemical vapor
deposition (CVD) and physical vapor deposition (PVD) techniques [7]. Popular PVD techniques include pulsed laser
deposition [8], plasma source ion implantation [9], and magnetron sputtering [10]. Attempts were made to develop DLC
coatings with improved mechanical strength and corrosion resistance for applications in the aerospace industry. Due to
the versatile functionality of DLC coatings, special emphasis was placed on developing coatings that are bio- and
hemocompatible. The CVD techniques were widely explored to grow biocompatible DLC coatings as they enabled the
deposition of coatings with conformal coverage. Furthermore, CVD techniques produced uniform film over a large area
[11]. The plasma-enhanced CVD (PECVD) technique enhanced sp® content; it is widely utilized for the deposition of
conformal DLC coatings due to its suitability for large-scale manufacturing [12] and ease of synthesis [13]. Unlike the
conventional CVD technique, in which precursor gases are allowed to react immediately with the preheated substrates to
grow films, PECVD employs the generation of plasma to provide energy for the deposition reactions to occur at lower
substrate temperatures. As such, films grown through PECVD are strain-free and adherent [14]. Moreover, Gotzmann et
al. have shown that PECVD-grown DLC coatings are biocompatible [15]. Silicon is incorporated into DLC to improve the
thermal stability [16], enhance the adhesion of the coating to the underlying substrate, and reduce the internal stresses
in the film [17]. Liu et al. have demonstrated that the addition of Si to DLC implant devices has reduced the generation of
an inflammatory reaction [18]. Furthermore, Si prefers to form sp® bonding states within covalent compounds and is
known to increase the sp3/sp? ratio in DLC films [19]. An sp3-rich layer reduces the adhesion of bacteria to the surface,
enhancing the potential inhibition of microorganisms [20]. In addition, Yang et al. have shown that Si-incorporated DLC

coatings exhibit promising antifungal properties, making them suitable candidates for use in medical implants [21].
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However, silicon-incorporated DLC (Si-DLC) shows many strain-localized regions under tensile loading, lowering the stress-
bearing capacity of the film [22]. It is also demonstrated that an increase in temperature decreases the ultimate tensile
strength of Si-DLC [23], potentially limiting the lifespan of medical implants. Thus, even though Si-DLC coatings have shown
promising characteristics for use in a medical implant, they require regular replacement as they degrade over time.
Moreover, replacement procedures lead to an increased cost of operation and expose the subject to the threat of
infection. This situation demands an implant material that is mechanically robust, adherent to the substrate, chemically
inert, and biocompatible.

Quenched-in carbon or Q-carbon is an allotrope of carbon with extraordinary structural and mechanical properties [24].
Q-carbon contains randomly packed tetrahedra with a high sp3/sp? ratio at its interface [24-25]. It is known to be harder
than diamond because it contains a higher number density of covalently-bonded carbon atoms [24, 26]. Thus Q-carbon
may serve as an ideal ultrahard coating as it is more adherent, harder, and tougher than diamond [24-26]. Recently, our
group demonstrated the large-scale synthesis of Si-incorporated Q-carbon (Si-Q-carbon) thin films by the low-energy ion
bombardment PECVD technique and showed that Si-Q-carbon is chemically analogous to Si-DLC with tunable sp3-content
[27]. However, the suitability of Q-carbon for biomedical applications has yet to be established.

In the present work, we report on the formation of sp3-rich Si-doped Q-carbon thin films on glass substrates via the PECVD
technique and show that Si-Q-carbon can be an excellent replacement for Si-DLC coatings for medical implant applications.
As-deposited Si-Q-carbon films were investigated for their antibacterial activity. The study was conducted to evaluate in
vitro the adhesion capability of a model microorganism, Staphylococcus epidermidis (S. epidermidis), to the Si-Q-carbon
surface and to correlate these findings with surface properties. The surface composition and bonding characteristics,
including the sp3/sp? content, were investigated via XPS, Raman spectroscopy, and EEL spectroscopy. The wettability and
hydrophilic character of the films were investigated using water contact angle measurements. As such, the potential of Si-
Q-carbon layers as a potential antimicrobial coating was considered via an estimation of the interfacial energy between
the Si-Q-carbon surface and several test liquids. S. epidermidis is a bacterial species that is commonly identified for causing
infection in medical devices due to its ability to attach to implant surfaces and form biofilms [28]. Biofilms are associated
with enhanced resistance to antimicrobial agents, leading to chronic infections. The lifecycle of S. epidermidis biofilm is

classified into three stages: (i) initial adhesion of the biofilm, (ii) biofilm accumulation followed by biofilm maturation, and
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(iii) biofilm disassembly [28-29]. In the first stage, bacteria begin to grow and adhere to the surface; bacteria form a biofilm
in the second stage. In the last stage, the biofilm disassembles to release the bacterial cells to react with the host immune
system. This situation necessitates the development of biomedical device coatings that are inherently capable of
preventing the adhesion of bacteria and the formation of a biofilm as early as its second stage. Thus, S. epidermidis was
chosen to evaluate bacterial adhesion on Si-Q-carbon films. Through this study, we demonstrate that Q-carbon holds great
promise for preventing bacterial infections due to its superior functional properties as compared to DLC coatings [30].

2. Materials and Methods

2.1 Deposition of Si-incorporated Q-carbon (Si-Q-carbon) thin films

Si-Q-carbon thin films were deposited using the Radio Frequency Plasma-Enhanced Chemical Vapor Deposition technique
as described by Riley et al. [27]. Microscopy glass slides of dimensions 15 mm X 15 mm were used as substrates for the
deposition of Si-Q-Carbon thin films. Substrates were cleaned through ultrasonication in an acetone bath for 5 min,
followed by the methanol bath for another 5 min; they were immediately transferred to the chamber for deposition. The
PECVD system is a custom-designed instrument that generates plasma via the capacitively coupled mode. A schematic of
the PECVD system utilized for the deposition of Si-Q-carbon is shown in Figure 1. The pumping system provides a base
pressure of approximately 2.67 x 10® Pa. The process gases flow from above inside the chamber and via a showerhead
distribution ring apparatus. The deposition process involves loading, plasma cleaning, plasma deposition, post-processing,
and unloading steps. After an overnight pump-down step to reach a base pressure of 1.33 x 10 Pa, the plasma cleaning
procedure was undertaken for 10 min with argon gas; a mass flow rate of 90 SCCM was used in this study. The deposition
was performed using 1.6 SCCM of trimethylsilane and 90 SCCM of argon over 3 min and 4.5 min to obtain the 10 nm and
20 nm samples, respectively. The deposition process involved a peak-to-peak voltage (Vpp) of 300 £10V, a DC bias of -150
+10V, and an RF power of 83 + 10 W. The post-processing plasma treatment involved exposure to 90 SCCM argon gas for
5 min; a Vpp of 500 = 10 V, an RF power of 160 + 10 W, and a DC bias of 250 + 10 V were used in this study. During these

procedures, the total pressure was kept at 6.67 Pa per a MKS Baratron gauge (Andover, MA, USA).
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Figure 1. Schematic of the PECVD chamber utilized for the deposition of Si-Q-carbon thin films.
2.1 Surface characterization
The thickness of the samples (10 nm and 20 nm) was estimated using the contact profilometry method via the step-height
measurement approach using a Veeco Dektak D150 instrument (Model: Dektak 150; Plainview, New York, USA); a tip size
of 12.5 um in radius was used in this study. The surface roughness of the Si-Q-carbon coating was assessed via atomic
force microscopy (AFM) using an MFP-3D-BIO AFM (Oxford Instruments Asylum Research, Santa Barbara, CA, USA); the
surface roughness of the deposited films was evaluated using this approach. The AFM images containing 5 um x 5 um
scans were acquired under ambient conditions using tapping mode with a 300 kHz resonant frequency.
2.2 Surface composition and structural characterization
Raman spectroscopy was employed to investigate the bonding characteristics and sp® content in Si-Q-carbon films.
Measurements were done using an alpha300M WITec confocal microscope system (Ulm, Germany) equipped with a 532
nm solid-state laser as well as a UHTS 300 spectrometer. The grating size is 600 I/mm, and the spot size of the laser is ~ 2
um in diameter. The Raman signals were calibrated with the characteristic peak of Si (520.6 cm™). X-ray photoelectron
Spectroscopy (XPS) was utilized to understand the surface composition of the thin films. Measurements were undertaken
on a Kratos XPS system (Shimadzu Corporation, Kyoto, Japan) with an X-ray excitation source of monochromated
aluminum K, radiation (A=1.487 keV). A pass energy of 160 eV and 20 eV were used for the survey scan and the region
scan, respectively. All the data were calibrated to the C-C peak at 284.8 eV. The Shirley model was utilized for the

background omission; the Gaussian distribution model was utilized to establish the deconvoluted peaks. Peak intensity
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fitting was performed considering the FWHM of the individual peaks using the OriginPro software. The cross-sectional
images, the energy-dispersive X-ray analysis data, and electron energy-loss spectroscopy (EELS) were performed using a
high-resolution transmission electron microscope (S/TEM, Talos-F200 microscope, Hillsboro, OR, USA). The EELS data were
obtained with a collection semi-angle of 5 mrad and a dispersion of 0.25 eV/channel. Samples for TEM analysis were
created using a focused ion beam (FIB) technique (Quanta 3D FEG, FEl, Hillsboro, OR, USA).
2.3 Wettability and Surface Energy
The surface energy of the Si-Q-carbon thin films was determined by wettability measurements, which were carried out by
using deionized water as a test liquid. The Owens-Wendt model was used to estimate the surface energy components of
the sample [31]. According to the Owens-Wendt model, the dispersive component of the surface energy is associated with
van der Waals forces and other non-site specific interactions, and the polar component is associated with hydrogen
bonding and dipole-dipole interactions [31]. Young’s equation describes the wetting of a solid surface by a liquid; it is given
as follows:

Vs = Vst = YOS (1)
In this equation, ys, yi, and ys are free energies of the solid, liquid, and solid-liquid interface, respectively. The contact
angle between the liquid and the solid surface is designated 6. The surface and interfacial free energy components can be

resolved into their dispersive (d) and polar (p) components:

Vs = ys'+ps (2a)
yo=yl+ vl (2b)
Vs = v + ysi® (2¢)
By expressing (1) as
(1+c0s8) y. = Vs + YL — Vst (3)

And substituting (2) in (3), we get

(1+c0s0) yi = (vs" + v~ ysi%) + (vs" + vi° - vsiP) (4)
The dispersive component associated with the interfacial tension between the solid and the liquid is provided by the Good-
Girifalco-Fowkes rule [32]:

ysid = yst+ yit- 2 (ysyd)°? (5a)



The polar component is expressed as shown by van Oss et al.
Vs’ =y +viP - 2 (v viP)*? (5b)

By substituting the equations (5a) and (5b) in (4), Young’s equation can be rewritten as

vil(1+cos0)/2] = (ys*yif)°° + (v yiP)>* (6)
The dispersive and polar components of the solid surface energy can be determined by assessing the contact angle of
different liquids with known values of y,“and y.” [33]. The water contact angle of the Si-Q-carbon films (10 nm and 20 nm)
was measured by the OCA 200 contact angle goniometer and drop shape analysis instrument (DataPhysics Instruments
USA Corp., Charlotte, NC, USA). An average of ten measurements were acquired to calculate the contact angle value.
2.4 Antibacterial Activity
Assessments of the antibacterial activity of the Si-Q-carbon materials were performed utilizing a method described by
Pezzotti et al. [34]. Briefly, a cryopreserved stock of S. epidermidis was plated onto tryptic soy agar (TSA) and then
incubated at 37 °C for 24 hours; a single colony was subsequently transferred to tryptic soy broth (TSB) and cultured
overnight at 37 °C. A 100 pl aliquot of the overnight bacterial suspension in TSB was spread onto individual TSA agar plates.
Three replicates of Si-Q-carbon-coated and uncoated glass samples were then placed in contact with the inoculated agar;
incubation of the agar was performed at 37 °C under aerobic conditions for 24 hours. Bacterial colonization and viability
on the Si-Q carbon and control samples were observed by epifluorescence microscopy (Olympus, Breinigsville, PA). To
facilitate visualization, bacteria were stained using two different solutions: (i) 4’,6-diamidino-2-phenylindole (DAPI), which
stains bacterial DNA a blue color, and ii) Sytox Green nucleic acid dye, which stains dead bacteria only with a green color.
Images were taken at 20X magnification with DAPI and FITC filters.
3. Results and Discussions
AFM measurements were performed to understand the changes in surface roughness and its consequence on the
antibacterial properties in the as-deposited Si-Q-carbon samples. Roughness is known to influence the growth kinetics,
density, and texture of a biofilm [35]. Surface roughness leads to the primary adhesion of bacteria and is found to be
effective in shielding the biofilm from being detached. Thus, higher roughness contributes to bacterial immobilization,
resulting in a high rate of biofilm formation [35-36]. The 2D roughness scans and the corresponding depth versus distance

profilesof the samples are shown in Figure 2. The root-mean-square (rms) values obtained from AFM measurements were
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found to be 183.234 pm (std. deviation = 183.236 pm) and 769.294 pm (std. deviation = 769.299 pm) for the 10 nm and
20 nm samples, respectively. These results suggest that Si doping enhances the proportion of sigma bonds, leading to a
higher rms value in the thicker sample [37]. Furthermore, the change in roughness in the samples is attributed to the
etching of carbon atoms since the phenomenon is known to increase with increasing film thickness. Thus Si-Q-carbon
samples show antibacterial properties without the inclusion of additional antimicrobial agents. These results are

consistent with the contact angle measurements and bacterial adhesion data described in the subsequent sections.
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Figure 2. 2D surface roughness scans and the corresponding depth profiles of Si-Q-carbon samples with a thickness of: (a)

10 nm (b) 20 nm.



Raman spectral analysis was performed to understand the molecular vibrational modes and bonding in the sample (Figure
3). Gaussian fitting was employed to deconvolute the peaks; all the samples could be deconvoluted into two peaks. The
peak at 1320 cm™ (D peak) was assigned to the breathing mode of the sp? bonds, which is associated with the presence
of defects in the structure [38]. The second fitted peak at 1485 cm?, which is referred to as the G peak, is associated with
the stretching of the sp2-bonds in rings or chains [39]. Since Si can only form fourfold-coordinated links with carbon atoms,
the sp® content in the Si-doped structures increases [27]. The Ip/ls values for the Si-Q-carbon thin films of 10 nm and 20
nm thicknesses were found to be 0.15 and 0.27, respectively; the higher sp3/sp? value was associated with the thinner

sample. These results reveal an enhancement in the sp® content of Si-Q-carbon as compared to Si-DLC structures [40].
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Figure 3. The Raman spectra of Si-Q-Carbon samples with a thickness of: (a) 10 nm, (b) 20 nm.
The XPS measurements were performed to determine the surface composition and understand the bonding
characteristics of the samples. Figure 4 shows the XPS survey spectra and the % atomic composition of elements present
in the Si-Q-carbon samples. Both samples (10 nm and 20 nm) showed the presence of silicon, carbon, and oxygen in their
structure. The high-resolution C1s spectra of the samples (Figure 5) indicate the broadening of the C1s band as the sample
thickness decreases. This result shows that there is a decrease in the sp® content of the samples as the thickness of the
sample increases. The deconvoluted bands observed at 283.5, 284, 284.9, 286.4, and 288 eV were ascribed to Si-C bonds,
sp2-hybridized carbon bonds, sp3-hybridized carbon bonds, C-O bonds, and C=0 bonds, respectively [27]. The sp* content
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of the 10 nm sample is found to be about 85%; this result is higher than previous XPS sp® content results for the Si-DLC

structures [39]. Thus, XPS results are in excellent agreement with the Raman spectroscopy results.
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Figure 4. (a) The XPS spectra of the Si-Q-carbon samples, (b) atomic % of elements present on the surface of the samples.
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Figure 5. (a) High-resolution C 1s bands of Si-Q-carbon samples; deconvolution of the C 1s band of Si-Q-carbon samples

with a thickness of: (b) 10 nm (c) 20 nm.

Figure 6 shows the high-resolution transmission electron microscopy (HRTEM) images as well as the corresponding EDS

mapping of the elements present in the Si-Q-carbon samples. Samples were prepared by focused ion beam (FIB) milling

for TEM analysis. The red rectangles in Figures 6(a) and 6(b) show the position of Si-Q-carbon in 10 nm and 20 nm samples,

respectively. EDS mapping of elements (Figure 6(c) and 6(d)) shows the presence of carbon, oxygen, and silicon as

indicated in green, red, and orange colors, respectively. Green color dominates both the samples, indicating the presence
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of carbon as the main element in the sample. The SiOy layer in the substrate is observed below the Si-Q-carbon layer in

the samples.

200 nm

Figure 6. The high-resolution TEM images of Si-Q-carbon with a thickness of: (a) 10 nm (b) 20 nm. Corresponding EDS
maps of Si-Q-carbon samples with a thickness of: (c) 10 nm (d) 20 nm.
Room-temperature electron energy-loss spectroscopy (EELS) was carried out to validate the sp® content present in the
films. It is shown that a typical EEL spectrum of Q-carbon consists of " and ¢ bands, corresponding to sp? and sp?
hybridized orbitals in the material, respectively [42]. As such, the Gaussian fitting of the C-K edges of Si-Q-Carbon samples
shows three characteristic peaks associated with C=C ", C=C 01", and C-C o, as shown in Figure 7. Cuomo et al. have

shown that the sp? content in a carbon film can be determined from EEL spectrum using the following equation [41].

(" /6™) carbon structure _ 3 (7)

(Tt*/0*)standard 4-x
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In this equation, x is the sp? fraction, and (1'/0") standara is the /0" value for graphite, which is equal to 0.33. Graphite is
considered as a standard reference as it is composed of 100% sp*-hybridized bonds [41-42]. Solving the equation yields a
sp? fraction of ~14% and ~23% in 10-nm and 20-nm samples, respectively; the highest percentage of sp® content (~86%)

was noted in the thinnest sample. These results are consistent with the data obtained from XPS and Raman spectroscopy.
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Figure 7. Fitted EEL spectra (C-K edges) of Si-Q-carbon samples with a thickness of (a) 10 nm (b) 20 nm.
The water contact angle optical images are shown in Figure 8; measurements of 75.3° (+ 0.6°) and 78.8° (+ 0.1°) were
obtained for 10 nm and 20 nm thick samples, respectively. Figure 9 shows the dispersive and polar components of surface
energies of the films as assessed using Equation 2(a). It is known that the polar component of the surface energy leads to
the hydrophobic character in the film. While the total surface free energy of the thin films increases from 22.7 mN/m to
30.5 mN/m, the subsequent polar component decreases from 8.6 mN/m to 8.0 mN/m as the film thickness was reduced
from 20 nm to 10 nm. This result confirms the hydrophilic character in the 10 nm Si-Q-carbon thin film. Previous reports
on the surface energy properties of Si-DLC thin films have stressed the role of surface plasma treatment to improve the
wettability of films [43]. In this study, we demonstrate that the as-deposited Si-Q-carbon films are hydrophilic without
post-processing treatments. Furthermore, Roy et al. have shown that surface wettability is closely related to the polar
component of surface energy, which in turn is determined by the polarizability of the surface chemical bonds [50]. Thus,
the 10 nm Si-Q-carbon sample with high surface energy and the larger sp®/sp? value shows enhanced wettability as

compared to the 20 nm thick sample.
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Figure 9. Polar and dispersive component of surface energies of Si-Q-carbon thin films.
Figure 10 shows the quantitative assessment of the adhesion of both viable and non-viable bacteria for the Si-Q-carbon
thin films with three replicates for each sample evaluated (n = 9 total measurements; 3 per replicate). Figure 11 contains
the merged DAPI and Sytox fluorescence images that were acquired from the stained bacteria (S. epidermidis) after 24
hours of exposure to the Si-Q-carbon thin films. The green colored stain indicates the dead bacteria, and the blue colored
stain indicates the presence of active and living bacteria. Between the two samples, 10 nm thick Si-Q-carbon showed a
higher reduction of biofilm adhesion compared to the glass control (57%, DAPI; Fig.10); in contrast, the 20 nm sample was
markedly less effective (7%). Furthermore, it is established that the adhesion of bacteria to the surface is dependent on

(a) sp3-bonding and (b) surface hydrophobicity [44-45]. Zhao et al. have shown that bacterial adhesion is significantly
13



reduced with the increase in the sp3/sp? value in DLC thin films [52]. As such, the repulsion of water by the hydrophobic
surface could allow the cells to lie closer to the liquid-solid interface, which could allow the attachment of bacterial cells
to the surface [45-49]. Consequently, the sample with the highest sp* content and hydrophilic surface showed enhanced

resistance to bacterial growth and thus possessed superior antimicrobial properties.
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Figure 10. Quantification of bacteria surface coverage on Si-Q-carbon thin films.
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Figure 11. Merged DAPI (blue) and Sytox (green) fluorescence images of S. epidermidis. Scale bar length = 50 um.a.

Conclusions
In this study, Si-incorporated Q-carbon coatings with different thickness values (10 nm, 20 nm) were deposited through
the PECVD technique. Raman spectroscopy, XPS, and EELS studies were performed to assess the surface composition and
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quantify the sp3/sp? value in the thin films. Water contact angle assessments and surface energy calculations were
undertaken to evaluate the hydrophilicity of the films. The interaction of S. epidermidis with the 10 nm and 20 nm Si-Q-
carbon samples was studied by fluorescence microscopy and biofilm adhesion; activity was quantified by the percent area
coverage of live and dead bacteria. The film with a thickness of 10 nm was found to be hydrophilic, with higher sp?bonding
(85%) characteristics; it showed a substantial reduction in biofilm adhesion (57%) as compared to the thicker film sample
(7%). The enhanced antibacterial activity of Q-carbon thin film is attributed to its hydrophilicity and tunable surface
characteristics. Since a large number of medical implant-related infections are associated with complex interactions
among the pathogen, the host, and the implant, the development of multifunctional antibacterial surface treatments to
prevent implant infections can be of significant importance [53]. In addition to enhanced antibacterial characteristics, the
Q-carbon has higher hardness, toughness, and adhesion, making Q-carbon coatings more effective in reducing medical
implant-related infections.
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