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ABSTRACT: Carbon films were grown on glass substrates via 13.56-MHz radio frequen-
cy (RF) plasma deposition at 1-, 3-, and 5-min deposition times. Admixtures of argon (Ar)
and acetylene (C,H,) plasma were used with working pressure of 100 Pa and RF power of
50 W. The surface of the glass substrates was pretreated with hexamethyldisiloxane to im-
prove film adhesion. Water contact angle and surface free energy of the glass surface signifi-
cantly decreased on deposition of C,H,, indicating a hydrophobic surface. Fourier-transform
infrared spectroscopy and Raman spectroscopy showed the presence of carbon moieties on
glass, where the optimum carbon deposition was found at 3-min deposition time. The glass
specimens were then subjected to a biofilm assay using Pseudomonas aeruginosa, where the
number of adhered cells significantly decreased on the plasma-treated substrates. This study
illustrated the potential application of carbon films deposited via RF plasma for antifouling
applications.
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I. INTRODUCTION

Bacterial adhesion, which leads to biofouling, has been a widespread problem in the
operation of various surfaces and equipment. This has resulted in additional expenses
in terms of cleaning and maintenance among affected industries such as maritime,
food, water systems, and healthcare.! Biofilms also contribute to nosocomial illness
such as healthcare-associated infections.? These infections are one of the leading
causes of patient death and morbidity within 48 h of hospitalization.? Studies showed
that from 3% to 5% of patients contract this type of infection after leaving the hospi-
tal.2® Bacterial biofilms may lead to chronic infections such as pneumonia, wounds,
otitis media, and even medical implant infections that can lead to death.*® Thus, sur-
faces that can inhibit biofilm formation and bacterial contamination can be usefully
applied in various fields.

Biofilms that are comprised of bacteria that adhere onto surfaces are surrounded
by a matrix of organic polymers® that are often the preferred mode of growth for most
bacteria.” Adhered bacteria are able to concertedly act through the production of signal
molecules that affect their growth after reaching a certain quorum population through a
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mechanism called quorum sensing. Quorum sensing is a community genetic regulation
mechanism that controls microbiological functions in response to population density.°
A study by Bakke et al. showed that the human pathogen Pseudomonas aeruginosa
regulates virulence through quorum sensing.'® Disrupting this communication pathway
and bacterial surface adhesion can thus be a potential target for preventing diseases and
adverse environmental problems induced by biofouling.

Survival of a bacterium starts with adhesion that allows it to leech onto its surround-
ings and obtain nutrients therein.* After the initial attachment, the development of a
biofilm occurs on a structured community of bacterial cells enclosed in a self-produced
polymeric matrix adherent to an inert or living surface.'? Bacteria may be free floating
or surface bound. However, it is known that sessile bacteria are more resistant to antimi-
crobial agents than planktonic bacteria.

The formation of the bacterial colony starts with its adsorption on a conditioning
film composed of organic molecules. The bacteria slowly approach the film using a
flagellar motion and analyze the site to determine its suitability for adhesion. They can
then bind onto the surface and release an extracellular polymeric substance as the matrix
multiplies and stabilizes to form a three-dimensional biofilm.** The main functions of
the biofilm matrix are to serve as an impermeable barrier against phagocytes and aid
in resisting the desiccation process from occurring within the film. Control over the
biofilm system can be ensured through their exchange of molecular signals at a close
distance. Overall, the strength of the biofilm is dependent on the structure of the formed
conditioning film.*

Surfaces such as glass, stainless steel, and rubber can be contaminated by the ad-
hesion of microorganisms that initiate cellular growth leading to biofilm formation.™
The mechanism and factors affecting bacterial adhesion are very complex.®” Surface
properties such as roughness, contact angle, and surface free energy (SFE) can affect
cellular growth.'® Glass has high surface energy of ~83 mN/m, which is much greater
than the 20-30-mN/m range in which bacterial adhesion is minimal.* Wei et al. sug-
gested that smoother surface, lower contact angles, and higher SFE are favorable for
cell growth.®

Current research uses antibiofouling films that impede bacterial growth. Pavlukhina
et al. developed a highly efficient, biocompatible surface coating that disperses bacterial
growth through enzymatic cleavage of the extracellular matrix.?® Sahal et al. also ob-
served antibiofilm properties of nanometer-scale silver coatings on glass and polyster-
ene surfaces against human pathogens.? Inclusion of silver nanoparticles in a composite
coating also inhibited bacterial growth.?? Sun and Chen developed a low-temperature
plasma coating of organo-silicon or organo-silicon/oxygen that also hinders biofilm
formation.?

In this work, we investigated the modification of surface properties of glass using an
admixture of argon (Ar) and acetylene (C,H,) gas discharges. Growth of carbon-based
films on the pretreated glass surfaces was characterized to include antibiofouling prop-
erties using P. aeruginosa as the biofilm-forming bacterium.
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Il. MATERIALS AND METHODS
A. Surface Pretreatment

Soda-lime glass substrates were cut into 1 x 2-cm sizes and were subjected to a standard
degreasing procedure. Before deposition, the glass surfaces were modified with hexameth-
yldisiloxane (HMDSO) to improve adhesion of the substrate to the grown film. We added
1.5 mL of HMDSO to a solution containing 135 mL methanol and 15 mL deionized water.
We then added five drops of glacial acetic acid and stirred the solution for 30 min. The
glass substrates were fully immersed vertically for 30 min. Finally, the glass substrates
were rinsed with deionized water and oven-dried for 1 hr at 110°C.

B. Plasma Deposition

To deposit the films, we used a 13.56-MHz radio frequency (RF) capacitively coupled
plasma reactor. The system is composed of a 165-mm diameter bell jar evacuated by
a rotary pump down to 8 Pa. Before deposition, the system was cleaned using an Ar
gas discharge. Once the glass substrates were loaded and base pressure was achieved,
commercial-grade C,H, was introduced into the chamber. We set the total working pres-
sure at 100 Pa with a C,H_:Ar pressure ratio of 5:95. RF power was set at 50 W, and
deposition times varied from 1 to 5 min. After deposition, the samples were stored for
characterization and biofilm assay.

C. Thin-Film Characterization

Contact angle measurements were carried out via a sessile drop method using 5-uL
deionized water (H,O) and diiodomethane (CH,L,) for both pristine and deposited sub-
strates. Using the contact angles of the two test liquids (0),SFE of the carbon films was
estimated using Fowkes theory?* as follows:

yL(cos@ + 1)
= v v @

2
yp = yL(cosf +1) , )
where Y;? an(g Vf are gispersive and polar components of the wetting liquid’s surface ten-
sion, and ¥s and Vs are dispersive and polar components of the solid’s surface energy.
Equation (2) is used when the wetting liquid has zero polar component (such as diiodo-
methane with )/f = 0) so that }/é = Y. The total SFE of the surface is calculated as

Ys =vs +Vs - (3)
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Likewise, morphology of the surface was analyzed using atomic force microscopy
(AFM; Park Systems XE-70; Suwon, Korea) in noncontact mode. Optical properties of
the films were probed using infrared spectroscopy and Raman scattering spectroscopy.

D. Biofilm Assay

The biofilm formation was assessed using a wild-type P. aeruginosa (BIOTECH 1313,
harvested from a water sample; Philippine National Collection of Microorganisms, BIO-
TECH, UP Los Banos) as the biofilm-forming bacterium. P. aeruginosa is a pathogen
found in bacterial infestations in immune-compromised individuals and contaminated
implants, and its virulence is caused mainly by enduring biofilms.? It has been used
extensively in the study of initial biofilm formation and bioremediation.?® The biofilm
growth was quantified using the method developed by O’Toole.?” The bacterial speci-
men was inoculated in nutrient broth medium for 24 h at 37°C. The overnight culture
was diluted 1:100 into fresh medium and transferred to each centrifuge tube, where the
glass specimen was positioned vertically. The tubes were incubated for 36 h at 37°C.
After incubation, tubes were washed with 0.85% NaCl solution to remove loosely at-
tached cells. The glass slides were air-dried for 12 hr. Then, the bound cells were stained
with 200 uL 0.1% crystal violet (CV) solution for 10 min at room temperature. Excess
dye was removed by washing each tube with 200 uL 0.85% NaCl solution. For quanti-
fication, 1 mL 30% acetic acid was added to each tube to solubilize the CV. We used a
spectral scan with 30% acetic acid in water as a blank solution.

I11. RESULTS AND DISCUSSION
A. Surface Pretreatment

Organosilanes such as HMDSO react with various oxygen-containing faces on the glass
that results in the formation of covalent bonds between oxygen and silicon.?® The acid-
catalyzed hydrolysis of HMDSO with glass, as shown in Fig. 1, provides nonpolar moi-
eties on the glass for better deposition of acetylene.

B. Physico-Chemical Properties of Carbon Films

The results for contact angle measurements (Fig. 2) are shown in Table 1. For water,
the contact angle increased as acetylene was deposited. Meanwhile, the diiodomethane

OH 0-Si-(CHj)5

o HOAc ,
OH + (HzC)5-Si-O-Si-(CHg); —» 0-Si-(CHg)3 + H,0
OH 0-Si-(CH3)5

FIG. 1: Schematic representation of the surface modification of HMDSO on a glass surface
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FIG. 2: Images of water (left) and dilodomethane (right) droplets on glass substrates at different

treatment times: (A) 0 min, (B) 1 min, (C) 3 min, and (D) 5 min

TABLE 1: Contact angle of test liquids and the SFE

Deposition time

(min) H,O Contact angle (°) CH,I, Contact angle (°)  SFE (mN/m)
0 40.12 £0.90 39.93+0.62 61.55 +0.62
1 73.70+1.24 23.00+1.58 49.67 £ 0.65
3 63.97 + 8.36 23.58 + 1.69 53.08 + 3.60
5 70.86 + 1.57 26.96 + 0.92 49.48 £ 0.66

SFE, Surface free energy.
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contact angle exhibited an opposite trend of the results obtained with water. SFE of
the surfaces was computed using the values in Table 2. The deposition of acetylene on
glass considerably reduced SFE from 61.5 to 49.67 mN/m for the first minute. The film
deposited for 5 min had the lowest surface energy of 49.48 + 0.66 mN/m, although this
was still greater than the 20-30-mN/m range for minimal bacterial adhesion. Table 1
shows that the deposition of acetylene increased the hydrophobicity of the surface, thus
decreasing wettability and surface energy of the glass.?

Figure 3 shows the AFM images of untreated and plasma-treated glass substrates.
Table 3 shows the root-mean-square (RMS) roughness, skewness, and kurtosis of the
films. The plasma-treated glass treated for 3 min shows the roughest surface, whereas

TABLE 2: Surface-tension components of the test liquids used in SFE calculation

Test liquid Y2 (mN/m) Yr (mN/m)
Water (H,0) 21.8 51.0
Diiodomethane (CH,.) 50.8 0.0

SFE, surface free energy

(@)

8.8nm

2.5nm

6.6 nm

5 3.1 nm

FIG. 3: AFM images of (a) a bare glass substrate and glass with acetylene deposit at exposure
times of (b) 1 min, (c¢) 3 min, and (d) 5 min
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Deposition time

(min) RMS roughness (nm) Skewness Kurtosis
0 0.283 -0.032 4.224
1 1.652 -0.198 4.299
3 20.031 1.117 3.563
5 3.629 -5.772 60.767

AFM, atomic force microscopy; RMS, root mean square

those treated for 1 and 5 min had less roughness. The 5-min specimen had the highest
kurtosis, signifying a narrow spread and highly peaked distribution, suggesting that the

film may have isolated clusters of carbon deposits.

Figure 4 shows Fourier-transform infrared (FTIR) spectra of the plasma-treated glass
substrates. For both 1- and 3-min deposition times, we found that bands corresponding
to an aliphatic C-H stretch were present at 2934 and 2928 cm™, respectively. Hence,
carbon moieties are confirmed to be present in these films. The Si-O vibrational mode
is also present at 916 cm™ for all deposition times. Alkenyl C=C and C=0 stretches
were also present at 1653 and 1734 cm, respectively, and the absorption intensities
increased from 1 to 3 min, noting the increase in the sp? carbon cluster and carbonyl

Transmittance (a.u.)
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FIG. 4: FTIR spectra of acetylene-deposited glass substrates for 1-, 3-, and 5-min exposure times
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carbon coverage. An O-H band at 3373 cm is also present, and peaks at 2322 and 2359
cm accounted for the adsorbed CO, gas, possibly due to surface thermal oxidation.

The Raman spectrum provides a detailed bonding and characteristic of the carbon
films. Figure 5 shows two prominent peaks: D (disorder) and G (graphite). The D peak
located at ~1320 cm™ is due to the defect-induced breathing mode of sp? rings of Alg
symmetry,® whereas the G peak at ~1600 cm™ is due to first-order scattering of the E,
phonon of sp? C atoms.*® The intensity of the D band is related to the size of the in-plane
sp? domains.®* The increase in D-peak intensity indicates the formation of more sp?
domains.® The relative ratio of both peaks is a measure of the degree of disorder and is
inversely proportional to the average size of the sp? carbon clusters.*** The computed
ratio (Table 4) was found to be 0.7219, 0.8356, and 0.7446 for 1-, 3-, and 5-min deposi-
tion times, respectively. This indicates an initial increase in the number of sp? carbon
(disorder on sp? rings) and then an increase in the number of sp? rings.

| 5 min

Relative Intensity

L |
500 1000 1500 2000
Wavenumber (cm™)

FIG. 5: Raman spectra of acetylene-deposited glass substrates for 1-, 3-, and 5-min exposure
times. D, disorder; G, graphite

TABLE 4: Raman absorbance intensities and ratio
Deposition time

(min) I, I, 11

1 102.160 141.523 0.7219
3 125.819 150.582 0.8356
5 209.764 281.719 0.7446
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From both FTIR and Raman spectroscopy results, we suggest an initial formation
of graphene oxide in the 3-min deposition time, where O—H and C=0 functionalities
occur as seen in the FTIR spectra, and an increase in disorder of the hexagonal graphene
layer as the number of sp* carbon clusters increases due to oxidation, as seen in the Ra-
man spectra. For the 5-min deposition time, O—H and C=0 functionalities disappeared,
disorder of graphene later decreased, and the number of sp? clusters increased, because
acetylene may have restored the carbon vacancy defect of graphene oxide.?*

C. Biofilm Assay

A biofilm stained with CV provides a quantitative method of measuring the amount of
cells that adhered on the glass surface. Figure 6 shows ultraviolet-visible absorbance
spectra of undeposited and deposited glass substrates. The absorbance at 588 nm that
is equivalent to the concentration of adhered cells significantly decreased on acetylene-
deposited glass. Although bacterial adhesion is minimized in hydrophilic surfaces® for
hydrophobic bacteria such as P. aeruginosa,® the decrease in the concentration of ad-
hered bacteria can be attributed to the decrease in surface energy.®* This is consistent
with the results of Quirynen et al., wherein dental plaque formed on hydrophobic rather
than hydrophilic surfaces,*” and by Everaert et al., wherein hydrophobic silicone rubber
voice prostheses in laryngectomized patients developed less biofilm than a hydrophilic
prothesis.® Furthermore, rougher surfaces reduce the attachment area between particle
and surface,*® thereby decreasing bacterial adhesion and surface cleanability.*°
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FIG. 6: Optical density obtained from cells stained with CV after incubation for 36 hr, for acety-
lene on glass deposited for 0, 1, 3, and 5 min
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V. CONCLUSIONS

We found that the deposition of acetylene successfully reduced the number of cells
present in the biofilm. Contact angle and surface energy measurements showed that the
acetylene-deposited glass substrates had increased hydrophobicity and decreased sur-
face energy. AFM images showed rougher surfaces when acetylene was deposited on the
substrates. FTIR and Raman spectroscopy suggested the presence of carbon in the films
and indicate graphene oxide as a possible identity for the film. Further studies can be
performed using X-ray diffraction measurements to confirm the structure. The biofilm
assay showed a decrease in the concentration of the adhered bacteria, with the decreased
adhesion attributed mainly to increased surface roughness and decreased surface energy.
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