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Atmospheric Plasma Treatment of Biomaterials with Eugenol and Carvacrol Thin Films for
Inhibiting Bacterial Adhesion and Proliferation.
Abstract

Owing to their ability to repair and substitute damaged tissue or organs, the use of implantable
medical devices (IMD) is rising in modern medicine and healthcare. However, attention must be paid
when choosing the materials to be used in IMD’s to assure the best performance of the device when in a
biological environment. In addition to good biocompatibility and chemical stability, in several
situations, the ideal material must also be able to inhibit implant bacterial colonization. Although
bacterial infections may be treated with antibiotics, the overuse of such drugs has led to the
development of antibiotic-resistant microorganisms. Furthermore, when adhered to a surface, bacteria
can form biofilms, i.e. an agglomeration of cells that shields them from external agents. In this context,
the modification of biomaterial surfaces with natural antimicrobial compounds has the potential to
address these common implant-related inconveniences. In this scenario, we have examined the
deposition and characterization of polymeric thin films produced from natural carvacrol and eugenol
monomers in a Dielectric Barrier Discharge (DBD) plasma reactor. The electrical discharge
characteristics were diagnosed by measuring the drop of voltage on a resistor and capacitor, and its
applied voltage was measured by a voltage divider. The maximum applied voltage was 14.4 kV peak-to-
peak and the power around 1.2 W. The study also included the analysis of the film structure using
infrared reflectance spectroscopy, scanning electron and atomic force microscopies, profilometry, and
contact angle measurements. Uniform, smooth, and dense films having chemical similarity to the
corresponding monomer have been obtained. Inhibition of biofilms of Staphylococcus aureus,
Pseudomonas aeruginosa, Escherichia coli, and Candida albicans on stainless steel was evaluated. While
it has been observed the formation of biofilm of all the microbes on the untreated samples, the coatings
derived from carvacrol completely inhibited the adhesion of E. coli and reduced by 90% the
proliferation of S. aureus. The coating has also inhibited the adhesion of P. aeruginosa and C. albicans
in up to 44% and 60%, respectively. Similarly, films produced in plasmas containing eugenol inhibited
by more than 75% and 65% the adhesion of E. coli and S. aureus, respectively, and the adhesion of P.
aeruginosa and C. albicans by more than 30% and 40%, respectively. Electrochemical impedance
spectroscopy and the potentiodynamic results revealed that both carvacrol- and eugenol-derived films

have increased by at least 10 times the corrosion resistance of stainless steel in NaCl solution.
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Tratamento por plasma atmosférico de biomateriais com filmes finos de Eugenol e Carvacrol para
inibir a adeséo e proliferacdo bacteriana.
RESUMO

Um dispositivo médico implantado (IMD) é qualquer material inserido ou enxertado no corpo
para fins protéticos, diagndsticos, terapéuticos ou experimentais. O uso dos IMD’s tem crescido
significativamente em todas as &reas da medicina devido a sua capacidade de reparar ou substituir
tecidos e orgdos danificados. No entanto, deve-se atentar para a escolha dos materiais a serem
utilizados nos IMD’s para garantir o melhor desempenho do dispositivo quando em ambiente bioldgico.
Além de boa biocompatibilidade e estabilidade quimica, em diversas situacdes o material também deve
ser capaz de inibir a colonizacdo bacteriana do implante. Embora infeccGes bacterianas possam ser
tratadas com antibi6ticos, o uso excessivo de tais drogas levou ao desenvolvimento de microrganismos
resistentes aos antibidticos. Além disso, quando aderidas a uma superficie, as bactérias podem formar
biofilmes, ou seja, uma aglomeracéo de células que as protege de agentes externos. Nesse contexto, a
modificacdo de superficies de biomateriais com compostos antimicrobianos naturais apresenta grande
potencial para resolver muitos dos inconvenientes relacionados ao uso de implantes. Nesse cenario,
neste trabalho foi investigada a deposicdo e caracterizacdo de filmes finos produzidos a partir de
mondémeros naturais de carvacrol e eugenol empregaudo plasmas de Descargas de Barreiras
Dielétricas (DBD). As caracteristicas elétricas das descargas foram avaliadas medindo-se a queda de
tensdo em um resistor e capacitor, respectivamente, e a tensédo aplicada foi medida com um divisor de
tensdo. A tensdo maxima aplicada foi de 14,4 kV pico a pico e a poténcia em torno de 1,2 W. O estudo
também compreendeu a avaliacdo das propriedades fisicas e quimicas dos filmes por espectroscopia de
reflexdo-absor¢cdo no infravermelho, microscopias eletrénica de varredura e de forca atdémica,
perfilometria e medidas de angulo de contato. Avaliou-se ainda o efeito dos revestimentos sobre a
formacdo de biofilmes de Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli e Candida
albicans sobre substratos de aco inoxidavel. Filmes uniformes, densos e quimicamente semelhantes aos
respectivos monémeros foram obtidos. Os resultados de espectroscopia de impedancia eletroquimica
revelaram que os revestimentos aumentaram em mais de 10 vezes a resisténcia a corrosdo dos
substratos quando imersos em soluc6es de NaCl. Embora tenha sido observada a formacao de biofilmes
de todos os microbios sobre as amostras ndo tratadas, os filmes derivados do carvacrol inibiram
completamente a adesdo de E. coli e reduziram em 90% a proliferacdo de S. aureus. O revestimento

também inibiu a adesdo de P. aeruginosa e C. albicans em mais de 40%. Da mesma forma, filmes
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produzidos em plasmas contendo eugenol inibiram em mais de 65% a adeséo de E. coli e S. aureus e em
mais de 30% a ades&o de P. aeruginosa e C. albicans.
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1 Introduction

Owing to their ability to repair and substitute damaged tissue or organs (SUCI
DHARMAYANTI et al., 2020; HOGAN et al., 2019), the use of implantable medical devices
(IMD) is rising in modern medicine and healthcare. Despite their biocompatibility with living
tissue, implants can lead to uncontrolled biological responses, such as immune system activation,
protein adsorption, inflammatory reactions, and cellular adhesion (VELNAR et al., 2016). This
consists of a series of complex reactions involving various cell types, proteins, platelets, and
many chemical mediator pathogens (ACHINGER; AYUS, 2019). In addition, high corrosion
rates of some metallic biomaterials promote cracks and releasing of particles and ions in
surrounding tissues, which may limit their clinical application. For instance, magnesium
(BORNAPOUR et al., 2013; LI et al., 2012), titanium and their alloys (CORDEIRO et al.,
2018), are susceptible to degradation in body fluids.

At the same time, the susceptibility of the implant surface to bacterial colonization is
another barrier for the long-term use of implants (CAKMAK et al., 2019). For instance, in the
United States, hospital-acquired infections alone cause between 60,000 and 100,000 deaths,
amounting to an economic burden of $17 to $30 billion annually (GOMEZ et al., 2018). It is
estimated that as many as 80% of those infections arise from bacterial biofilms (EDMISTON et
al., 2015). Once the biofilm is established, it is quite difficult to eradicate it as microbes develop
a shell that protects them from external agents, such as antibiotics (TAN et al., 2018;
WOLFMEIER et al., 2018). The only solution to extirpate the colonization of biofilm-forming
bacteria is to surgically remove the infected implant, which in turn causes high economic costs
and extra risks of morbidity and mortality to the patients. In addition to medical problems,
biofilm on ship hulls and heat exchangers, for instance, causes an increase in energy
consumption and equipment damage, resulting in heavy economic losses (SONG, 2016).
Moreover, many industries suffer the ill-effects of biofilm growth of one type or another, which
can result in extra maintenance costs (TARIFA; LOZANO; BRUGNONI, 2018).

To overcome such problems, great attention has been devoted to developing a biomaterial
for prolonged use or with controlled release of therapeutic molecules, such as antibiotics,
antitumor, anti-inflammatory, antiseptics, and biocides (MONZILLO et al., 2012). However,
some protection against implant infection is, generally, only obtained in the first week with

antibiotic coated devices while drug release by the biomaterial surface is poorly controlled (AL-



JUMAILI et al., 2017; BAZAKA et al., 2011a). Additionally, the use of antibiotics leads to
undesired consequences, including the spread of antibiotic-resistant bacteria (FAN et al., 2020).
For example, 60% of Staphylococcus aureus strains isolated from intensive care units were
resistant to methicillin (RAMRITU et al., 2008; LAXMINARAY AN et al., 2013). The use of
silver is also problematic, as silver resistance has been observed in bacteria, notably
Pseudomonas aeruginosa (SILVER; PHUNG; SILVER, 2006). Thereby, antimicrobial non-
antibiotics compounds, like essential oils, that do not contribute to the development of resistant
genes are highly desirable. In this regard, plasma-assisted chemical vapor deposition gained
considerable interest in the conversion of bio-renewable resources into diverse structures from
simple polymers to advanced carbon nanostructures (AL-JUMAILI et al., 2017b). Plasma-
enhanced technology is also an attractive method to modify the surface properties of biomaterials
while preserving their bulk characteristics (SANTOS et al., 2016a; LEE et al., 2016).

Plasma polymers are a particular class of thin films that can present highly cross-linked
and biochemically inert structures (KYLIAN et al., 2017; AGRAWAL et al., 2019). The
properties of such films can be altered by varying the deposition condition, such as pressure,
applied voltage, monomer flow rate, and polymerization time. By employing this technique, it is
possible to deposit coatings from a wide array of organic and synthetic materials, including those
that do not normally polymerize via conventional pathways (MANAKHOV et al., 2016;
MACGREGOR et al., 2019). Also, plasma polymers are manufactured in a dry environment
without the production of significant amounts of toxic byproducts (ZILLE; SOUTO;
OLIVEIRA, 2019). Owing to this, plasma deposited coatings have been used in many different
applications, for instance, as electrode insulation (PETER et al., 2018; WANG et al., 2017;
REICHEL et al., 2018), diffusion barriers (HOFFMANN et al., 2017), corrosion protection
(SANTOS et al., 2017b; RANGEL et al., 2019; RANGEL; CRUZ; RANGEL, 2020), sensor
devices and antimicrobial coatings (ALEMAN et al., 2018; GAO; HANG; CHU, 2017). In
theory, it is, therefore, possible to engineer a biocompatible material through plasma coating with
inherent antimicrobial functional groups of natural agents, like essential oils (BAZAKA et al.,
2017).

Several studies (QIAN et al., 2020; RIBES et al, 2019; CHANG;
MCLANDSBOROUGH; MCCLEMENTS, 2013) have demonstrated the biocidal activity of

carvacrol and eugenol against free-standing micro-organisms. Also, their use has been approved



by the European Parliament and Council and by the U.S. Food and Drug administration
(BAMPIDIS et al., 2019; EAFUS, 2006). However, the feasibility of stable thin film formation,
biofilm inhibition, and corrosion protection activities of both oregano and cloves oil, either
independently or in combination with another monomer, has not been conducted yet as far as we
know, in both low- and atmospheric pressure plasma. In this context, the present study has
focused on the development of a novel organic thin film coating on stainless steel (SS) substrates
by Dielectric Barrier Discharge (DBD) plasmas from eugenol and carvacrol monomers, whose
chemical structures are depicted in figure 1, aiming inhibiting bacterial adhesion and

proliferation, as well as corrosion protection.

oH H;CO /

HO
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Figure 1. Chemical structure of carvacrol and eugenol.



2 General and Specific Objectives
General Objective
The general objective of this work was to deposit a thin film from essential oils, carvacrol
and eugenol, on stainless steel surfaces aiming at the suppression of microbial adherence and
proliferation. And also, the deposited film application for corrosion protection of stainless steel
was evaluated using electrochemical impedance spectroscopy.
Specific Objectives
v" To deposit plasma polymerized thin films from carvacrol and eugenol on a biomaterial
surface.
v' To diagnose both electronic and optical properties of the dielectric barrier discharge
plasma applied for the film deposition.
v' To characterize the thin film properties, such as chemical structure, wettability,
topography and morphology, thickness and roughness, aging, and thermal stability.
v To test the effect of coating on the suppression of microbial biofilm formation.
v’ To test the anti-corrosion protection of the films in NaCl solution.



3 Literature Review
3.1. Biomaterials and their use

A biomaterial is “any substance (other than a drug) or combination of substances, that may
be natural or synthetic in origin, for any period of time which can be used, as a part or as a whole
of a system which treats, augments, or replaces any tissue, organ, or function of the body"
(PATEL; GOHIL, 2012). Meanwhile, other definitions of the term “Biomaterials” can be any
material whether from the natural or synthetic origin, that comprises whole or part of living
structures or biomedical devices that performs, augments, or replace a natural function (IGE;
UMORU; ARIBO, 2012). The use of biomaterials has vigorously increased in the last decades.
For instance, in the United State alone every year 13 million medical devices are used (BOSE et
al., 2018). According to a market survey report, the global bio-implant market was expected to
grow up to $115.8 billion by 2020 with a compound annual growth rate of 10.3% during the
estimated period (2014-2020) (KUMAR et al., 2020). The most common classes of biomaterials
are metals pure or as alloys, polymers, ceramics, and composites (YAQUB KHAN; MOHD
YAQUB; MIN-HUA, 2019).

Nowadays, several metallic biomaterials, such as titanium and its alloys (KULKARNI et
al., 2014; KHORASANI et al., 2015; ZHANG; CHEN, 2019), cobalt-chromium alloys
(AHERWAR; SINGH; PATNAIK, 2016; HASSIM et al., 2019; SINGH; SINGH; SIDHU,
2019), nickel-chromium alloy (FIROUZI-NERBIN; NASIRPOURI; MOSLEHIFARD, 2020;
MOSLEHIFARD et al., 2019) and stainless steel (HASSAN; ABDEL GHANY, 2017; LONGHI
et al., 2019) have been used as orthopedic and dental implants, and surgical instruments, because
of their excellent biocompatibility, low elastic modulus, high yield strength, and corrosion
resistance (LIU et al., 2016; ZHOU et al., 2005). Among them, stainless steel (SS) is frequently
used for various orthopedic and surgical applications, due to good ductility and fatigue
behaviour, excellent corrosion resistance, good formability, and low cost of production in
comparison with other metallic biomaterials (VAHIDGOLPAYEGANI et al., 2017; NASERI et
al., 2018; POLYAKOV et al., 2018).

Despite their excellent strength and mechanical properties of metallic biomaterials, mostly,
they have been chosen to be used as a substitute for hard-tissue replacement, such as artificial hip
joints. However, they do not receive long-term maintenance and satisfaction of patients for a

high quality of life due to tissue-related problems such as swelling and lack of biocompatibility



between the interface of the biomaterials and living tissue. Also, their high corrosion rate in the
aggressive microenvironment may lead to material degradation, and the associated release of
unwanted metallic ions, which may induce local tissue damage and inflammatory reactions, such
as gradual osteolysis of adjacent tissues, as well as systemic damage, such as metal
hypersensitivity. The osteolysis may undermine the fixation and ultimately the loading and force
transfer of the implant, leading to implant failure, corrective surgeries, or post-surgery
complications (MEARS; KATES, 2015; PRASAD et al., 2017; SU et al., 2018; BARRERE et
al., 2008) Therefore, it is important to understand such metallic biomaterial limitations before
applying them to increase patient satisfaction and reduce the risk of death and disease. In line
with this, surface modification of biomaterials with the bioactive compound is of paramount
importance to overcome these limitations and make the bioactive surface. Besides, polymer
surface modification is required to enhance the bio-functionalization process, like the creation of
biomaterials with the harmonization of metals, ceramics, and polymers is desired (BAZAKA et
al., 2010; VAITHILINGAM et al., 2015).

3.2. Medical Implants and their Challenges
3.2.1. Bacterial biofilm

The most common biofilm-forming bacteria are Enterococcus faecalis, Staphylococcus
aureus, Staphylococcus epidermidis, Streptococcus viridans, Escherichia coli, Klebsiella
pneumonia, Proteus mirabilis, and Pseudomonas aeruginosa (KHALID et al., 2017; HOGAN et
al., 2019; SURYALETHA et al., 2019; LIU et al., 2020; SAMAD et al., 2019; TORZEWSKA;
BEDNARSKA; ROZALSKI, 2019). S. aureus and S. epidermidis cause about 50% of prosthetic
heart valve infections, 70% of catheter biofilm infections (AGARWAL,; SINGH; JAIN, 2010;
PAHARIK; HORSWILL, 2016). Similarly, several investigators (BREZNICKY; NOVAK,
2019; MORAN et al., 2007; WOUTHUYZEN-BAKKER et al., 2019) reported that 65% to 80%
of the prosthetic joint replacement infections are caused by S. aureus and coagulase-negative
staphylococci. Also, TORNERO et al.,, (2012) have evaluated the specific characteristics,
outcome, and predictors of failure of prosthetic joint infections due to S. aureus and coagulase-
negative staphylococci treated with open debridement and retention of the implant for 10
consecutive years. They conclude that prosthetic joint infections due to S. aureus were mainly in

primary arthroplasties; presented higher inflammatory response, and the strains were more



susceptible to fluoroquinolones and methicillin than coagulase-negative staphylococci
infections. S. aureus infections had also led to a higher implant failure rate than coagulase-
negative staphylococci infections, however, the difference was not statistically significant.
Besides, around 19% of the knee or hip joint arthroplasty infections are caused by S. aureus
(BERRIOS-TORRES et al., 2014). Moreover, approximately 87% of bloodstream infections
were caused by staphylococci (AGARWAL; SINGH; JAIN, 2010). P. aeruginosa bacterial
biofilm is also a common source of about 12% of urinary tract infections (SAMAD et al., 2019;
TUMBARELLO et al., 2020; SUETENS et al., 2018; FERREIRO et al., 2017) and 10% of
bloodstream infections (THADEN et al., 2017). A study published by KANG et al., (2003) has
presented a set of 136 patients with P. aeruginosa bacteremia, of which 20% received inadequate
definitive antimicrobial therapy, with a 75% mortality rate at 30 days of those with inappropriate
therapies compared with the mortality of 29% of those treated with appropriate antibiotics
(KANG et al., 2003).

Biofilm formation is a dynamic process including attachment, micro-colony formation,
maturation, and dispersion (SONG, 2016). Among these steps, initial attachment plays an
important role in biofilm formation and is known to be influenced by many factors such as
surface chemistry, hydrophobicity, stiffness, roughness, topography, and charge. Once the initial
attachment of bacteria reached the maturation stage, the synthesis of extracellular polymers
matrices and exchange of genetic information between one cell to another is enhanced,
increasing their resistance against antimicrobials, ultraviolet light, and secondary metabolic
products (SINGH et al., 2017; CHENG et al.,, 2016; MARTINS et al., 2019). Thereby,
biocompatible and antimicrobial surface treatments before the implantation of the biomaterials
are supposed to prevent the initial attachment of bacterial colony (DAS GHATAK et al., 2018;
GOMEZ-CARRETERO; NYBOM; RICHTER-DAHLFORS, 2017). In this regard, one
promising strategy has been inspired by the inherent bioactivity of plant secondary metabolites
(PSMs), such as essential oils and herb extracts, which have relatively powerful broad-spectrum
antibacterial activities (WANG et al., 2014; BELIBEL et al., 2016). Indeed, plant secondary
metabolites (PSMs) are a relatively low-cost renewable resource available in commercial
quantities, with limited toxicity. However, using PSMs for surface functionalization through
immobilization or synthesis of coatings without loss of functionality is challenging, in part due to

solubility and volatility issues.



In this scenario, plasma-assisted techniques are potentially interesting as they allow the
fabrication of thin-film coatings from renewable precursors with control of their chemical
functionality (AL-JUMAILI et al., 2017; CAKMAK et al., 2019, GOMEZ et al., 2018). Under
appropriate deposition conditions, plasma-synthesis is able to preserve the inherent antimicrobial
functionality of PSMs in the solid film. Moreover, plasma polymers of plant secondary
metabolites (pp-PSMs) have several advantages including low cytotoxicity, long-term stability,
and a reduced risk of developing microbial resistance (BAZAKA et al., 2011b). These

advantageous properties render PP-PSMs a suitable candidate for bioactive coating applications.

3.2.2. Fungal biofilm

Like bacteria, fungal biofilm formation on medical devices is a very serious clinical
problem (BERMAN; KRYSAN, 2020; SULEYMAN; ALANGADEN, 2016; KHAN; BAIG;
MEHBOOB, 2017). The most common sites for fungal infections associated with biofilms are
the oral cavity, lungs, burn wounds, the lower reproductive tract, the gastrointestinal tract, skin,
and the insertion site of urinary catheters (INIGO; DEL POZO, 2018). Fungal biofilms also
damaged the vascular endothelium of native heart valves in patients with pre-existing cardiac
disease (DOUGLAS, 2003). Among the many fungal species, Candida species, most notably C.
albicans, cause many infections ranging from superficial to invasive infections as they reside in a
commensal manner in the oral cavity, bloodstream, gastrointestinal tract, etc. (PATHAK, 2019).
Also, MARRA et al., (2011) studied a surveillance study of nosocomial bloodstream infections
of more than 2,563 patients in 16 Brazilian hospitals over 4 years (2007-2010), 6.1% were
caused by Candida species. Candida infections have been also associated with various invasive
IMD, including central venous catheters, joint prostheses, dialysis access, cardiovascular devices
(NOBILE; JOHNSON, 2015; TSUI; KONG; JABRA-RIZK, 2016), as well as with superficial
devices like dentures (OTERO REY et al., 2015). In addition to this, Candida albicans biofilms
are highly resistant to some of the antifungal drugs, such as nystatin, chlorhexidine, fluconazole,
and amphotericin B (RODRIGUEZ-CERDEIRA et al., 2019).

It is not clear the exact mechanism of drug resistance of fungal biofilm, due to their genetic
and biochemical alteration of fungal cells or the production of extracellular material (VAN
ACKER; VAN DIJCK; COENYE, 2014). Some researchers proposed that the antifungal

resistance of biofilm-producing fungus was due to the metabolic quiescence of fungal cells



(TANWAR et al., 2014). They observed that biofilm formation by C. albicans occurred more on
latex-polyvinyl chloride or silicone elastomer and less on polyurethane or pure latex. Similarly,
RAMAGE et al., (2004) have used scanning electron microscopy to assess the etiology of
denture stomatitis and have shown that Candida biofilms could be visualized on samples
obtained from patients with stomatitis. Clinical isolates of C. albicans were also able to form
biofilms in vitro, although the amount of biofilm formed was diverse for different isolates
recovered from the same patient. However, susceptibility tests indicated that the resulting
biofilms presented increased resistance to antifungal treatment (CORDOVA-ALCANTARA et
al., 2019). These implant-associated infections are inherently difficult to resolve and may require
both long-term antifungal therapy and the physical removal of the implant to control the
infection (VAN ACKER; VAN DIJCK; COENYE, 2014). Other non-albicans Candida species
associated with biofilm formation and catheter-related bloodstream or device-related infections
are C. glabrata, C. parapsilosis, C. dubliniensis, C. krusei, and C. tropicalis (RAMAGE;
MARTINEZ; LOPEZ-RIBOT, 2006; TUMBARELLO et al., 2007).

3.2.3. Corrosion Protection from Natural Extract

Corrosion of metallic biomaterials can cause the loss of their structural integrity and
surface functionality (MANAM et al., 2017). Also, it causes alterations in the environment of
biomaterials, such as a change in pH, chemical components, and a decrease of dissolved oxygen.
Moreover, the release of metal ions during corrosion, even in very small amounts, may cause
allergic response and carcinogenesis in the human body (ELTIT; WANG; WANG, 2019; ASRI
et al., 2017; ELIAZ, 2019). Owing to these problems, the number of metals that can be used as
biomaterials is much smaller than that for structural and industrial applications. Thus,
understanding the influence of corrosion processes of metallic biomaterials on the tissue
response and accurate evaluation of the corrosion behaviour of metallic biomaterials is essential
(HIROMOTO, 2010; REVIE; UHLIG, 2008; ASRI et al., 2017).

Despite the alloying elements added to improve its corrosion resistance, SS is still subject
to being corroded in an aggressive environment, such as a medium containing chloride ions like
body fluids, for instance, contributing to biomaterial-associated infection (BAI). Therefore, it is
of paramount importance to the improvement of the corrosion resistance in this medium
(ZHANG et al., 2016; SHINTANI et al., 2008; KOZUHA et al., 2016; MURUVE et al., 2016).



There are various methods for the protection of metals against corrosion, but the most used are
corrosion inhibitors (CHANG et al., 2018). Amongst the variety of corrosion inhibitors, organic
compounds are widely used for preventing corrosion in most metal surfaces (VERMA et al.,
2018; FOUDA,; DIAB; FATHY, 2017; UMOREN; SOLOMON, 2017). They provide a barrier
against various corrosive species present in the environment, due to their high resistance to
oxygen, water, and ions transport (HARB et al., 2020; O. KOLAWOLE et al., 2019). Also, they
work by adsorption of ions or molecules on the steel surface and block active sites, thus
decreasing the corrosion rate of the metals (AL-AMIERY et al., 2011). Particularly, organic
additives prevent the adsorption of chloride ions and promote the formation of more resistant
oxide films on the metal surface (MUSA et al., 2009).

Although numerous organic compounds such as azoles and their derivatives are tested as
corrosion inhibitors, many of these compounds are hazardous to the environment
(ANTONIJEVIC et al., 2005; TASIC et al., 2016; BARRETO et al., 2017). In this regard, the
green corrosion inhibitors extracted from plants have attracted the attention of numerous
researchers since they are biodegradable, inexpensive, non-toxic, environmentally acceptable,
readily available, and renewable (MAKHLOUF; HERRERA; MUNOZ, 2018; RAJA et al.,
2014; PETROVIC MIHAJLOVIC et al., 2017). Moreover, they do not contain heavy metals or
other toxic compounds (OSTOVARI et al., 2009). It has been reported that the successful use of
many of those natural products, for instance, green tea and mango leaves extracts (ALSABAGH
et al., 2015; RAMEZANZADEH et al., 2019), effectively diminishes the corrosion rate of
carbon steel in HCI and H2SO4. Hyoscyamus muticus extract is effectively used for a copper
corrosion inhibitor in HNO3 (FOUDA et al., 2015) and leaf extracts of Chromolaena odorata are
reduced aluminum corrosion in 2 M HCI solution (OBOT; OBI-EGBEDI, 2010).

3.3. Essential Oil and its use for Biofilm Eradication

Owing to their unique characteristics, natural substances, such as essential oils and their
constituents, have found wide application in pharmaceutical, agricultural, fragrance, cosmetic,
and food industries along with dentistry and medicine (BAZAKA et al., 2015a; CASTRO et al.,
2016; ESSID et al., 2019). Essential oils are also widely used to alleviate stomach disorders,
arthritis, headaches, as well as anesthetic and antiseptic in dentistry (ELIAZ, 2019). Some of

these attributes are based on the coexistence of both hydrophilic and hydrophobic moieties in the
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molecule. These activities have been reported in many studies and some of them were reviewed
by (KAMATOU; VERMAAK; VILJOEN, 2012; JAGANATHAN; SUPRIYANTO, 2012).

Essential oils are extracted from different parts of plants such as bark, stems, buds,
flowers, fruits, leaves, seeds, and roots, by various methods (FALEIRO M.L., 2011; MANION;
WIDDER, 2017). The extraction mainly depends on the rate of diffusion of the oil through the
plant tissues to an exposed surface from where the oil can be removed by several processes.
However, different methods are available depending upon the stability of the oil and the plant
materials. Steam distillation and hydrodistillation are still in use nowadays as the most important
process for obtaining essential oils from each medicinal plant (SOKOVIC; VAN GRIENSVEN,
2006). Other methods also employed for the isolation of essential oils include the use of liquid
carbon dioxide or microwaves, and low or high-pressure distillation using boiling water or hot
steam (DONELIAN et al., 2009).

Several researchers (CAZZOLA et al., 2019; CELLS, 2019; SAHAL et al., 2020) have
also worked on the reduction of biofilms adhesion and proliferation on different surfaces by the
direct coating of essential oils, either independently or in combination with another antibiotic.
The coating of essential oil of Ocimum basilicum L. (OB) on surfaces of polymethylmethacrylate
and polystyrene to prevent bacterial colonization and biofilm formation has been investigated by
RAJARAMAN; JAINU; DHAKSHINAMOORTHY, (2016). In this study, gram-positive
bacteria, including Staphylococcus aureus and Staphylococcus epidermidis, and gram-negative
bacteria, including Escherichia coli and Pseudomonas aeruginosa were allowed to adhere and
grow for 1, 3, and 24 h on the direct coated polymethylmethacrylate and polystyrene substrates,
and resulted that the number of bacteria adhering on the coated surfaces was significantly less in
comparison to uncoated surfaces, in the investigated periods. Their work has also revealed the
potent bacteriostatic effects of OB essential oil on both gram-positive and gram-negative
bacteria. Thus, OB essential oil may be considered as a promising coating material to prevent
bacterial adhesion and biofilm growth.

Additionally, the anti-biofilm activity of five different plant essential oils, such as garlic,
eucalyptus, neem, tulsi, and cloves were tested against Bacillus cereus, Staphylococcus aureus,
Pseudomonas aeruginosa, Escherichia coli, Acinetobacter baumannii, and Klebsiella
pneumonia, on the abiotic surface like a urinary catheter and others (MOHAMMADI et al.,
2019; RUBINI et al., 2018). They found that the five tested essential oils possess a considerable
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reduction in biofilm formation as follow: eucalyptus oil showed maximum inhibition of biofilm
almost (82%), followed by tulsi oil (48.7%), garlic oil (44.3%), and neem oil (34.2%) and
finally, cloves oil showed the least inhibition (31.4%). The other investigator MILADI et al.,
(2017) were tested the antibiofilm activities of five essential oils, such as eugenol, carvacrol,
thymol, p-cymene and g-terpinene, independently or in combination with tetracycline, against S.
aureus. They found that a reduction of biofilm rate ranged from 2 to 8-fold. And they conclude
that the tested essential oils may be considered as a potential natural source with a resistance
modifying activity and may be applied to eradicate bacterial biofilm. Besides, SAHAL et al.,
(2020) investigated the antifungal and biofilm inhibitory effects of Cymbopogon citratus oil
coating of different biomaterials against clinical isolated C. tropicalis fungal strain. They found
that C. citratus oil coating on silicone rubber had a 45 t076% reduction in biofilm formation in
all C. tropicalis strains. And they conclude that Cymbopogon citratus oil has good potential to be
used as an antifungal and anti-biofilm agent on silicone rubber prostheses and medical devices
on which C. tropicalis biofilms pose a serious risk for skin infections and may cause a shorter
lifespan of the prosthesis. In the later, DIAZ DE RIENZO et al., (2016) reported the novel
approach of rhamnolipids and a combination of rhamnolipids essential oil and caprylic acid
against P. aeruginosa biofilm. They found that rhamnolipids may interfere with cell-to-cell
interactions and cell-substratum interactions as well. The highest impact on mature biofilm was

observed for the mixture of rhamnolipids and caprylic acid (its biofilm reduction over 60%).

3.3.1. Antimicrobial Activity of Eugenol

Eugenol (4-allyl-2-methoxy phenol), is a naturally occurring aromatic compound, which
has a pleasant odor and taste (PRAMOD; ANSARI; ALI, 2010). It is a high volatile phenolic
compound with low chemical stability, being sensitive to oxidation and chemical interactions
(MARCHESE et al., 2017). It can be extracted up to 90% from buds and leaves of cloves
(Syzygium aromaticum) and cinnamon (Cinnamomum zeylanicum) plants (MITTAL et al., 2014;
RAO; GAN, 2014; ZAIDI et al., 2015). The oils extracted from such plants are used to treat
many diseases including acne, asthma, rheumatoid arthritis, scarring, warts, and various
allergies, due to their higher constituents of eugenol. Also, it is used as a dental analgesic,

perfuming, cosmetics, as food flavoring agents, mouthwashes, antispasmodic, and a general
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antiseptic in medical dental practice (MARCHESE et al., 2017; SHAO et al., 2018; KHALIL et
al., 2017).

Eugenol has also shown excellent antioxidant, anti-inflammatory, and antimicrobial
activity against fungi and a wide range of gram-negative and gram-positive bacteria, such as
Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa (LV et al., 2011; QIAN
et al., 2020; RIBES et al., 2019; WANG et al., 2010). The antibacterial action of eugenol is
mostly ascribed to the presence of a free hydroxyl group in its molecular structure (NAZZARO
et al., 2013). Its hydrophobic nature enables the penetration in the lipopolysaccharide of the
bacterial cell membrane and alters the cell structure, which subsequently results in the leakage of
intracellular constituents (BURT, 2004; ESSID et al., 2019; MAJEED et al., 2016). Also, its
phenolic groups disrupt the cytoplasmic membrane, which increases its nonspecific permeability
and affects the transport of ions and Adenosine Triphosphate (ATP) (DEVI et al., 2010). For
instance, it altered the cell membrane permeability of Salmonella typhi followed by leakage of
ions and extensive loss of other cellular contents (DEVI et al., 2010) and increased the K* ion
permeability of L. monocytogenes cells (FILGUEIRAS; VANETTI, 2006).

Other shreds of evidence reveal that the hydroxyl group on eugenol is thought to bind to
proteins and prevent enzyme action (BURT, 2004; Bl et al., 2012). In 2015, PERUGINI BIASI-
GARBIN et al., studied the morphological and ultrastructural alterations in eugenol treated
Streptococcus agalactiae planktonic cells and they have observed that after 5 h of incubation
with an inhibitory concentration of eugenol, the planktonic cell of S. agalactiae displayed
various alterations, such as changes in cell morphology and disruption of the cell wall.
Moreover, eugenol modified the fatty acid profile of the cell membrane of different bacteria. For
instance, DI PASQUA et al., (2007) have measured changes in the principal fatty acid
composition of Escherichia coli, S. typhimurium, Pseudomonas fluorescens, and Staphylococcus
aureus. In all tested strains, it has been observed large increases in concentrations of low
molecular weight fatty acids. DAS et al., (2016) have also confirmed that eugenol was able to
trigger cell cytotoxicity of several S. aureus bacteria, includes vancomycin-resistant S. aureus,
due to the production of intracellular reactive oxygen species (ROS) which induces the inhibition
of the growth of the cell, disruption of the cell membrane and DNA damage resulting in cell
decomposition and death. In general, the major mechanisms/actions of essential oils and, in

particular, eugenol against bacteria and fungi are summarized in Fig. 2.
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The action mechanisms of eugenol against fungi have also been investigated by
(MARCHESE et al., 2017), they have found that eugenol changes the membrane of fatty acid
and cell morphology, affecting the transport of ions and ATP of fungi, as shown in Fig. 2. In
particular, BRAGA et al., (2007) and BENNIS et al., (2004) have sown, respectively, that
eugenol induced morphological alterations in the envelope of S. cerevisiae and C. albicans.
According to this study, eugenol at up to 500 pg/mL minimum inhibitory concentration (MIC)
has reduced significantly the number of normal yeast colonies and increased the number of
damaged cells with rough and wrinkled surfaces. Because of its lipophilic nature, eugenol can
enter between the fatty acyl chains of the membrane lipid bilayer, disturbing its fluidity and
permeability. The authors have also highlighted that the interference with the morphology of the
envelope of C. albicans is very relevant to the pathogenicity of these microorganisms because it
can compromise the adhesion to host cells and morphological transition to hyphal form, thus
reducing the ability of the fungus to colonize and infect host tissues. Another researcher,
AHMAD et al., (2010) have shown that ion transport of the yeast is affected by eugenol. It also
inhibits the H-ATPase and glucose-stimulated H*- extrusion activity of Candida spp at a

concentration of 500 pg/mL MIC.

Eugenol
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Figure 2. Effect of eugenol against bacteria and fungi.
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3.3.2. Antimicrobial Activity of Carvacrol

Like eugenol, carvacrol (5-l1sopropyl-2-methyl phenol) is another naturally occurring
monoterpene phenolic compound. It can be extracted from commonly used traditional medicine
plants of the Labiatae family, including Origanum, Satureja, Thymbra, Thymus, and
Corydothymus species (ANTONIA NOSTRO; TERESA PAPALIA, 2012; SHARIFI-RAD et al.,
2018). It can be used as a flavoring agent in several products and possesses anti-inflammatory,
antioxidant, antitumor, analgesic, antihepatotoxic, and insecticidal properties (SUNTRES;
COCCIMIGLIO; ALIPOUR, 2015). Besides those properties, several studies have demonstrated
that carvacrol has a wide-spectrum antimicrobial activity against many bacterial and fungal,
extended to food spoilage or pathogenic microorganisms, including drug-resistant and biofilm-
forming microorganisms (MEMAR et al., 2017; VINCIGUERRA et al., 2019).

Similar to eugenol, the antimicrobial activity of carvacrol has been attributed to the
presence of phenol groups (NOSTRO et al., 2004; SHARIFI-RAD et al., 2018). The inhibitory
action of phenolic compounds is, in most cases, related to the hydrophobicity, which is directly
correlated to the partition in the cytoplasmic microbial membranes (LANCIOTTI et al., 2003;
SIKKEMA; DE BONT; POOLMAN, 1995; WEBER; DE BONT, 1996). Also, due to its
hydrophobic nature, carvacrol interacts with the lipid bilayer of the cytoplasmic membrane and
aligns itself between the fatty acid chains causing the expansion and destabilization of the
membrane structure and increasing its fluidity and permeability of microbes (BAJPAI;
SHARMA; BAEK, 2014; CRISTANI et al., 2007). Moreover, carvacrol causes a rapid depletion
of the intracellular ATP pool of bacteria, either by reduction of the intracellular ATP synthesis or
increase of ATP hydrolysis (SHARIFI-RAD et al., 2018).

Other researchers have investigated the relationship between the chemical structure and the
antimicrobial activity of carvacrol in comparison with eugenol, menthol and two synthesized
carvacrol derivative compounds, namely, carvacrol methyl ether and carvacrol acetate, ether and
ester group, respectively, instead of the hydroxyl group of carvacrol, against Escherichia coli,
Pseudomonas fluorescens, Staphylococcus aureus, Lactobacillus plantarum and Bacillus subtilis
bacteria, Saccharomyces cerevisiae, and Botrytis cinerea fungi. Carvacrol, being the most
hydrophobic compound, has shown stronger antibacterial activity than eugenol and menthol. The
two synthesized compounds, carvacrol acetate and carvacrol methyl ether were not effective
(BEN ARFA et al., 2006; ANTONIA NOSTRO; TERESA PAPALIA, 2012), suggesting that the
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specific structural features of the carvacrol molecule are key features to its bioactivity and the
presence of a free phenolic hydroxyl group coupled with its hydrophobicity is essential for
antimicrobial activity (GALLUCCI et al., 2009). Besides, ULTEE; BENNIK; MOEZELAAR,
(2002) has hypothesized that the hydroxyl group and the presence of a system of delocalized
electrons are important for the antimicrobial activity of phenolic compounds, such as carvacrol
and thymol. The importance of a delocalized electron system is to allow the release of protons
from the hydroxyl group, which is supported by the higher antimicrobial effect of carvacrol and
eugenol compared with menthol (BEN ARFA et al., 2006). In contrast, the delocalized electron
system present in carvacrol acetate and carvacrol methyl ether implied that they are proton
acceptors, but they are not able to release a proton through the ester or the ether group.
Moreover, the weaker antimicrobial effect of eugenol is attributed to its low hydrophobicity and
the presence of a methoxy group in the ortho position, which prevents the OH group to easily

release its proton.

3.4. Plasma and Plasma Polymerization
3.4.1. Plasma

The word plasma comes from the Greek which means something molded. It is considered
as the fourth state of matter and constitutes more than 99% of the visible universe
(MACGREGOR; VASILEV, 2019; ZILLE; SOUTO; OLIVEIRA, 2019). The word plasma was
applied for the first time by Tonks and Langmuir, in 1928 (LANGMUIR, 1928), to describe the
inner and remote region of a glowing ionized gas produced by electric discharge in the
boundaries of a glass tube. It is obvious that as temperature increases, molecules become more
energetic and transform in the sequence: solid, liquid, gas, and plasma (JARAFAR et al., 2019).
In the latter stages, molecules in the gas dissociate to form a gas of atoms and then a gas of freely
moving charged particles, electrons, and positive ions. This state is called the plasma state. Like
gas, plasma does not have a definite shape or a definite volume unless enclosed in a container.
Unlike gas, under the influence of a magnetic field, it may form structures such as filaments,
beams, and double layers (THESIS; AKTER, 2017).

From the commonly accepted definitions, plasma can be defined as a "mixture” of partially
or fully ionized gas that contains charged and neutral species such as electrons, positive ions,

negative ions, radicals, atoms, and molecules that express collective behavior (ZILLE; SOUTO;
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OLIVEIRA, 2019). In this way, the plasma becomes a highly reactive medium (GONCALVES,
2012). In nature, we can find plasmas in the forms of lightning, flames, stars, the solar wind,
auroras, interstellar space, and among others (THESIS; AKTER, 2017; MACGREGOR;
VASILEV, 2019). Artificially, humans produce plasmas using a variety of energy sources
including strong magnetic fields, lasers, and electric fields (MACGREGOR; VASILEV, 2019).

In the laboratory, plasma can be created by supplying energy to a gas or a mixture of gases
or vapors (SIMENI et al., 2017; CHNG et al., 2019). Man-made plasmas are nowadays seen
everywhere from commodities such as TV screens, toys, and low energy lighting to nuclear
reactors and spacecraft propulsion turbines. Currently, plasmas have been widely applied in
many fields of research, technology, and industry, for the treatment of wastes, and, more
recently, in medical applications, for the conversion of bio-renewable ethanol, and hydrogen
production (ZHOU et al., 2020; LYTLE et al., 2019; AL-JUMAILI et al., 2019; KULAWIK;
KUMAR TIWARI, 2019; CAO et al., 2016; PARK; CHA; UHM, 2018; LEE et al., 2016;
CHEN et al., 2019).

When plasma species come in contact with solids, such as metal, plastic, or any other
material, they can cause important changes on the material surface properties without changing
their bulk properties (MACGREGOR; VASILEV, 2019). In this way, it is possible to use
plasma-assisted processes to modify surface energy, wettability, chemistry, and even topography,
to suit the requirements of a variety of applications, without affecting the bulk properties of the
material (BAZAKA et al., 2011a; BAZAKA et al., 2015b). Several researchers (BOSE;
ROBERTSON; BANDYOPADHYAY, 2018; MINATI et al., 2017; GAN; BERNDT, 2015)
have described some detail of plasma-assisted surface modifications for the specific case of
metallic biomaterials surface, such as, (1) chemically or physically altering the surface at the
atomic or molecular scale, and (2) coating a surface with a material of the different composition.
Generally, modification techniques can be classified into three categories, depending on the
characteristics of the surface transformation: (1) removal of materials, such as plasma etching
and sputtering; (2) chemical and structural modifications of materials, such as plasma immersion
ion implantation; and (3) addition of materials, such as plasma polymerization and plasma
immersion ion implantation and deposition (SABOOHI et al., 2017; BORMASHENKO et al.,
2015).
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Plasma sputtering is the removal of materials from the surface of the solid substrate
through momentum transfer via bombardment by ions of inert gas, typically argon. The ions are
generated by a glow discharge that is initiated and maintained with an applied electric potential
between an anode and a cathode (SZABO et al., 2018). Sputtering is often used as a pretreatment
to remove contaminants, such as oxides, for subsequent implantation, and as deposition
processes as well (GAN; BERNDT, 2015). On the other hand, plasma etching, another process
that causes material removal, occurs when chemical reactions between species in the discharge
and on the surfaces exposed to the plasmas result in volatile byproducts (DONNELLY;
KORNBLIT, 2013; PULIYALIL; CVELBAR, 2016). In plasma etching, reactive particles from
the plasma adsorb on the material exposed to the discharge forming chemical bonds with atoms
at the surface. Depending on the chemical reactions involving plasma and surface species, the
produced molecule may subsequently be desorbed from the surface transferring material from
the surface to the gas phase. Plasma etching is commonly used to pattern microelectromechanical
devices (HU et al., 2012; SONG et al., 2014), but it has also been applied to biomaterials to
improve the surface topography and bio-functionality (PULIYALIL; CVELBAR, 2016;
VALIEV; PARFENOV; PARFENOVA, 2019; GANJIAN et al., 2019). The combination of
processes has also been reported where anisotropic chemical etching is accelerated by ion
sputtering (VON KEUDELL; CORBELLA, 2017). In biomaterials engineering, plasma is
generally used for surface cleaning and sterilization, but at its extreme, plasma etching can also
be used for surface roughening and nanopatterning, and even generating novel nanostructures
(ALVES; ALBANO; DE OLIVEIRA, 2017; MESA et al., 2019).

Plasma ion implantation introduces elements in the surfaces through the collision of high-
energy ions. The ions are accelerated by voltages typically between 0.5 and 20 kV towards the
sample surface. This process operates in a vacuum environment and has a relatively shallow
treatment depth since the ions are only able to penetrate solid materials up to several nanometers
(CUI; LUO, 1999; LU; QIAQ; LIU, 2012). At last, is plasma polymerization, which involves the
formation of high-molecular-weight solid material organic compounds through activation mainly
by collisions of energetic plasma electrons. The plasma is used to induce the formation of
radicals at solid surfaces or in the gas phase, which are then randomly recombined to form a
material commonly referred to as plasma polymer. It differs from the other plasma-assisted

surface modification by the fact that a thin coating is formed on the surface of the original
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material. Therefore, surfaces with properties completely different from those of the bulk can be
generated via plasma deposition (SABOOHI et al., 2017).

3. 4.2. Types and Generation of Plasma

Plasma can be classified in various ways, such as atmospheric- and low-pressure plasma
based on the gas pressure, hot and cold plasma based on the temperature of electron and ions,
and electropositive and electronegative gas plasma depending on the gas electron affinity
(PIAVIS; TURN; ALI MOUSAVI, 2015; CONRADS; CHNG et al.,, 2019; HERTWIG;
MENESES; MATHYS, 2018).

In atmospheric-pressure plasmas, the collision rate is much higher than in low-pressure
plasmas and the kinetic energy transfer from electrons to heavy ions and natural particles
becomes more efficient. Therefore, under such conditions, the charged species within the plasma
achieve thermal equilibrium, which includes kinetic equilibrium (Te = Th where Te = electron
temperature and Tn = heavy particle temperature). In contrast, in low-pressure plasmas, the gas
density is low and, consequently, the collision rate is not high enough to increase the gas
temperature. In this circumstance, electrons, neutral species, and ions achieve their equilibrium
independently, with the former at a faster rate (FRIEDRICH, 2012; WANG et al., 2018). That is,
the electrons remain highly energetic, with average temperatures ranging from 10* to 10° K,
while the heavy particles are near the ambient temperature.

Additionally, atmospheric-pressure plasmas fall into two distinct categories, thermal
plasmas, such as the electric arcs, and non-thermal atmospheric plasma, such as DBD
(TANAKA et al., 2017; KUHN et al., 2010). The latter has a very high electron temperature, Te,
but the ion and gas temperatures remain close to ambient temperature (Te >>Tion = Tgas). It has
also a high density of reactive species, such as free radicals and atoms in excited states. Thus,
DBD discharges contain a significant amount of species able to change surface properties of a
substrate, even those made from normally inert materials such as ceramics and polymer
(MOKHTAR, 2018; ARJUNAN; SHARMA,; PTASINSKA, 2015).

Atmospheric pressure plasmas are generated by the application of high voltages to a gas
leading to a self-sustained discharge maintained by the applied electric field. As described fully
by CASTELL; IGLESIAS; RUIZ-CAMACHO, (2004), during the applying of a potential

difference, a subsequent electric field pulls the bound electrons toward the anode while the
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cathode pulls the ion. As the voltage increases farther, the current stresses the material by electric
polarization beyond its dielectric limit into a stage of electrical breakdown, marked by an electric

spark, where the material transforms from being an insulator into a conductor.

3.4.3. Dielectric Barrier Discharge

Low-pressure (LP) plasmas are the most common type of gas discharge mainly due to their
simple experimental setup and versatility (DURRANT, 2018; THIRY et al., 2016). However, the
large-scale application of low-pressure plasmas is mainly limited by the high cost of vacuum
systems and also by the impossibility of using high vapor pressure materials, such as living
tissues, for instance (FIEBRANDT; LACKMANN; STAPELMANN, 2018). As a result, several
alternative atmospheric or sub-atmospheric pressure plasma techniques, such as corona plasma,
micro hollow cathode discharges, plasma torch, and dielectric barrier discharges (KAYAMA et
al., 2017), have emerged to overcome the limitations of LP plasmas. Among the various types of
plasma, the dielectric barrier discharges have drawn much attention due to peculiarities, such as
low instrumental costs and easy handling and operation (LAROUSSI; LU; KEIDAR, 2017,
STRYCZEWSKA et al., 2013).

Atmospheric pressure DBD can produce diffuse and relatively homogenous non-thermal
plasma (SUBLET et al., 2006), which can be applied in various fields. For instance, DBDs have
been used for the production of nitric acid and ammonia (BARBOUN; C. HICKS, 2020; MALIK
et al., 2016), and in various medical and biological applications, including wound healing, tissue
regeneration, blood coagulation, tooth bleaching, and cancer treatment (KIM; CHUNG, 2016;
YANG et al., 2015; HAERTEL et al., 2014; FRIDMAN et al., 2008; KIM et al., 2010; IRANI et
al., 2015). DBD’s have also been used in agriculture as treatment of seeds to enhance the
germination rate, plant growth, and crop yield, and for controlling plant disease (KYZEK et al.,
2019; AMBRICO et al., 2020; ZAHORANOVA et al., 2018; SAJIB et al., 2020). Furthermore,
DBDs have many applications including sterilization (DORIA et al., 2016; MACKINDER et al.,
2020), for clean fuel production (LIU et al., 2014a; SASUJIT; DUSSADEE; TIPPAY AWONG,
2019), bacteria inactivation (BOURKE et al., 2017; SARANGAPANI et al., 2018; HAN et al.,
2016), for surface treatment and modification of biomaterial (BORMASHENKO et al., 2015;
TREJBAL et al., 2018), thin-film deposition (LEE et al.,, 2016; KAKIUCHI; OHMI;
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YASUTAKE, 2014), and decontamination of waste-water (RYAN; STALDER; WOLOSZKO,
2013).

The dielectric barrier discharge is a non-thermal atmospheric plasma discharge, in which at
least one of the two flat/cylindrical metal electrodes are covered with a non-conducting dielectric
material such as glass, quartz, ceramics, and polymers, to avoid conduction current and the
transition of the plasma discharge into an arc discharge (KOGELHEIDE et al., 2019). The
current in the gap is due to the variation of the electric field with time (displacement current = (go
dE/dt)X area of electrodes, where &, is the vacuum permittivity)). Typically, they are operated
with sinusoidal wave current, square wave current, or pulse waveforms with frequency in the
range of 60 Hz to 13.5 MHz. The discharge produces highly non-equilibrium plasmas in a
controllable way at moderate gas temperature. It can be classified as surface and volume plasma
discharge (YU et al., 2019; BRANDENBURG, 2017; HONG et al., 2014). Surface discharge is
arranged in such a way discharge will develop on the surface of a dielectric, with two electrodes
placed on each side of a sheet, apart from each other (GALMIZ et al., 2015). The volume
discharge is arranged with two electrodes, one of them covered by a dielectric, and the discharge
evolving in the gap of the electrodes (CHIRUMAMILLA et al., 2016; TANG et al., 2019). This
method can be configured either in planar or cylindrical configurations (Fig. 3).

The DBD has great flexibility concerning its geometrical shape, working gas mixture
composition, and operating parameters (e.g. power input, frequency of feeding voltage, pressure,
and gas flow) (WANG et al., 2012; NIU et al., 2015; CHIRUMAMILLA et al., 2016). In many
cases, when these parameters have been optimized before in small laboratory devices, there are
no problems in scaling up the conditions to larger (industrial) dimensions. Moreover, the plasma
consists of electrons, positive and negative ions, free radicals, and excited or non-excited
molecules and atoms, it also generates ultraviolet (UV) photons. In combination, these particles
can break covalent bonds and initiate various chemical reactions. The ability to treat or coat
surfaces at low gas temperatures and pressures close to the atmosphere is an important advantage
for any application, as described above (KIM; LEE; MIN, 2014; ABDI et al., 2019).
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Figure 3. Schematic of the different configurations of volume DBD (a) planar and (b) cylindrical
and (c) surface.
Adopted from (BRANDENBURG, 2017)

3.4.4. Plasma Polymerization

Polymerization is a process to form a polymer by the combination of repeating functional
units, called monomers. It can be classified as conventional polymerization and plasma
polymerization (VANDENBOSSCHE; HEGEMANN, 2018). In conventional polymerization
reactions, only monomers with active double bonds or reactive functional groups will
polymerize. It can be polymerized either in condensation or addition mechanisms. But, every
organic molecule is not possible to be polymerized with these two methods, which have low
reactivity and also are not biodegradable. The other way to polymerize organic molecules is the
“Plasma Polymerization” technique. Plasma polymerization involves the formation of a high-
molecular-weight polymer from its monomers through activation by an energetic plasma species
(YURTCAN; KHANGHAH, 2019; MACGREGOR; VASILEV, 2019; VANDENBOSSCHE;
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HEGEMANN, 2018). It increases the degree of crosslinking of the polymer, so its structure
compared to the conventional polymer is different (LIGOT et al., 2015).

It is important to stress that the deposition process of any organic material using plasmas is
commonly referred to as “plasma polymerization” and, consequently, the material so produced is
known as “plasma polymer”, even when the film does not have any repetitive unity
(FRIEDRICH, 2011; VANDENBOSSCHE; HEGEMANN, 2018). The structural difference
between conventional polymer and plasma polymer is shown in Fig. 4. Finally, plasma
polymerization is low-cost and environmentally friendly, has the versatile technique for
fabricating organic thin films from a wide array of organic and synthetic materials, including

those that do not normally polymerize via conventional pathways (LIU et al., 2014b).

Precursor: CaH;, C:Hy, HMDSO...

T R

Conventional Polymear Flasma Polymear

Figure 4. Comparison of a conventional polymer (left) consisting of repeating units with a
plasma polymer (right) showing a branched, cross-linked network, here derived from equivalent
precursors (monomers).

Adopted from VANDENBOSSCHE; HEGEMANN, (2018).

Plasma-enhanced chemical vapor deposition (PECVD) is one of the most common plasma
polymerization techniques. Such plasma-assisted deposition is one of the coating techniques used
to form thin polymer-like films on surfaces of solid substrate either by low pressure or
atmospheric pressure plasma reactor (HEGEMANN et al., 2016). At a low-pressure regime, the
monomer precursors in the vapor are inserted in the discharge giving rise to a wide range of
mechanisms including fragmentation, oligomerization, rearrangement, and polymerization
(YASUDA,; IRIYAMA, 1989). After igniting plasma, a large number of species that exist in the
discharge (e.g. ions, electrons, stable molecules, radicals, and photons) can react with each other
forming chains and finally adsorb onto a substrate surface depending on their sticking
probabilities (MICHELMORE et al., 2016). The properties of the polymeric film are not only
determined by precursors but also by the deposition parameters (WALTON; GREENE, 2010;

23



MICHELMORE et al., 2016). The fragmentation is initiated by active electrons rather than
thermal excitation or chemical reaction, creating a unique mixture of chemically-diverse species
(e.g. unsaturated bonds, ions, neutrals, free radicals), which may not be reachable under other
conditions (KUMAR et al., 2018). These free radicals and excited molecules condense and
polymerize on the substrate to form high cross-linked films. Moreover, during plasma treatment,
a constant bombardment of energetic particles (ions and fast neutrals) as well as a constant
ultraviolet (UV) irradiation allows the restructuring of the growing plasma polymer film (more
details regarding plasma deposition mechanisms have already been described in several excellent
reviews (THIRY et al., 2016; KHELIFA et al., 2016; CORBELLA; GROSSE-KREUL; VON
KEUDELL, 2015).

Regarding the film growth mechanisms of plasma polymerization of most organic
compounds, many of which are not considered monomers of conventional polymerization
reactions, are completely different from those of conventional polymerizations. For the first time,
the plasma polymerization growth of such a type of polymer was explained by (YASUDA;
WANG, 1985) as follows. Yasuda proposed the bicyclic rapid step-growth polymerization as
shown schematically in Fig. 5, in which the reactive species are represented by free radicals;
however, any other reactive species can contribute to each step. The same charged ions cannot
react to each other and an equal number of positive and negative charge ions are needed in the
growing mechanisms of the film. Therefore, the role of the ion can be excluded. The single
reactive species or divalent reactive species can be polymerized with monomer by shifting the
radical center and leaving it open for more polymerization process. Cycle | in the figure consists
of activation reaction products from single reactive site species, and cycle Il is propagated by
divalent reactive species.

The reactions numbers 1 and 4, in Fig.5 show the addition of reactive species to the
monomer or other reactive species which is the same as observed during the initiation and
propagation reaction in the chain growth free radical polymerization. Reaction 2 shows the
formation of the oligomer (the combination of a few monomer units) by losing its radical center,
which is the same as the termination reaction in the chain growth free radical polymerization.
Moreover, reaction 3 combines single reactive species with divalent reactive species by the
cross-cycle reaction and the presence of a radical center shows the continuity of polymerization

reaction. Reaction number 5 in the figure shows divalent reactive species that can react with
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other divalent species to form a new bond while leaving additional reactive sites for further
polymerization. When repeating these steps, the size of the gaseous species increases, and the
saturation vapor pressure of the species decreases, which forces the species to be deposited on
the substrate in the form of the polymer. The cycle may repeat or propagate through the

formation of radicals on the already-deposited polymer.
Cycle 1

(®)

l / M-+M — o+ M-M- )

M, — M- +-M; — M-M;, — (2)

\\- M.

‘M, -M; <«—— + Cross-cycle reaction (3)
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Figure 5. Growth and deposition mechanism of plasma polymerization.
Adopted from YASUDA; WANG, (1985).
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4 General Experimental Procedures
4.1. Sample Preparation

Before depositions, 1 cm x 1 cm SS samples were cut using a metal cutter from a 1 mm
thick SS sheet. Subsequently, the samples were mirror-polished by different grades of waterproof
sandpapers that were in the sequence 600, 1000, and 1200 (HUACHO et al., 2017) and then
cleaned in ultrasonic baths using detergent, distilled water, and isopropyl alcohol. Finally, the
samples were dried with a hot air gun and stored in Petri dishes until use (MANCINI et al.,
2013).

4.2. Description of the experiment

The dielectric barrier discharge plasma reactor used for the deposition of carvacrol- and
eugenol-derived films is shown schematically in Fig. 6. It consists of cylindrical brass (2 cm in
diameter) and aluminum disk (5.6 cm in diameter) electrodes, a polyester (mylar) sheet between
them, and a 15 kV@220V transformer. The electrodes were assembled axially with a 3 mm gap
and held by circular polyacetal (Delrin) flanges. Operating in the vertical position, the voltage
was applied on the upper cylindrical brass electrode with the lower aluminum disk grounded.
The discharge volume in the gap was protected from the environment by a 3 mm high, 40 mm
diameter cylindrical, transparent polyethylene terephthalate (PET) disk with apertures for the exit
of the injected gas or mixture. The output of a neon lamp transformer with 20 kV peak-to-peak
voltage with the primary circuit controlled by a variac, at 60 Hz frequency, was applied to the
upper electrode.

An atomizer with controlled temperature and gas flow rate was used to admixture the
argon gas (99.9% purity) with the vapor of the monomer. This mixture was injected through an
axial hole at the center of the upper electrode.

The applied voltage was measured with a voltage divider made with an array of 24 x330
kQ resistors and an 8.1 kQ load resistor, all connected in series. The discharge current i(t) =
vr(t)/R and discharge charge q(t) = Cv¢(t) were determined by measuring the voltage drop, vi(t)
and vc(t), on a resistor with resistance R=57 Q and a capacitor with capacitance C =10 nF,
respectively. They are connected in series with the discharge with the ground. The signals were
displayed and recorded using a 30 MHz and 500 MS/s sampling rate of two-channel digital
storage oscilloscope Tektronix TDS1001C-30EDU.
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The power P of the discharge was calculated using:

P=_ J‘ e Uy B v (1)
T Jy

where va is the applied voltage, vc the voltage on the capacitor, T the period, Q the charge in
one period, and g the instantaneous charge.
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Figure 6. Schematic representation of the experimental setup used for film deposition and
discharge characterization

The optical emission was measured by using an Ocean Optics spectrometer USB4000
connected to a computer. The spectrometer was connected to an optical cable and the light was
collected by a collimating lens located 3 mm from the edge of the electrode as shown in Fig. 6.
Electron temperature Te was estimated using the Boltzmann plot method assuming local
thermodynamic equilibrium (LTE) (KUO et al., 2006; JIN et al., 2013).

Film chemical structure, aging, and degradation were characterized by infrared reflectance
absorbance spectroscopy (IRRAS), using a Jasco FTIR 410 spectrometer with 128 scans in the
resolution of 4 cm™. The surface morphology of the film was inspected by scanning electron
microscopy (SEM) Jeol JSM-6010LA, at 3 kV of an acceleration voltage of the electron beam
corresponding to a beam diameter and working distance of 3.5 nm and 11 mm, respectively. The

technique of energy-dispersive x-ray spectroscopy (EDS) was performed with a Dry SD Hyper
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detector EX-94410T1L11, coupled with a scanning electron microscope, to characterize the
chemical composition of the films. The energy-dispersive spectra were also acquired with 5 and
10 kV electron beam energy, which corresponds to a beam diameter and working distance of 6
nm and 10 mm, respectively. To avoid charging effects during the SEM inspections, samples
were coated with a thin conducting layer of a golden-palladium produced by Ar-sputtering at 30
mA, 7 Pa gas pressure, and 60 s deposition time, in a Denton Vacuum HP Desk V system.
Surface topography of the thin film was also evaluated by atomic force microscopy, Shimadzu
SPM 9600, in non-contact mode operating with a stereomicroscope Zeiss lens of 100X
magnification systems. The 3D and 2D images were acquired in the projection area of 10 um x
10 um within 512 scan points in each direction. The thicknesses and the roughness of the films
were also determined with a surface profilometer, Veeco DEKTAK 150. To perform the
measurements, the films were deposited on a partially covered stainless steel slide with a 3M-
5413 Kapton tape mask, to protect half of its surface. The height of the step after removing the
tape was measured with the aid of the profilometer and corresponds to the thickness of the film.
For each sample, thickness and roughness were measured at least 10 times in different locations
of the step. The wettability and surface energy of the films were analyzed using droplets of
deionized water and diiodomethane in a goniometer Ramé-HART 100 and RHI 2001 image
program. Finally, the film applicability was performed for corrosion-resistant with 3.5 wt.%
NaCl corrosion solution and biofilm suppuration assay against S. aureus, P. aeruginosa, and E.

Coli bacteria, and C. albicans fungus.
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5 Plasma Polymer Deposition of Neutral Agent Carvacrol on a Metallic Surface by

Using Dielectric Barrier Discharge Plasma in Ambient Air
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Abstract: This experiment was conducted by a newly designed home-made planar type
dielectric barrier discharge plasma generator in ambient, with industrial argon as the primary
plasma-forming and a monomer carrier gas. Natural agent carvacrol monomer was used as a
precursor to depositing plasma polymeric thin film on the surface of metallic material. The
discharge characteristics including, the effective power, the discharge voltage, and current were
diagnosed. The applied voltage was measured by using a voltage divider and the current and the
discharge-charge were measured by using the drop of voltage on a resistor and capacitor,
respectively. The characteristics of the thin film deposited were presented by varying discharge
conditions. The structures of the film, aging, and adhesion were characterized by infrared
reflectance spectroscopy and its thicknesses and roughness by profilometry. The obtained film
was exhibited smooth, dense, uniform, and having chemical similarity to that of the carvacrol.
The obtained film also exhibited a high thermal resistivity, crosslink with good adhesion to the
metallic surface. In general, the film produced in the present methods can be used for practical
application as the surface of a biomaterial.

Keywords: Dielectric barrier discharge, Plasma diagnostics, Plasma polymer.
1. Introduction

Research in the field of low-pressure plasma has gained emphasis, mainly due to its
versatility and the various results obtained in the modification of material physical and chemical
properties (ALVES et al., 2005). However, the large-scale application of low-pressure plasma is

mainly limited to the high cost of vacuum installations, and also on the restriction to not be used
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in high vapor pressure materials such as living tissues (KANAZAWA et al., 1989;
YOKOYAMA et al., 1990). As a result, several alternative atmospheric or sub-atmospheric
pressure plasma techniques, such as corona plasma, and micro hollow cathode discharge, plasma
torch, and dielectric barrier discharge (DBD) (NAPARTOVICH, 2001; KAYAMA et al., 2017),
are available nowadays to overcome these limitations since they do not require vacuum systems.
Among those various types of plasma sources, atmospheric pressure DBD plasma sources have
drawn more attention due to their many advantages, such as low-cost and easy handling and
operation (LAROUSSI; LU; KEIDAR, 2017). In atmospheric pressure, DBD’s can produce
diffuse and relatively homogenous non-thermal plasma (KANAZAWA et al., 1988; MASSINES
et al., 1998; YOKOYAMA et al., 1990). However, there is a need to improve the stability and
repeatability of the discharge for practical and industrial applications. In addition to this, as far as
our knowledge, there is no study of the atmospheric pressure plasma discharge of volatile natural
agents to produce polymeric films. In this context, the present study was to investigate the use of
carvacrol DBD plasma to produce films on the stainless steel (SS) surface. This work also deals
with the diagnosis of the argon discharge in the presence and absence of carvacrol. We choose
SS as a substrate due to its extensive use in many technological and biomedical applications and

consumer products.

2. Experimental Device and Operations
2.1. Plasma Diagnosis

In this present study, the DBD equipment was designed and built at the Laboratory of
Technological Plasma (LaPTec) of Sdo Paulo State University, Sorocaba, Brazil. It consists of
cylindrical brass with 2 cm in diameter and aluminum disk upper and lower electrodes,
respectively. The electrodes were assembled axially with a 3 mm gap and held by circular
polyacetal (Delrin) flanges (Fig. 1). The outer surface of the lower electrode was covered by a
0.1 mm thick polyester (Mylar) dielectric sheet and served as a sample holder. An atomizer with
controlled temperature and gas flow rate was used to admixture the gas and the monomer that
was injected through an axial hole in the upper electrode. Argon gas was used because with
ambient air in the gap it was not possible to produce filamentary discharge. The output of a neon
lamp transformer with 20 kV peak-to-peak voltage with the primary controller by a variac, at 60

Hz frequency, was applied on the upper brass electrode, while the lower one was grounded. The
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voltage was measured with a voltage divider made with an array of 24x330 kQ resistors and an
8.1 kQ load resistor, all connected in series. The current i(t) of the discharge was measured
through the voltage drop on a resistor with resistance R = 57 Q connected between the lower
electrode and the ground. The resistor was replaced by the capacitor C = 10 nF to measure the
charge produced by the discharge. The signals were displayed and recorded using a 30 MHz and
500 MS/s resolution of two-channel digital storage oscilloscope Tektronix TDS 1001C-30EDU
to calculate the effective plasma power as follows:

1 T

Pr= = j vaidt U4 3> Vg (1)
T J;
1 @

Pr= = j vadg U4 B U (2)
T Jy

where va is the applied voltage, vr the voltage on the resistor, vc the voltage on the
capacitor, T the period, Q the charge in one period in the capacitor, and q its instantaneous
charge.
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Figure 1. Schematic representation of the experimental setup.

The chemical structure, aging, adhesion, and thermal resistivity of the films were
evaluated by infrared reflectance absorbance spectroscopy (IRRAS), using a Jasco FTIR 410
spectrometer and co-adding 128 spectra with a resolution of 4 cm®. The thicknesses and

roughness of the films were determined with a Veeco Dektak 150 surface profilometer.
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2.2. Numerical Program

The block diagrams for the numerical calculations of the Egs. (1) and (2) are shown in
Fig. 2, codes named POWER-VI and LISSA, respectively. They were written to process the
digitalized even with a high signal to noise ratio. The calculation during one period is repeated as
many times as possible on the recorded data. POWER-VI uses a smoothing algorithm for the
applied voltage signals maintaining the original current signal. In LISSA, both signals, the
applied voltage, and the capacitor voltage are smoothed by different methods. Power is

calculated only on well-defined Lissajous figures. Noisy or ambiguous figures are disregarded.
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Figure 2. Block diagrams of the numerical programs

3. Result and Discussion
3.1. Electrical Characteristics
3.1.1. Voltage and Current Waveforms

The electrical behavior of the DBD plasma was characterized by the measurement of the
applied voltage of the discharge, on the capacitor and resistor (XIAO et al., 2014; NI et al., 2008,
KAYAMA et al., 2017). In this work, the applied voltage was gradually increased by a variac at
the primary of the transformer. When the applied voltage reached the breakdown voltage of
argon gas, the discharge was ignited with discrete filaments in the gap between the upper
electrode and the dielectric. Figures 3(a) and 3(b), respectively, show a typical of the waveform
of the current and applied voltage of the discharge of argon without and with carvacrol plasma at
the peak-to-peak voltage of 10.0 kV and 5 L/min gas flow rate. According to these results, the
discharge current curve shows several peaks with a very short time duration per each half cycle
of the applied voltage, which indicates the filamentary mode of the discharge (GHERARDI et
al., 2000; ZHOU et al., 2019). This is in agreement with the photographic image of the discharge

as shown in Figs. 4(a) and 4(b), in the same discharge condition. These images also illustrate that
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the filamentary discharge covers the entire surface of the electrode and is uniform to the human
eyes.

When we compare the discharge of pure Ar and Ar with monomer, there was no
significant variation on the images, only a slightly brighter image was observed when the
monomer is present in the discharge, because of the monomer fragmentation into the discharge.
It is interesting to point out that the discharge regime of the argon DBD plasma was not altered
by the addition of a carvacrol monomer and works well for polymer deposition. However, the
uniformity and intensity of the discharge are highly affected as we change the amplitude of the
applied voltage, the gap of the electrodes, and the flow rate of the gas. That is when we increase
the applied voltage keeping constant flow rate and gap distance, the intensity, and uniformity of
the filamentary discharge increase in the gap between the upper electrode and dielectric, as a
consequence of the increase in the electric field and electron density (QIAN et al., 2010). Similar
phenomena were also observed for the increment of the flow rate of the gas. When we increased
the gap, the more powerful filamentary discharge was produced from the center of the upper
electrode. On the other hand, when we place the metallic substrate in the gap, as we can see in
the image of the DBD plasma discharge in Fig. 4(c), the discharge concentrates around the
substrate. This is due to the distortion of electric field lines promoted by the sharp borders of the
substrate. These results are similar to the previously reported helium DBD plasma (GULATI et
al., 2012).
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Figure 3. Voltage and current waveforms of dielectric barrier discharge plasma measured at 10.0
kV peak-to-peak voltage and 5 L/min gas flow rate of (a) argon only, (b) an admixture of argon

and carvacrol.
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(a) (b) (¢)
Figure 4. Images of a DBD plasma produced at 10.0 kV peak-to-peak voltage and 5 L/min gas
flow rate of (a) argon only, (b) an admixture of argon and carvacrol, and (c) an admixture of
argon and carvacrol in the presence of SS substrate.

3.1.2. Lissajous Figures

To further analysis of the electrical characteristics, the Q-V plots or the Lissajous figure
were studied, as illustrated in Fig. 5. To generate the Lissajous figure, the x-axis is the applied
voltage in the DBD electrodes, and at the y-axis is the charge in the capacitor q(t) = CvC(t).
Regarding the shape of a Lissajous figure, it looks like a parallelogram as shown in Fig. 5(a). In
the Lissajous figure, the lines AB and CD represent the phase when no plasma is ignited, while
lines DA and BC the phase when the plasma is formed in the gap. The slope of these lines
indicates the approximate value of effective capacitance (GHERARDI et al., 2000; GULATI et
al., 2012). As we can see in the Lissajous figures, the area of the discharge increases when we
place the metallic substrate in the gap, keeping the same remaining discharge condition. It
indicates an increase in the mean plasma power because of the distortion of electric field lines
promoted by the sharp borders of the substrate (WANG et al., 2016a).
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Figure 5. A Lissajous figure of, (a) argon only, (b) an admixture of argon and carvacrol, and (c)
admixture of argon and carvacrol in the presence of a substrate in the gap of electrodes,
measured at 10.0 kV peak-to-peak voltage and 5 L/min gas flow rate.

The effective power of the discharge in one cycle can be calculated from the area of the
Lissajous figure (ASHPIS; LAUN; GRIEBELER, 2012; LIU et al., 2018). However, in our case,
the raw data does not give the exact value of the discharge power, due to the noise in the signal
(Fig. 5(a)). Therefore, a smoothing algorithm was used to obtain the Q-V plots, accordingly, the
numerical block diagram (Fig. 2). A typical result of the smoothing process is shown in Fig. 5(b).
This reduced data was used to calculate the power according to Eq. 2. Figure 6 shows the
variation of the discharge power of argon only as a function of the applied voltage. The power
increases from 0.4 to 1.4 W, with the peak-to-peak voltage in the range 8.0 to 13.5 kV. This
result is in agreement with the literature reported previously (HAO et al., 2012; JUN-FENG et
al., 2009; ZHOU et al., 2019), which means an increase in the effective power of the discharge
with the applied voltage.
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Figure 6. Mean power as a function of applied voltage in argon only DBD plasma at 5 L/min
flow rate.

Figures 7(a) and 7(b) shows the variation of discharge power for, an admixture of argon
and carvacrol in the presence and absence of a substrate in the gap, as a function of applied
voltage, respectively. However, the power increases almost linearly with the applied voltage like
that of argon only discharge. It is observed that the addition of monomers leads to a decrease of
the effective power in comparison with the pure argon discharge, this can be related to a decrease

in conduction current. The decrease in current is rationally expected and could be clarified by the
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interactions between the highly energetic species, more specifically the electrons, and the
injected monomer (MERTENS et al., 2019). Also, it is interesting to mention that the power
calculated by the R = 57 Q is higher than that calculated by C = 10 nF. This is due to the fact that
the higher impedance values of the discharge for the case of a later, it is 2.5X10° Q.

The previous researchers (GRUNDMANN; TROPEA, 2009; BORCIA; ANDERSON,;
BROWN, 2003), had also calculated the effective power of DBD plasma by determining the
operating voltage and either the current I or the charge Q through a probe resistor or capacitor,
similar to this study. They conclude that the capacitor method is the more convenient choice
since the capacitor integrates the current passing through the DBD actuator in time and thus
captures all occurring micro-discharge pulses with an appropriate probe capacitor, which leads to
a better signal-to-noise ratio compared to the resistor measurements. Furthermore, the measured
probe voltage Vp across the probe capacitor Cp is proportional to the charge crossing the
electrodes independent of the bandwidth of single discharge events and the capacitance is simply
a proportionality factor.
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Figure 7. Mean power as a function of the applied voltage measured at 5 L/min gas flow rate of,
(a) an admixture of argon and carvacrol and (b) admixture of argon and carvacrol in presence of

a substrate in the gap.

3.2. Thickness and Rate of Deposition
Polymer thin films were successfully fabricated from carvacrol monomer on a SS
surface. Figure 8 shows the variation of film thickness h with applied voltage. The h of the film

increases from 0.85 to 2.25 pum, when we increase the peak-to-peak voltage from 7.5 to 12.0 kV.
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After that, it declines to about 1.62 um for further increases in the voltage up to 14.0 kV. Such
decrement of thickness at higher voltage is due to the plasma ablation with competitive
polymerization, and increasing substrate temperature. The deposition rate, defined as h/t, was
followed in the same trends of h with voltage since the deposition time t is kept constant (15
min).
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Figure 8. Thickness and deposition rate of the carvacrol-derived film, deposited for 15 min and

at 5 L/min gas flow rate, as a function of the applied voltage.

3.3. Roughness

The average roughness, Ra, of CDF coated SS surface under different discharge
conditions was determined by profilometry. The obtained Ra of CDF, deposited for 10 and 30
min at a 5 L/min gas flow rate, as a function of power is shown in Figure 9. As can be noted
from this figure, all the films are rougher than the steel substrate exposed to the monomer with
the plasma off, whose roughness is indicated by point P = 0. Also, the Ra of the film increases
with power. However, the deviation of film roughness rises with power, particularly at a longer
deposition time. This greater slope of the curves might be due to the rising number of filaments
as a consequence of excess plasma power together with the longer deposition time, which
increases the number of holes and valleys in the film (KUO et al., 2010). This is clearly
confirmed in the secondary electron micrographs of the thin film, we can see it in the next article
2 (Fig. 2).
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Figure 9. The roughness of the films, deposited at a 5 L/min gas flow rate, as a function of
power. The values indicated at P = 0 correspond to results measured with the substrates exposed
to the monomer with the plasma off

3.4. Chemical Structure

To complete the structure characterization, FTIR spectra analysis of the monomer
(carvacrol) was also carried out in addition to the plasma polymerized carvacrol thin films,
deposited under different discharge power, as shown in Fig. 10.

Considering first the spectrum of monomer, a broad peak centered at 3412 cm™? and
strong peaks at 1058 and 1112 cm™ showed the O-H and C-O stretching vibration of phenol,
respectively. The shorter and strong signals which appeared in the region 3057-3017 cm™ and
1519-1620 cm? showed the presence of aromatic C-H and C=C stretching vibration,
respectively. The peaks at 991 and 936 cm™ also indicated the symmetric in-plane bending of the
aromatic C-H group (overlapping with the OH bending vibration) and its asymmetric in-plane
bending is 1418 cm™. Weak bands in the region 862—808 cm™ and 752-640 cm™ were due to out
of plane bending vibration of adjacent and isolated CH of 1, 2, 4-substituted benzenoid
compound. On the other hand, a strong absorbance peak in the region of 2959-2868 cm
indicates the C-H stretch of branched isopropyl groups (BOUGHENDJIOUA; DJEDDI,
SERIDI, 2017; KREPKER et al., 2018; BIZUNEH ADINEW, 2014).

When we compare the FTIR spectrum of the carvacrol-derived film and the monomer, the
spectrum of the film was found to be notably similar to the one of the monomer, without the
reduction of peak intensity upon plasma polymerization, particularly in the fingerprint region

below 1500 cm™. This reduction in the peak intensities and disappearance of some peaks in the
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film can be interpreted as the precursor molecules being partially dissociated as a result of being
subjected to the plasma (AL-JUMAILI; BAZAKA; JACOB, 2017). On the other hand, a peak at
1705 cm? associated with ketone appeared in the film that was not seen in the spectrum of the
monomer. This might be due to the post oxidation of the trapped free radicals confined during
the formation of the film (MATIN; BHUIYAN, 2013; AHMAD; BAZAKA; JACOB, 2014;
JACOB et al., 2014).

Figure 10 also shows the effect of discharge power at a constant gas flow rate, deposition
time, and gap distance. It clearly shows that the peak intensities of the spectra of the film
increase with power up to 0.72 W. After that, the peak intensity of the spectra of the film was
diminished, particularly in the fingerprint region. This reduction in intensity caused by the
reduction of the thickness of the film, in turn, caused an increase in substrate temperature at

higher power.
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Figure 10. FTIR spectra of the carvacrol monomer and carvacrol-derived films deposited by
varying plasma discharge powers from 0.55 to 1.0 W at 10 min deposition time and 4 L/min gas

flow rate.

3.5. Aging and Adhesion of the Film

The thin film aging, deposited under different deposition times, was examined by using
infrared spectroscopy after exposing the film in ambient air and the results are presented in Fig.
11(a). As can note from this figure, the FTIR spectra of the films were not changed after

exposure to atmospheric air for 60, 90, and 120 days. It confirmed that the obtained films are
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cross-linked to each other and durable to the surface of the substrate for a long period. The film,
deposited at 0.54 W and 5 L/min for 45 min, adhesion is also tested by immersing the film in a
clean Tryptic Soy Broth (TSB) medium. Since the initial attachment of bacteria assay was
carried out in the TSB solution, it is worth seeing the physical and chemical stability of the film
in this medium (CHAN et al., 2016). Figure 11(b) shows the FTIR spectra of TSB solution
before and after the immersing of the film. It is clearly shown that the IR spectra of the solution
have no significant change after immersing the film for 45 min. This indicates that the film
exhibited good stability on the surface of the substrate and did not degrade in this medium.

Moreover, the film thermal stability and degradability were determined by using FTIR
spectra change measurement after exposing the film to high thermal UV-lamp (at 65 °C) nearby
3 cm distance and the results are present in figure 12. As can see in Fig. 12(b), the carvacrol-
derived film is fully unaffected after exposure to high thermal UV-lamp for 1 h. While the IR
spectra of direct coating of carvacrol monomers degraded after 20 min when exposed to the same
UV-lamp (Fig. 12(a)). It is also confirmed that the film, those obtained in the present work,
thermally stable and cross-linked with good adhesion on the surface of the substrate.
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Figure 11. FTIR spectra of, (a) the film deposited at 0.54 = 0.04 W and 5 L/min gas flow rate

Wavenumber (cm™)

after exposing the atmospheric air, and (b) TSB before and after immersion the film. CDFI is

carvacrol-derived film immersion.
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Figure 12. FTIR spectra of, (a) the direct carvacrol- and (b) the film carvacrol-coated SS

substrate, before and after exposure to high thermal UV-lamp.

4. Conclusions

PolyCarvacrol thin film polymerization was successfully deposited by a filamentary
dielectric barrier discharge on the metallic surface under different plasma discharge conditions.
The surface property of the stainless steel surface was changed after treatment with carvacrol
plasma polymeric thin films. The obtained film is thick up to 2,000 nm thickness with structural
similarity to that of the monomer. The aging and thermal stability result also showed that the
carvacrol-derived film has good adhesion to the surface of a substrate, and cannot be aged and
degraded when exposed to atmospheric air for long periods and high thermal UV-lamp. In
general, the current result encourages further investigation of carvacrol-derived film coating for

practical application, like a bio-functional coating for food packaging and biomaterials.

41



Article 2
Materials 2020, 13, 3166; Doi: 10.3390/mal13143166
6 Atmospheric Pressure Plasma Chemical Vapor Deposition of Carvacrol Thin Films
on Stainless Steel to Reduce the Formation of Escherichia Coli and Staphylococcus
Aureus Biofilms
Tsegaye Gashaw Getnet 2, Gabriela F. da Silva®, lolanda S. Duarte®, Milton E. Kayama®,
Elidiane C. Rangel* and Nilson C. Cruz'”
!Laboratory of Technological Plasmas, S&o Paulo State University, Sorocaba 18087-180, SP,
Brazil; 2Department of Chemistry, Bahir Dar University, Bahir Dar 79, Ethiopia; 3Laboratory of
Environmental Microbiology, Federal University of Sao Carlos, Sorocaba 18052-780, SP, Brazil;
“Laboratory of Plasmas and Applications, Sdo Paulo State University, Guaratingueta 12516-410,
SP, Brazil.
* Correspondence: nilson.cruz@unesp.br or nilson@sorocaba.unesp.br; Tel.: +55-15-3238-3455
Abstract: In this paper, we have investigated the deposition of thin films from natural
carvacrol extract using dielectric barrier discharge (DBD) plasma polymerization, aiming at the
inhibition of bacterial adhesion and proliferation. The films deposited on stainless steel samples
have been characterized by scanning electron microscopy, infrared reflectance-absorbance
spectroscopy, profilometry, and contact angle measurements. Films with thicknesses ranging
from 1.5 um to 3.0 um presented a chemical structure similar to that of carvacrol. While the
formation of biofilm was observed on untreated samples, the coating completely inhibited the
adhesion of E. coli and reduced the adhesion of S. aureus biofilm by more than 90%.
Keywords: dielectric barrier discharge; carvacrol plasma polymerization; biofilm inhibition.
1. Introduction
The excellent physical and chemical properties of metals make them very suitable for
biomedical applications in medical devices, implants, and tissue engineering. Particularly in
underdeveloped countries, stainless steel (SS) is widely used as implants and prosthesis in
orthopedic surgeries for being cheaper than titanium and other more inert alloys. In spite of the
relatively good clinical results, the bacterial colonization of such material is still a subject
demanding attention. As is well known, many bacteria are able to attach and form complex
colonies, known as biofilms, on various materials, including stainless steel (GOULTER;
GENTLE; DYKES, 2009). Once established, the eradication of biofilms is quite difficult as they
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present resistance to antibiotics that can be up to 102 times higher than that of planktonic bacteria
(VASILEV et al., 2009; BARTLETT, 2004; HOFFMAN et al., 2005). Frequently, the only
solution to extirpate the bacterial colonization is to surgically remove the infected implant,
which, in addition to high economic costs, results in extra risks of morbidity and mortality to the
patients. Thereby, methods of controlling harmful pathogenic biofilms are urgently required. In
this regard, antimicrobial active coatings on biomaterials have gained significant interest over the
past decade (MUNOZ-BONILLA; FERNANDEZ-GARCIA, 2012; WANG et al., 2016b;
RAVENSDALE; COOREY; DYKES, 2018; SANTOS et al.,, 2016b; PENG et al., 2019).
However, potential health and safety risks associated with the release of synthetic antimicrobials
could limit the application of such materials (PENG et al., 2019). In this context, the well-known
hazardous effects of most synthetic biocidal compounds and the need to develop cheap and eco-
friendly coating processes have stimulated studies focusing on the use of natural bacterial
inhibitors. Numerous studies have highlighted the immense potential of natural compounds as
antimicrobial products in food packaging, pharmaceuticals, and hygiene (RIBEIRO-SANTOS et
al., 2017; JACOB et al., 2013; BASSOLE; JULIANI, 2012). Furthermore, natural products have
been considered as promising precursors for plasma polymerization. As an illustration, coatings
produced from plasmas containing essential oils such as terpineol, linalyl acetate, and y-terpinene
have been demonstrated to be useful in different applications such as insulating and
encapsulation layers in organic electronics, and biocompatible coatings for implants
(OSTRIKOV, 2005).

Several studies (VALERO; FRANCES, 2006; LAMBERT et al., 2001; MASTELIC et al.,
2008; CHANG; MCLANDSBOROUGH; MCCLEMENTS, 2013; U et al., 2008) have
demonstrated the biocidal activity of carvacrol, a natural oil extracted from oregano, against free-
standing micro-organisms. In addition, its use has been approved by the European Parliament
and Council and by the U.S. Food and Drug Administration (HYLDGAARD; MYGIND;
MEYER, 2012; BAMPIDIS et al., 2019). However, its activity, especially when immobilized on
a surface, in inhibiting biofilm formation is still a subject under investigation. To fill this gap, in
this work, to the best of our knowledge, for the first time, the feasibility of the deposition of
carvacrol thin films by dielectric barrier discharge (DBD) plasmas to avoid biofilm formation on

stainless steel samples has been evaluated.
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2. Materials and Methods
2.1. Sample Preparation

Before depositions, 1 cm x 1 cm SS samples were mirror polished and then cleaned in
ultrasonic baths using detergent, distilled water, and isopropyl alcohol. Subsequently, the
samples were dried with a hot air gun and stored in Petri dishes until use.

2.2. Plasma Polymerization of Essential Oil

Film deposition was performed in an especially designed dielectric barrier discharge reactor
depicted in Figure 1. It consists of two parallel circular brass electrodes, 3 mm apart from each
other, fitted axially in two parallel PolyTetraFluoroEthylene (PTFE) discs. A polyester sheet on
the grounded lower electrode served as a dielectric barrier, while sinusoidal AC pulses (60 Hz,
10 kV maximum amplitude) were applied to the upper electrode. Carvacrol (5-Isopropyl-2-
methyl phenol, (CH3).CHCsH3(CH3)OH), at least 98% pure, was kept in a temperature-
controlled-stainless steel bottle. Argon, at a flow of 5 L/min, was used as a monomer carrier gas
as well as to help in plasma ignition. A 1000x voltage divider and a Tektronix TDS1001C,
Tektronix China Co. Ltd., Shangai, China, (30 MHz, 500 MS/s) oscilloscope were used to
measure the applied voltage va and the voltage drop vc through a 10 nF-capacitor. Such values

were recorded and used to calculate the plasma excitation power as follows:

P=1[Fuv,dg (1)

where T is the period of the voltage pulse, Q is the charge stored in the capacitor during

one period, and q is the instantaneous charge. According to such calculations, the average power
delivered during the depositions was 0.54 + 0.04 W.

The deposition time ranged from 15 to 45 minutes and the chemical structure and stability of

the films were characterized by infrared reflectance absorbance spectroscopy (IRRAS), using a

model FT/IR-410 (Fourier-transform infrared spectrometer, Jasco Corp., Tokyo, Japan), co-

adding 128 scans with a resolution of 4 cm™. The surface morphology of the samples was also

inspected by scanning electron microscopy (SEM) (JSM-6010LA, JEOL Ltd., Peabody, MA,

USA), at 3 kV acceleration voltage and beam diameter and the working distance of 3.5 nm and

10 mm, respectively. X-ray energy dispersive spectroscopy (EDS) was performed with a Dry SD

Hyper EX-94410T1L11 detector (JEOL Ltd., Peabody, MA, USA), coupled to the SEM
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microscope, to characterize the chemical composition of the films. The EDS spectra were
acquired with 5 and 10 kV electron beam energy with a beam diameter and a working distance of
6 nm and 10 mm, respectively. To avoid charging effects during the SEM inspections, samples
were coated with a thin conducting layer of a golden-palladium. The roughness of the films was
determined with a surface profilometer model Veeco D150 (Veeco Metrology, Tucson, AZ,
USA). To evaluate the thickness, the films were deposited on a stainless steel substrate partially
masked with Kapton tape and the height of the step formed after removing the tape was also
measured with the profilometer. Thickness and roughness were measured at least 10 times in
different locations on each sample. Wettability and surface energy of the films were evaluated
from contact angle measurements with deionized water and diiodomethane as probe liquids in a
goniometer Ramé-Hart 100-00 (Rame-hart Instrument Co., Succasunna, NJ, USA). Surface
energy was calculated using the harmonic mean method proposed by Owens-Wendt (OWENS;

WENDT, 1969), which has been considered the most universal procedure for such evaluation.
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Figure 1. Schematic representation of the experimental setup.

2.3. Biofilm Assay

Escherichia coli (ATCC®11229, Campinas, SP, Brazil) and Staphylococcus aureus (ATCC®
6538) strains were used for biofilm assay. Initially, each stock strain was spread on Tryptic Soy
Agar (TSA) medium, separately and incubated at 37 °C for 48 h (GIAOURIS; NYCHAS, 2006;
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KOSTAKI et al., 2012). Three samples produced with each treatment time were introduced
separately in test tubes containing 5 mL of Tryptone Soy Broth (TSB) with a standardized
inoculum concentration of 3.6-5.0 x 108 colony-forming unit (CFU)/mL. Then, the tubes were
incubated for 3 h in a static oven at 36.5 °C for the adhesion phase. After this phase, the samples
were withdrawn and washed two times with 3 mL of saline solution (0.85%) and transferred to
sterile test tubes containing 5 mL of TSB culture medium, followed by incubation in a static
oven at 36.5 °C for 24 h for biofilm formation. Afterward, the samples were transferred to a new
test tube containing 10 mL of saline solution and then sonicated for 30 minutes to release the
biofilms. From such tubes, dilutions of 10 up to 10° in saline were made, and then 100 pL
aliquots of each dilution were seeded in TSA medium in sterile Petri dishes and incubated for 48
h. Untreated and carvacrol coated stainless steel slides were used as a positive and negative
control, respectively. Finally, bacteria viability was expressed as the log of CFU/cm?, by the
following Equation (2):
CFU/cm? = number of colonies x dilution x sample area  (2)
For visualization of the bacterial cells attached to the sample surfaces, two samples on each
treatment condition were fixed for three hours in Karnovsky solution (2.5% glutaraldehyde, 2%
formaldehyde, 0.1 M sodium phosphate buffer; pH 7.2), followed by rinsing with phosphate
buffer for 5 min, dehydration in a series of ethanol soaking (60%, 70% and 80% solution for 5
min and 100% for 10 min), and aseptically air-dried. Afterward, the samples were coated by a
thin gold-palladium film for SEM analysis, which was performed in a JEOL JSM-6010LA at an

acceleration voltage of 3 kV.

3. Result and Discussion
3.1. Morphology

Typical scanning electron microscope (SEM) images were carried out to determine the
morphology of the prepared films. Figure 2 presents SEM micrographs of SS as-received (a) and
coated with carvacrol-plasma derived film under different deposition conditions (b to d). As one
can note in the SEM images, the obtained film grown under different discharge conditions
showed similar morphological features, and the substrate was covered by round structures
uniformly distributed over the whole area. It indicates that no significant morphological

differences upon film deposited under different discharge conditions. However, under higher
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magnification, X900, it is possible to observe that such structures are, in fact, holes surrounded
by particle clusters of diverse sizes. To understand such a morphology, it is worthy to make clear
that, under our experimental setup, the discharges used to deposit the coatings are filamentary
(RAJASEKARAN et al., 2010) rather than homogeneously distributed over the whole substrate.
Consequently, the holes are formed through the ablation of the coating by the intense and
localized discharges. On the other hand, the clusters result from monomer polymerization driven
by reactive species surrounding the filaments. It is clearly confirmed by EDS mapping shown in
Fig. 3.

SEI 3kV  WD10m8S30
LaPTec

SEl 3kV. WD10mBS30 x3i 500pm=—"—" [ x30. SEI 3kV. WD10mSS30 x30
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Figure 2. Scanning electron microscopy (SEM) micrographs at X30 and X900 resolution of
stainless steel as-received (@), and of the carvacrol-derived film deposited for 45 min
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deposition time and 5 L/min gas flow rate at 0. 54 W (b), for 30 min deposition time at 3
L/min gas flow rate and at, (c) 0.86 W, and (d), 0.37 W.
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Figure 3. Elemental mapping images of Fe, C, and O of carvacrol-derived film-coated SS

surface performed by EDS. The film deposited for 45 min and 5 L/min gas flow rate at 0.54 W

(a), and for 30 min deposition time at 3 L/min gas flow rate and at (b) 0.86 W, and (c) 0.37 W.
Table 1 shows the atomic proportions of carbon, oxygen, iron, and chromium in the

SS substrate as received and CDF coated, obtained from the EDS spectra at 10 kV. As one

can note from this table, the pure SS shows 76.9% iron, 18.0% chromium, and 5.2%

carbons. The film-coated SS under different discharge conditions shows carbon and oxygen

in a high proportion and iron to the smallest extent up to 1.92%. Such a small amount of iron

present in all film is caused by the penetration of the beam to depths greater than the film

thickness, particularly at the location of holes in the film, as confirmed by the EDS mapping

in Fig. 3(b). Furthermore, it is confirmed that no iron was present when we operated the
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microscope at 5 kV as shown by the EDS map in Fig. 3 (c). The remaining chromium is no
longer visible in the film, except for the pure SS substrate. In general, the obtained EDS data
and elemental mapping also confirmed that the whole area of the substrate was covered by
the film.

Table 1 Elemental concentration of SS as-received (a), and coated by CDF for 45 min
deposition time and 5 L/min gas flow rate at 0.54 W (b), for 30 min deposition time at 3 L/min
gas flow rate and (c) at 0.37 W, and (d) at 0.86 W.

Sample Elemental concentration (%)
C Fe 02 Cr
@ 5.2 76.8 Not detected 18.0
(b) 86.7 1.8 115 Not detected
(c) 86.1 1.5 12.5 Not detected
(d) 83.1 1.9 14.9 Not detected

3.2. Roughness

Figure 4 shows the average Ra roughness of the films as a function of the deposition time, t.
As can be noted, all the films are rougher than the steel substrate exposed to the monomer with
the plasma off, whose roughness is indicated by the point at t = 0. The observed increase of Ra as
the deposition time was increased is the result of the overexposure of the films to the discharge
filaments for longer periods, causing the degradation of the surfaces, as evidenced by SEM

micrographs presented in Figure 2.
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Figure 4. The roughness of the plasma polymerized carvacrol films as a function of
deposition time. The value at t = 0 corresponds to the roughness of the substrate exposed to

the monomer with the plasma off.

3.3. Thickness and Deposition Rate

Figure 5 shows the thickness h of the coatings as a function of t. Films as thick as 1.6 pum
were obtained with a deposition time of 15 min. As the deposition time was increased, h
increased, reaching nearly 3.0 um. Previous studies (XU; WANG; SANDERSON, 2010;
BAZAKA,; JACOB, 2009) have reported that the thickness of plasma polymerized terpinen-4-ol
and linalyl acetate (PLA) thin films using low-pressure radiofrequency plasmas also increases
linearly with the deposition time. However, under some deposition times, the thicknesses of the
coatings produced there were around one-third of the thickness obtained in our work. It is
interesting to mention that, as also shown in Fig. 5, the deposition rate, defined as h/t, decreased
from 100 to 65 nm/min as the deposition time increased. To understand this result, it is
interesting to recall that, during the deposition, the sample is exposed to large amounts of atomic
oxygen and other reactive species, such as OH and Og, resulting from interactions between the
plasma and the air surrounding the samples. Such species may etch the deposited material
through chemical reactions, resulting in volatile compounds such as CO and CO.. Besides, the
continuous bombardment of energetic species in the plasma may also cause the film
densification (SANTOS et al., 2017a). Therefore, the results suggest that the higher the
deposition time, the higher the influence of plasma on the ablation and densification of the

growing material, which may result, for instance, in the holes observed in Figure 2.
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Figure 5. Thickness and deposition rate of plasma deposited films as a function of deposition

time.

3.4. Chemical Structure Analysis

The FTIR spectrum of liquid carvacrol used as a film precursor is shown in Figure 6. On the
spectrum, it is possible to note a broad band centered at 3412 cm™, ascribed to O-H stretch, and
strong absorptions at 1058 and 1112 cm™! assigned to the presence of O-H and C-O bond
stretching of phenol groups, respectively. The strong and sharp peaks in the ranges 1519-1620
cm ! and 3057-3017 cm™! are attributed to aromatic C=C and C-H stretching, respectively
(BOUGHENDJIOUA,; DJEDDI; SERIDI, 2017; KREPKER et al., 2018). The peaks in the range
991-936 cm ! and the peak centered at 1418 cm™! indicate O-H bending vibrations overlapping
with symmetric and asymmetric in-plane bending, respectively, of aromatic C-H groups. The
strong band in 2959-2868 cm! indicates the C-H stretching vibration of the methyl group
(BIZUNEH ADINEW, 2014). In addition, the bands at 1462 cm™ and 1300 cm™* also appear
owing to C-H asymmetric and symmetric deformation of the methyl group, respectively. On the
other hand, the strong absorption at 1177 cm™! indicates the carbon skeletal vibration of C-
(CHs), groups (JACOB et al., 2013). The peaks at 1363 and 1381 cm™* also confirm symmetric
and asymmetric deformation, respectively, of the isopropyl group.

Figure 6 also presents the spectra of films deposited under various deposition times. As one

can note, the spectra of all the coatings are notably similar to that of the monomer, indicating that
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the main functional groups in the monomer were preserved after the deposition. The absence of
the absorption at 3017 cm™* and the appearance of absorption at 1705 cm™? is also noticeable on
the spectra of the films, which are associated with ketone functional groups. Such absorptions
may result from post-plasma oxidation of free radicals trapped during the formation of the film,
as well as from tautomerization (MATIN; BHUIYAN, 2013; JACOB et al., 2014).

As the deposition time increase, the intensity of almost all absorption increases, which is in
agreement with the increase of the film thickness with t, as shown in Figure 5. Furthermore, it is
interesting to point out the maintenance of hydroxyl groups on the plasma deposited films. Such
radicals, which are involved in the rupture of the bacteria cell membrane, are believed to be one
of those responsible for the antimicrobial activity of carvacrol. In addition, when OH-containing-
phenol rings penetrate the cells, they can disrupt the cytoplasmatic membrane, inhibiting the
activity of several enzymes and affecting numerous mechanisms related to cell metabolism
(MARINO; BERSANI; COMI, 2001; CEYLAN; FUNG, 2004).

T :
Carvacrol

=
G
@ ’
% 10
E= 20’
IS
2
s
|_

45’

| L | L | L | L | L |

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6. Fourier-transform infrared spectroscopy (FTIR) absorption spectra of liquid and

plasma deposited carvacrol films grown under different deposition times.

3.5. Water Contact Angle and Surface Energy
The values of water contact angle and surface energy of the steel substrate exposed to the

monomer with the plasma off and the films deposited with various deposition times are shown in
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Figure 7. As can be observed, the exposure to the plasma causes the contact angle to
continuously decrease from 90.2°, measured on the surface not exposed to the plasma, to 28°,
after deposition for 45 min. This increment of film hydrophilicity is the result of the
enhancement of oxygen-containing groups, which leads to the rise of the surface polarity, and,
consequently, to the increase of surface energy, as also shown in the figure, of films fabricated at
a higher deposition time (EASTON; JACOB, 2010; XU; WANG; SANDERSON, 2010). That is
in agreement with the increase of the intensity of absorptions ascribed to hydroxyl groups with
the increase of the deposition time, as shown in Figure 6. Another fact that contributes to the
growth of the hydrophilicity is the increase of film roughness (RANGEL et al., 2011) with t, as
discussed in the previous section 3.2.

Also, as can be observed in Fig. 8, of the water contact angle, the result of such film
coatings are stable as the hydrophilicity conferred to the steel substrates by the deposited films is
still present even 35 days after the deposition. In general, hydrophilic surfaces, as those obtained
in this work, are the most suitable for many biological applications (BHATTACHARYYA et al.,
2010; ARIMA; IWATA, 2007).
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Figure 7. Water contact angle and surface energy of the plasma deposited carvacrol films as
a function of deposition time. The values indicated at t = 0 correspond to results measured

with the substrates exposed to the monomer with the plasma off.
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flow rate under different deposition times, measured after aging for 0, 7, and 35 days under
ambient conditions.

3.6. Biofilm Assays

Figure 9 shows SEM micrographs of S. aureus and E. Coli colonies after 24 h of incubation
in the culture medium, Figure 9(a, d), as well as on steel substrates as-received, Figure 9(b, e),
and coated with plasma deposited carvacrol films, Figure 9(c, f). As can be seen, for both
microorganisms, the densities of colony-forming units (CFUs) attached to pristine substrates are
even higher than those observed in the culture medium. Besides, it is also worth noting the
formation of clusters of cells linked to each other by extracellular polymeric substances,
indicating the initial stages of biofilm formation. On the other hand, in Fig. 9, it is also possible
to observe that the plasma deposited carvacrol coatings completely inhibited the adhesion of E.

coli and reduced to only a few CFU of S. aureus on the steel surface.
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Figure 9. Scanning electron micrographs of colony-forming units (CFUs) of S. aureus and E.
coli on a culture medium ((a, d), respectively) as well as on stainless steel samples as-received
((b, ), for S. aureus and E. coli, respectively) and coated with plasma deposited carvacrol films

((c, ), for S. aureus and E. coli, respectively). The arrows indicate the bacterial colonies.

The effects of the coatings on the bacterial adhesion can be further evaluated with the help
of Figure 10, which shows the results of quantifications of viability and proliferation of
microorganisms on stainless steel slides as-received (a), immersed in liquid carvacrol for 45
minutes (b), and coated with a plasma deposited carvacrol film grown for 45 minutes (c). In this
figure, the dotted line indicates the bacteria concentration in the initial inoculum. As can be
noticed, all carvacrol-containing samples exhibit complete eradication of E. coli and are reduced
by about six orders of magnitude the concentration of S. aureus. On the other hand, the pristine
substrate preserved the viability of more than 90% of both bacteria. Indeed, the biofilm
eradication of the coating is similar to that obtained with the immersion of the stainless-steel
slides in liquid carvacrol. However, as can be concluded from the results presented in the above
article 1 (Fig. 12), the coatings produced without plasma are totally degraded after 20 min under

UV light/irradiation, which is a typical procedure for material sterilization. On the other hand, no
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clear evidence of degradation can be observed on the plasma deposited carvacrol films even after
one hour under UV irradiation. Therefore, the exposure to the plasmas results in stable coatings

with bactericidal activity even after being stored in atmospheric air for more than 120 days.
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Figure 10. The concentration of S. aureus and E. coli on stainless-steel slides as-received (a),
immersed for 45 min in liquid carvacrol (b), and coated with plasma deposited carvacrol for 45

min (c). The dotted line indicates the concentration of bacteria in the initial inoculum.

4. Conclusions
The deposition of carvacrol thin film on stainless steel substrates was successfully achieved

by atmospheric pressure dielectric barrier discharge plasmas. The thickness of the films was in
the range of 1, 000 to 3,000 nm with a roughness of up to 800 nm and a chemical structure
similar to that of carvacrol. The obtained films are well-adhered to the substrate and stable under
UV light and air exposure for prolonged periods. The coatings completely inhibited the
formation of E. coli biofilms and reduced by six orders of magnitude the adhesion of S. aureus in
comparison with the number of bacteria detected on the pristine substrate. The results of
bactericidal activity, associated with the fact that carvacrol is a natural extract, make the films

produced here good candidates for coatings to avoid the formation of biofilms on biomaterials

and food packaging, for instance.
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Abstract: Eugenol (4-Allyl-2-methoxyphenol) is the main constituent of clove oil. In
addition to being widely used as a condiment, it has been recognized as a powerful bactericide.
Owing to that, eugenol has been used in several applications including odontology and as a
conservative for food products. Aiming at the development of natural bactericide coatings, in
this work, using an atmospheric pressure plasma in a dielectric barrier discharge (DBD) reactor
eugenol was deposited on stainless steel substrate, with argon as a carrier gas. The discharge
power supply was a transformer at 14.4 kV peak-to-peak voltage and 60 Hz frequency.
Operating with a gas flow rate at 4 L/min, the active power was around 1.2 W. The maximum
plasma electron temperature of the plasma with monomers was about 1.5 eV, estimated by
visible emission spectroscopy using a local thermodynamic equilibrium approach. The study
also comprehended the analysis of the film structure, aging, and thermal stability using infrared
reflectance spectroscopy, and its thicknesses and roughness by profilometry. The thickness of
the films was in the range of 1,000 to 2,400 nm with a roughness of up to 800 nm with good
adhesion on the substrate. The FTIR result shows a stable coating with a chemical structure
similar to that of the monomer. Aging analysis showed that the film does not degrade, even
after exposing the film for 120 days in ambient air and 1.0 h under a high thermal UV-lamp.
Keywords: Eugenol; plasma; dielectric barrier discharge.
1. Introduction
Atmospheric dielectric barrier discharge (DBD) plasmas have drawn much attention due to
low experimental cost, easy handling, and having no need for expensive vacuum systems
(KHOJA; TAHIR; AMIN, 2019; LAROUSSI; LU; KEIDAR, 2017). DBD plasmas are the best
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choice for a variety of industrial applications, including large-scale ozone generation, odor
removal, and materials processing (PANTA et al., 2020a; PANTA et al., 2020b). In addition, the
potential of non-thermal DBD plasma systems for various medical and biological applications
including wound healing, tissue regeneration, blood coagulation, tooth bleaching, and cancer
treatment has been demonstrated (CVRCEK; HORAKOVA, 2019; KIM; CHUNG, 2016; ISEKI
et al., 2012; TSAl et al., 2020; KAUSHIK et al., 2019; MISRA et al., 2019; CHA; PARK, 2014;
KALGHATGI et al.,, 2011; IRANI et al., 2015; SAKUDO; YAGYU; ONODERA, 2019;
BERNHARDT et al., 2019). In the midst of such applications, thin-film deposition using DBD
plasmas presents several benefits compared to its vacuum counterparts in a variety of
applications, such as film deposition on vacuum- or temperature-sensitive substrates and
biological/living surfaces (MARTINES, 2020; KHAN et al., 2020). The deposition by DBD is
able to tailor the physical and chemical properties of different substrates to a specific application
through the modification of the deposition parameters, such as applied voltage, type, and flux of
the monomer, and deposition time (RAHMAN; BHUIYAN, 2013).

Employing plasmas, it is possible to deposit films with adjustable properties on a variety of
substrates, in principle, using any organic vapor, including even those non-polymerizable via
conventional pathways (BAZAKA et al., 2010; JACOB et al., 2012; AHMAD; BAZAKA;
JACOB, 2014) such as film precursors. For instance, the successful deposition of films using
low-pressure plasmas containing natural extracts, such as eucalyptus and lavender oils
(EASTON; JACOB, 2009), terpene-4-ol (JACOB et al., 2012), and linalyl acetate (ANDERSON
et al., 2011) has been reported. It is interesting to point out that, a wide range of applications of
those films in electronics, biomaterials, nanotechnology, and protective coatings has been
investigated (BAZAKA; JACOB; BOWDEN, 2011; ADIL; AL-SHAMMARI; MURBAT,
2020). In this context, eugenol (Eu), an extract obtained from clove, is particularly interesting.
Used as a condiment since ancient times, it also presents intense antimicrobial activity against
free-living microorganisms. Therefore, it can be considered a very promising material to be used
in the production of bactericidal coatings for food packing and other related products. However,
to be of practical interest such coatings must be uniform, defect-free, and well adhered to
different types of substrates. As well documented in the literature, such requirements can be
perfectly met using plasma-based deposition techniques. Although several experimental studies

have been conducted addressing the fundamental mechanisms and chemical phenomena of
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atmospheric DBD plasmas (SATO et al., 2015; PEETERS; YANG; VAN DE SANDEN, 2015;
SEWRAJ et al., 2011), there is not, as far as we know, any detailed study on the deposition of
films from essential oils using DBD plasmas. In this regard, plasma diagnostic techniques such
as electrical measurements and optical emission spectroscopy can be useful tools to help in
understanding the underlying physical and chemical processes (PEETERS; YANG; VAN DE
SANDEN, 2015; SEWRAJ et al., 2011; NASTUTA et al., 2018; STANFIELD; MENART,
2014; TSCHIERSCH; BOGACZYK; WAGNER, 2014). In this context, the present study
investigated the film deposition from atmospheric DBD plasmas containing eugenol vapor. Both
plasmas and coatings properties were characterized.

2. Materials and Methods

The plasmas used in this study have been established using the system fully described
elsewhere (GETNET et al., 2020a; GETNET et al., 2020b) and shown schematically in Fig. 1. It
consists of a brass cylinder (2 cm in diameter) and an aluminum disk (5.6 cm in diameter)
electrodes fitted in parallel, 3 mm apart from each other, in PTFE discs. The upper brass
electrode was connected to an adjustable high voltage transformer (up to 20 kV peak-to-peak, 60
Hz) while the grounded lower disc was covered by a polyethylene sheet and served as a sample
holder. Argon (99.9% pure), used as a carrier gas and to help in plasma ignition, was fed through
a temperature and flow rate controlled stainless steel vessel containing eugenol (4-Allyl-2-
methoxyphenol, at least 98% purity of from Sigma-Aldrich). This mixture, whose flow was
controlled by rotameters, was injected through an axial hole at the center of the upper electrode.
The discharge area was protected from the environment by a 40 mm diameter transparent
polyethylene terephthalate hollow cylinder. The peak applied voltage va was measured with a
voltage divider while discharge current and charge were determined measuring the voltage drops
across a resistor R = 57 Q and a capacitor C = 10 nF, respectively, connected in series with the
ground electrode. The signals were recorded using a 500 MS/s digital storage oscilloscope
(Tektronix TDS1001C-30EDU, Tektronix China Co. Ltd., Shangai, China) to calculate the mean

discharge power P, for applied voltage much larger than in the capacitor, given by:

F = _EJ'.DQ 1y dﬁ' (1)

where Q is the charge stored in the capacitor during one period T=1/60 s* of the signal.
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Chemical structure, aging, and stability of the films were characterized by infrared
reflectance absorbance spectroscopy (IRRAS), using a Jasco FTIR 410 (Fourier-transform
infrared, Jasco Corp., Tokyo, Japan) spectrometer co-adding 128 scans with a resolution of 4 cm’
L. Film thickness and roughness were measured, at least 10 times in different locations on each
sample, with a surface profilometer (Veeco D150, Veeco Metrology, Tucson, AZ, USA). To
evaluate the thickness, the films were deposited on stainless steel substrates partially masked
with Kapton tape and the height of the step formed after removing the tape was measured with
the profilometer.

The optical emission spectra of argon plasmas in the presence and the absence of eugenol
was measured using an Ocean Optics spectrometer (USB4000, Ocean Insight, Rochester, NY,
USA). The spectrometer was connected to a fiber optic and the light was collected from a
collimating lens located 3 mm from the edge of the electrode as shown in Fig. 1. Electron
temperature, Te, was estimated using the Boltzmann plot method assuming local thermodynamic
equilibrium (JIN et al., 2013; SAHIN; TANISLI, 2020) and using Eq. (2):

i ot

In 200 _
Ajigj kTe 47Z'Z(T) (2)

where ;i is the intensity and 4;i is the wavelength of the measured spectral line emitted in

an electron transition from an exciting level with energy E; to a lower state with energy E;, g;j is
the statistical weight of the excited level, A is the probability of the transition between the two
states responsible for the measured emission, k is the Boltzmann's constant, c the speed of light,
h is the Planck's constant, N, the total species population, and Z(T) corresponds to the partition

function at a temperature T.
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Figure 1. Schematic representation of the experimental setup used for film deposition and
discharge characterization (GETNET et al., 2020a).
The electronic temperature has been derived from the reciprocal of the slopes of Boltzmann

| A
plots (Fig. 2) of In—-versus E; using the data provided by the NIST atomic database (Table

9]

1.6 . . . T T 1.6 T T T T T
r = (a) Aronly P
14 i Linear Fit | 7] 14 i = (b) Arwith Eu i
12L = - i 10k Linear Fit |
| n L
1.0 | E 10} 4

—~ L n n —~

(=) > i

< o8t = 4 < L i

S o8 . S 08 .

S 06 1 5 o6+ - b
04 | N 04+ 7
0.2 — 02| 4
00 1 1 1 1 1 00 1 1 1 1 1

1305 1310 1315 1320 1325 13.30 13.35 13.05 1310 1315 1320 1325 13.30 13.35
Ej (eV) Ej (eV)

Figure 2. Boltzmann plot for argon only and argon with eugenol emission lines measured at 10.0

kV peak-peak voltage and 4 L/min gas flow rate.
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Table 1. Spectroscopic data for the observed Arl lines used for the evaluation of Te.

All lines are emitted during 4p-4s transitions.

Wavelength (nm)  Ei (eV) Ej(eV) Ajix107 (s?)
696.54 11.54 13.32 0.63
738.39 11.62 13.30 0.84
763.50 11.54 13.17 2.45
772.37 11.54 13.15 0.51
794.82 11.72 13.28 1.86
811.53 11.54 13.07 3.31
826.45 11.82 13.32 1.54

3. Results and Discussion

3.1. Electric characteristics

3.1.1. Voltage and Current Waveforms

The electric characteristics of the DBD plasmas were evaluated by the measurement of the

voltage drop (KAYAMA et al., 2017; XIAO et al., 2014; NI et al., 2008) on the capacitor C and

the resistor R defined in Fig. 1. Figure 3 shows typical waveforms of applied voltage and current

in argon discharges pure (a) and mixed with eugenol (b). As it can be observed, the discharge

current curves contain several short-time spikes per each half cycle of the applied voltage, which
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indicates the filamentary regime of the discharges (YOKOYAMA et al., 1990).
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Figure 3. Typical current and voltage waveforms of discharge ignited at 10.0 kV peak-to-

peak voltage with 4 L/min total gas flow of (a) argon and (b) mixture of argon and eugenol.
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The filamentary nature of the discharges can be better observed if one considers the pictures
in Figs. 4(a) and 4(b) which presents photographs of discharges established under the same
conditions as those used to obtain the curves in Fig. 3(a) and 3(b), respectively. As it can be
observed, the filamentary discharges cover the entire surface of the electrode without any
noticeable differences between the discharges in Ar or ArEu. However, a situation completely
different is observed when the stainless-steel substrate is placed on the lower electrode. As one
can see in Fig. 4(c), the introduction of the substrate causes the filaments to concentrate on the
substrate. This is due to the distortion of electric field lines promoted by the sharp borders of the
substrate. This result is similar to the previously reported helium DBD plasma (GULATI et al.,
2012, NASTUTA et al., 2018). In general, the discharge regime of the argon was not altered by
the addition of the eugenol monomer and works well for polymer deposition.

(b) (c)
Figure 4. Pictures of discharges at 10.0 kV peak-to-peak voltage and 4 L/min flow rate. (a) Pure

argon; (b) mixture of argon and eugenol; (c) mixture of argon and eugenol with a stainless-steel

substrate on the mylar covering the lower electrode.

3.1.2. Lissajous figures and plasma power

The power of the discharge was estimated by Q-V plots or the Lissajous figures of both pure
argon and argon mixed to eugenol (ArEu) plasmas as illustrated in figure 5. In this picture, the
slopes of lines DA and CB are related to the phase when the plasma is formed in the gap and
provide an approximate value of the effective capacitance (LIU et al., 2018). According to Eqg. 1,
the mean power in one cycle can be calculated from the area of the Lissajous figure (GETNET et
al., 2020b). It can be seen in the figure that the addition of eugenol reduces the mean discharge
power. This is likely due to the reduction of the plasma current as electrons may be entrapped by

Eu molecules.
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Figure 5. Lissajous figures of discharges were established in argon and argon with eugenol

(ArEu) at 10.0 kV peak-to-peak voltage and 4 L/min gas flow rate.

Figure 6 shows the variation of the power in plasmas established in Ar and ArEu as a
function of the applied voltage. In both cases, the power increased as the voltage was increased,
which is in agreement with previously reported works (GETNET et al., 2020b; HAO et al.,
2012; JUN-FENG et al., 2009).
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Figure 6. Mean power as a function of the applied voltage in Ar and Ar mixed with Eugenol

at 4 L/min flow rate.

3.2. Optical emission spectroscopy of the discharges

Figure 7 shows typical optical emission spectra of plasmas ignited in Ar and ArEu at 10 kV
peak-to-peak voltage and 1 L/min flow rate. In the spectrum of Ar discharges there can be
identified four emission lines ascribed to nitrogen molecules in the range 300-415 nm and
several lines of argon (Arl) in 680-880 nm. Besides, there can be observed weak emission lines

at 777 and 844 nm attributed to atomic oxygen (Ol), generated via reactions of metastable Ar
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atoms or electrons with O in the surrounding air (FALAHAT et al., 2018). The presence of such
lines due to the interaction of the plasma with the surrounding gas environment is also observed
in helium DBD (SAHIN; TANISLI, 2020).

Additionally, the decrease in the intensity of almost all lines, especially N2 second positive
lines, when Eu was added to the gas feed can be observed. This is associated with a decrease in
plasma power, as observed in Fig. 6, and the reduction in mean electron energy, and
consequently, the concentration of the excited N. species decreases. Although Eu molecules
contain hydrogen, carbon, and oxygen atoms, emission lines of species such as H, OH, and CH,
indicating a low degree of monomer fragmentation was not detected. That indicates the
preservation of the monomer rather than the degradation upon the plasma polymerization, which
is in good agreement with the obtained Fourier-transform infrared (FTIR) spectra of polymeric

films.
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Figure 7. Emission spectra of dielectric barrier discharge in argon and a mixture of argon

with eugenol (ArEu) measured at 10.0 kV peak-peak voltage and 1 L/min flow rate.

3.2.1. Effect of discharge parameters on plasma composition
Figure 8 shows the effect of plasma discharge conditions, such as applied voltage and gas
flow rate, on the optical emission line intensity for discharges of Ar and ArEu. According to this

result, the intensities of the lines either increases monotonically or diminishes depending on the
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discharge condition, whereas the wavelength does not change. When we see these effects
individually, the line intensity increases with voltage as shown in Figs. 8(a) and 8(b). This is due
to the fact that the free electrons gain more energy due to the enhancement of the electric field in
the gap and consequently, they increase the concentration of the excited neutral atoms and
molecules. That is in agreement with the previously reported argon emission line of DBD plasma
(SHRESTHA et al., 2017). Similarly, the intensity of Arl lines in the region of 680-880 nm
increases with the gas flow rate, while the emission line of N2 decreases as shown in Figs. 8(c)
and 8(d). The possible explanation is that at a high Ar flow rate, there is a reduction in
contaminant species, namely N2, causing the rise of the density of Ar in detriment to No.
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Figure 8. The optical emission lines of the argon only and argon with eugenol discharge

measured by varying, respectively, (a) and (b) peak- to- peak voltage at 1 L/min gas flow

rate, (c) and (d) gas flow rate at 10.0 kV peak-peak voltage.

The influence of applied voltage and gas flow rate on the relative concentration of N2, Arl,
and Ol for line intensities of the discharge in both Ar and ArEu was also investigated. Using the
811 nm Ar line as a reference, the concentration of those respective species in the plasma
increase with the applied voltage, at 337 and 357 nm for N2, at 750 and 811 nm for Arl, and 844
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nm for Ol, as can be seen in Figure 9(a) and 9(b). This is due to the presence of energetic
electrons associated with the enhancement of the electric field in the gap. As a consequence,
there is an increase in the relative concentration/intensity of the excited neutral atoms and
molecules (NI et al., 2008; N. MAZHIR et al., 2018). That is in agreement with the previously
reported argon emission line of DBD plasma (MERTENS et al., 2019; SHRESTHA et al., 2017).
Figure 8 also shows the relative argon intensity, which is indicative of plasma activity, that is, its
ability to promote atoms to an excited state, and nitrogen relative concentration in the plasma.

Similarly, the relative concentration of Arl and Ol lines increases with the gas flow rate,
while the N line decreases, as can be seen in Figure 9(c) and 9(d), as illustrated. The possible
explanation is that at a high Ar flow rate there is a reduction in contaminant species, namely No,
causing the rise of the density of Ar in detriment to N». It is also noticed that the concentration of
N2 decreases significantly with the flow rate for ArEu discharge compared to only Ar discharge.
This is related to a more effective energy transfer of electrons to the monomer due to the high
reactivity of its vinyl group in their chemical structure (MERTENS et al., 2019), which is in
agreement with the decreasing effective discharge power (Fig. 6).
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Figure 9. Variation of the relative concentration of N2, Arl, and Ol for line intensity signals (337
and 357 nm) Ny, (750 and 811 nm) Arl, and 844 nm Ol with, (a, b) peak-to-peak voltage at 1
L/min gas flow rate, and (c, d) gas flow rate at 10.0 kV peak-to-peak voltage.

3.2.3. Effect of discharge parameters on electron temperature
The variation of electron temperatures was estimated in this work by using the Boltzmann
plot method, according to equation 2 under Boltzmann approximation, using the neutral argon
emission lines listed in Table 1, where Ej and E; are the energies of the upper and lower levels of
the radiative transitions, respectively. Figure 10 shows the effect of gas flow rate and applied
voltage on electron temperature, Te for Ar, and ArEu DBD plasma. It is clear in Fig. 10(a) that Te
decreases from 2.2 £ 0.9t0 0.9 £ 0.5 eV and 0.9 + 0.4 to 0.4 + 0.1 eV with the gas flow rate
increases from 1 to 4 L/min for Ar and ArEu, respectively. This fact may be explained as
follows. This is due to the fact that the rise of gas density in the discharge region with flow rate,
which leads to the reduction of the mean energy of the electrons due to the augment of collisions
with other particles (RAIZER, 1991). On the other hand, the rise of flow rate decreases the
Yasuda factor given by the relation W/(FM), where W is the power input, F is the flow rate and
M is the molecular weight of the monomer. A low value of this factor corresponds to the lower
fragmentation rate of the monomer leading to a higher chemical structure similarity of the film
with the monomer (CHIPER; CHEN; STAMATE, 2009; AREFI-KHONSARI; TATOULIAN,
2008). It is in good agreement with our FTIR spectra that show preservation of the spectrum of
the monomer to the films. This dependence of the electron temperature with flow rate is also
observed in the DBD discharge of argon with methane plasma (JUN-FENG et al., 2009).
On the other hand, T of both Ar and ArEu rises with the applied voltage. The enhancement
of the electric field increases the temperature from 2.2 +0.9to4.1+1.4eVand 09+ 0.3t0 1.5
+ 0.7 eV, respectively, when a peak-to-peak voltage increases from 10.0 to 14.4 kV at a 1 L/min
gas flow rate, as shown in Figure 10(b). This enhancement of the electron temperature due to the
electric field has been reported in other similar experiments (GULATI et al., 2012; SHRESTHA
et al., 2017), which indicates the field as the major energy source. Finally, when we compare Te
of Ar and ArEu discharges, we observe that T. decreases significantly with the addition of

monomer as a consequence of the increase in the collision frequency.
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Figure 10. Relationship of electron temperature of the DBD plasma of argon and an
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3.3. Thickness and Roughness

Plasma polymeric thin films were successfully deposited from the eugenol monomer on the
SS substrate under a different applied voltage. As mentioned in the introduction, several plasma
parameters can influence the properties of the deposited thin films. Figure 11(a) shows the
variation of film thickness h with a peak-to-peak voltage at 4 L/min gas flow rate and 30 min
deposition time. The thickness of the film increases from 1.0 to 2.4 um, with the applied voltage
from 6.0 to 12.0 kV. After that, it declines to about 1.6 um for further increases in the voltage up
to 14.0 kV. The rising of the electric field enhances the fragmentation process and the
concentration of active species involved in plasma polymerization reactions. As a consequence,
the film becomes thicker in proportion to the field intensity. However, over a certain intensity,
two competing factors occur in the polymerization process, the increase in the substrate
temperature and the plasma ablation, which leads to the reduction of the film thickness. The
films at higher field intensity are thinner and denser with a high degree of cross-linkage
(GETNET et al., 2020a; SANTOS et al., 2017a). It should be also observed that the substrate
temperature influences the adsorption of non-excited and fragmented molecules or slightly
fragmented precursors during the film growing process. Such rising and decaying of the film
thickness with the applied voltage are in good agreement with the absorption intensity of the

functional groups shown by the FTIR spectrum
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The roughness Ra of the films as a function of the applied voltage is shown in Figure 11(b).
For the bare steel, the Ra value is represented by the dotted line. It clearly shows that the
roughness of the film increases with applied voltage as do the uncertainty values. This behavior
on the roughness and its uncertainty are proportional to the number of valleys produced by the
plasma filaments in the film, which rises with the applied voltage. On the other hand, according
to the scaling law, as the film thickness increases, the level of grain size and roughness also
increases, until saturation (ROY; TALUKDER, 2016). This saturation occurs at high voltage

with a drop in the thickness and still rises of roughness by field effect.
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Figure 11. Variation of (a) thickness, (b) roughness of polyEugenol thin film with peak-to-

peak applied voltage for a 30 min deposition time, and a 4 L/min gas in a flow rate.

3.4. Molecular Structure

To complete the structural study of the polymeric thin film, FTIR analysis of the monomer
(Eugenol) was also carried out in addition to the film deposited under different plasma discharge
conditions as shown in Figure 12.

Considering first the spectrum for the monomer eugenol, a broad peak centered at 3519 cm™
corresponds to O-H stretch, indicating the presence of phenol. The absorption bands at 1234 and
1030 cm? are assigned to the stretching vibrations of C-O of the phenyl-alkyl ether (methoxy
group) and phenol, respectively. The weak peaks in the range of 649-555 cm™ are attributed to
the C-O in-plane bending of methoxy and the peak at 1209 cm™ to the O-H in-plane
deformation of phenol. The peak at 1450 cm™ is attributed to the asymmetric bending vibration

of C-H in the methoxy group and the peak at 1363 cm™ to the symmetric one. The asymmetric
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stretching vibration of C-H in the methoxy group of phenyl alkyl ethers is also observed in the
region of 2973-2940 cm™ and its corresponding symmetric one is observed at 2841 cm™. In the
same wavelength region, a peak at 2903 cm indicates the C—H vibrational stretching of the CH,
=C-H (vinyl) group. Additionally, two absorption bands at 995 and 916 cm™* are attributed to the
C—H out-of-plane bending vibration of the vinyl group. In the high wavenumber region, the weak
peaks appeared at 3060 cm™? and 3004 cm® which corresponds, respectively, to the C-H
stretching vibrational of the aromatic skeletal and vinyl alkene group. Moreover, the weak peaks
between 848 and 746 cm™ are attributed to the C—H out-of-plane deformation of the 1, 2, and 4-
tri-substituted benzenoid compounds.

The FTIR spectra of the monomer and the films are quite similar, except for the reduction
of peak intensity in the film, particularly in the fingerprint region below 1500 cm™. This
reduction means that a small quantity of monomer was polymerized and deposited. Additionally,
the peaks at 2973 and 2903 cm™ are assigned to asymmetric and symmetric stretching of
methylene and are present only in the monomer spectra due to the loss of the vinyl group. It is
interesting to point out that the vinyl double bond was broken during the plasma polymerization
processes, just like conventional polymerization. Moreover, the peak at 3519 cm™ shifts towards
a lower frequency at 3432 cm™. That might be associated with the formation of intermolecular
H-bonding caused by plasma polymer formation. On the other hand, a peak at 1705 cm
associated with ketone appeared in the film, which is absent in the spectrum of the monomer.
That corresponds to the post-oxidation of the trapped free radicals confined during the formation
of the film and the tautomerization as well (MATIN; BHUIY AN, 2013; JACOB et al., 2014).

Figure 12 also gives the spectra of films deposited for various discharge power up to 0.9 W,
which corresponds to applied voltage up to 14.4 kV peak-to-peak. As can be seen, all functional
groups are preserved in the film and the intensity of absorption peaks increases with the power of
discharge. The partial oxidation of the film, particularly for -OH and aryl groups, leads to a slight
decrease in the intensity and the bandwidth for discharges with power above 0.7 W. In general, it
is interesting to mention the preservation of monomer functional groups, particularly hydroxyl

and aromatics that are the key further of antimicrobial activity.
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Figure 12. FTIR spectra of eugenol and polyeugenol thin films deposited with a 30 min
deposition time and a 4 L/min gas flow rate by varying the plasma discharge power from 0.5
t0o 0.9 W.

3.5. Stability and aging of the film

Several medical devices often require storage for a certain period before they are used
(AZIZ et al., 2017). Therefore films produced for biomedical applications require stability in
atmospheric air for extended periods and in aqueous solutions as well. Moreover, good adhesion
of the films to the substrate and the preservation of its functionality after polymerization is
critical in these applications. Since the initial attachment of bacteria assay was carried out in the
TSB solution, it is worth seeing the physical and chemical stability of film in this medium
(CHAN et al., 2016).

In order to investigate these features the structure of eugenol-derived films was investigated
with FTIR for attacks in Tryptone Soy Broth (TSB) solution, and by exposure to atmospheric air
and a high thermal UV-lamp. The spectra of TSB before and after immersion of the films for 45
min are shown in Figure 13(a). They have a close similarity which indicates good stability of the
films on the surface of the substrate without any degradation. The spectra of the film after 120
days in ambient air are shown in Fig. 13(b). Again, there is no change in the obtained spectra,
which shows that the obtained films are not affected by exposure to the ambient air for this
period. For UV analysis, the films were exposed to a high thermal UV-lump (at 65 °C) at a

nearby 3 cm distance for 1 h, which is a typical procedure for material sterilization. The resulting
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spectra are shown in Fig. 14(b) indicating that the films are unaffected by the high energy
radiation. On the other hand, the IR spectra of direct coating of eugenol monomers degraded
within 20 min when exposed to the same UV-lamp (Fig. 14(a)). Therefore, these tests showed
that the eugenol-derived film produced in the DBD plasma is thermally stable with adhesion on a

stainless steel substrate, maintaining its properties for a long period in a regular atmosphere.
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4. Conclusions

In the present study, we deposited and characterized the eugenol-derived film, diagnosed the
dielectric barrier discharge, and estimated the electron temperature of argon plasma in the
presence and the absence of monomer eugenol, assuming local thermodynamic equilibrium. The
electron temperature of the ArEu discharge was around 1.5 eV for gas flow rate 1 L/min and
14.4 kV peak-to-peak voltage. The filamentary discharge of the device was successfully used to
polymerize PolyEugenol thin film on a stainless steel substrate under different discharge
conditions. The obtained thin film had 2,400 nm maximum thickness and 800 nm roughness with
a molecular structure similar to the monomer. They are also thermally stable, undegraded, and
unaged when exposed to a high thermal UV-lamp, TSB solution, and atmospheric air for long
periods of time. These results encourage the use of polyEugenol thin film coatings, for instance,

for suppression of biofilm formation and corrosion protection of biomaterials.
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Article 4
Thin Solid Film, Under Review
8 Atmospheric Pressure Plasma Deposition of Eugenol-Derived Film on Metallic
Biomaterial for Suppression of Escherichia Coli and Staphylococcus Aureus Bacterial
Biofilm
Tsegaye G. Getnet*®, Milton E. Kayama®, Nilson C. Cruz®", Elidiane C. Rangel?, lolanda C. S.
Duarte’, Gabriela F da Silva’.
4Technological Plasmas Laboratory, Sdo Paulo State University at Sorocaba, 18087-180, SP,
Brazil,
bDepartment of Chemistry, college of science, Bahir Dar University 79, Bahir Dar, Ethiopia,
‘Laboratory of Plasma and Applications, Sdo Paulo State University at Guaratingueta 12516-410,
SP, Brazil, %Laboratory of Environmental Microbiology, Federal University of Sdo Carlos at
Sorocaba 18052-780, SP, Brazil.
*Corresponding email: nilson.cruz@unesp.br.

Abstract: Eugenol (4-Allyl-2-methoxy phenol) is widely used as a condiment and
bactericidal coatings for food packing and biomaterials. We have investigated the deposition
and characterization of eugenol-derived films (EDF) on stainless steel (SS) surface deposited
using atmospheric pressure plasma discharge for suppression of Escherichia coli and
Staphylococcus aureus bacterial adhesion and proliferation. The thickness of the deposited films
was in the range of 1,000 to 2,500 nm with a roughness up to 800 nm. Infrared spectra showed
that the EDF preserves the hydroxyl and aromatic groups found in liquid eugenol, which is a key
feature for the antibacterial activity of the film. Scanning electron microscopy showed that the
entire surface of the substrate is covered by a spherical structure approximately 10 to 20 um in
diameter. Wettability analysis showed an increase in the hydrophilicity of the stainless steel
surface after the deposition. The biofilm suppression, against E. coli and S. aureus bacterial
growth, revealed that these surfaces inhibited the adhesion and proliferation of these bacteria by
more than 78 and 65%, respectively, while in the untreated samples the growth was more than
90% for both microbes. Therefore the eugenol thin film deposited by this method was effective
for biofilm suppression with a potential application for biocompatible material coating
processes.

Keywords: dielectric barrier discharge, plasma polymer, eugenol, biofilm, contact angle.
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1. Introduction

The use of biomaterial has increased significantly over the past decades as a
consequence of many factors such as the increase in the number of aging population and life
expectancy, changing lifestyles, and the improvements in implant technology (KUMAR et
al., 2020; SUCI DHARMAYANTI et al., 2020; HOGAN et al., 2019). For instance, in the
United State 300,000 dental implants (GAVIRIA et al., 2014), and up to 1 million hip and
knee prosthesis (PRICE et al., 2018) were implanted in the last decade; in the United
Kingdom, in the same period, 90,000 urinary catheters (GAGE et al., 2017) were implanted;
and in the European Union 100,000 hip and knee prosthesis (VAZ et al., 2017) were
implanted per country annually. However, the problems related to biocompatibility, which
lead to uncontrolled biological responses such as immune system activation, protein
adsorption, inflammatory reactions, and cellular adhesion, are still not fully resolved
(VELNAR et al., 2016).

At the same time, the infections caused by bacterial colonization on medical devices
and their biofilm formation represent another barrier for the permanent use of implants
(HENRIKSEN et al., 2019; NEUBEISER et al., 2020; CAKMAK et al., 2019). For example,
in the United States, hospital-acquired infections alone cause between 60,000 to 100,000
deaths per annum, amounting to an annual economic burden of $17 to $30 billion (GOMEZ
et al., 2018). It is estimated that as many as 80% of these infections arise from bacterial
biofilms (EDMISTON et al., 2015).

The biofilm formed on tooth surfaces, called dental plaque, is responsible for the
majority of dental implant failure and diseases, such as periodontitis and cavities
(CORDEIRO et al., 2018; MOSADDAD et al., 2019). Furthermore, once biofilm is
established, it is difficult to eradicate as microbes become resistant to antibiotics (TAN et al.,
2018; WOLFMEIER et al., 2018). The only solution to extirpate the colonization of biofilm-
forming bacteria is to surgically remove the infected implant, which in turn causes high
economic costs and extra risks of morbidity and mortality to the patients.

To overcome such problems, it is of paramount importance to modify the surface
properties of the implant, such as roughness and wettability, since the initial attachment of
microbes is highly determined by the features of this surface. There is an ongoing debate

regarding the preferential attachment of bacteria to rougher surfaces. For example, Cordeiro
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et al., (CORDEIRO et al., 2018) observed a reduction in colony-forming-unit (CFU) counts
of bacteria adhering to rough implant surfaces (roughness around 1.26 pm), for a 90 min
bacterial biofilm formation period. However, another investigator observed higher numbers
of bacteria adhering to the implant surface with similar roughness, for 5 to 7 days of the
biofilm formation period (ALMAGUER-FLORES et al., 2012). Such contradictory findings
might be due to the fact that high roughness is a minor factor in the initial adhesion phase of
biofilm formation though it can influence the mature biofilm (CORDEIRO et al., 2018).
Alternatively, the adsorption of proteins may have been favored by the presence of pores on a
rough surface that provides a large number of anchorage sites. It is known that this increase
in protein adsorption on the implant is important to mediate the interaction of osteoblastic
cells with the implanted material, accelerating osseointegratio (SHIBATA; TANIMOTO,
2015; XIE et al., 2017). In addition, as cited by Selvakumar et al., (SELVAKUMAR,;
BARSHILIA; RAJAM, 2010), surface roughness amplifies the wettability of the surface. It
has been previously reported that increasing the roughness of the surface can lead to the rise
in the hydrophilicity and bonding capacity of polymeric films (HONARVAR et al., 2017).

Biofunctional surface coating, such as antibiotic-releasing and silver-coating, has
been developed to prevent bacterial infections on implants (KIM et al., 2016; AGARWAL et
al., 2012; EBY; LUCKARIFT; JOHNSON, 2009). However, these methods are characterized
by natural drawbacks of the solution-coating process such as complex and tedious
procedures, lack of controllability, and leakage problems (RUHE; LOW; HAYES, 2013;
CHAN et al., 2016). In this regard, the use of plant-derived compounds as natural
antimicrobials has received close attention from researchers to overcome such limitations
(BAZAKA et al., 2015a; CASTRO et al., 2016). These natural agents have a rich source of
biologically-active compounds and distinctive mechanisms to eradicate antibiotic-resistant
bacteria, unlike that of the current method using synthetic antibiotics. Also, such plant-
derived antibiotics are renewable, inexpensive, and environmentally friendly
(HYLDGAARD; MYGIND; MEYER, 2012). However, until recently, essential oils were
rarely used to produce biological-active coatings because of their complex and versatile
structure (BAZAKA et al., 2017).

Given this situation, the concept of plasma-assisted chemical vapor deposition gained

considerable interest for the conversion of bio-renewable resources into diversified structures
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varying from simple polymers to advanced carbon nanostructures and also modifying the
surface properties of biomaterials while preserving their bulk characteristics (AL-JUMAILI
et al., 2017b; SANTOS et al., 2016a). Still, the process takes place in a dry and solvent-free
environment, without the production of significant toxic byproducts. Owing to this, it has
been used in many different applications, such as electrode insulation (PETER et al., 2018;
WANG et al., 2017; REICHEL et al., 2018), diffusion barriers (HOFFMANN et al., 2017),
corrosion protection (SANTOS et al., 2017b; RANGEL et al., 2019; RANGEL; CRUZ;
RANGEL, 2020), sensor devices coating (ALEMAN et al., 2018) and antimicrobial coating
(GAO; HANG; CHU, 2017).

Several studies (QIAN et al., 2020; CAZELLI et al., 2017; RIBES et al., 2019;
OLEA et al., 2019), have demonstrated the biocidal activity of eugenol, a natural oil
extracted from cloves, against free-standing human pathogens microorganisms. In addition,
the U.S. Food and Drug Administration approved the use of clove oil as a flavoring
substance in the food industry, as a fragrance in the cosmetics industry, and in dentistry as a
natural analgesic and antiseptic (MOHAMMADI NEJAD; OZGUNES; BASARAN, 2017;
FUJISAWA et al., 2002). Therefore, it can be considered as a very promising material to be
used in the production of bactericidal coatings for implantable and packing materials. Several
experimental studies have been conducted addressing the fundamental mechanisms and
chemical phenomena of atmospheric DBD plasmas (SATO et al., 2015; PEETERS; YANG;
VAN DE SANDEN, 2015; SEWRAJ et al., 2011). However, we believe no studies have
been conducted on the deposition of films from clove essential oil, particularly for biofilm
suppression, either independently or in combination with another monomer, in both low- and
atmospheric-pressure plasma discharges. In this context, the present study has focused on the
development of eugenol-derived film (EDF) coating on stainless steel (SS) substrate through
an atmospheric plasma discharge, aiming to inhibit bacterial adhesion and proliferation
tendencies of the E. coli and S. aureus bacterial strains. These microorganisms were chosen
because they are widely-spread foodborne pathogens. Also, these pathogens are well-known
sources of infections in hospitals and implantable devices (KHATOON et al., 2018;
KUMAR et al., 2017).
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2. Materials and Methods
2.1.  Sample Preparation

Before depositions, 10 mm x 10 mm SS coupons were cut using a metal cutter from a sheet
of 1 mm thick SS plate. Subsequently, they were mirror-polished by different grades of
waterproof sandpapers in the granulation sequence 600, 1000, and 1200 (HUACHO et al., 2017),
and then cleaned in ultrasonic baths using detergent, distilled water, and isopropyl alcohol.
Finally, the coupons were dried with a hot air blower and stored in Petri dishes until use.

2.2.  Plasma Polymerization of eugenol

The system of the dielectric barrier discharge plasma reactor used for the deposition
of EDF is fully described elsewhere (GETNET et al., 2020a; GETNET et al., 2020b;
GETNET et al., 2020c; KAYAMA et al., 2017) and shown schematically in Fig.1. It consists
of a cylindrical brass upper and an aluminum disk lower electrode separated by a polyester
sheet with a 15 kV@60 Hz transformer with its primary voltage controlled by a Variac. The
electrodes were assembled axially held by circular polyacetal flanges with a 3 mm discharge
gap. Operating in the vertical position, a 20 kV peak-to-peak voltage was applied to the
upper brass electrode.

Eugenol (4-(H.C=CHCH.) CgH3-2-(OCHs) OH of at least 98% purity (Sigma-
Aldrich), was dragged in an atomizer by argon (99.9% purity), at a flow of 5 L/min and 25
°C. A 1000x voltage divider mounted with film resistors was used to measure the applied
voltage va and its signal was recorded by a Tektronix TDS1001C (30 MHz, 500 MS/s)
oscilloscope. This device was also used to record the voltage drop on a resistor and a 10 nF
capacitor, vc. Both elements were connected alternatively in series with the lower electrode
and the ground. Ultimately we estimate the mean power of the discharge using the capacitor

accordingly to equation 1:
2
P= - J‘ v,dg Uy B U (1)
T o

where gq=Cvc is the instantaneous charge, T the period, and Q the charge in one
period. The calculation provided an averaged 12 signals in the oscilloscope and at least 1400

periods was about 0.54 + 0.04 W, this power was used for film deposition.
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The thin film deposition time was in the range of 10 to 45 minutes. Film chemical
structure and aging were characterized using Fourier transform infrared spectroscopy (Jasco
FT/IR-410). Scanning electron microscopy was used to characterize the surface morphology
of the deposited film and their chemical composition was performed by X-ray energy
dispersive spectroscopy (EDS), coupled to the SEM microscope, using a Dry SD Hyper EX-
94410T1L11 detector. Also, a Veeco D150 profilometer was used to measure the film
thickness and roughness. To evaluate its thickness, the films were deposited on partially
masked Kapton tape SS coupons. Finally, wettability was determined by measuring the static
contact angle of water and diiodomethane in a goniometer Ramé-Hart 100-00.
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Figure 7. Schematic representation of the experimental setup used for film deposition.

2.3.

Biofilm Assay

To perform biofilm assay two model bacteria were used, the Escherichia coli
ATCC®11229 and the Staphylococcus aureus ATCC®6538 strains. We adopted the
procedure described elsewhere in (GETNET et al., 2020a), but with a slight modification. In
brief, the stock strain of each microbe was spread on Tryptic Soy Agar (TSA) medium and
incubated for 48 h at 37 °C. Three replicated EDF coated coupons were introduced separately
in sterilized test tubes having 5 mL of Tryptone Soy Broth (TSB) medium and a 3.6-5.0 x108
colonies-forming unit (CFU)/mL of inoculum concentration. After that, the tubes were
incubated in a static oven at 36.5 °C for 3 h, withdrawn and rinsed two times with 3 mL of

saline solution (0.85%), transferred to new sterile test tubes having a new 5 mL of TSB
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medium, and incubated again in a static oven at 37 °C for 24 h. After this biofilm formation
phase, the substrates were transferred to a new test tube having 10 mL of saline solution and
then sonicated for 30 min to release the biofilms. From such tubes, 100 pL aliquots diluted
up to 10 by saline solution were seeded in TSA medium in sterile Petri dishes and incubated
at 37°C for 48 h for plate counting of viability. Untreated and eugenol coated SS coupons
were used as a positive and negative control, respectively. Finally, its viability was presented
as the log of CFU/cm?, by using equation 2:
CFU / cm? = number of colonies x dilution factor x substrate area  (2)
According to the literature, scanning electron microscopy has been the preferred
method for visualizing biofilms since it provides information about the spatial structure and
detects the presence of extracellular polymeric substances (EPS) (HUNG et al., 2013;
RODRIGUES et al., 2013). Therefore, the attachment and biofilm formation of those
bacteria were visualized by SEM images. To create contrast imaging of the adherent cells
and their biofilm growth extent to the sample surface, both uncoated and EDF coated SS
coupons, separately, were fixed for 3 h in Karnovsky solution (2.5% glutaraldehyde, 2%
formaldehyde, 0.1 M sodium phosphate buffer; pH 7.2). Then, the Karnovsky's solution was
dehydrated by washing with a phosphate buffer for 5 min and soaked with ethanol (60%,
70%, and 80%) solution for 5 min and 100% for 10 min, then aseptically air-dried. Before
the SEM image examination, the samples were coated with a thin gold-palladium film for 60
seconds (GETNET et al., 2020a).

3. Result and Discussion

Morphology

Figure 2 shows the scanning electron micrograph image of the EDF coated SS substrate

under different deposition conditions. The view of the surface area around 2.5x2.5 mm at the

center of the deposition is shown in Fig. 2(a). It shows a smooth clearance at the central region

surrounded by several spherical protuberances with a diameter of around 10 to 20 um. This

feature is a consequence of the geometry of the upper electrode of the discharge that has a central

channel from where the gas is injected in the discharge zone. Right below the nozzle of this

channel, we have the clearance with an apparent smooth surface. Around this region is the
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location where the filaments have concentrated which end up producing the protuberances in the
deposition.

A closer view of the surface of these two regions with magnification around x900 is given in
figure 2(c) and 2(d). Fig. 2(b) is a reference showing the polished surface. The scratches seen in
this figure are related to the thinnest granulation used in the polishing process. As can be seen in
Fig. 2(c), the plasma polymerization process takes place in the regular form at the nozzle region
producing a uniform deposition. In the discharge area, the usual random motion of the filaments
on the surface tends to concentrate in specific loci. Due to the high density and temperature of
the plasma in the filament, a more fragmented and ionized species will be concentrated to its
close neighbor leading to nucleation of species during the deposition and the formation of
clusters as shown in Fig. 2(d). The EDS analysis valley region where the filament is located
shows no traces of the substrate material (Table 1, at point 3), suggesting that in this region we
have either a thin filament moves around it or a wide filament with a non-uniform area in
interaction with the surface, both through a dielectric layer. The analysis also shows a dominant
presence of carbon and oxygen in the valleys and that all these features are insensitive to the
deposition time from 10 min up to 45 min (Fig. 3). On the other hand, the clusters result from
monomer polymerization derived from reactive species surrounding the filaments. Also, very
similar morphological features of the EDF is observed for the film grown under different
discharge conditions (Fig. 2(e) and 2(d)).

SEIl 3kV WD10m®&S30
LaPTec

84



Sl @ ey = A
SEl 3kV. WD10m®&S30 x950 SEl 3kV  WD10m&S30
0 LaPTec

SEl 3kV WD10m&S30 SEI 3kV WD10m#®&S30
LaPTec

\

SEl 3kV WD10m®&S30 x30 SEl 3kV. WD10m®&S30 x30
LaPTec 0

Figure 2. Scanning electron microscopy (SEM) micrographs of (b) uncoated SS coupons and
coated with EDF deposited for 45 min at 0.54 W of (a) 30x and (c, d) 900x magnifications at a
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different point, and EDF deposited for 45 min at (e) 0.81 W and (f) 1.02 W, at a different

resolution.

Table 1 shows the atomic proportions of carbon, oxygen, iron, and chromium in SS
substrate as received and coated with EDF, obtained from the EDS spectra at an accelerating
voltage of 5 and 10 kV, under different locations on the film-coated area. As one can note in this
table, the pure SS shows 76.8% iron, 18.0% chromium, and 5.2% carbons. The film-coated SS
under different discharge conditions also shows carbon and oxygen in a high proportion and iron
to the smallest extent up to ~8.3% in the region of the holes and up to 1.3% concentrations from
near the holes locations of the films, when the microscope operated at 10 kV. Such presence of
iron in the film is caused by the penetration of the beam deeper than the film thickness,
particularly at holes located in the film. It was confirmed that, when we operated the microscope
at 5 kV, there was the absence of iron even at the location of the holes of the film, as shown in
table 1 point 3. The remaining chromium is no longer visible in the film, except for the pure SS
substrate. In general, the obtained EDS data confirmed that the whole area of the substrate was

covered by the film.
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Figure 3. Elemental mapping images of iron, carbon, and oxygen of eugenol-derived film,
deposited at 45 min, 5 L/min, and 0.54 W, performed by EDS at different points.
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Table 1. Elemental concentration (%) of uncoated SS and coated with eugenol-derived film for
45 min deposition time and 5 L/min flow rate, at a different location in the film-coated area of

the substrate.

Plasma Discharge Element Elemental concentration (%)
power, at Point 1 Point 2 Point 3
Iron 76.8 - -
Untreated SS Chromium 18.0 - -
Carbon 5.2 - -
1.02W Iron 3.5 ND ND
Carbon 82.6 81.9 84.9
Oxygen 13.9 18.1 14.9
0.81W Iron 2.8 ND ND
Carbon 81.6 81.0 84.6
Oxygen 15.6 19.0 15.1
0.54 W Iron 5.9 1.3 -
Carbon 79.7 80.0 -
Oxygen 14.5 18.7 -
0.32W Iron 8.3 0.2 ND
Carbon 75.6 83.4 84.7
Oxygen 16.2 15.9 15.2

*Point 1 is at hole location, point 2 is at far from away holes location of the film (EDS at 10
kV beam energy), and point 3 is in the hole location of the film (EDS at 5 kV beam energy), ND

is not detected.

3.2.  Thickness and Roughness

Figure 4(a) shows the eugenol-derived film thickness h and the deposition rate defined by
h/t as a function of deposition time t. As can be seen in this figure, with deposition time varying
from 10 to 45 min the film thickness grows from 1,000 to 2,500 nm. The thickness is about the
same value obtained previously with carvacrol-derived film in this same reactor (GETNET et al.,
2020a) and those reported using low-pressure RF discharge using terpinen-4-ol, linalyl acetate,
and 1, 8-cineole (BAZAKA; JACOB, 2009; EASTON; JACOB; SHANKS, 2009). However, due
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to the high concentration of active species in atmospheric discharges, the thickness of the film
produced in this condition for the same deposition time is almost twice compared to the
deposition in low pressure.

However, the deposition rate h/t decreases with the deposition time, in the opposite trend
to the usual plasma deposition processes at low-pressure discharge. This behavior occurred due
to the interaction of plasma species with surrounding ambient gas. Since the discharge is exposed
atmospheric gas, it produces high concentrations of atomic oxygen and other reactive elements,
such as OH and Os that can chemically etch the volatile and/or smaller molecules from the film
material, like formaldehyde, CO, H20, CO2, and so on (GETNET et al., 2020a). Besides, the
continuous bombardment of energetic electrons and ions for long periods has had a significant
effect on physical etching and competitive polymerization, which in turn changes the deposition
rate (SANTOS et al., 2017b; EASTON; JACOB; SHANKS, 2009; PANKAJ et al., 2017). These
conclusions are supported by the results of SEM images (Fig. 2(d)), which show that holes were
created in the deposited film. Furthermore, an increase in the deposition time raises the substrate
temperature, since the substrate is placed in the gap of the electrodes amidst the discharge during
the deposition. As a consequence, the deposition rate decreases. It was observed by many
investigators (MORENT et al., 2009; SANTOS et al., 2016a; GURSOY; KARAMAN, 2015)
that the polymer deposition rate decreases with increasing substrate temperature. The obtained
result showed a similar trend with the previously reported carvacrol-derived (GETNET et al.,
2020a), and hexamethyldisiloxane (MORENT et al., 2009) film deposition rate, which was
deposited using an atmospheric pressure dielectric barrier discharge plasma.

Figure 4(b) shows the average roughness of the surface, Ra, of the uncoated and the
coated SS substrate as a function of t, where t = 0 corresponds to the initial condition with the
substrate exposed to the monomer with the plasma off. As the deposition takes place, the surface
becomes rougher than the original, with Ra increasing with the deposition time. This is due to the
creation of irregularities on the surface by the discharge filaments as can be seen in the SEM
images in Fig. 2(b), which shows an increase of the cluster and grain size leading to the augment
in the thickness of the film (Fig. 3(a)). Since the roughness is an important parameter for bacteria

attachment, the kind of film produced is very suitable for biological applications.
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Figure 4. (a) Thickness and deposition rate, and (b) roughness of EDF as a function of deposition
time. The value at t = 0 corresponds to the roughness of the substrate exposed to the monomer

with the plasma off.

3.3.  Chemical structural analysis

The chemical structure of the films was analyzed by FTIR measurements and the result is
shown in Fig. 5(a). On the spectrum of liquid eugenol we have: A broad band centered at 3519
cm? attributed to O-H stretch, and a strong absorption at 1234 and 1030 cm™ allocated to the
presence C-O bond stretching of methoxy and phenol groups, respectively; weak peaks in the
range of 649-555 cm™ ascribed to the C-O in-plane bending of OCHs and the peak at 1209 cm™*
to the O-H in-plane deformation of phenol; a peak at 1450 cm™ accredited to the asymmetric
bending vibration of C-H and a peak at 1363 cm™ to the symmetric bending vibration of C-H in
the methoxy group; the absorption bands in the region 2973-2940 cm? attributed to the
asymmetric stretching vibration of C-H in the OCHz group and its symmetric vibration at 2841
cm; in the same wavelength region, a peak at 2903 cm™ indicates the C-H vibrational stretching
of the CH, =C-H (vinyl) group and its out-of-plane bending vibration peaks appear at 995 and
916 cm; in addition to this, two weak bands at 3060 cm™ and 3004 cm™* are attributed to the C-
H stretching vibrational of the aryl and vinyl alkene group.

The spectra of the films deposited at 0.54 W with 30 min deposition time show the
preservation of the monomer eugenol functional group. The absorption intensity varies according
to the thickness of the film, in addition to shifting the band of -OH towards a lower wavenumber

plus the suppression of vinyl, and the appearance of ketone functional groups. It is interesting to
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mention such differentiation as follows: the shifting of -OH band from 3519 cm™ to 3436 cm™ is
due to the formation of intramolecular H-bonding after the thin film formation; the
disappearance of the peaks at 2973 and 2903 cm™ associated with the vinyl group is due to their
participation for the polymerization reaction such as conventional polymerization; and the
appearance of a peak at 1719 cm™ associated with ketone is due to the post oxidation of the
trapped free radicals confined during the formation of the film and tautomerization as well
(MATIN; BHUIYAN, 2013; JACOB et al., 2014). Similar to this work, the appearance of ketone
was observed in our previously carvacrol-derived film that was deposited using DBD plasma
(GETNET et al., 2020a).

Figure 5(a) also shows the effect of the deposition time on the chemical structure of the
film, keeping the same condition of the discharge, indicating the existence of common and
similar functional groups in the final products. The only variation is on peak intensity with the
deposition time, i.e., for thin film, the intensities are low and rise proportionally with the
deposition time. In contrast, the intensity of the IR spectra of the film decreases monotonically as
we increase the gas flow rate from 1 to 3 L/min, with no changes in its functional group (Fig.
5(b)). This fact can be explained as follows: An increase in the flow rate decreases the residence
time of the monomer in the effective volume of the reactor which in turn decreases the
deposition rate (IQBAL et al., 2019).

In general, the FTIR spectrum of all obtained films showed the preservation of hydroxyl
and aromatic functional groups. This showed that the active moieties of eugenol, which is the
key feature for antimicrobial activity of the monomer, were not damaged upon polymerization.
Furthermore, it is worth to note the importance of the preservation of such functional groups
upon deposition for the suppression of biofilm growth. Such a hydroxyl group enables the
penetration of the lipopolysaccharide of the gram-negative bacteria through the cell membrane,
changing the cell structure, and subsequently the leakage of intracellular constituents
(NAZZARO et al., 2013). Previous studies have also suggested that the hydroxyl group of
eugenol is the cause of the disruption of the cytoplasmic membrane of the bacterium, which
increases its nonspecific permeability and affects the transport of ions and Adenosine
triphosphate (ATP) (DEVI et al., 2010; DEVI et al., 2013). The presence of the aromatic group
in the film is also used to enhance the delocalized electrons system of phenolic groups during
proton releasing (BEN ARFA et al., 2006).
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Figure 5. The FTIR spectra of the liquid eugenol and eugenol-derived films deposited at 0.54 W
with (a) different deposition time at 5 L/min flow gas rate, and (b) gas flow rate for 10 min

deposition time.

3.4. Contact angle and surface energy
The water contact angle (WCA) and the surface energy of the EDF were measured as
a function of deposition times and the result is shown in Fig. 6(a). As can be seen in this
figure, the WCA of the untreated SS is about 90° and decreases continuously to 48° for EDF
deposition up to 30 min. After that, there is a rise in the contact angle to about 61° at 45 min.

This continuous increase in the film hydrophilicity during the first 30 min of the deposition
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time is due to the enhancement of oxygen-containing groups on the surface of the substrate,
which leads to the rise of the surface polarity, and consequently, to the increase of surface
energy in the deposited films (EASTON; JACOB, 2010; HONARVAR et al., 2017;
CAKMAK et al., 2019). That is in agreement with the increase in the intensity of the
absorptions hydroxyl group up to 30 min deposition time as described in the previous
section. The rise of the angle above this deposition time indicates a reduction of hydroxyl
content and an increase in hydrophobic -CHy content in the film matrix (AL-JUMAILI et al.,
2017b), which indicates the production of a material that is less polar. In a similar fashion to
this film, an increase in the degree of water contact angle of polyallylamine film at higher
deposition time, deposited through a DBD plasma reactor, was reported previously (AZI1Z et
al., 2017). Additionally, aging in air analysis has shown that the obtained films are stable to
the adhesion up to 35 days, maintaining their hydrophilic property as well (Fig. 5(b)).

The surface energy was calculated using Young’s equation given by yLV(cose) =
ySV-ySL where y represents the surface energy between the solid-vapor (SV), solid-liquid
(SL) and liquid-vapor (LV) interfaces. The values of ySV and ySL were determined by
measurements of the static contact angle with deionized water and diiodomethane (OWENS,;
WENDT, 1969). The method is ensured by EDS mapping (Fig. 3) which shows a surface
chemically homogeneous and smooth (< 1 micrometer). The surface energy of the film-
coated substrates is greater than that of the untreated surface and increased with deposition
time up to 30 min (Fig. 5(a)). The loss of hydrophobic properties upon eugenol plasma
treatment makes the films less susceptible to biofouling surface once lower bacterial
adhesion is observed in surfaces with high surface energy (HURWITZ; GUILLEN; HOEK,
2010). Additionally, surfaces with such properties are more resistant against protein
adsorption and cell adhesion, resulting in higher biocompatibility. Such hydrophilic surfaces,
obtained in this work by only changing the deposition time, are suitable for many biological
applications (BHATTACHARYYA et al., 2010; ARIMA; IWATA, 2007).

92



oL = —m—Contact angle (@) -

—m—surface energy —_—
L]

E - 45
70 -

1N

[$2)

(5]
~
o

1
o
o
(o2}
(52
T

80 |

(2]
o
T

= 0days
e 22 days
A 35days

a1
ol
T

Surface energy (Dyn/cm)
&
T

Water contact angle (°)
Water contact angle (°)
3
T

iy
o
T

40 L 35 1 1 1 1 1 1
0 10 20 30 40 50 20 25 30 35 40 45

Depostion time (min) Deposition Times (min)

Figure 6. The wettability and surface energy of EDF (a) as a function of times, and (b) Water
contact angles measured after 7 and 35 aging days under ambient conditions. The error bars

result from measurements performed on three series of samples.

3.5.  Biofilm assay

Figure 7 shows the SEM images of S. aureus and E. coli colonies after 24 h of incubation
in the culture medium, on the pristine substrate (uncoated SS), and on coated SS with eugenol
films. The population of colony-forming units (CFUs) of both microorganisms attached to the
pristine substrate is higher than those observed in the culture medium. It should also be noted
that the formation of interconnected cells in EPS indicates the early stages of biofilm formation
(Figs. 7(b) and 7(e)). On the other hand, the EDF coated substrate showed significant
suppression of the adhesion and proliferation of E. coli, and a reduction to a few CFU
populations of S. aureus bacterial growth (Figs. 7(c) and 7(f)). This fact shows an intimate link
among the biological activity of the surface chemistry, the topography, and a likely combination
of these properties in polymeric films to prevent bacterial fouling (AL-JUMAILI et al., 2017b).
That is in agreement with a high concentration of oxygen-containing groups observed by EDS
characterization of the film surfaces (Table 1). Previously, it has been reported that S. aureus
cells preferentially attach to the surfaces bearing carboxylic and methyl functional groups than
those containing —OH functionality (TEGOULIA; COOPER, 2002).

In addition to a significant reduction of an initial bacterial attachment, the SEM image
shows a notable difference in the cell morphology, with smaller cells being present on each film-

coated surface than to that of cells attached to the uncoated one and even to that of the initial
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inoculum as well. This change in the morphology is largely ascribed due to the preservation of
hydroxyl groups in the film structure as described above in section 3.3. The suppression of EDF
against S. aureus bacterias is higher than those reported for polyterpenol and polygeranium thin
films polymerized from terpinen-4-ol and geranium oil by low-pressure RF plasma (BAZAKA et
al., 2011b).

S. aures

Culture media Pristine substrate

i

Eugenol plasma coated

E. coli
Pristine substrate

Figure 8. Scanning electron micrographs of colony-forming units (CFUS) in the culture media,
on pristine (untreated SS), and coated SS with Eugenol-derived film for (a,b,c,) S. aureus and
(d,e,f) E. coli. The arrows indicate the bacterial colonies.

The effects of the EDF coatings on bacterial adhesion and proliferation were further evaluated
with the help of plate counting methods. Figure 8 shows the results of the quantifications of
viability and proliferation of microorganisms on uncoated SS and coated with eugenol liquid and
by polymerization after 45 min in the discharge. In this figure, the dotted line indicates the
bacteria concentration in the initial inoculum. The pristine substrate shows the viability for both
bacteria growth is more than 90%, whereas all eugenol-containing samples exhibited viability of
E. coli growth by about 22% and for S. aureus, around 35%, which is consistent with the SEM
images. The obtained result is in qualitative agreement for the previously reported carvacrol-
derived film using the DBD reactor (GETNET et al., 2020a) and also through direct contact of
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the bacteria with the plasma filament and indirect atmospheric cold plasma treatment of E. coli
(ZIUZINA et al., 2015), where the reduction was about 78% of this biofilm growth.

Therefore the coated surface with the EDF improves the biofilm suppression in comparison
to the uncoated SS surface. Indeed, this result is similar to that obtained with the monomer
directly applied to the substrate. However, in this case, which is typically used for material
sterilization, the monomer degrades after 20 min under UV-irradiation as we conclude in the
previous article 3 (Fig.14 (a)). On the other hand, the plasma deposited eugenol-derived films
exposed to this radiation for up to one hour does not promote any change in the properties of the
film. Also, the antibacterial activity EDF lasts up to 120 days, the maximum investigated period
of time (GETNET et al., 2020b).

©
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Bacteria
Figure 9. The concentration of S. aureus and E. coli on (a) stainless-steel coupons as-received,
(b) immersed for 45 min in liquid eugenol, and (c) coated with EDF for 45 min deposition time.

The dotted line indicates the concentration of bacteria in the initial inoculum.

4. Conclusions

The deposition of the eugenol-derived thin film on SS substrates was successfully achieved
by atmospheric pressure dielectric barrier discharge plasma. The mean functional groups of the
monomer, such as hydroxyl and aromatic, were largely preserved after polymerization. The
obtained thin film had 2,500 nm maximum thickness and 800 nm roughness and did not suffer
any chemical change and degradation when exposed either to UV irradiation for 1 h or to the
ambient atmosphere for prolonged periods. The coatings also reduce the density of CFUs by

more than 78 and 65% of E. coli and S. aureus biofilms respectively, in comparison with the
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number of bacteria detected on the pristine substrate. The results of bactericidal activity,
associated with the fact that eugenol is a natural agent, make the films of this compound a good
alternative for coatings to avoid the formation of biofilms on biomaterials.
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Abstract: Owing to their excellent mechanical properties, metallic biomaterials are the
most used materials as orthopedic and dental implants. However, attention must be paid when
choosing the materials to be used in the implant medical device to assure the best performance
of the device when in a biological environment. In addition to good biocompatibility and
chemical stability, in several situations, the ideal material must also be able to inhibit implant
bacterial colonization. In this context, the modification of biomaterial surfaces with natural
antimicrobial compounds have the potential to address these common implant-related
inconveniences. Align with this, we have investigated a biofunctional coating of carvacrol- and
eugenol-derived film on stainless steel (SS) surfaces using atmospheric pressure plasma
discharge to improve their electrochemical behavior and biological properties. Atomic force
microscopy results showed that both CDF (carvacrol-derived film) and EDF (eugenol-derived
film) coatings disappeared all the irregularities of the pristine substrate and acquired a uniform
surface, free of defects and scratches. Infrared spectra results showed the deposited films largely
maintaining the mimicking group of the monomer, such as hydroxyl and aromatic, which is a key
feature of the film for the antibacterial and electrochemical activity. CDF exhibited a reduction
in biofilm growth rate up to 44% for P. aeruginosa and 60% for C. albicans. Similarly, EDF film
exhibited up to 36% suppression for P. aeruginosa and 52% for C. albicans. These film coatings

also decrease the corrosion current density and corrosion rate up to 35% in comparison with
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uncoated SS in 3.5% (w/v) NaCl. In general, surface treatment with the present methods is a
promising alternative for the SS substrate since it improved the electrochemical behavior and
suppression tendencies against these microbial biofilms.
Keywords: Biofilm; Carvacrol; corrosion; Eugenol; plasma.
1. Introduction

In recent years, metallic biomaterials, such as titanium and its alloy (KULKARNI et al.,
2014; KHORASANI et al., 2015; ZHANG; CHEN, 2019), cobalt-chromium alloy (AHERWAR;
SINGH; PATNAIK, 2016; HASSIM et al., 2019; SINGH; SINGH; SIDHU, 2019), nickel-
chromium alloy (FIROUZI-NERBIN; NASIRPOURI; MOSLEHIFARD, 2020;
MOSLEHIFARD et al., 2019), and stainless steel (SS) (HASSAN; ABDEL GHANY, 2017
LONGHI et al., 2019), have been used as orthopedic and dental implants, and surgical
instruments, because of their excellent biocompatibility, low elastic modulus, high yield strength,
and corrosion resistance (LIU et al., 2016; ZHOU et al., 2005). Despite of the adequate
biocompatibility and the risk of bacterial and fungal colonization, the biofilm formation on those
biomaterials has posed a major challenge from both an economic and health perspective
(TRAUTNER; DAROUICHE, 2004; FRANCOLINI; DONELLI, 2010). For instance, 12% of
the urinary tract (DJORDJEVIC et al., 2013; SAMAD et al., 2019; TUMBARELLO et al., 2020;
FERREIRO et al., 2017), and 10% of bloodstream infections (THADEN et al., 2017), are caused
by P. aeruginosa biofilm formation on their surface. Similarly, a surveillance study of
nosocomial bloodstream infections revealed that more than 24,000 cases in 49 USA hospitals
over 7 years (1995-2002) and 2,563 patients in 16 Brazilian hospitals over 4 years (2007-2010),
were caused by Candida species (WISPLINGHOFF et al., 2004; MARRA et al., 2011). Besides,
once the bacteria is bound as a biofilm, it protects them from human immune defenses and the
action of antibiotics (HOLMBERG et al., 2009). Often the only remedy is to remove the
implanted device from the patient, which in turn causes high economic costs and extra risks of
morbidity and mortality to the patients. In addition to medical problems, biofilm formation on
ship hulls and heat exchangers, etc., causes equipment damage and an increase in energy
consumption as well (SONG, 2016). The adverse effects of biofilms also occurred in many
sectors of the industries, such as milk and food, in one or another way. It results in heavy costs
for many industries in cleaning and maintenance (TARIFA; LOZANO; BRUGNONI, 2018).
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At the same time, the high corrosion properties of some metallic biomaterials especially
in an aggressive environment, like chloride ion, promotes wear cracks and release of particles
and ions on surrounding tissues (SOUZA et al., 2020; ARCIOLA; CAMPOCCIA;
MONTANARO, 2018), which may cause the final failure of the implanted material (MANAM et
al., 2017). These released ions also trigger unfavorable biological responses, such as
inflammatory processes and progressive bone loss. For instance, the implantation of Mg and its
alloy in bone surgery (BORNAPOUR et al., 2013; LI et al., 2012), and titanium and its alloy in
the dental implant (CORDEIRO et al., 2018), are susceptible to degradation in a corrosive
environment. Because of these problems, the allowable amount of metallic biomaterials is much
smaller than that for the structural materials of bridges and buildings. To overcome such
drawbacks, the optimization of surface properties of metal-based biomaterials has been proposed
by numerous researchers (DURDU; USTA; BERKEM, 2016). Morphological, physical, and
chemical modifications are strategies indicated to achieve greater osseointegration, improved
bioactivity, and implant success (RAFIEERAD et al., 2015; ABDAL-HAY et al., 2014). Hence,
the development of protective and multifunctional bioactive surface coating has been designed in
recent years to slow down the production of metal-ion and hydrogen bubbles and to prevent
microbial colonization on the implanted material (ABDAL-HAY et al., 2014; FELFEL et al.,
2015; CATS-BARIL et al., 2013).

Despite the broad spectrum of organic compounds available as corrosion inhibitors, the
successful utilization of most corrosion inhibitors has been hindered by their toxic nature. In this
regard, the green corrosion inhibitors extracted from plants have attracted the attention of
numerous researchers since they are biodegradable, inexpensive, non-toxic, environmentally
acceptable, readily available, and renewable (RAGHAVENDRA; BHAT, 2018;
RAMEZANZADEH et al., 2019; OSTOVARI et al., 2009). It has been reported that the
successful use of many of those natural products, for instance, green tea and mango leaves
extracts (ALSABAGH et al., 2015; RAMEZANZADEH et al., 2019), effectively diminishes the
corrosion rate of carbon steel in HCI and H2SO4 corrosion medium, Hyoscyamus muticus extract
is effectively used for copper corrosion inhibitor in HNOs corrosion solution (FOUDA et al.,
2015) and leaf extracts of Chromolaena odorata are diminished aluminum corrosion in 2 M HCI
solution (OBOT; OBI-EGBEDI, 2010). In addition to protecting the implant surface against

corrosive and degradation processes, plant-derived bioactive compounds, like essential oils, are
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well known for antioxidant and antimicrobial activities. It has also been proven used in the field
of food safety and pharmacological industry (PRAMOD; ANSARI; ALI, 2010; MARCHESE et
al., 2017), and for biomaterials surface treatments (GETNET et al., 2020a; RAJARAMAN;
JAINU; DHAKSHINAMOORTHY, 2016).

Although essential oils, like clove and oregano, have been documented in their wide
spectrum of biological activity, including antimicrobial, antioxidant, antifungal, antiviral, anti-
inflammatory, and anesthetic properties (JANG et al., 2008). However, applying these natural
agents as a bioactive coating of biomaterials has major challenges owing to the poor water
solubility, stability, and high volatility. Many initiatives have been undertaken to overcome these
challenges and to expand their applications. Among those, the atmospheric pressure plasma thin
film deposition technique is one of the emerging and promising technology, which enables the
conversion of even highly volatile compounds to a solid thin film without losing their functional
groups that are responsible for antimicrobial activity. Additionally, it produces rough, porous,
and thick coatings (GETNET et al., 2020a) in large surface areas. Besides, the film production
process takes place in a dry and solvent-free environment, without significant production of toxic
byproducts. Moreover, to the best knowledge of the authors, it was not found studies on the
effects of implant surface treatment with both eugenol and carvacrol essential oils, either in
liquid or solid form, regarding corrosion protection, and biofilm formation, particularly against
Pseudomonas aeruginosa bacteria and Candida albicans fungus. To fill this gap, for the first
time, this study has been focused on a bio-functional coating of SS surface with eugenol- and
carvacrol-derived film using atmospheric pressure dielectric barrier discharge plasma, to
improve its surface characteristics, electrochemical behavior, and biological properties. We
choose stainless steel as a substrate due to its low cost in comparison to other metals, its

extensive use in many technological and biomedical applications, and consumer products.

2. Materials and method
2.1. Description of the experiment

The plasma reactor used in this study was built in the laboratory of plasma technology,
LabTec, Sorocaba, Brazil, and is fully described elsewhere (GETNET et al., 2020a; GETNET et
al., 2020b). It is shown schematically in Fig. 1.
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Before depositions, the substrate SS with 10 mm x 10 mm and 1 mm thickness were
polished and then cleaned in the sequence with ultrasonic baths using detergent, distilled water,
and isopropyl alcohol. Afterward, the dried sample was placed on the dielectric (polyester) over
the lower discharge electrode. The monomers, eugenol ((CH3)2CHC¢H3(CH3)OH) and carvacrol
((CH3)2CHCsH3(CH3)OH), at least 98% purity (Sigma-Aldrich), was dragged by argon (99.9%
purity) at 25 °C temperature and 5 L/min flow rate controlled vaporizer and injected in discharge
region through a central hole in the upper electrode of the system. A Tektronix TDS1001C (30
MHz, 500 MS/s) oscilloscope was used to measure the applied voltage va on a 1000x resistive
voltage divider and the voltage drop vc on a capacitor with 10 nF-capacitance. The signals were
recorded and used to calculate the discharge active power given by:

P= J‘ vy8g Vg v (1)
Tty

where q=Cvc is the instantaneous charge and T the period of the signal. According to such
calculations, the average power delivered during the depositions was 0.54 + 0.04 W.
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Figure 7. Schematic representation of the experimental setup.
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2.2. Film structure and topography analysis

The chemical structure of the films deposited at 45 min was characterized by infrared
reflectance-absorbance spectroscopy, using a Jasco FT/IR-410 spectrometer, through 128
scans with a resolution of 4 cm™. The surface topography was evaluated by atomic force
microscopy (AFM), using a Shimadzu SPM 9600, in non-contact operating mode with a
Zeiss stereomicroscope lens of 100X magnification systems. The 3D and 2D images were
acquired over an area of 10 um x 10 um with 512 scan points in each direction. The root
mean square (Rws) roughness of the film was also determined from different AFM images
using the standard deviation of the distribution of the heights found on the film surface given
by Equation (2).

I!T " P
Ry = |— Z h: — h)* 2
M (N |'=J.|:!| 1) (2)

\ i
where 7 is the mean height in the calculated region and N is the total number of points that
form the AFM image.

2.3. Electrochemical behavior analysis

Electrochemical methods such as open circuit potential, potentiodynamic polarization, and
electrochemical impedance spectroscopy (EIS) measurements were used in this investigation for
testing the corrosion resistance of the uncoated and coated SS with carvacrol- and eugenol-
derived films. All electrochemical tests were carried out using a computer-controlled
potentiostat/frequency response analyzer (Autolab PGSTAT128N). To perform these tests, an
electrochemical cell with three electrodes was used. The first electrode was SS (coated or
uncoated) surface as a working electrode with a 0.785 cm? exposed area, the second one an
Ag/AgCI/3M KCI (+210 mV vs SHE) as a reference electrode, and the third one, a platinum wire
as the counter electrode. The electrochemical cell was filled with 100 mL of 3.5 wt.%, 0.6 M of

NaCl corrosion solution, made from an analytical grade reagent of NaCl and deionized water.
Initially, the open circuit potential (Eoc) was monitored for 3 h to ensure a steady-state
condition. Afterward, EIS measurements were performed with respect to Eoc in a frequency
range of 100 kHz to 10 mHz at 25 °C temperature, with £10 mV amplitude AC perturbation signal,
and an acquisition rate of 10 points per decade. Right after the EIS measurements, the Tafel

curve was obtained from the potentiodynamic polarization analysis which was performed by
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scanning the electrode potential from -1.0 V to +1.5 V with respect to Eoc at a rate of 1 mV/s.
Autolab PGSTAT 128N with Nova 2.1 software was used for data acquisition. Finally, the EIS
data was analyzed by Zsimpwin software to determine a simulated circuit and respective

parameters.

2.4. Surface bioassay of the film

The gram-negative bacteria, Pseudomonas aeruginosa strain ATCC®9027, and fungus,
Candida albicans strain ATCC®10231, were used for biofilm assay. Tryptic Soy Agar (TSA)
and Sabouraud Dextrose Agar (SDA) medium were used as a basal medium for the initial growth
of the bacterial and fungus, respectively. Before biofilm formation, each stock microbe strain
was spread and incubated for 48 h in the appropriate medium at 37 °C for bacteria and 26 °C for
fungus. Subsequently, cells from this culture were also incubated in an appropriate fresh medium
for 48 h, to obtain 102 colony-forming-unit (CFU/ mL) concentrations (GETNET et al., 2020a;
GIAQURIS; NYCHAS, 2006; KOSTAKI et al, 2012). Such standardized inoculum
concentration was prepared by transferring 5 drops of each well-separated colonies from the
inoculated microbe, using an inoculating loop, to a separate flask containing 27 mL of sterilized
saline solution (0.85%).

For biofilm assay, as described fully elsewhere (GETNET et al., 2020a), three replicated
trials of uncoated and coated SS substrate produced on different deposition time were introduced
separately in serialized test tubes containing 5 ml of Tryptone Soy Broth (TSB) and standard
inoculum concentration of 6.0 x108 CFU/mL for P. aeruginosa and 0.6 x108 CFU/mL for C.
albicans. Each test tube was incubated, for the adhesion phase, in a static oven for 3 h at 37 °C
for bacteria and 26 °C for the fungus. After this phase, the substrate was withdrawn, washed two
times with 3 mL of saline solution, and transferred to new sterile test tubes having 5 mL of TSB
medium, followed by incubation in a static oven for 24 h at their respective temperature. This is
the biofilm formation phase. Afterward, the samples were withdrawn and again transferred to a
new sterilized test tube containing 10 mL of saline solution and exposed to ultrasonic action for
30 minutes to release the biofilms. A dilution of 10 up to 10 in saline was made for each tube.
A sample of 100 pL aliquots of each dilution was seeded in TSA medium for bacteria and SDA

medium for fungus in sterile Petri dishes and incubated for 48 h. A schematic drawing of this
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procedure is shown in Fig. 2. Finally, the bacteria viability was calculated by the following
Equation (3), expressed as the log of CFU/cm?:
CFU / cm? = number of colonies x dilution factor x substrate area 3)

SUBSTRATE
&7 INCUBATION —> RELEASE = DILUTION

TBS + TBS SALINE <>
INOCULUM (24 h) (ULTRASOUND) )
(3 h) v g

Figure 2. Experimental scheme of the biofilm assay of uncoated and coated SS substrate with
CDF and EDF.

For SEM visualization of the bacterial and fungal cells attached to the surfaces of the
sample and also their biofilm growth extent, uncoated and coated with CDF and EDF for 45 min
deposition times, was fixed for 3 hours in Karnovsky solution (2.5% glutaraldehyde, 2%
formaldehyde, 0.1 M sodium phosphate buffer; pH 7.2), followed by rinsing with phosphate
buffer for 5 min, dehydration in a series of ethanol soaking (60%, 70% and 80% solution for 5
min and 100% for 10 min), and aseptically air blower. After these treatments, the thin gold-
palladium coating on the samples was carried to SEM analysis, which was performed in a JEOL
JSM-6010LA at an acceleration voltage of 3 kV (GETNET et al., 2020a; SOUZA et al., 2019).

3. Results and discussions
3.1. Chemical structure

The FTIR spectra analysis was used in this study to identify the functional groups that are
present within the carvacrol-derived film (CDF) and eugenol-derived film (EDF). The spectra of
CDF and EDF deposited on a SS surface for 45 min deposition time and 5 L/min gas flow rate is
shown in Fig. 3. It shows a broad band centered at 3431 cm™, ascribed to O-H stretch, and strong
absorption in the region 1234-1270 and 1030-1067 cm* assigned to the presence of C-O and O-
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H bond stretching of methoxy and phenol groups, respectively. The weak peaks in the region of
649-555 cm™ are attributed to the C-O in-plane bending of methoxy and the peak at 1209 cm™ to
the O-H in-plane deformation of phenol. The asymmetric stretching vibration of C-H in the
methoxy and methyl group is also observed in the region of 2931-2963 cm™ and their symmetric
mode appears in the region of 2841-2874 cm™ (GETNET et al., 2020a; SINHA et al., 2014). The
asymmetric bending vibration of the C-H peak is observed in the region of 1433-1456 cm™ and
its symmetric corresponding mode is in 1363 -1367 cm™. Additionally, the strong absorption at
1177 cm™ was observed in the CDF, which indicates the carbon skeletal vibration of the C-
(CHs)2 group (JACOB et al., 2013). The strong and sharp peaks in the ranges 1505 - 1620 cm™
and 3057 -3017 cm™ are attributed to aromatic C=C and C-H stretching, respectively. Also, the
weak peaks between 848 and 746 cm™ are attributed to the C-H out-of-plane deformation of the
1, 2, and 4- tri-substituted benzenoid compounds. Finally, a peak at 1705 cm™ associated with
ketone has appeared in the film that was not seen in the spectrum of the monomer (GETNET et
al., 2020a). This might be due to the post-oxidation of the trapped free radicals confined during
the formation of the film and its tautomerization (JACOB et al., 2014).

In general, the FTIR spectrum of all obtained films showed the presence of hydroxyl,
methyl, and an aromatic group. It indicates that the functional groups of the monomers are
largely retained in the structure of the film, preserving the original antimicrobial activity of the
compounds (GETNET et al., 2020a; BURT, 2004; NAZZARO et al., 2013). It is interesting to
point out the maintenance of hydroxyl and aromatic groups for biofilm suppression activity using
this technique of atmospheric plasma deposition method. Such hydroxyl groups are involved in
the rupture of the bacterial and fungal cells. Previous studies have also suggested that the
hydroxyl group disrupts the cytoplasmic membrane of the bacterium, which increases its
nonspecific permeability and affects the transport of ions and Adenosine triphosphate (ATP)
(DEVI et al., 2010; DEVI et al., 2013). Additionally, the conjugation of OH groups with
aromatic rings can penetrate the cells, disrupt the cytoplasmic membrane, inhibiting the activity
of several enzymes and also, affect numerous mechanisms related to cell metabolism (EASTON;
JACOB, 2010; BEN ARFA et al., 2006).
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Figure 3 FTIR spectra of the film deposited for 45 min derived from carvacrol (CDF) and
eugenol (EDF) monomers.

3.2. Film Topography

It is important to note that there is a great debate regarding the extent of bacterial adhesion
on the nanometer-scale surface topography (ARAUJO et al., 2010). Although the rate of
bacterial adhesion and expansion is strongly associated with the surface topography and elevated
surface area (SOWA et al., 2015; ROSALES-LEAL et al., 2010; MARQUES et al., 2015). That
is why the current plasma deposited film surface topography was needed to characterize using
the AFM (noncontact mode due to the softness of the film). The 2D and 3D images of the
uncoated SS and coated with CDF and EDF are presented in Fig. 4 with its corresponding
arithmetic average (Ra) and root-mean-square (Rwms) roughness. The Ra value represents the
average height of the irregularities in the direction perpendicular to the sample surface, while the
Rwms value describes the vertical distance between the highest peak and the lowest valley along
the assessment length of the surface profile. On the uncoated substrate, it is found a few
scratches on the surface with Ra= 37 nm and Rws =48 nm as result of the polishing methods used
to prepare the samples (Fig. 4(a)). With the deposition all these irregularities disappear, with
CDF and EDF, acquiring a uniform surface, free of defects and scratches, and covered with
spherical grains (Fig 4(b) and 4(c)). These new surface features indicate that the polymerization
reactions took place on the surface of the substrate, instead of in the gas phase (AL-JUMAILI et

al., 2017a). The figures also show some small-clustered and surface holes in 3D and strip
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intensity in 2D AFM images. That is a very common picture of what is obtained with plasma
assisted deposition at atmospheric pressure discharge operating in filamentary mode,
characterized by numerous peaks and valleys in the deposited films.

The Ra values of both CDF and EDF are lower than those of the untreated SS surface.
They are comparably higher than the previously reported roughness of lavender oil, lavandula
angustifolia oil, 1-isopropyl-4-methyl-1, and 4-cyclohexadiene film (WANG et al., 2011). The
Rwms roughness of those films, CDF and EDF, is 43 nm and 45 nm, respectively. These high Rus
values are due to the fact that a thick film was produced, and in consequence, large grains and
clusters were formed on the film surface (MWEMA et al., 2018; PANTA; SUBEDI, 2013).
These Rwms values are also comparably higher than the previously reported in thiophene and
ethylcyclohexane polymer films deposited using low-pressure RF plasma polymerization
(BAZAKA,; JACOB, 2009). In general, such high roughness, as obtained in the present work,
has a significant effect on the surface chemical properties and performance of the films. They
also provide a surface with high surface energy (FRITZ; KELLEY; FRISBIE, 2005).
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Figure 4. AFM image of stainless steel (SS), and the film deposited for 45 min derived from

carvacrol (CDF) and eugenol (EDF) monomers.

3.3. Biofilm Assay

Figure 5 shows the SEM micrographs of P. aeruginosa and C. albicans colonies after 24 h
of incubation in the culture medium, on the uncoated and coated substrate. The populations of
colony-forming units (CFUs) attached to pristine substrates are higher than those in the culture
medium for both microorganisms, as can be seen in Fig. 5(b, f). Also, there is a formation of
clusters of cells, each one linked to another one by extracellular polymeric substances (EPS) on
the pristine substrate, indicating an early stage of biofilm formation. On the other hand, in Fig.
5(c, g), it is possible to observe a fewer number of those microbes on CDF coated SS surfaces. It
indicates that the film reduces significantly the biofilm formation due to the incorporation of the

hydroxyl group in the film matrix. Likewise, a few colonies of those microbes grow on EDF
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coated substrates, as shown in Fig. 5(d, h). Such inhibition of P. aeruginosa colonies is more
effective than the previously reported results in polyterpenol and polygeranium thin films,
deposited using low-pressure RF plasma (BAZAKA et al.,, 2011b; AL-JUMAILI, 2019).
Furthermore, an inspection of the SEM images demonstrated notable differences in the cell
morphology, on the production of EPS’s, and the numbers of bacterial cells attached to the
uncoated and coated substrates. This morphology change is ascribed due to the presence of a free
hydroxyl group in the film structure (NAZZARO et al 2013), as described above in section 3.1,
such hydrophilic properties of carvacrol and eugenol are enabled to penetrate the
lipopolysaccharide of the bacterial cell membrane and alter the cell structure. Similarly to this
study, the change in the cell morphology of P. aeruginosa for polyterpenes and geranium oil

films has been reported (AL-JUMAILI et al., 2017a; BAZAKA et al., 2011a).

P. aeruginosa
Culture media Pristine substrate

Carvacrol plasina coated Eugenol plasma coated

T s

C.albincas
(‘lluc uia Pristine substrate Carvacrol § lasina coated Eugenol plasma coated

Figure 5. Scanning electron micrographs of P. aeruginosa and C. albicans colonies on (a, €)
culture medium, (b, f) uncoated stainless steel, coated with (c, g) CDF and (d, h) EDF. The
arrows indicate the bacterial colonies.

The proliferation of the bacteria and fungus as the action of the deposited films was
evaluated by plate counting methods and the results are presented in Fig. 6. In these figures, the
dotted line indicates the concentration in the initial inoculum. The samples coated with CDF
exhibit a reduction in the growth rate of the biofilm in proportion with the deposition time, or
equivalent form, to the thickness of the film, at a rate of 32 to 44% for P. aeruginosa and 45 to

60% for C. albicans (Fig. 6A). This biofilm suppression is associated with the preservation of the
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mean functional groups of the monomers in the film structure, such as hydroxyl and aromatic, as
indicated by the FTIR analysis. The reduction in the population was also observed for samples
with EDF at a rate of 30 to 36% for P. aeruginosa and 44 to 52% for C. albicans, also
proportionally to the thickness of the film and again due to the rise of the hydroxyl group in the
coated samples (GETNET et al., 2020a; GETNET et al., 2020c). On the other hand, the pristine
substrate showed viability by more than 81% for P. aeruginosa and 77% for C. albicans.
Therefore both CDF and EDF significantly prevent the attachment of these particular bacteria

and fungus on the surface of SS.
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Figure 6. The concentration of P. aerginosa (A) and C. albicans (B) on uncoated (SS), and
coated with deposition time of (CDF1) 20 min, (CDF2) 30 min, (CDF3) 45 min for carvacrol
film, and (EDF1) 20 min, (EDF2) 30 min, (EDF3) 45 min for the eugenol-derived film. The

dotted line indicates the concentration of P. aerginosa and C. albicans in the initial inoculum.

3.4.  Corrosion Behavior
3.4.1. Potentiodynamic Polarization Measurements

The variation of open circuit potential Eoc with immersion time t is shown in Fig. 7(A) for
films with 45 min deposition time. The coating of the substrate with CDF and EDF leads to a fast
stabilization of Eoc with a higher time average potential for the former and lower for the latter.
For uncoated substrate this average potential is intermediary and Eoc decreases continuously
from about 800 mV to -90 mV until at t= 5,000 s, maintaining a steady-state value around -100
mV until the end of the test at t=10,800 s. For CDF, due to the formation of oxide film on the

surface of the substrate, that takes place at different sites, leads to a reduction of potential in the
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negative direction. As a result, a sequence of fast pulses is observed from the beginning of the
Eoc measurement up to t= 3,000 s. After that, it remains with a constant positive value of around
100 mV, indicating achieving a steady-state condition for EIS analysis. In addition, the potential
of both CDF and untreated SS started with a positive value, indicating the diffusion of the
electrolyte into the active sites of metal (TABATABAEI MAJD et al., 2019), as can be seen in
the Nyquist plot in Fig.8(A). On the other hand, for EDF, there is a fast formation of the oxide
film in the electrochemical cells, which increase the Eoc drastically from about -2,500 to -1000
mV at t= 900 s, and then, maintaining this variation until the end of the test time, this indicates
that the corrosion resistance of SS increases with time and eventually reaches a relatively stable
value. At the end of the measurement, the potential of all treated substrates relative to the
untreated one is positive, indicating a decrease in anodic dissolution current (KHALAF; ABD
EL-LATEEF, 2017).

The potentiodynamic polarization curves of SS (uncoated and coated), in 3.5 wt.% NaCl
solution is presented in Fig.7(B). The corrosion potential Ecorr, current density jcorr, and other
electrochemical parameters, determined by the tangent method from Tafel plots (EL-SAYED;
SHAKER; ABD EL-LATEEF, 2010), are presented in Table 1. The CDF coating decreases the
jeorr In comparison to the uncoated SS substrate by 36% and rises Ecorr in @ positive direction by
about 194 mV. Similarly, the EDF coated decreases the jeorr by 25%, and again, rises Ecorr in the
positive direction by 103 mV. This reduction in current density upon film coating shows clearly
the effectiveness of the deposited films on the steel surface for corrosion protection (HUANG et
al., 2019; TABATABAEI MAJD et al., 2019). Also, the positive shift of Ecorr confirmed that
both film coatings exhibited the retardation of anodic reaction (KHALAF; ABD EL-LATEEF,
2017; ALSABAGH et al., 2015). This retardation of anodic reaction has occurred in both film
coating corrosion processes is due to the adsorption of metal surfaces by the film structures,
which is mainly associated with the presence of polar functional groups with O atoms conjugated
to aromatic pi electrons in the reaction center. As a consequence, it provides a dense barrier to
protect metal structures from corrosive attack/species.

The table also shows the polarization resistance R, calculated according to:

BB
R, = i @

2.33icg, (Ba+B)

where fa and fc are anodic and cathodic Tafel slopes, respectively.
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As shown in the Table, the coatings increase the Rp of bare steel by two and three times for
EDF and CDF, respectively. Despite the rise of the slopes, there is a significant reduction of the
current density, rising polarization resistance, and reducing the corrosion rate of the bare steel by
30-35%. The protection of SS to the corrosion using these monomers is higher than those
reported of vinyltrimethoxysilane and henna extract thin-film coating (MOTALEBI et al., 2012;
TALEBIAN et al., 2019). However, they did not show efficient inhibition against pit nucleation,
as indicated by the reduction of pitting potential with the coating. In general, both EDF and EDF
are acting as an anodic type inhibitor to the SS substrate in 3.5 wt.% NaCl and retard majorly

anodic corrosion reactions.
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Figure 7. (A) The open-circuit potential as a function of the time and (B) potentiodynamic
polarization curves of uncoated (SS) and coated with carvacrol (CDF) and eugenol films (EDF)

for 45 min deposition time.

Table 1. Corrosion (Ecorr), pitting (Epit) potentials, and other polarization parameters of

coated and uncoated bare steel derive from Tafel plots.

Sample Ecorr  Epit I cor Pa Be Rp Corr. Rate
mV mV nAlcm?> mV/dec mV/dec kQcm? nm/year
Bare steel -393 236 48 17 7 58 132
Eugenol film Coated -290 131 36 22 23 138 91
Carvacrol film coated -199 54 31 27 16 184 83
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3.4.2. Electrochemical Property of the Film

Figure 8 shows the Nyquist and Bode plots of uncoated and coated SS in 3.5% NaCl. As
can be observed from the Nyquist plot (Fig. 8(A)), the uncoated SS contains a capacitive loop at
the intermediate frequency and a straight line in the low-frequency region. The first is associated
with the capacitive effect and the latter is associated with the Warburg effect (MARTINS et al.,
2012). The appearance of Warburg impedance is a result of the diffusion of corrosion product
from the SS surface to the bulk solution, and also, dissolved oxygen to the electrode surface
(AMIN; KHALED, 2010). Also, as can be noted from this figure, both CDF and EDF coatings
show a significant change in the capacitive loop diameter, which gives the largest semicircle
diameter in the Nyquist plot, representing a greatly improved performance in terms of enhanced
corrosion resistance in comparison with uncoated one. Additionally, the Warburg response line
of the SS surface was vanished for the EDF and significantly diminished for the CDF coating,
which indicates the inhibitive effect of these films for controlling the diffusion process.

According to Zhao et al., (2011), the semicircle at the intermediate frequencies indicates
that the coating could be treated as a barrier to a corrosive medium. Similarly, Montemor et al.
(2006), have claimed that the semicircle having a large diameter can be characterized by a
capacitive response. In agreement with these reports, both film coatings have increased the
diameter of capacitive lopes, indicating an inhibiting effect of the film for the improvement of

corrosion resistance.
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Figure 8. Nyquist (A) and Bode (B) plots of uncoated (SS), and the film-coated for 45 min

deposition time derived from carvacrol (CDF) and eugenol (EDF) monomers. (Scattered:
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Impedance experiments were undertaken to explore the characteristics and Kinetics of
electrochemical processes occurring at the metal/electrolyte interface with and without coating.
The impedance responses of both uncoated and coated SS, measured at Eco after 3 h immersion,
as a function of frequency, is presented as the Bode plot in Fig. 8(B). As can be noted from this
figure, the impedance of the SS substrate is close to zero at a higher frequency in the range from
100,000 to 1 Hz, which corresponds to the solution resistance, and as a consequence, it does not
oppose the flow of current. After that, the impedance is grown linearly up to 250 kQ with
decreasing frequency. This corresponds to the impedance of the metallic oxide layer film, like
chromium oxide, that formed on the SS surface, which acts as a dielectric barrier between the
metal surface and the corrosion solution. The coatings raise the impedance in a very significant
manner. For both CDF and EDF it starts with 1 MQ at 10 Hz and higher frequency follows a
similar tendency of reduction to zero as observed in uncoated SS. Such a significant amount of
impedance enhancement showed that these films have better performance in this corrosive
environment, as well as the capacitive behavior (BAI et al., 2016).

The capacitive effect introduced by the deposition can be also seen by the phase angle
measurement shown in Figure 8(B), under the restricted range of frequency between 0.1 Hz and
100 kHz. As one note from the Bode plot, in all samples we have a maximum phase angle
around -80°, in the range of frequency between 102 to 10 Hz, except for CDF where the phase
decreased to around -75°. This similarity indicates the resilience of the films against the action of
the corrosive solution (SANTOS et al., 2017b). Also, the absence of the second concavity in the
coated substrate, suggests greater stability of the coatings to the action of the solution, since the
second concavity is a result of electrolyte-metal interactions, non-porous, compact layers are
expected in such cases. Additionally, at the high-frequency region, around 10° Hz, the phase
angle curves of both film-coated substrates rises from 20° to 25° remaining higher than the phase
of bare steel, that is less than 10°, as a consequence of the dielectric feature of the film on the
substrate (SANTOS et al., 2017b). It also shows that deposited film effectively adsorbs on the
alloy surface. The active resistance of the film promotes a phase angle of about -80° that is close
to the ideal capacitive behavior (LIU et al., 2003; GALVAN et al., 2016).

To further understand the electrochemical properties of both CDF and EDF coatings, the
EIS data were fitted using an appropriate equivalent electric circuits with an association of

passive elements (Fig. 9), such as the solution resistance Rs, the pore resistance of coating Rp, the
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charge-transfer resistance Rc, the coating capacitance Cc, the double-layer capacitance Cp, and
the Warburg impedance W. The fitting process was run until Chi-square (%) reached values in
the order of 102 to 107 and the final values of the parameters are in Table 2. The value of Rs, the
high-frequency intercept with the real axis in the Nyquist plots, remains about the same order of
magnitude once the distance of the working electrode to the reference electrode is fixed as the
concentration of the solution as well (MORETO et al., 2014).

The coating promotes the effective protection of the substrate from the corrosion solution
with an increase in Rc by about six times the value of the uncoated one. There is a reduction in
the density of charged species next to the surface and in consequence one effective augment on
the shielding length of SS substrate to the electric field. This represents a reduction in the
capacitance, with Cp changing from 55 pF of SS to 42 pF for EDF and 22 pF for CDF. The
diffusion of the byproducts of the corrosion to the bulk solution and/or of the dissolved oxygen
to the surface of the electrode, represented by the Warburg impedance, is present only for SS and
CDF coating, the latter with lower impedance value. It indicates a negligible amount of water
and electrolyte penetrates through the CDF coating to the metal surface until the coating
replenishes or self-heals to form a new dielectric barrier layer on the metal surface. This process
appears in the form of a sequence of sharp peaks in the negative direction in OCP before 1 h
immersion time (Fig. 7(A)). In contrast, EDF controls the diffusion process and in consequence,
vanishing the W of SS substrate. This control is attributed to the presence of methoxy groups, in
addition to hydroxyl, which enhances the adsorption on the SS surface and produces a dense and

homogeneous film across the substrate.

SS CDF EDF
Figure 9. The electrical equivalent circuit used to fit the EIS data of uncoated stainless steel

(SS), and the film-coated for 45 min derived from carvacrol (CDF), and eugenol monomers
(EDF).
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Table 2. Fitting results of EIS parameters for uncoated and coated bare steel.

Sample R, Q RpkQ RckQ CcnF Qp uWF W, uMho*sh?2  Rr kQ
Bare steel 23 - 162 - 55 95 162
EDF Coated 16 35 915 41 42 - 950
CDF coated 18 37 594 23 17 20 631

4. Conclusion

The deposition of carvacrol- and eugenol-derived film on stainless steel substrates was
successfully achieved through an atmospheric pressure discharge barrier discharge plasma
reactor. The infrared spectra result revealed the preservation of mimicking the functional group
of the monomers, hydroxyl and aromatic, in the film matrix. They are the key futures for the
antibacterial and electrochemical activity of these films deposited through the DBD plasma
reactor. Atomic force microscopy results showed a few scratches on the surface of the uncoated
substrate, and the disappearance of these irregularities upon EDF and EDF coating and acquired
a uniform surface, free of defects and scratches. This new surface feature indicates the film
deposition takes place on the surface of the substrate. CDF coatings showed the capability to
reduce the microbial adhesion and biofilm formation of P. aeruginosa around four orders of
magnitude and C. albicans by five orders in comparison with the number of microbes detected
on the pristine substrate. Similarly, eugenol film was reduced by three orders of P. aeruginosa
and four orders of C. albicans. The obtained films also act as anodic inhibitors and reduce the
corrosion rate of the bare steel by 30- 35%. In general, thus bactericidal activity and corrosion
protection results are associated with the preservation of monomer functional groups, which
make them a good alternative for coatings, for instance, to avoid the formation of biofilms and

corrosion on biomaterials.
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10  General Conclusions

Biofilm is a three-dimensional polymeric matrix and it is produced by a community of
bacteria and fungi. It can be formed on diverse natural or artificial surfaces. Recently, the interest
in developing an effective antibacterial coating of biomaterials has increased because of
substantial concerns about the microbial-resistance towards synthetics antibiotics following the
biofilm formation on IMDs. Interestingly, antimicrobial surface coating before implanting,
particularly coatings from natural essential oils, has shown great potential as active biomaterials
in hospitals, clinics, and implants. These materials offer promising features, such as
biocompatibility, biodegradability, physical stability, cost-effectiveness, and environmentally
friendly. Hence, in the present work, both carvacrol- and eugenol-derived films were deposited
on the surface of the stainless steel substrate, through dielectric barrier discharge plasma reactors
under different deposition conditions, aiming for the reduction of biofilm formation and
proliferation, as well as corrosion protection. In addition, the spectroscopic and electrical
characterization of argon only, and an admixture of argon with the monomer in DBD plasmas
were analyzed. The electron temperature and the main power of the discharge were also
investigated as a function of gas flow rate and applied voltage. The electron temperature and the
mean plasma power increased with the applied voltage.

Thin films derived from both carvacrol and eugenol monomers were successfully
deposited on a stainless steel surface through dielectric barrier discharge plasma reactors under
different plasma discharge conditions. Depending on plasma deposition conditions, thicker films
up to 3 um thickness, which lasts for a long period when exposed to atmospheric air, are stable
and chemically bonded to the surface of the substrate, were obtained. The SEM images
confirmed that the surface property of the stainless steel substrate was changed after coating with
these films. Each film was deposited uniformly on the surface of the substrate by round
structures in a spherical shape roughly 10 to 20 pum in diameter. Also, the AFM result showed
the absence of any signals of detachment, cracks, or uncoated regions in the inspected area of the
substrate, which signs the polymerization reactions occurred essentially on the surface of the
substrate, instead of in the gas phase.

The EDS result showed that the hydrocarbon materials, such as carbon and oxygen, were
deposited in both films. Carbon was identified to be the main element and it had contributed up

to 87 and 85% of the total atomic concentration for film fabricated from carvacrol and eugenol
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monomer, respectively. And, oxygen was identified as the second most abundant element in the
films, estimated to be around 15 and 19% of the entire films fabricated for those monomers,
respectively. No impurities were identified from any of the deposited films. The water contact
angle of the pristine substrate was decreased significantly after treatment and varied depending
on the deposition conditions. This decrease in the water contact angle upon film coating
demonstrated the increase in hydrophilicity (hydroxyl group), which is responsible for the
antimicrobial activates, on the pristine substrate.

Both carvacrol and eugenol-derived film coating had the potential to reduce the microbial
adhesion and biofilm formation of the tested human pathogens, E. coli, S. aureus, P. aeruginosa,
and C. albicans. Interestingly, films deposited from carvacrol showed complete inhibition of E.
coli and a significant decrease in the density of CFUs by 90, 32 to 44, and 45 to 60%,
respectively, against S. aureus, P. aeruginosa, and C. alibicans biofilm formation. Likewise,
eugenol-plasma-derived film reduced the density of CFUs by more than 78, 65, 30 to 36, and 44
to 52% against those microbes, respectively. In contrast, the pristine substrate showed the
viability of E. coli and S. aureus at more than 90% and around 80% of P. aeruginosa and C.
alibicans biofilm formation.

SEM imaging, similar to viability assay, showed that a much higher number of cells of the
tested microorganisms were adhered to pristine substrates compared to the culture medium. On
the other hand, the redaction of biofilm growth and the CFU population were observed on the
surfaces of each film-coated substrate. The results showed that surface coating with monomer
derived film was effective in inhibiting biofilm formation. The film coating substrate and
immersion of the stainless-steel substrate in both liquid monomers showed a similar effect in
suppressing biofilm caused by E. coli and S. aureus bacteria. However, the coatings produced
without plasma were degraded after 20 min under UV-irradiation, which is a typical procedure
for material sterilization. On the other hand, no clear evidence of degradation was observed on
the plasma deposited from carvacrol and eugenol films even after one hour under the same UV
irradiation.

Bothe carvacrol- and eugenol-derived films were increased at least 10 times the corrosion
resistance of the SS surface in 3.5% (w/v) NaCl solution. In general, this finding emphasizes that
the bactericidal activity associated with carvacrol and eugenol, make the films produced here

good candidates for coatings to avoid the formation of biofilms on biomaterials and food
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packaging, for instance. The EIS and potentiodynamic polarization results also encouraged the
use of carvacrol and eugenol-derived film coating for corrosion protection of biomaterials and
food packaging materials. Furthermore, this research contributes to the knowledge of developing
a polymeric thin film from carvacrol and eugenol essential oil using atmospheric pressure

plasma-enhanced chemical vapor deposition.

5.1. Recommendations for Future Work

In this study, both carvacrol- and eugenol-derived film coating on stainless steel surfaces
showed promising results in suppressing biofilm-forming pathogenic microorganisms and
increasing corrosion resistance. However, such thin film deposition was tested on one substrate,
stainless steel. Therefore, further investigation is needed to deposit such film on other substrates,
such as ceramics, polymers, and other metallic surfaces, under different plasma discharge
conditions for various types of applications. More importantly, evaluating the biocompatibility of
the film (both carvacrol and eugenol) needs further study. This will enhance the chance of
commercializing carvacrol and eugenol films for successful antibacterial coatings on implantable

devices.
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