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ABSTRACT  1 

Biofilm-mediated microbial persistence of pathogenic and spoilage bacteria is a serious problem in food 2 

industries. Due to the difficulty of removing mature biofilms, great efforts are being made to find new 3 

strategies to prevent bacterial adherence to surfaces, the first step for biofilm development. In this study, 4 

coatings of (3-aminopropyl)triethoxysilane (APTES), tetraethyl orthosilicate (TEOS) and acrylic acid (AA) 5 

were applied by Non-Equilibrium Atmospheric Plasma on stainless steel (SS) AISI 316, the SS most 6 

commonly used in food industry equipment. Their anti-biofilm activity was assessed against Listeria 7 

monocytogenes CECT911 and Escherichia coli CECT515 after incubation at 37 oC. The best results were 8 

obtained for L. monocytogenes, with coatings consisting of a base coating of APTES and a functional coating 9 

of TEOS (AP10+TE6) or AA (AP10+AA6) that reduced biofilm production by 45% and 74%, respectively, 10 

when compared with the uncoated SS. These coatings were further characterized, together with a variation 11 

of the best one that replaced the acrylic acid with succinic acid (AP10+SA6). Their anti-biofilm activity was 12 

assessed under different incubation conditions, including two strains of L. monocytogenes isolated from 13 

processing environments of a meat industry. The coating AP10+AA6 reduced the biofilm formation by 90% 14 

after incubation at 12 oC, a temperature more representative of those commonly found in food processing 15 

environments. The morphological and physico-chemical characterization of the selected coatings showed 16 

that the coating with the highest anti-biofilm activity (i.e., AP10+AA6) had lower surface roughness and 17 

higher hydrophilicity. This suggests that the formation of a hydration layer prevents the adherence of L. 18 

monocytogenes, an effect that seems to be enhanced by low temperature conditions, when the wettability 19 

of the strains is increased. 20 

Keywords: Surface modification; Stainless steel; Atmospheric pressure cold plasma; Plasma-polymerization; 21 

Anti-biofilm coatings; Hydration layer; Listeria monocytogenes 22 

  23 
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1. INTRODUCTION 24 

The persistence of pathogenic and spoilage microorganisms in the production environment is a serious 25 

concern for food business operators and Public Health authorities. The ability of microorganisms to survive 26 

for long periods of time in certain food processing environments has been related to various factors, 27 

including their survival at refrigeration temperatures and desiccation conditions, resistance to disinfectants, 28 

or the development of biofilms (Rodríguez-López, Rodríguez-Herrera, Vázquez-Sánchez, & López Cabo, 29 

2018). The microbial colonization of tools, surfaces and equipment in the form of biofilms may lead to the 30 

cross contamination of food products, which can ultimately result in important economic losses for 31 

producers and increased health risks for consumers (Alvarez-Ordóñez, Coughlan, Briandet, & Cotter, 2019; 32 

Larsen et al., 2014). 33 

Conventional methods used for cleaning and disinfection in food industries are often ineffective towards 34 

mature biofilms as bacteria encased in biofilms are more resistant to different stress conditions and 35 

antimicrobial agents than bacteria in planktonic state (Günther, Scherrer, Kaiser, Derosa, & Mutters, 2016; 36 

Pan, Breidt, & Kathariou, 2006). Due to its ease of application, disinfectants like hypochlorites, iodophors, 37 

oxidizing agents, alcohols, quaternary ammonium and acid compounds are among the most commonly 38 

used biofilm control agents. However, they do not achieve a complete elimination of bacterial biofilms and 39 

they rely in a previous disruption of the biofilm polymeric matrix through the use of efficient cleaning 40 

agents in order to reach the bacteria. In addition, an inadequate use of disinfectants might imply risks for 41 

human health and the environment, with the possible generation of bacterial resistance or tolerance 42 

phenomena (Langsrud, Sidhu, Heir, & Holck, 2003; Skowron et al., 2019). 43 

Since biofilms are difficult to remove, great efforts are being made to find new strategies to prevent biofilm 44 

development. These approaches focus either on reducing bacterial adherence to surfaces, which is the first 45 

step in biofilm formation, or on killing the bacteria once they are attached to the surface. In order to 46 

achieve an anti-biofilm effect, equipment and food contact surfaces can be modified with coatings that 47 

contain and release biocidal agents, immobilize an antibacterial agent or change the physico-chemical 48 

properties of the surface. This latter strategy is based upon the synergistic effect of a chemical modification 49 

(change of hydrophobicity, electronegativity, etc.) and a morphological modification (change of roughness, 50 

generation of nano- or micro-structures, etc.) of the surface to reduce microbial attachment (Cao et al., 51 

2018; Coughlan, Cotter, Hill, & Alvarez-Ordóñez, 2016; Faure et al., 2012; Friedlander, Nir, Reches, & 52 

Shemesh, 2019; Zhong, Pang, Che, Wu, & Chen, 2013). Unlike antimicrobial coatings, the physico-chemical 53 

modification of surfaces is a less expensive approach, can produce a more durable anti-biofilm effect and 54 

does not generate microbial resistance. This makes its implementation in the food industry more feasible 55 

(Bazaka, Jacob, Chrzanowski, & Ostrikov, 2015; Cattò, Villa, & Cappitelli, 2018). 56 

Non-Equilibrium Atmospheric Plasma has become a promising technology for coating deposition and 57 

surface modification (Da Ponte et al., 2011, 2012; Xu et al., 2015). Among its advantages are that it is a 58 
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solvent-free process that only requires reduced amounts of chemical precursor(s), it does not need to work 59 

under vacuum, it works at mild temperatures and it is easily scalable for industrial applications. These 60 

characteristics make it a more economical and environmentally friendly technology. In addition, it allows, 61 

through the control of different processing parameters, the production of coatings with different 62 

characteristics and, therefore, anti-biofilm potential (Cattò et al., 2018; Múgica-Vidal et al., 2019; Sardella, 63 

Palumbo, Camporeale, & Favia, 2016). The application of this type of coatings on stainless steel, the 64 

material most commonly used in food industries (Dürr, 2007), has previously shown promising anti-biofilm 65 

results (Li, 2016; Ma et al., 2012). 66 

Different types of precursors have been previously used to deposit coatings with anti-biofilm properties. 67 

Stallard, McDonnell, Onayemi, O’Gara, & Dowling (2012) used an Atmospheric Pressure Plasma Jet (APPJ) 68 

system for the plasma-polymerization of tetraethyl orthosilicate (TEOS), hexamethyldisiloxane (HMDSO), 69 

and a mixture of tetramethylcyclotetrasiloxane (TMCTS) and perfluorooctytriethoxysilane (PFOTES) on 70 

silicon wafers. They observed that superhydrophilic and superhydrophobic coatings showed a reduced 71 

protein adhesion in comparison with that observed for hydrophobic surfaces. Furthermore, a 72 

superhydrophobic coating deposited on titanium coupons reduced the adhesion of Staphylococcus aureus. 73 

Villanueva, Salinas, Copello, & Díaz (2014) coated aluminium alloy plates with TEOS and 3-74 

mercaptopropyltrimethoxysilane (MPTMS) in a sol-gel process and observed a reduction in the attachment 75 

of Pseudomonas aeruginosa that was attributed to an electrostatic repulsion between the coating and the 76 

bacteria. Also, several authors have reported antibacterial effects associated with the use of acrylic acid 77 

(AA) for surface modification. AA grafting on polypropylene nonwoven fabric and on poly(ethylene 78 

terephthalate) (PET) films through gamma-ray copolymerization has been reported to increase 79 

hydrophilicity and improve antibacterial activity. Also, copolymers synthesized with poly(acrylic acid) (PAA), 80 

poly(styrene) (PS) and poly(methyl methacrylate) (PMMA) have shown antimicrobial effects against S. 81 

aureus, Escherichia coli and P. aeruginosa. These bactericidal and bacterial adhesion inhibitory effects have 82 

been attributed to the carboxylic groups present in AA (Gratzl, Paulik, Hild, Guggenbichler, & Lackner, 2014; 83 

Ping, Wang, & Xuewu, 2011; Yang, Lin, Wu, & Chen, 2003). 84 

In this study, coatings of different chemical nature (APTES, AA and TEOS) and morphology were applied 85 

through Non-Equilibrium Atmospheric Plasma on stainless steel (SS) AISI 316. The anti-biofilm efficacy of 86 

the coatings was assessed against Listeria monocytogenes and E. coli, two major foodborne pathogenic 87 

microorganisms. Listeriosis is one of the most serious food-borne diseases under EU surveillance, with an 88 

increasing trend of confirmed cases in the EU/EAA observed in recent years and a case fatality of 15.6%. 89 

Also, an increase in the confirmed cases of Shiga toxin producing E. coli infection in humans has been 90 

reported, both from foodborne and waterborne outbreaks (EFSA & ECDC, 2019). In the first place, simpler 91 

coatings made of only one precursor (TEOS or AA) were tested. These were applied by varying the number 92 

of passes and the plasma-deposition configuration. Later on, in order to improve the anti-biofilm activity 93 
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and mechanical resistance and shelf-life of the coatings, composed coatings made of a base coating and a 94 

functional coating of different precursors were also tested. A selection of the coatings with the most 95 

promising anti-biofilm activity was further tested on three L. monocytogenes strains, due to the special 96 

concern this pathogenic microorganism poses to the food industry (Colagiorgi et al., 2017; Rodríguez-López 97 

et al., 2018), and under conditions that better resemble those prevailing during food processing. 98 

Furthermore, for the selected coatings, a thorough morphological and physico-chemical characterization 99 

was performed, which included Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), X-100 

Ray Photoelectron Spectroscopy (XPS) and Water Contact Angle (WCA) analyses.  101 

2. MATERIALS AND METHODS 102 

2.1. Bacterial strains, media and culture conditions  103 

The bacterial isolates used in this study are the reference strains from the Spanish Type Culture Collection 104 

(CECT) E. coli CECT515 and L. monocytogenes CECT911 (serotype 1/2c), and two L. monocytogenes strains 105 

previously isolated from the processing environment of a meat industry (ULE1264, serotype 1/2a; and 106 

ULE1265, serotype 1/2c). All strains were maintained at -20 oC in cryovials with 40% of glycerol as 107 

cryoprotectant and were recovered by streaking them on Brain Heart Infusion (BHI) agar (Merck, Germany) 108 

plates. After incubation at 37 oC for 24 hours under aerobic conditions, the plates were stored at 4 oC. For 109 

bacterial inoculum preparation, a single colony from the BHI agar plates was inoculated in tubes with 10 mL 110 

of BHI broth (Merck, Germany), which were also incubated at 37 oC for 24 hours.  111 

2.2. Non-Equilibrium Atmospheric Plasma coating deposition 112 

Custom Ø 35 mm SS AISI 316 plates were coated through plasma-polymerization with an APPJ system 113 

PlasmaSpot500® (MPG, Luxembourg) (Figure 1(A)), which consists of two coaxial, cylindrical electrodes (the 114 

external one connected to a high voltage source and the internal one grounded) with an Al2O3 dielectric 115 

barrier between them. As schematized in Figure 1(B), the plasma jet is generated from a flow of gas 116 

(plasma gas) that is excited by the electromagnetic field between the electrodes. For the plasma-117 

polymerization of coatings, an atomized liquid precursor is added to the plasma jet through an exit at the 118 

end of the inner electrode. In order to facilitate the deposition of the coatings, the plates were previously 119 

activated by exposing them to one pass of the APPJ without adding any precursor and with the same 120 

parameters used in the subsequent coating stage. As shown in Table 1, a wide variety of coatings were 121 

deposited by modifying the following processing parameters: plasma gas, carrier gas flow for the precursor, 122 

plasma power, gap between the plasma gun and the top of the plates (Figure 1(C)), plasma gun speed, 123 

precursor liquid and number of passes. Also, two different shapes of the exit at the end of the inner 124 

electrode were used: an umbrella shape (Figure 1(D1)) that releases the atomized precursor 125 

perpendicularly to the plasma jet, and a tube shape (Figure 1(D2)) that releases the atomized precursor 126 

parallel to the plasma jet. All coatings were applied using a scanning pattern with a pitch of 2 mm, a plasma 127 

gas flow of 80 slm and a frequency of 68 kHz. The liquid precursors tested were 128 
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3-aminopropyltriethoxysilane (APTES), acrylic acid (AA), tetraethyl orthosilicate (TEOS) and a 0.3M solution 129 

of succinic acid (SA). 130 

2.3. Assessment of the anti-biofilm activity of the coatings  131 

Biofilm formation assays were performed on coated and uncoated (positive control) custom Ø 35 mm SS 132 

AISI 316 plates. Bacterial suspensions containing ~106 CFU/mL were prepared by diluting the bacterial 133 

inoculum in fresh BHI broth. Then, 4 mL of these suspensions were inoculated into each SS plate. The 134 

experiments were always run with coated SS plates and uncoated SS plates in parallel. Four replicates were 135 

made for each strain and coating and a negative control with non-inoculated BHI broth was also included in 136 

all experiments. During the initial screening of the coatings, SS plates were incubated at 37 oC for 24 hours. 137 

From the biofilm formation results of this screening, the most promising coatings were selected for the 138 

morphological and physico-chemical characterization that is described in section 2.6, and for a second 139 

stage of biofilm formation assays. The coated and uncoated SS plates that were used for this second stage 140 

were incubated under the same conditions that had been used in the initial screening (37 oC / 24 hours) 141 

and three additional conditions: 37 oC / 48 hours, 12 oC / 144 hours and 12 oC / 288 hours. The incubation 142 

conditions at a lower temperature of 12 oC for longer times (144 and 288 hours) were added in the second 143 

stage of biofilm formation assays because these are more accurate representations of the conditions 144 

prevailing during food processing. During this second stage, three strains of L. monocytogenes were used 145 

(CECT911, ULE1264 and ULE1265). Following incubation, biofilm formation was assessed following the 146 

protocol described by Ma et al. (2012) with minor modifications: the plates were washed three times with 147 

Ringer buffer (Merck), the biofilm was stained for 15 minutes with 4 mL of a 0.1% crystal violet (Panreac, 148 

Spain) solution and the excess of stain was removed by washing the plates three times with Ringer buffer. 149 

Then, 5 mL of 95% ethanol were added to each plate in order to dissolve the cell bound crystal violet, and 150 

after 15 minutes the optical density (OD) at 595 nm was measured using a spectrophotometer (UV-3100PC, 151 

VWR, USA). For each coating tested, the relative biofilm production (%) was calculated as follows:  152 

Relative biofilm production = (OD595 coating ⁄ OD595 SS) * 100 153 

Where: 154 

OD595 coating = mean OD595 for inoculated coated plates - mean OD595 for non-inoculated control coated 155 

plates. 156 

OD595 SS = mean OD595 for inoculated uncoated SS plates - mean OD595 for non-inoculated control uncoated 157 

SS plates. 158 

Values of relative biofilm production lower than 100% indicate a potential anti-biofilm activity and values 159 

higher than 100% indicate a potential pro-biofilm activity of the tested coatings. 160 
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2.4. Visualization of biofilms by scanning electron microscopy (SEM) 161 

For SEM analysis, biofilms were grown on coated and uncoated Ø 35 mm SS AISI 316 plates for 24 hours at 162 

37 oC or for 144 hours at 12 oC, following the approach previously described. After incubation, the plates 163 

were washed twice with Ringer buffer, biofilms were fixed with 2.5% glutaraldehyde phosphate buffered 164 

saline (TAAB Laboratories, UK) for 2 hours at 4 oC and washed three times with phosphate buffered saline 165 

(PBS). The samples were then treated with 2% osmium tetroxide PBS (TAAB Laboratories, UK) for 2 hours, 166 

washed again three times with PBS and dehydrated in increasing concentrations of ethanol (Panreac): 30% 167 

(30 min), 50% (30 min), 70% (30 min), 90% (30 min), 3 x 96% (30 min) and 3 x 100% (30 min). Afterwards, 168 

the samples were dried using a CPD 030 critical point dryer (BAL-TEC Inc., Liechtenstein) and immediately 169 

coated with gold (BALZERS sputter coater SCD 004, Liechtenstein). SEM preparations were observed under 170 

a JEOL JSM-6480 LV scanning electron microscope (JEOL, Japan).  171 

2.5. Determination of the cellular hydrophobicity 172 

The cellular hydrophobicity for the bacterial strains was determined with an adhesion-to-hydrocarbon 173 

method following the protocol described by Hsu, Fang, Borca-Tasciuc, Worobo, & Moraru (2013) with 174 

minor modifications. Briefly, bacterial cultures grown for 24 hours at 37 oC and for 144 hours at 12 oC were 175 

harvested by centrifugation at 3100 x g for 10 min at 4 oC and resuspended in a Ringer buffer solution to 176 

obtain suspensions with a standardized microbial load (OD600 = 0.35 ± 0.01; ~108 CFU/mL). Then, 3 mL of 177 

the standardized bacterial suspensions were aliquoted in three tubes and 0.75 mL of hexadecane (VWR) 178 

were added to two of them, leaving the third one as a control. The tubes were incubated for 10 min at 37 179 

oC, vortexed for 10 seconds and incubated for 30 min at 37 oC. The migration of the bacterial cells from the 180 

aqueous bacterial suspension to the hydrocarbon was determined by measuring the differences in optical 181 

density at 540 nm between the bacterial suspensions incubated with and without hexadecane. The 182 

hydrophobicity of the strains was expressed as a percentage, calculated as follows: 183 

Cell hydrophobicity (%) = (1 - (OD450 hexadecane / OD450 control)) * 100 184 

 Values closer to 0% indicate a high hydrophilicity (or affinity for the aqueous phase) and values closer to 185 

100% indicate a high hydrophobicity (or affinity for the hydrocarbon). 186 

2.6. Morphological and physico-chemical characterization of the coatings 187 

The morphological characterization of the coatings was conducted through AFM and SEM. The surface 188 

topography of the samples was analyzed with a multimode atomic force microscope with Nanoscope V 189 

Controller (Bruker Corporation, USA). Three areas of 40 μm × 40 μm were studied per sample with a 190 

frequency of 50 Hz and the average roughness values (Ra) were determined with NanoScope Analysis 1.4 191 

(Bruker Corporation) software. The surface morphology was examined with a scanning electron microscope 192 

HITACHI S-2400 (Hitachi Instruments Inc., Japan) at 18 kV. Previously, the samples were coated with gold 193 

and palladium to make them conductive.  194 
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The chemical characterization of the coatings was performed by X-ray photoelectron spectroscopy (XPS) 195 

analyses. X-ray photoelectron spectra were obtained using a Kratos AXIS Supra system with a hemispherical 196 

electron analyzer and a monochromatic AlKα X-ray source (120 W, 15 kV) operating at 1.33 * 10-7 Pa of 197 

residual pressure. Spectra were collected at 160 eV (survey spectra) and 20 eV (high resolution spectra). 198 

Binding energies were related to C1s signal for the adventitious carbon at 285 eV. The results obtained 199 

were deconvoluted by means of PeakFit 4.12 (SPSS Inc.). Each sample was analyzed in triplicate. 200 

The wettability of the samples was measured by using the sessile drop method. Five distilled water drops of 201 

10 µl were deposited on each sample type and their static water contact angles (WCA) were measured by 202 

digital image analysis using the ImageJ free software (Schneider, Rasband, & Eliceiri, 2012) with the low-203 

bond axisymmetric drop shape analysis plugin (Stalder et al., 2010). The average WCA for each sample was 204 

calculated from the analysis of five respective measurements. The lower the WCA of a sample is, the higher 205 

its wettability is and the more hydrophilic the sample is. 206 

2.7. Statistical analysis 207 

Statistical analyses were performed by analysis of variance (ANOVA) after normalization by logarithmic 208 

transformation of OD595 data. Differences were considered statistically significant at p < 0.05. During the 209 

initial anti-biofilm screening of coatings, biofilm production on coated SS plates (n=4) was compared to 210 

biofilm production on uncoated SS plates (n=4) obtained on the same experimental day and also to biofilm 211 

production on all the uncoated SS plates analyzed throughout the study (n=56). Coatings were considered 212 

as anti-biofilm coatings when the differences between biofilm production on coated and uncoated SS 213 

plates were significant in both cases. The Pearson correlation coefficient was calculated to study the linear 214 

relationship between the cellular hydrophobicity of the three L. monocytogenes strains and their relative 215 

biofilm production on the coating AP10+AA6, considering a statistically significant correlation at p < 0.05. 216 

Statistical analyses were performed with R Studio version 3.5.3. 217 

3. RESULTS 218 

3.1. Anti-biofilm screening of coatings 219 

For the anti-biofilm screening of coatings, biofilm production by L. monocytogenes CECT911 and E. coli 220 

CECT515 on coated plates was analyzed and compared to that on control uncoated SS AISI 316. Figure 2 221 

shows the relative biofilm production levels obtained for the 20 tested coatings. In a first step of coatings 222 

optimization, coatings made of only one type of precursor (TEOS or AA) were applied with different number 223 

of passes and modifying various APPJ parameters (Figure 2(A,B)). Then, coatings consisting of a base 224 

coating and a functional coating, both of them made of different precursors and applied modifying various 225 

APPJ parameters, were tested (Figure 2(C,D)). Among those coatings showing anti-biofilm activity (i.e., 226 

relative biofilm productions <100%), the best results were obtained for L. monocytogenes and, in particular, 227 

for two coatings consisting of a base coating of APTES and a functional coating of TEOS (AP10+TE6) or 228 

acrylic acid (AP10+AA6). For these two coatings the relative biofilm production obtained was 55% and 26%, 229 
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respectively. These two coatings were the ones selected for further characterization. Also, for additional 230 

tests, a new coating was introduced which modified the most efficient one through the replacement of 231 

acrylic acid with succinic acid (AP10+SA6). Since acrylic acid (CH2=CH-COOH) gave promising results when it 232 

was used for the deposition of a functional coating over a base coating of APTES (AP10+AA6), we decided 233 

to test another precursor of similar chemical nature that could provide a functional coating with the same 234 

type of functional groups as those of acrylic acid. Therefore, succinic acid (HOOC-(CH2)2-COOH) was 235 

introduced to test the hypothesis of whether its higher content on carboxylic groups could increase the 236 

anti-biofilm activity of the coating. On the other hand, the results that were obtained in the screening with 237 

E. coli suggested that the coatings were not sufficiently effective against it. Most of the coatings showed a 238 

pro-biofilm activity with E. coli (i.e., relative biofilm productions >100%) and only the coating TE10, with a 239 

relative biofilm production of 31%, showed a considerable anti-biofilm activity. Given the overall inefficacy 240 

of the coatings against biofilm production by E. coli, this bacterial species was not considered for further 241 

analysis. 242 

The anti-biofilm activity of the three selected coatings (AP10+TE6; AP10+AA6; AP10+SA6) was subsequently 243 

assessed for three L. monocytogenes strains under four biofilm development conditions: 37 oC / 24 hours, 244 

37 oC / 48 hours, 12 oC / 144 hours and 12 oC / 288 hours (Figure 3). Additionally to the incubation 245 

conditions used in the initial screening process, a lower temperature of 12 oC with longer incubation times 246 

was included as a more accurate representation of the conditions prevailing during food processing. 247 

Remarkably, the greatest anti-biofilm activity was achieved at 12 oC, with the differences in biofilm 248 

production between coated and uncoated samples being statistically significant at this temperature for all 249 

of the three strains on the coating AP10+AA6 (Figure 3, row 2). Indeed, relative biofilm productions 250 

observed at 12 oC ranged from 10 to 24 % on this coating, while at 37 oC the relative biofilm productions 251 

ranged between 34 and 177 %. The results of biofilm formation inhibition obtained through the crystal 252 

violet assay were corroborated through the visualization by SEM of the biofilms formed by L. 253 

monocytogenes CECT911 on the coated and uncoated SS plates. The images in Figure 4 show a visible 254 

decrease in biofilm formation on the AP10+AA6 (Figure 4, column C) coating when compared with that 255 

observed on uncoated SS plates, especially for biofilms developed at 12 oC. Considering the differences 256 

observed in anti-biofilm activity depending on the biofilm development conditions (time and temperature), 257 

the cellular hydrophobicity of the three L. monocytogenes strains was measured after their incubation for 258 

24 hours at 37 oC and 144 hours at 12 oC. The three strains showed a reduction in the adherence to 259 

hydrocarbons when they were grown at 12 oC, which was particularly marked for L. monocytogenes 260 

ULE1264 (Figure 5). In the Figure 5 it is also possible to appreciate that cellular hydrophobicity was 261 

positively correlated (Pearson correlation coefficient of 0.967; p = 0.0017) with relative biofilm production 262 

levels on the coating AP10+AA6. 263 
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3.2. Morphological and physico-chemical characterization of the coatings 264 

The surface morphology of the three selected coatings (AP10+TE6, AP10+AA6, AP10+SA6), the uncoated SS 265 

plates, and the base coating of APTES were studied by AFM and SEM (Figure 6).  With both approaches it 266 

was possible to appreciate how the characteristic grooves of SS (Figure 6(A)) were smoothed by the 267 

application of the different coatings, although no major effects in the calculated average roughness values 268 

were observed. The coatings AP10+TE6 (Figure 6(C)) and AP10+SA6 (Figure 6(E)) showed a lumpy surface, 269 

similar to that of the base coating AP10 (Figure 6(B)). On the other hand, the coating AP10+AA6 (Figure 270 

6(D)) showed a smoother surface and the lowest surface roughness. 271 

The chemical composition of uncoated and coated SS plates was determined by XPS analysis. C1s spectra 272 

were deconvoluted in order to quantify the relative abundance of C-C/C-H, C-O, C=O and O-C=O groups 273 

(Figure 7) with the component at approximately 285 eV corresponding to C-C and C-H bonds, the 274 

component at 286.5 - 287.2 eV corresponding to C-O bonds, and the component at 288.5 - 289.4 eV 275 

corresponding to O-C=O bonds. It is noticeable that the spectra of the coating AP10+AA6 (Figure 7(D)), 276 

which was the coating with the highest anti-biofilm activity, showed a component corresponding to O-C=O 277 

bonds much stronger than the other coatings. Table 2 gathers the main results of the XPS analysis providing 278 

the atomic percentages of C, O, N, Si, Fe and Cr; and the total contribution of polar groups (C-O, C=O and O-279 

C=O) in the C1s spectra. The presence of Fe and Cr is characteristic for SS AISI 316 materials. As expected, 280 

Fe and Cr were not detected on the coated samples, which is due to the fact that the XPS analysis only 281 

reaches a depth of 10 nm. These results evidence that SS AISI 316 plates were successfully covered by the 282 

coatings. The high atomic percentage of Si on the base coating AP10 and the functional coating AP10+TE6 283 

can be explained by the presence of Si in the composition of both precursors (i.e., APTES and TEOS). The 284 

fact that the greatest percentage of N was measured in the base coating AP10 is due to the presence of this 285 

element in the amine groups of the APTES molecule. The lower percentage of N and the considerably 286 

greater percentage of O in the coating AP10+TE6, in comparison with those of the base coating AP10, 287 

suggest that the base coating of APTES was successfully covered by the functional coating of TEOS. 288 

Although TEOS does not contain nitrogen, the low atomic N content in the coating AP10+TE6 could come 289 

from the N2 used for the plasma generation. Also, the almost null atomic percentage of Si in the coating 290 

AP10+AA6 indicates that the AP10 base coating was sufficiently covered by the AA coating. Regarding the 291 

atomic percentages measured for the coating AP10+SA6, they suggest that the base coating of APTES was 292 

not fully covered by the SA coating. On the one hand, the lower percentages of C and N and the greater 293 

percentage of O in the coating AP10+SA6 than in the coating AP10 suggest the incorporation of SA in the 294 

functional coating. On the other hand, the unexpected high percentage of Si in the AP10+SA6 coating 295 

suggests that its surface still exhibited the base coating AP10 to a notable extent because, in this case, the 296 

only source of Si was the APTES precursor used for the base coating. 297 
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The wettability of uncoated and coated SS plates was measured through the determination of the WCA 298 

(Table 2). In general, the wettability was higher (i.e., the WCA was lower) on the coated samples than on 299 

the uncoated SS plates (WCA = 89.45o). The WCA was especially low in the case of the AP10+AA6 coating 300 

(WCA = 18.74o), the one that showed the best results in the anti-biofilm activity assays. 301 

4. DISCUSSION 302 

Biofilm formation on surfaces and equipment in the food industry can lead to cross contamination of food 303 

products with associated health risks for consumers and important economic losses for food business 304 

operators. That is why great research effort is being devoted on developing modified surfaces that limit or 305 

reduce the formation of biofilms through different strategies. Several studies have reported the anti-306 

biofilm efficacy of different types of coatings applied on stainless steel (Cao et al., 2018; Faure et al., 2012; 307 

Friedlander et al., 2019; Zhong et al., 2013), a commonly used material in food processing facilities, 308 

including the equipment (Dürr, 2007). According to the literature, functional coatings that reduce biofilm 309 

formation can be classified into (1) coatings that contain and release biocidal agents, (2) coatings with 310 

immobilized antimicrobial agents on their surface and (3) coatings that modify the surface physico-chemical 311 

properties in a way that microbial attachment is minimized (Cattò et al., 2018; Múgica-Vidal et al., 2019; 312 

Sardella et al., 2016). The application of coatings that modify the physico-chemical properties of food 313 

contact surfaces is particularly promising because it can prevent the first step of biofilm formation (i.e., 314 

microbial attachment) and avoids using biocidal agents, thus being able to produce non-toxic surfaces with 315 

antibacterial effects. This study is focused on the development of anti-biofilm coatings applied by Non-316 

Equilibrium Atmospheric Plasma, a coating deposition technology with numerous advantages that facilitate 317 

its scalability at industrial level. 318 

In the initial screening, coatings AP10+AA6 and AP10+TE6 were among the most promising coatings given 319 

their anti-biofilm activity against L. monocytogenes. These two composed coatings, which had a base 320 

coating of APTES, were selected for further characterization as this material contains siloxane, which 321 

provides a higher mechanical resistance to the coating, and amines, which promote its adhesion to the 322 

surface (Múgica-Vidal, Alba-Elías, Sainz-García, & Ordieres-Meré, 2014; Sainz-García, Alba-Elías, Múgica-323 

Vidal, & Pantoja-Ruiz, 2016). Furthermore, the base coating of APTES was able to modify the surface 324 

morphology of the plates in a way that the characteristic grooves of the SS became less evident, as shown 325 

by the results of the morphological characterization. Since grooves are potential shelters where 326 

microorganisms have a greater contact area that promotes microbial adhesion (Lorenzetti et al., 2015; 327 

Medilanski, Kaufmann, Wick, Wanner, & Harms, 2002; Wu, Zhang, Liu, Suo, & Li, 2018), the morphological 328 

modification that is provided by the base coating of APTES (AP10) was considered as a convenient starting 329 

point for the subsequent deposition of a functional coating using a different precursor. In addition, a new 330 

variation was introduced for the coating with the best anti-biofilm potential by using the same base coating 331 

of APTES and replacing AA by SA in the functional coating (AP10+SA6). SA, a dicarboxylic acid, was selected 332 
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as a replacement of AA, a monocarboxylic acid, due to the antibacterial properties attributed to carboxylic 333 

groups (Ping et al., 2011). Also, SA has been previously used for food decontamination (Purohit & Mohan, 334 

2019; Radkowski, Zdrodowska, & Gomółka-Pawlicka, 2018; Wang et al., 2019) and in edible films with 335 

antimicrobial properties (Cheng, Wang, & Weng, 2015). These selected coatings were subjected to a second 336 

stage of anti-biofilm assays that were conducted not only at 37 oC but also at 12 oC, which is the maximum 337 

ambient temperature recommended by the European Parliament and the Council of the European Union in 338 

facilities processing products of animal origin (Regulation 853/2004/EC). This latter incubation temperature 339 

resulted in an increased anti-biofilm activity for the coating AP10+AA6, both after 6 and 288 hours of 340 

incubation. According to the results of the anti-biofilm assays (Figure 3), the most effective of the three 341 

coatings thoroughly characterized was the coating AP10+AA6. The ineffectiveness of this coating after 342 

incubation at 37 oC for 48 hours may be because its surface topography is smoother than that of the 343 

uncoated SS. It has been previously observed that a delay in biofilm formation can occur on smooth 344 

surfaces, thus causing an asynchrony of the attachment and detachment processes that are involved in 345 

biofilm development in comparison with rougher surfaces (Mosquera-Fernández, Rodríguez-López, Cabo, & 346 

Balsa-Canto, 2014). 347 

Several surface properties, including roughness, wettability and physico-chemical composition, have been 348 

reported to play a role in the complex mechanism of microbial adhesion to surfaces (Trentin et al., 2014; 349 

Yuan, Hays, Hardwidge, & Kim, 2017). The analysis of the surface topography through AFM and SEM 350 

suggests that smoother surfaces, like those of the coating AP10+AA6 (with the lowest roughness value), can 351 

help to limit adhesion and biofilm formation by L. monocytogenes. The application of the coatings reduced 352 

the occurrence of grooves in the stainless steel, although mean roughness values (Ra) did not totally reflect 353 

the topographic changes visually observed in the AFM and SEM images. On the uncoated stainless steel, 354 

microorganisms may be more protected in grooves and have a higher contact area which can result in an 355 

increased adhesion (Lorenzetti et al., 2015; Medilanski et al., 2002; Wu et al., 2018). However, the different 356 

anti-biofilm properties of the selected coatings could not be explained exclusively by their morphology. The 357 

wettability of a coating is also an important factor to consider, as extremely hydrophobic or hydrophilic 358 

surfaces have been reported to reduce microbial adhesion (Yuan et al., 2017). The low WCA of the most 359 

effective anti-biofilm coating, i.e. AP10+AA6 (WCA=18.74o), indicates that this coating has a strong 360 

hydrophilic character. This suggests that the formation of a hydration layer is what prevents the adherence 361 

of L. monocytogenes (Figure 8). It has been previously proposed that the formation of a layer of water 362 

molecules tightly bound to the surface through hydrogen bonds creates a physical and energetic barrier 363 

which limits the interaction between bacterial proteins and the surface (Bazaka et al., 2015; Oh et al., 2018; 364 

Peng, Song, & Fort, 2006; Sardella et al., 2016; Yuan et al., 2017). When surface hydration is strong, the 365 

water barrier mechanism can prevent the direct contact between the proteins and the surface (Zheng et 366 

al., 2005), thus avoiding the initial formation of a conditioning film that would have subsequently promoted 367 

bacterial adhesion. Therefore, this mechanism is able to prevent biofilm formation in its earliest stages. The 368 
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XPS chemical characterization and wettability results suggest that the increased abundance of oxygen polar 369 

groups (C-O, C=O, O-C=O) is associated with an increase in surface hydrophilicity and therefore a reduction 370 

in the WCA. These functional groups, and especially the carboxyl groups (COOH), have a polar character 371 

that can explain the hydrophilic nature of the anti-biofilm coatings (Park et al., 2019; Sönmez, Fazeli Jadidi, 372 

Kazmanli, Birer, & Ürgen, 2016; Vandencasteele & Reniers, 2010). However, despite SA is a dicarboxylic acid 373 

and AA is a monocarboxylic acid, an increase in the abundance of carboxyl groups in the AP10+SA6 coating, 374 

as compared to the AP10+AA6 coating, was not observed.  375 

Overall, a relationship existed between the abundance of total polar groups, the wettability of the coatings 376 

and their anti-biofilm activity. It is noticeable that the coating with more total polar groups (54.64%) was 377 

AP10+AA6, which was also the one with the lowest WCA (18.74o) and the greatest anti-biofilm activity, 378 

while uncoated SS plates showed the lowest content in total polar groups (29.81%) and the highest WCA 379 

(89.45o). These findings are in agreement with recent work conducted by the authors, which reported the 380 

anti-biofilm effects of atmospheric-pressure plasma-polymerization of AA on 3D-printed substrates against 381 

L. monocytogenes, E. coli and P. aeruginosa (Muro-Fraguas et al., 2020). However, the topography of the 382 

surface may be also relevant for the anti-biofilm activity obtained, since the roughness analysis suggested 383 

that a smoother surface also promoted a decrease in biofilm development. As observed by Mosquera-384 

Fernández et al. (2014) in their characterization of the temporal evolution of L. monocytogenes biofilms on 385 

SS surfaces, topographical features like the grooves of the uncoated SS of the present work (Figure 6(A)) 386 

can promote the entrapment and accumulation of L. monocytogenes cells within them during early biofilm 387 

development, probably because of the increased microorganism-surface contact area, and facilitate the 388 

formation of microcolonies. Topographical features may also affect the cleanability of the surface by 389 

protecting the retained cells from removal and facilitating biofilm regrowth (Verran, Rowe, & Boyd, 2001). 390 

After surface cleaning, the bacterial cells that are retained inside the grooves can be reached by 391 

disinfectant residues and undergo tolerance phenomena. On the other hand, a smoother surface without 392 

grooves like that of coating AP10+AA6 (Figure 6(D)) could prevent the aforementioned problems, thus 393 

leading to less biofilm development. It is also important to bear in mind that microbial attachment is a 394 

complex process influenced in a significant manner by environmental conditions such as temperature 395 

(Abdallah et al., 2019; Lee, Hébraud, & Bernardi, 2017). Abdallah et al. (2014) observed that the 396 

hydrophobicity of P. aeruginosa and S. aureus, which was measured through their affinity to hexadecane, 397 

and their adhesion onto SS increased when the growth temperature increased. Di Bonaventura et al. (2008) 398 

measured higher hydrophobicity level of L. monocytogenes strains and higher biofilm formation on 399 

polystyrene, glass and SS surfaces at 37 oC than at lower temperatures. SEM imaging also revealed that 400 

L.monocytogenes biofilm development was affected by the growth temperature. Whereas at 22 oC and 37 401 

oC the biofilm exhibited a complex organization, at 4 oC and 12 oC it consisted only of sparse aggregations of 402 

cells and low amounts of extracellular polymeric substances. These observations are in agreement with the 403 

results of the present work, where lower hydrophobicity and lower relative biofilm production were 404 
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observed at 12 oC than at 37 oC for the three L. monocytogenes strains (Figure 5). Also, as shown in the SEM 405 

images of Figure 4, lower biofilm formation was observed after incubation at 12 oC (Figure 4, row 2) than at 406 

37 oC (Figure 4, row 1) on the uncoated SS and on the coatings. These facts suggest that the reduction of 407 

the incubation temperature from 37 °C to 12 °C may have affected the L. monocytogenes strains making 408 

them less prone to adhere to the SS plates. Additionally, bacterial adhesion would have been further 409 

impaired by the formation of a hydration layer on the strongly hydrophilic coating AP10+AA6. The 410 

combination of these two factors (i.e., the changes in bacterial hydrophobicity at low temperatures and the 411 

strongly hydrophilic nature of the coated surface) may be the cause of the low relative biofilm productions 412 

obtained for the three L. monocytogenes strains at 12°C on the coating AP10+AA6.   413 

5. CONCLUSIONS 414 

In this study, anti-biofilm coatings that modified the physicochemical properties of stainless steel surfaces 415 

were successfully developed by using Non-Equilibrium Atmospheric Plasma. The characterization of the 416 

coatings suggested that their anti-biofilm effects against L. monocytogenes is due to a reduction in bacterial 417 

attachment that can be explained by the following findings: 418 

• The hydrophilic character of the coatings that can be a result of the increased abundance of oxygen 419 

polar groups (C-O, C=O and especially O-C=O), which suggested that a hydration layer might have 420 

acted as a water barrier against bacterial cells and proteins. 421 

• A reduction in the occurrence of grooves of the SS substrate, which can reduce the entrapment of 422 

bacterial cells in zones with high cell-surface contact area. 423 

This mode of action allows the development of non-toxic surfaces with antibacterial effects, which would 424 

make these coatings advantageous over other approaches like those that use biocidal agents. 425 

Also, an influence of the incubation temperature on L. monocytogenes cellular hydrophobicity and biofilm 426 

formation has been identified. These bacteria are less hydrophobic and seem less prone to adhere to the 427 

studied surfaces at 12 oC than at 37 oC, thus leading to lower biofilm production. 428 

Coating AP10+AA6 showed the most promising results against L. monocytogenes strains in this study, 429 

especially after incubation at 12 oC. The increased effectiveness coating AP10+AA6 at this relatively low 430 

temperature, representative of the conditions prevailing during food processing, would facilitate its 431 

implementation in the food industry. Considering all the aforementioned, L. monocytogenes biofilm 432 

formation on SS under incubation conditions that are similar to those of real food-processing environments 433 

has been reduced by 90% through the plasma-polymerization of coating AP10+AA6. These results will be 434 

able to be incorporated to the arsenal of strategies available for the control of biofilms of pathogenic 435 

bacteria in the food industry. 436 
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Further experiments evaluating the durability and toxicity of the coatings are needed to ensure the 437 

usability and safety of the developed coatings in food-related settings. Also, in order to check that the anti-438 

biofilm activity of these coatings is not limited only to L. monocytogenes, tests with other microorganisms 439 

are needed. Furthermore, considering the fact that several pathogenic microorganisms usually coexist in 440 

food-processing environments, future work will characterize the effectivity of the coatings on mixed-441 

species biofilms to validate the usefulness of this technology in realistic settings. To better understand the 442 

temporal evolution of biofilm development on the coatings, more incubation times ranging from 24 to 288 443 

hours will also be included for incubation at both 12 oC and 37 oC in future work. 444 
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LIST OF FIGURE CAPTIONS 635 

Figure 1. (A) Setup used for the plasma-polymerization treatments, (B) scheme of the plasma-636 
polymerization treatments, (C) close view of the APPJ system and the SS plates during a coating deposition, 637 
and (D) shapes of the exit of the atomized precursor: (D1) umbrella and (D2) tube. 638 

Figure 2.  Relative biofilm production of (A,C) E. coli CECT515 and (B,D) L. monocytogenes CECT911 on 639 
coatings made of (A,B) only one precursor and (C,D) two precursors after an incubation for 24 hours at 37 640 
oC. Error bars represent the standard deviation, and asterisks indicate statistically significant differences (*, 641 
p < 0.05) with the uncoated control in the OD at 595 nm. 642 

Figure 3. Relative biofilm production on SS plates coated with (1) AP10+TE6, (2) AP10+AA6 and (3) 643 
AP10+SA6 by the strains of L. monocytogenes (A) CECT911, (B) ULE1264 and (C) ULE1265 after their 644 
incubation at 37 oC (for 24 and 48 hours) and 12 oC (for 144 and 288 hours). Error bars represent the 645 
standard deviation, and asterisks indicate statistically significant differences with the uncoated control in 646 
the OD at 595 nm (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 647 

Figure 4. Scanning electron microscopy images of (A) uncoated SS AISI 316 plates, and SS AISI 316 plates 648 
coated with (B) AP10+TE6, (C) AP10+AA6 and (D) AP10+SA6 colonized by L. monocytogenes CECT911 after 649 
an incubation of 24 hours at 37 oC (1), or 144 hours at 12 oC (2), observed at a magnification of 2000x. 650 

Figure 5. Relative biofilm production on SS plates coated with AP10+AA6 (in black) and cellular 651 
hydrophobicity (in grey) of L. monocytogenes CECT911, ULE1264 and ULE1265 after their incubation at (A) 652 
37 oC for 24 hours and (B) 12 oC for 144 hours. Error bars represent the standard deviation. 653 

Figure 6. AFM images (40x40μm) and SEM images (x2000) of (A) uncoated SS AISI 316 plates, and SS AISI 654 
316 plates coated with (B) AP10, (C) AP10+TE6, (D) AP10+AA6 and (E) AP10+SA6. The calculated average 655 
roughness values (Ra) are indicated in the upper right corner of the AFM images. 656 

Figure 7. Deconvolution of C1s spectra for (A) uncoated SS AISI 316 plates, and plates covered with (B) 657 
AP10, (C) AP10+TE6, (D) AP10+AA6 and (E) AP10+SA6. 658 

Figure 8. Scheme of the interaction between L. monocytogenes and (A) uncoated SS AISI 316 plates, and 659 
plates of SS AISI 316 coated with the hydrophilic coatings (B) AP10, (C) AP10+TE6, (D) AP10+AA6 and (E) 660 
AP10+SA6, showing different degrees of bacterial repulsion according to the generation of hydration layers 661 
on the surfaces. 662 
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Table 1. Coatings tested and Non Equilibrium Atmospheric Plasma processing parameters used. 

 Base coating  Functional coating 

Coating code Precursor 
Passes 

(no) 
Plasma 

gas 
Precursor gas 

flow (slm) 
Gap 

(mm) 
Power 

(W) 
Speed 

(mm/s) 
  Precursor 

Passes 
(no) 

Plasma 
gas 

Precursor gas 
flow (slm) 

Gap 
(mm) 

Power 
(W) 

Speed 
(mm/s) 

Exit shape 

TE6         TEOS 6 N2 1.5 10 360 100 Umbrella 

TE10         TEOS 10 N2 1.5 10 360 100 Umbrella 

TE14         TEOS 14 N2 1.5 10 360 100 Umbrella 

TE20         TEOS 20 N2 1.5 10 360 100 Umbrella 

AA2         AA 2 N2 1.5 10 360 100 Umbrella 

AA4 a         AA 4 air 1.5 10 360 50 Umbrella 

AA6         AA 6 N2 1.5 10 360 100 Umbrella 

AA15 500W a         AA 15 air 1.5 10 500 50 Umbrella 

AA30 (2+2) a         AA 30 air 2 + 2 10 360 50 Tube 

AP2+TE12 APTES 2 N2 1.5 10 360 50  TEOS 12 N2 1.5 10 360 100 Umbrella 

AP10+TE6 APTES 10 N2 1.5 10 360 50  TEOS 6 N2 1.5 10 360 100 Umbrella 

AP10+TE6 2mm APTES 10 N2 1.5 2 360 50  TEOS 6 N2 1.5 2 360 100 Umbrella 

AP10+TE12 APTES 10 N2 1.5 10 360 50  TEOS 12 N2 1.5 10 360 100 Umbrella 

AP10+AA6 APTES 10 N2 1.5 10 360 50  AA 6 N2 1.5 10 360 100 Umbrella 

AA2+TE2 a AA 2 air 1.5 10 360 50  TEOS 2 air 1.5 10 360 50 Umbrella 

AA2+TE2 500W a AA 2 air 1.5 10 500 50  TEOS 2 air 1.5 10 500 50 Umbrella 

AA2+TE6 AA 2 N2 1.5 10 360 50  TEOS 6 N2 1.5 10 360 100 Umbrella 

AA2+TE12 AA 2 N2 1.5 10 360 50  TEOS 12 N2 1.5 10 360 100 Umbrella 

AA4+TE12 AA 4 N2 1.5 10 360 50  TEOS 12 N2 1.5 10 360 100 Umbrella 

AA4+TE12 t AA 4 N2 1.5 10 360 50  TEOS 12 N2 1.5 10 360 100 Tube 



Table 2. Physico-chemical characteristics of uncoated and coated SS plates, as determined through XPS analysis and wettability (WCA) and surface roughness (Ra) 

measurements. 

 Surface chemical composition (atomic %)  Contribution in C 1s region (atomic %)   
 

Sample C 1s N 1s O 1s Si 2p Fe 2p Cr 2p   Total polar groups (C-O, C=O and O-C=O)   WCA (o) Ra (nm) 

SS AISI 316 53.99 1.33 33.56 ND 9.3 1.83  29.81  89.45 106 

AP10 48.55 5.10 35.21 11.13 ND ND  46.41  67.74 123 

AP10+TE6 21 1.05 57.94 20.01 ND ND  41.16  40.9 120 

AP10+AA6 66.7 2.52 30.63 0.15 ND ND  54.64  18.74 90.5 

AP10+SA6 31.81 3.01 49.46 15.61 ND 0.11  43.97  37.15 105 

 


