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ABSTRACT  

The general context of this work is to study the effect of physicochemical properties on bacterial adhesion. In this case, the 

adhesion of Staphylococcus aureus (gram-positive bacteria) has been studied on a thin layer of zinc oxide (ZnO). This layer was 

deposited on glass substrates by sputtering under different powers (150, 200 and 250 watts). The contact angle measurements 

were used to calculate the surface energy components of each substrate (dispersive and polar) and to define the 

hydrophilic/hydrophobic character by the calculation of the free energy of interaction. Analysis of adherent cells on the surface of 

each substrate was made by the atomic force microscope according to the time of suspension. The results showed that the glass 

surface has a large polar component; against the surface of the ZnO film has a significant dispersive component. This shows that 

the glass surface is governed by short-range forces (Lewis acid–bases forces) while ZnO film is governed by long-range forces 

(van der Waals forces). Images obtained by atomic force microscopy revealed that the ZnO layer has an antibacterial effect 

against S. aureus. 
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 ______________________________________________________________________________________________

1. INTRODUCTION  

The relevance of contaminated surfaces in spreading pathogenic microorganisms to foods is already well established for food 

processing plants [1-2]. Some pathogenic bacteria are able to adhere to food-contact surfaces and remain viable even after 

cleaning and disinfection [3]. Staphylococcus aureus is among the most common pathogenic bacteria isolated from surfaces in 

food processing plants [4], where it can adhere and form biofilms [5]. Foodborne disease caused by S. aureus is typically 

intoxication due to the ingestion of enterotoxins preformed in food by enterotoxigenic strains [6]. 

Several substratum surface properties have been shown to influence bacterial adhesion. These properties include surface charge 

[7], topography [8], hydrophobicity [9], surface chemistry and surface energy [10-12]. The substratum surface properties could be 

altering with the presence of molecules [13-14], experimental conditions, roughness level and the coating by different composite. 

To contribute to the understanding of the phenomenon of adhesion, we determined the physicochemical properties of the solid 

surface. In our case we have prepared thin layers of zinc oxide (ZnO) on glass slides by the cathode sputtering under different 

powers (150, 200 and 250 watt). 

ZnO is captivated because of inexpensive, non-toxicity, transparency and it is the most auspicious material for research, 

medical and industrial application. ZnO is a soft material with an approximate hardness of 5 GPa especially for the c-axis 

orientation growth and also has strong pyroelectric, piezoelectric and luminescence properties [15]. Because of these properties, 

ZnO thin films can be used in wide range of applications such as implants, biosensors, UV lasers, phosphor applications, solar 

cells and optoelectronics [16]. Several techniques are available for the deposition of ZnO, like, Sputtering [17], Plasma enhanced 

chemical vapor deposition [18], Sol-gel process [19], Spray pyrolysis [20], Electron beam evaporation [21] etc. Among these 

methods, magnetron sputtering is very effective because of high deposition rates, uniformity, easy fabrication, parameter 

controllability and film adhesion [22]. Deposition parameters, such as, substrate bias, etc. can significantly change the film 

properties [17], [23- 25]. ZnO nanoparticles can be used as food preservative because of its excellent antibacterial activity [26] 

and it can enhance the fluorescence signal for biomolecules detection like DNA [27]. Quantum dots of ZnO are used as 

quantitative labels for biological assays [28] and it has high isoelectric point which facilitates immobilization of biomolecules 
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[29]. In the present work, ZnO thin films were deposited by sputtering on glass substrates under different power. The objective 

was to predict the adhesion of S. aureus on glass substrates with a ZnO film. S. aureus was chosen as a model in this study 

because this bacterium is found in the food industry and the ability to adhere and colonize the inert surface. This colonization can 

cause problems of food contamination leading to the deterioration of the latter. 

 

2. MATERIAL AND METHODS 

2.1 Microorganisms, culture conditions, and sample preparation 

The strain used as a model for this study was S. aureus ATCC 25923 Bacteria were incubated over night at 37 ° C in 

Luria Bertani medium containing the following (per liter of distilled water). Tryptone 10g, 5g of yeast extract and 10 g NaCl. 

After 24 h incubation, cells were harvested by centrifugation for 15 min at 8400 g and washed twice with and suspended in 0.1 M 

of KNO3 solution. The physicochemical properties, including hydrophobicity and Lewis acid-base properties were evaluated by 

using the measurement of the angle of contact with the following solvents: water, Formamide, and Diiodomethane. S. aureus was 

hydrophilic (θw =26,45 °; γ D = 28,7 mJ/m2), electron donor (γ - = 51.3mJ/m2) and weakly electron acceptor (γ + = 2.4mJ/m2). 

 

2.2 Preparation of thin films of zinc oxide  

ZnO thin films were prepared by reactive RF-sputtering in an ALCATEL SC451 deposition system equipped with an 

ALCATEL ARF 601 RF generator operating at 13.56MHz. These films were deposited using a high purity Zn metal target with a 

diameter of 10 cm in an argon oxygen gas mixture. Prior to the deposition, glass substrates were ultrasonically cleaned in acetone 

and isopropyl alcohol followed by deionized water to remove any impurities and then rinsed with deionized water. The substrates 

were then mounted at a distance of 10 cm above the Zn target (5 N: purity, diameter: 10 cm). The vacuum chamber was evacuated 

to a final pressure of 1.5*10
6
 mbar. The target was pre-sputtered for 10 min, and the substrates were not intentionally heated 

during the deposition. The reactive sputtering was carried out in an Ar/O2 gas mixture with 30% of O2. The films were deposited 

using an RF power of 150, 200 and 250 W for 30 min. These parameters were obtained from a previous optimization of the 

deposition conditions. The sample was cut into 1cmx1cm coupons cleaned and rinsed with distilled water.  

 

2.3 Contact angle measurement  

The contact angle measurements were performed using a goniometer (GBX instruments, France) by the sessile drop 

method. This instrument is a standard goniometer with image analysis attachments (video camera, computer with monitor, and 

image analysis software). The sessile drop method for the contact angle determination was used through deposition of liquid drops 

on solid surfaces with a micrometer syringe and controlled by means of a camera. The contact angles were determined from the 

droplet image using the tangent method. At least contact angles of 5 droplets were measured for each solvent on three 

independently conditioned surfaces. The final values were averaged on at least three different locations on the surface. In our case 

we used three liquids of different polarities whose interfacial tensions are known, as shown in table 1.  

 

Table.1. Values of the total free surface energy and its components as a result of interaction of LW and ab used in the 

investigation of contact angle of liquids at a temperature of 20°C [mJ/m2]. Obtained from the refs [30] 

Liquid surface energy component (mJ/m
2
) 

     
     

     
      

  

Water 72.8 21.8 51.0 25.5 25.5 

Formamide 58.0 39.0 19.0 2.28 39.6 

Diiodomethane  50.8 50.8 ≈ 0 ≈ 0 ≈ 0 

 

2.4 Atomic force microscopy 

AFM is a scanning probe microscopy instrument that consists of a force-sensing cantilever, a piezoelectric canner, and a 

photodiode detector. The cantilever bends upwards due to repulsive forces, or downwards due to attractive forces, between a 

sample (e.g. a bacterium) and a small tip that is an integrated part of the end of the cantilever. The deflection of the cantilever is 

monitored by reflecting a laser off the top of the free-end of the cantilever and into the photo detector. In this work, the atomic 

force microscopy used was a Nano-surf Flex AFM digital instruments operated in the tapping mode. 
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2.5 Surface Energy (Young-Van OSS equation) 

Young's equation [31] is used to describe the interactions between the forces of cohesion and adhesion and measure what 

is referred to as surface energy. As first described by Thomas Young [1], the contact angle of a liquid drop on an ideal solid 

surface is defined by the mechanical equilibrium of the drop under the action of three interfacial tensions.  

    =     +           (1)  

Where    ,   , and     represent the liquid-vapor, solid-vapor, and solid-liquid interfacial tensions, respectively, and θ is 

the contact angle. The surface free energy cannot be measured directly. Instead, the contact angle measurements with test liquid 

deposited onto the solid surface to calculate the surface energy is performed. Good approach, Van OSS and CHAUDHURY (acid-

base theory) [32] is used in this study. The components of the surface energy of a surface (  
 ,   

  and   
  ) were determined by 

carrying out contact angle measurements using three probe liquids (one nonpolar and two polar) with known surface tension 

parameters (  
 ,   

  and  
  ) and using Young's equation: 
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Where θ is the contact angle measured,    is the der Waals Van free energy component,    is the electron acceptor component, 

  component is the electron donor and the indexes (S) and (L) denote respectively solid surface and the liquid phase.  

The surface free energy is expressed as:   =   
   +   

   (3) 

Where   =   
   +   

  is the energy component without acid-base. 

2.6 Thermodynamic approach 

The Thermodynamic theory [33] is the second physicochemical approach that has been used to describe bacterial 

attachment to surfaces. It takes into account the various types of attractive and repulsive interactions, such as van der Waals, 

electrostatic or dipole but expresses them collectively in terms of free energy, a thermodynamic term. The approach requires 

estimation of numerical values of thermodynamic parameters, surface free energy of the bacterial and substratum surfaces and 

surface free energy (or surface tension) of the suspending solution, in order to calculate the Gibbs adhesion energy for bacterial 

adhesion. 

Mathematically the free energy of adhesion       can be expressed by:  

     =     –    –     (4) 

Where   represents interfacial free energies for different interfaces: bacteria-solid, bacteria liquid and solid liquid. Adhesion is 

energetically favored only if       is negative. For calculation of      , the free energy of adhesion was divided into two parts: 

Lifshitz van der Waals component and acid-base component.  

      =      
   +      

   (5) 

Calculation according to LW-AB approach using the Lifshitz -van der Waals dispersive and acid-base components of surface 

energies is following: 
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2.7 Hydrophobicity  

According to van Oss [34] the hydrophobicity of a given material (i) can be defined in terms of the variation of the free 

energy of interaction between two moieties of that material immersed in water (w). The free energy comprises a polar (AB) and a 

non-polar (LW) component and the variation of the total free energy is given by: 

      = -2[((  
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When the value of       tows is negative (the free energy of interaction between molecules is attractive) it means that the solid 

surface has less affinity for water than among themselves, meaning that they have a hydrophobic character. On the contrary, solid 

surface are hydrophilic when this value is positive (       > 0). 

 

3. RESULTS AND DISCUSSION   

3.1 Surface physic-chemical analyses 

The physicochemical characteristics of different ZnO substrates are calculated from the Young-van Oss equation. Table 2 

summarizes the values of the surface energy components of each substrate (Lifshitz / van der Waals and acid / base component). 

The value of the surface energy varies between 45.21 mJ/m
2
 and 40.7 mJ/m

2
 for the ZnO films. To the glass surface the value of 

the surface energy was 50.1 mJ/m
2
. The water contact angle values on the ZnO film substrates are above 65 ° (Ɵ water, ZnO 200 w 

=78.4°) and the glass surface Ɵ water, glass = 34.2 °. As described by Van Oss the free energy of interaction (     ) is negative for 

the substrates of the ZnO film the degree of hydrophobicity varies between       = -36.61 mJ /m
2
 and       = - 44.97 mJ/m

2
. The 

value of the free energy of interaction of the glass surface is positive       = 22.48 mJ/m
2
, as shown in Figure 3. 
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Table.2. Values of the contact angle and surface energy components [mJ/m2] 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
Figure 1: Components of the surface energy (Lifshitz Van der Waals / acid-base) for the glass and for the various 

substrates of the ZnO film (mJ/m
2
). 

 

The difference between the glass surface and the ZnO film are observed in the acid-base interaction γAB (acceptor and 

electron donor) as said polar component. The value of the acid-base component γ
AB

 = 3.0 mJ / m2 calculated for the film surface 

ZnO 200w is small compared to the value of this component to the glass surface (γ
AB

= 18.5 mJ /m2). On the other hand, the basic 

component of the glass surface is very important that the front surface of the film ZnO (γ
- 
(glasse) = 45.3 mJ/m

2
; γ

-
 (ZnO 150 w) = 

12.2 mJ/m2) which means the difference in the interaction donor / electron acceptor between the glass surface and the ZnO film. 

The dispersive component of surface energy to the various substrates is very large relative to the acid-base component. Values 

range between γ
D
 = 39.04 mJ/m2 and γ

D
 = 43 mJ/m2 for the ZnO film surfaces, and γ

D
 = 32.7 mJ/ m2 to the glass surface. 

The characteristics presented in Figures 1 and 2 summarize the results obtained. The difference between the glass surface 

and the surface of the ZnO film is observed. Acid-base component of glass has 36.2% of the surface energy. Against by the acid-

base component of ZnO films shows only 4.89%, 7.08% and 1.71% respectively for ZnO 150w, ZnO 200w and ZnO 250w of the 

surface energy. 

Free energy of adhesion values of different substrates of ZnO film and glass are calculated using LW-AB approach and 

are shown in Table 3. The Lifshitz van der Waals component is attractive for all substratums, the aim acid / base component is 

repulsive, especially for glass surface. 
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ZnO 200 w 78.4 65 40,5 39,04 0,2 11 3,00 42,40 -37,08 

ZnO 250 w 75.8 57,4 39,3 40 0,01 9,3 0,70 40,70 -44,97 

Glass 34.2 31 29.3 32.7 1.9 45.3 18.5 50.1 22.48 
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Figure 2: Components of the surface energy (dispersive component / acid component / basic component) for the glass and 

for the various substrates of the ZnO film (mJ/m
2
) 

 

Figure 3: Hydrophobicity for the glass and for the various substrates of the ZnO film (mJ/m2) 

3.2 Bacterial adhesion 

Staphylococcus aureus adhesion is characterized primarily by the calculation of the free energy of adhesion       . As 

presented in Table 3 the values of this energy for surfaces of the thin film zinc oxide are lower than the value obtained from the 

glass surface. From the thermodynamic point of view, more the value of the free energy is important bacterial adhesion becomes 

favorable. This means that the surface of the thin film of zinc oxide disadvantage approximately the initial attachment of the S. 

aureus bacteria. On the opposite, the glass surface which may be a carrier supporting the initial attachment of this microorganism. 

The difference here is observed in the values of AB component of the free energy of adhesion, it is mentioned in Table 3 that the 

glass surface has a very high value        because the presence strong of short-range forces. Further, evaluating the number of 

adherent bacteria on surfaces of each substrate was investigated by atomic force microscopy.  

The images obtained indicate the number of adherent cells on the substrate surfaces (glass and ZnO thin film). The figures (4A 

and 4B) show the evolution of adherent cells on the glass surface in the first two hours of suspension in order to characterize the 

initial attachment of the bacterial cell of S. aureus, also Figures (5A and 5B) show the evolution of these cells on the ZnO film as 

a function of time. By quantifying the adherent cells on the glass surface show a growth that evolves over time. On the other hand, 

the cells seem consistent with each other and they follow a specific path in its evolution. During the first hour of the suspension, 

the two surfaces (glass and ZnO film) have approximately the same number of adherent cells. The difference is measured during 

the second hour of suspension, and the structure of the bacterial colonies is different. The colonization on the glass is well 

organized and the cells follow a path as shown in Figures (4A and 4B). The cells were reduced on the surface of the ZnO film, 

they are inconsistent and they follow random directions as presented in the Figures (5A and 5B). Figure 6 summarizes the 

difference between the number of adherent cells on glass surface and the ZnO surface.  
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Table.3. Free energy of adhesion and its components [mJ/m
2
] 

Substratum      
        

        
    

ZnO 150w -2,60 9,10 6,50 

ZnO 200w -2,17 7,31 5,14 

ZnO 250w -2,28 6,85 4,57 

Glass -1,44 27,28 25,84 

 

The bacterial adhesion is the result of physicochemical interactions between the cell and the solid phase. Many studies 

establish a relationship between the physicochemical properties of the surface free energy of interaction and cell adhesion 

phenomenon [35-36]. In this work, the effect of physicochemical properties on adherence of S. aureus was well observed. The 

thermodynamic approach was established for predicting the adherence phenomenon of S. aureus cells has been well verified by 

the quantification of adherent cells after analyzing images obtained by atomic force microscopy.  

The results showed that the glass surface has a favorable environment for the growth of S. aureus colonies. This surface 

has an important polar component (acid-base) while the ZnO films have a low polar component. This means that the glass surface 

is governed by the short-range forces and the ZnO surface by the ling range forces. This shows the influence of acid-base 

interaction in the adhesion of the Gram-positive cells. In addition, the water contact angle measurements on the surfaces of ZnO 

films obtained at different powers show the hydrophobicity of this surface (ƟW> 65 °). Conversely, the glass surface is 

hydrophilic. This interpretation explains the role of hydrophobicity on adhesion of S. aureus. If the surface is hydrophilic, the 

adhesion of S. aureus is favored, and if the surface is hydrophobic, this adhesion is less favored.  

This difference measures the anti-adhesive side of the zinc oxide films because, ZnO damage the bacterial cell wall by 

electrostatic interaction between ZnO and cell surfaces or the production of reactive oxygen species [37]. ZnO in particular has 

shown great promise in reducing infections due to its inherent antimicrobial properties. These properties have been proven to be 

enhanced when the particles are on the nanoscale rather than the microscale [38] While the mechanism of the observed 

antibacterial activity of ZnO is not completely understood, several studies have suggested two possible mechanisms: the 

production of increased levels of reactive oxygen species (ROS) such as hydroxyl radicals and singlet oxygen, and/or the 

accumulation of the nanoparticles in either the cytoplasm or the periplasmic region of the bacterial cells causing disruption and 

disorganization of cellular functions and membranes [39-40].  

Figure 4:  AFM 2D Topography, Images of Staphylococcus aureus ATCC 25923 on the glass surface, (A): 1 hour; (B): 2 

hours 
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Figure 5: AFM 2D Topography, Images of Staphylococcus aureus ATCC 25923 on the ZnO surface, (A): 1 hour; (B): 2 

hours 

 

Figure 6: Number of attached cells on glass surface and on ZnO surface  

3. CONCLUSION 
ZnO thin films were deposited on glass substrate using sputtering, with different power values. The effect of 

physicochemical properties on the adhesion of Staphylococcus aureus has been well observed in this work. Analysis by atomic 

force microscopy showed a difference between S. aureus adhesion on the glass surface and on the surface of ZnO films. This 

shows that ZnO thin films has excellent anti adhesion activity against S. aureus. 
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