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Abstract 

In this study, we investigated firstly the evolution of physicochemical properties before and after the spores adhesion of 

Penicillium expansum and Penicillium commun on the surface of cedar wood. Secondly, we also observed the variation of 

the physicochemical properties after the dual adhesion of these two fungal strains. Thus, we found that the cedar was 

initially hydrophobic (θw =118.5° ΔGiwi = -6.09 mJ/m
2
) with a significantly higher electron donor character (γ

- 
= 31.15 

mJ/m
2
)  than the electron acceptor (γ

+
 = 8.75 mJ/m

2
). Then these surface properties of cedar were significantly changed 

following the adhesion of spores according to the contact time and depending on the Penicillium strains. The values for the 

physicochemical characteristics were (θw = 87.8°; ΔGiwi = -93.46 mJ/m
2
 γ

-
 = 0.06 mJ/m

2
 and γ

+
 = 0.57 mJ/m

2
) after 24 

hours of incubation with the spores of P. expansum and (θw = 96 °; ΔGiwi = -46.18 mJ/m
2
; γ

-
 = 4.09 mJ/m

2
 and γ

+
 = 4.40 

mJ/m
2
) with those of P. commun. However, although hydrophobicity is still maintained after the combined spore adhesion 

(P. commun + P. expansum), the latter allowed to find a significant increase of Lewis acid/base parameters compared to the 

single spore adhesions. 
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Introduction 

For several years, many studies have been conducted on the biofilms formation. They were examined at all 

stages of their formation, at small or large scale, which are developed by bacteria or fungi on different materials 

(wood [1], stainless steel [2, 3], silicone [4-6]…etc).  

During biofilm formation, the initial step of the adhesion is considered as the important and most decisive of all. 

And it is divided in two steps: an adherence corresponding to a reversible adsorption of the microorganisms on 

the surfaces and a properly adhesion which correspond to their final fixation.  

The adhesion phenomenon is subjected to the effect of several interactions such as Van der Waals forces, 

electrostatic forces and physico-chemical interactions (acid/base of Lewis: electron donor/acceptor characters, 

hydrophobicity/hydrophylicity and surface free energy). [3, 7-10].  

These interactions are depending, at the same time, on the surface properties of the material studied and those of 

microorganisms adhering to the substrate [8]. Thus, the aim of our present study is to investigate the 

physicochemical characteristic of the cedar wood before and after adhesion of fungi, then to evoluate the change 

of these properties caused by the individual adhesion of two fungi strains: Penicillium expansum and 

Penicillium commun. Finaly, to compare the impact of the same physico-chemical characteristics of wood 

surface with the combination of the two strains studied.   
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2. Materials and methods  

2.1. Preparation of the cedar wood surface 

The substrate used in our study was the cedar wood (Cedrus atlantica) which is widely used in the construction 

of houses in the old medina of Fez. The cedar wood was cut into pieces which had the following dimensions: 

length = 3 cm, thickness = 0.4 cm and width = 1 cm. The roughness of the wood pieces was set in a range from 

0.8 to 1μm by using a rugosimeter (Model : Mitutoyo Sj 301). Then, each piece of wood was washed six times 

with distilled water and then autoclaved at 120 ° C for 15 min.  

 

2.2. Microorganisms, growth conditions and harvesting spores 

Two strains of the Penicillium genus  (P. expansum and P. commun) were isolated from cedar wood decay and 

identified in our laboratory [11]. Their growth was obtained at 25 °C using Malt Extract Agar.  After 7 days of 

incubation, their spores were then harvested by scraping the culture surface in KNO3 (0.1 M). The spore 

suspension was concentrated by centrifugation at 10,000 g for 15 min at 4 °C until a concentration of 10
7
-10

8
 

spores / ml (counted with a hemacytometer). 

 

2.3. Measurements of contact angles and calculation of the physicochemical characteristics 

The surface properties of the cedar wood were characterized by the sessile drop technique [12,13]. Three 

measurements of contact angles were made on each wood samples using two polar liquids (water and 

formamide) and one apolar liquid (diiodomethane) with known energy characteristics (Table 1).  All parameters 

of the physico-chemical characteristics of the surface (The surface free energy (ΔGiwi) of substrates, the 

Lifshitz-van der Waals components (γ
LW

),  the electron donor or Lewis base (γ
-
)  and electron acceptor or Lewis 

acid (γ
+
)) were calculated by the equation of Young-Van Oss [14, 15]: 

 

γ
L
 Cosθ+ 1 = 2(γ

S
LW γ

L
LW )1/2 + 2(γ

S
+γ

L
−)1/2 + 2(γ

𝑆
−γ

L
+)1/2                        (1) 

 

Where the terms (S) and (L) denote solid surface and liquid phases respectively. 

 

The Lewis acid-base component was obtained by: 

γS
AB = 2(γS

−γ𝑆
+)1/2                    (2) 

And the samples degree of hydrophobicity was evaluated through contact angle measurements and by the 

approach of Van Oss and al. [14]. According to this approach, the degree of hydrophobicity of a given material 

(i) is expressed as the free energy of interaction between two entities of that material when immersed in water 

(w): ΔGiwi. This latter was evaluated through the surface tension components of the interacting entities, 

according to the following formula: 

 

ΔGiwi = −2γ
iw
= −2  ((γi

LW )1/2 − (γ
w
LW )1/2)2 + 2 (γ

i
+

γ
i
−)

1

2 +  γ
w
+γ

w
− 

1

2 −  γ
i
+γ

w
− 

1

2 −  γ
w
+γ

i
− 

1

2       (3) 

 

Table 1: Surface tension properties of pure liquids used to measure contact angles [15,16] 

 

 

 

 

 

 

 

2.4. Adhesion of the spores on the cedar wood 

The wood pieces were immersed in 10 ml of the KNO3 suspension (0,1M) containing 10
7
-10

8
 spores / ml and 

incubated at 25 °C. Spore adhesion on the surface was carried out by sedimentation. After different contact 

Liquids γ
LW

 (mJ/m
2
) γ

+
 (mJ/m

2
) γ

-
(mJ/m

2
) 

Water (H2O) 21.8 25.5 25.5 

Formamide (CH3NO) 39 2.3 39.6 

Diiodomethane(CH2I2) 50.5 0 0 
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times indicated (2, 4, 6, 8, 10 and 24 hours), a piece of wood was removed and spores that had not adhered to 

the surface were rinsed three times with sterile distilled water, by moving slowly in a Petri dish [1, 16, 17]. Then 

the pieces were left for drying overnight at room temperature. Each sample was repeated three times.  

 

3. Results and discussion 

According to Vogler [17, 18] and Van Oss approach [1, 19, 20], when the value of the contact angle with water 

exceeds 65 °, the surfaces are characterized as hydrophobic and hydrophilic when the value of the contact angle 

is less than 65 °. Moreover a positive value of the free energy surface (ΔGiwi) means that the surface is 

hydrophilic and a negative value indicates that it is hydrophobic. The surface free energy gives a quantitative 

indication of the hydrophobicity of the substrate surface; while the contact angle with water permits a qualitative 

assessment of hydrophobicity. 

Thus, according to this approach, the obtained results (Figure 1a and b) showed the hydrophobic character of the 

initial state of the studied cedar with a value of water contact angle greater than  65° (θw =118.5°) and a 

negative value of surface energy (ΔGiwi = -6.09 mJ/m
2
). This is indicative of a qualitative and quantitative 

hydrophobicity. This hydrophobic character observed on the wood surface before spore adhesion  corroborate 

the previous work of De Meijer et al. [21] and El Abed et al. [22] who noted a relative hydrophobicity of cedar 

(θw = 82.5 ° and ΔGiwi = -58.81mJ/m
2
) and (θw = 69±2°; ΔGiwi ˂ 0 mJ/m

2
) respectively. For others wood 

species, Gérardin et al. [23] reported a significant hydrophilicity for pine and beech with the water contact 

angles of 55.4 ° and 54.5 ° respectively. 

 
 

 
Figure 1: Variation of physico-chemical characteristics: contact angle with water (a) and the free surface energy 

(b) of the wood surface treated in function of the different contact times (2, 4, 6 , 8, 10 and 24 h) with the strains 

taken individually or in combination.  
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Figures 1 and 2 indicate the variation of physico-chemical characteristics (water contact angle, surface free 

energy, electron donor/acceptor characters) of the wood surface as a funtion of different contact times (2, 4, 6, 8, 

10 and 24 h) with the strains taken individually or in combination. 

So as it can be seen in Figure 1(a), compared to the initial state of cedar wood, the contact angles with water of 

the two strains indicate that the surfaces of the samples are hydrophobic with 96° and 87,8° after 24 h of 

incubation respectively in contact with P. commun and P. expansum. This qualitative hydrophobicity observed 

on surfaces of cedar pieces covered with fungal spores, is confirmed quantitatively by the analysis of the surface 

energies values shown in Figure 1 (b). 

 

 
 

 
Figure 2: Variation of physico-chemical characteristics: Electron donor (c) and Electron acceptor (d) characters 

of the wood surface treated in function of the different contact times (2, 4, 6, 8, 10 and 24 h) with the strains 

taken individually or in combination.  

 

Indeed, during the contact time between wood surface and our two fungi, the values of the surface energy 

remained negative at 24h with values of -46,18 mJ/m
2
  and -93,46 mJ/m

2
 respectively for P. commun and P. 

expansum. This decrease of hydrophobicity following the spore adhesion is predictable especially when we 

know that, unlike the cedar surface, our fungi spores are hydrophilic. El Abed [24] reported in its works, among 

others strains, that the surface of spores were hydrophilic: P. expansum (θw =45.3 °; ΔGiwi =15.2 mJ/m
2
.), and 

P. commun (θw =17.9°; ΔGiwi = 8.5 mJ/m2). which would explain this decrease of hydrophobicity found. 
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Although it is generally accepted that microorganisms having hydrophobic properties tend to attach on 

hydrophobic surfaces; and inversely with hydrophylic microorganisms and hydrophilic surfaces; there are 

several other factors that can significantly influence the attachment of microorganisms to surfaces. these are, 

inter alia, the degree of surface roughness [25-28], the pH [29-31] or acid-base surface properties [7-10, 32, 33]. 

In this study, electron donor/acceptor characteristics of cedar surface have been highly modified after the 

adhesion of spores. 

Indeed, the wood showed initially a significantly higher electron donor character (31.15 mJ / m
2
)  than the 

electron acceptor (8.75 mJ/m
2
). However, these values declined sharply following the adhesion of the spores of 

the two strains on the surface of the wood. Thus, as can be seen on Figure 2 (a, b), the difference was significant 

from the first contact time (2 h) with a considerable decrease of the values of electron donor (4.09 and 0.06 

mJ/m
2
) and electron acceptor (4.40 and 0.57 mJ/m

2
) characters after 24 h respectively for strains in the order 

mentioned above.  

This significant decrease of the electron donor character as a function of time suggests its strong involvement in 

the adhesion of both Penicillium strains taken individually on cedar surface. This finding was consistent with 

the works of Van Oss et al. [34], Henriques et al. [35] and Hamadi et al. [32] who explained the importance of 

acid-base interactions in microbial adhesion on mineral surfaces. Mahdavi et al. [36] also reported the tendency 

of polymeric Biosurfaces  to be donor electrons as is the case for our cedar samples. 

As we have observed for hydrophobicity, the donor and electron acceptor characters also change when surfaces 

undergo a treatment. Indeed Gerardin et al. [23] reported that after heat treatment, pine and beech woods 

showed a slight modification of the electron acceptor component while the electron donor was strongly 

influenced. they also explained that these modifications were due to chemical changes that occur during the heat 

treatment. However, unlike our results where the polar component remains constant even after the adhesion of 

our both fungi spores when the dispersive component decreased significantly, Al-Turaif et al. [37] reported in 

their work that in the all cases of coating systems they studied, the dispersive components was higher than the 

polar components. 

In addition to the analysis of the results of physicochemical properties of our two fungal strains taken 

individually and in particular of the physicochemical changes caused by their adhesion to the cedar surface, we 

also studied the evolution of these same surface properties when the adhesion is carried out with a mixture of 

spores of these two species of Penicillium.  

In this second part of our study, it was found that the hydrophobic character of the samples surface was still 

maintained for the combination of spores (P. expansum + P. commun). However, it was also found that the 

hydrophobicity of combination was greater (θw = 104.6°; ΔGiwi= -20.95 mJ/m
2
) than both strains taken 

individually after 24 h. 

Thus, as it can be seen in Figures 2 (c and d) we also find that the values of the electron donor and  acceptor 

characters of the samples treated with spores combination were quite high (γ
-
 =15.29 mJ/m

2
, γ

+
 = 8.21 mJ/m

2
) at 

the end of the experiment (24 h) compared to those of the spores taken separately. 

Indeed, it is rare, even impossible, to find a complete biofilm formed by a single microbial species in a natural 

ecosystem. Unfortunately, we did not found in littératture the similar cases to our study on the evolution of 

physicochemical characteristics of surface properties with combinations of strains. However, it is important to 

note the difference of the evolution of physicochemical parameters studied according to the single or dual 

adhesion of the Penicillium spores in time. 

Indeed, when the results of the adhesion of both spores showed an important decrease the initial hydrophobicity 

as well as Lewis acid/base components over time, the results of the combination rather reveals a slight decrease 

compared to the control sample. 

Furthermore, as the physicochemical surface properties help explain the phenomenon of adherence, several 

studies have also reported the ability of fungi to attach on substrates through hydrophobins which modify the 

properties of hydrophobic surfaces to hydrophilic surfaces and thus allow their adhesion. [38-41]. 

Other studies also report the use of essential oils to inhibit the growth of microorganisms in planktonic [42-44] 

or biofilm form [45-47]. 
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Conclusion 

In this study, we could clearly observe the impact of bioadhesion on physicochemical surface properties. The treatment of 

the cedar wood surface by the combination of spores also showed a significant change on the properties of the surfaces 

compared to bioadhesion of each spores taken individually. This could promote the participation of some microorganisms 

which do not have the ability to adhere to the substrates themselves. 
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