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The aim of this study was to evaluate the effect of chemical compounds found in different water types on 
the physico-chemical properties of bacteria and the adhesion of two strains (Pseudomonas aeruginosa and 
Escherichia coli) to glass, PVC and stainless steel. P. aeruginosa and E. coli were exposed to two sterile water 
types (distilled water and tap water) for 3 h. Contact angle measurements were used to assess the surface 
properties of both strains and coupons of different materials. The hydrophobicity ( �GP a

iwi mJ m. /� 70 2 ,  
�GE c

iwi mJ m. /� 49 2 ) and the electron donor properties ( �P.a mJ m
_

, /� 106 81 2 , �E.c mJ m� � 74 2/ ) of the 
bacterial strains seems to increase when exposed to sterile tap water compared to distilled water, while the 
electron acceptor property is largely unchanged ( �P a. , /� � 0 98 2mJ m , �E c. /� � 0 2mJ m ). The adhesion tests 
were carried out in a water circuit creating turbulence. The number of adhered cells was determined after 
their detachment from the coupons using an ultrasonic bath for 2 min. The findings showed that the type of 
water affects the adhesion of both strains, which is stronger in tap water than distilled water. A correlation test 
to determine the surface property that governs adhesion in these conditions, suggested that the adhesion is 
mainly governed by hydrophobicity.
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INTRODUCTION

Drinking water is a complex product, characterized by its diverse and dependent composition. During 
its transfer to the consumer, water comes into contact with piping materials. Domestic drinking water 
networks are a major source of contamination in public health, because they are likely colonized by 
single and multi-species biofilms. Water contamination can occur from the suspended flora; however, 
immobilized biofilms are the major source of drinking water contamination (Abdel-Nour et al., 2013; 
Jefferson, 2004). Flemming et al. (2002) reported that 95% of the water flora is attached to the inner 
surface of water pipes. Therefore, it appears that biofilms are the survival mechanism used by bacteria 
against all environmental stresses (Aparna and Yadav, 2008). It is well known that biofilms are very 
complex and difficult structures to eradicate. However, prevention seems to be the most appropriate 
approach to control bio-adhesion and biofilm formation. This phenomenon is always preceded by 
an adhesion step. We believe that the events that precede adhesion are the keys to understand this 
phenomenon, and therefore to prevent it.

Once a surface is exposed to an aqueous medium of varying chemical composition, its surface 
properties are very often modified by the adsorption of organic and/or inorganic molecules from the 
surrounding fluid (Chmielewski and Frank, 2003; Somers and Wong, 2004; Sheng et al., 2008; Fard, 
2010). The adhesion phenomenon depends on several physicochemical properties, namely, the energetic 
properties of the bacterial and the substrate surfaces. Yet, the surrounding medium plays a crucial role 
in the adhesion process. Drinking water is a heterogeneous medium characterized by its diverse and 
dependent chemical matrix, mainly composed of lime (CaCO3), ions (Al3+, Ca2+, Fe2+, Mg+, Mn2+, K+, 
Na+, NO3

−, PO4
3+, SO4

2−…), dissolved gases (O2, CO2), several organic molecules, and microorganisms 
of different categories (Gao et al., 2009). In an aqueous environment such as drinking water networks, 
it is very likely that once a bacterium comes into contact with water, its surface is immediately covered 
by new compounds, especially ions. Thence, this adsorption and attachment of new chemical agents to 
bacterial surfaces will probably change the surface properties of bacteria (Hamadi et al., 2012) as well 
as their ability to attach to the inner surfaces of water pipes. Therefore, in order to fully understand and 
control adhesion in water systems, it is first necessary to focus on the events that precede it.

There have been a multitude of studies which have tested the bio-adhesion of waterborne bacteria 
to the inner surface of pipes. However, to our knowledge, no work has investigated this adhesion 
based on the adsorption of the chemical components of water to the surface of the microorganisms. 
The dynamic adsorption mechanism must be established. In particular, the effect of water ions and 
molecules that adsorb and bind to bacterial surfaces requires deeper study. Indeed, studying the 
impact of bacterial physicochemical changes on adhesion under turbulence conditions seems to 
be of most importance. Thus, the significance of our work lies in that we test two types of water 
with differences in their chemical compositions. Therefore, the main objectives of this study were to 
evaluate the bacterial surface properties when suspended in water and the effect on adhesion. Then, it 
will be possible to have an idea of the contamination rate based on the water chemistry. Pseudomonas 
aeruginosa and Escherichia coli were tested in this study because they are recognized as two bacterial 
models of drinking water quality, and because of their pathogenic nature. Stainless steel and PVC 
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were used during this study because they are widely used in the 
manufacture of domestic drinking water pipes.

MATERIALS AND METHODS

Bacterial strains, growth conditions and preparation of 
bacterial suspensions

The strains used in this study were Pseudomonas aeruginosa 
ATCC27853, and Escherichia coli ATCC25922. The preparation 
of the bacterial suspensions began with incubation of bacteria 
in solid LB (Luria Bertani) medium for 24 h at 37°C. Then, the 
cells were scraped and suspended in a 0.1 M (KNO3) solution and 
washed twice by centrifugation (5 000 g for 15 min) (Hamadi et 
al., 2014; Elgoulli et al., 2021).

Cleaning of coupons

The materials used during this study were PVC and stainless steel, 
both widely used for the manufacture of fittings and tubes for 
water pipelines in Morocco, and glass (glass was used in this study 
as a reference material because of its simple molecular structure 
and its clear hydrophilic character). The tested PVC and stainless-
steel coupons were obtained from new pipes, while the glass 
coupons were obtained from microscope slides.

Before cleaning, the supports were cut into coupons with 1 cm × 
1 cm surfaces. Then they were soaked for 10 min in 70% (vol/vol) 
ethanol, and rinsed 3 to 6 times with sterile distilled water and 
autoclaved at 120°C for 15 min (Hamadi et al., 2014a; Assaidi et 
al., 2018).

Exposure of bacteria and supports to the water types

After being washed twice by centrifugation, the selected strains 
were re-suspended in sterile distilled water or sterile tap water 
(sterile tap water: pH 7.5, conductivity 400.75 µS/cm, 6.15 mg/L 
of chlorates, 30.55 mg/L of magnesium, 53.40 mg/L of nitrates, 
102.80 mg/L of nitrites, 5.10 mg/L of dissolved oxygen, 10.25 mg/L 
of potassium, 19.50 mg/L of sodium, and 5.66 mg/L of sulfates 
(Elgoulli et al. 2021)) for 3 h.

Then, the cells of each strain were placed on a cellulose acetate 
filter membrane (0.45 µm of port diameter) and filtered by means 
of negative pressure (Busscher et al., 1984; Hamadi et al., 2014). 
The filters, on which a layer of bacterial cells was formed, were left 
to dry in the open air for 10 min. Likewise, the supports were put 
in contact with water for 3 h, then rinsed 2 to 3 times with sterile 
distilled water and left to dry in the open air.

Surface characterization

The contact angle measurements were performed using a goni-
ometer (GBX instruments, France) by the sessile drop method.  

One to three drops of a liquid were placed on each solid support 
or layer of bacterial cells (as described above). Three to six contact 
angle measurements were made for all liquids probed, including 
water, formamide or diiodomethane.

The Lifshitz-Van der Waals (γLW), electron donor (γ−) and electron 
acceptor (γ+) components of the bacterial surface, glass, stainless 
steel and PVC were estimated according to the approach proposed 
by Van Oss et al. (1988). In this approach the contact angle (Ѳ) can 
be expressed as:
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The approach of Van Oss et al. (1988) was also used during this 
study to determine the surface hydrophobicity. This approach 
explains the hydrophobicity as the interaction free energy 
between two entities of this material when immersed in water; 
it is noted as ∆Giwi. The surface is considered hydrophobic or 
hydrophilic if this free energy is negative (∆Giwi<0) or positive 
(∆Giwi>0), respectively. ∆Giwi can be estimated through tensions 
on the surfaces of interacting entities, according to:
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Adhesion experiments

The bacterial suspension of Pseudomonas aeruginosa ATCC27853 
and Escherichia coli ATCC25922 – 12 mL containing approx-
imatively 108 CFU/mL – was poured into 2 L of water (sterile 
distilled water or sterile tap water) circulating in the pilot station 
(flow: 300 L/h, presser: 160 mbar, temperature: 25°C) for 3 h 
(Fig. 1). The assays were carried out in turbulent conditions, to be 
as close as possible to the real conditions that apply when water is 
flowing through pipes.

After 3 h of circulation, the coupons were recovered and rinsed 
gently 3 times with sterile distilled water in order to remove loose 
bacteria. Each support was immersed in a test tube with 10 mL of 
sterile physiological water (NaCl: 9 g/L). The adhered cells were 
detached from each support using a sonication bath for 2 min. The 
number of adhered cells is determined by a series of dilutions of 
the mother solutions obtained after sonication. The enumeration 
is done on solid LB medium after incubation at 37°C for 24 h. The 
experiments are repeated 3 times.

Figure 1. Schema of the water circuit that creates the turbulence condition
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RESULTS

Physicochemical characterization of the surfaces  
of supports and bacterial strains

Table 1 presents the physicochemical characterization of the 
material surfaces used. Table 2 gives the physicochemical 
characterizations of the bacterial strains’ surfaces after being 
exposed to the two types of sterile waters at 25°C. The surface 
hydrophobicity can be deduced directly from the contact 
angle with water (Oliveira et al., 2001). The absolute degree of 
hydrophobicity of a surface (I) with regard to water (W) can be 
determined (Van Oss, 1997). According to the approach of Van 
Oss (1997), the surfaces of P. aeruginosa and E. coli are hydrophilic  
( �GP a

iwi mJ m. /� 41 2 , �GE c
iwi mJ m. /� 29 2 ), strongly electron donors 

( �P.a
_

, /� 55 5 2mJ m , �E.c
_

/� 50 2mJ m ),  and weakly electron ac-
ceptors ( �P.a

� � 0 8 2. /mJ m , �E.c
� � 2 6 2. /mJ m ). Likewise, glass is a 

hydrophilic (∆Giwi=15 mJ/m2), strong electron acceptor (γ+ = 40.36 
mJ/m2) and weak electron donor (γ- = 1.54 mJ/m2) surface. On 
the other hand, stainless steel and PVC are hydrophobic (∆Giwi = 
−49.60 mJ/m2, ∆Giwi = −25.50 mJ/m2), moderate electron donor 
(γ− = 6.9 mJ/m2, γ− = 11.41 mJ/m2) and weak electron acceptor 
(γ+ = 0.51 mJ/m2, γ+ = 3.03 mJ/m2) surfaces. The exposure of these 

supports to water apparently has no effect on their surface physico-
chemistry.

Clear changes were revealed in the properties of the bacterial  
surfaces after the exposure to the two types of water. Changes in  
surface physicochemical characteristics were typically stronger 
when the strains were exposed to the sterile tap water. On the con-
trary, the bacterial surfaces underwent fewer changes in contact with 
sterile distilled water. Results showed that sterile tap water caused 
significant increases in hydrophilicity (70.20 mJ/m2 for P. aerugino-
sa, 49.80 mJ/m2 for E. coli) and electrons donor potential (106.81 
mJ/m2 for P. aeruginosa, 74.00 mJ/m2 for E. coli) of surfaces for both 
strain, while electron acceptor capacity was been affected. Clearly, 
the degree of modification in surface properties is linked to many 
parameters, mainly water composition, cellular structure, extracel-
lular polysaccharides produced by the cells, environmental condi-
tions such as pH, ionic forces, temperature, and the exposure period. 
In this case, these changes are more likely due to the differences in 
the chemical composition of the two water types. In particular, we 
suggest that the level of surface modification depends on the differ-
ences in the concentrations of lime and dissolved ions in the water. 
It is possible to establish a relationship between these concentrations 
and the surface properties of the strains used in this study.

Table 1. Tensions and free energies of the supports exposed to the two types of sterile waters at 25°C  

Substrates Contact angle (°) Surface tension (mJ/m2) ∆Giwi

(mJ/m2)
Ѳ Diiodomethane Ѳ Formamide Ѳ Water γ  LW γ  + γ    −

Glass 46.4 (1.4) 45.8 (3.3) 36.5 (3.1) 36.3 40.36 1.54 15.00

Glass
Sterile distilled water

47.2 (1.6) 44.9 (1.5) 34.7 (2.1) 35.8 39.3 1.81 17.2

Glass
Sterile tap water

47.9 (1.2) 44.1 (1.8) 34.1 (2.6) 35.11 39.21 1.78 17.5

Stainless steel 40.9 (2.1) 69.7 (1.2) 82.1 (1.9) 40.1 0.51 6.9 −49.60

Stainless steel
Sterile distilled water

40.1 (1.3) 70.2 (2.1) 80.3 (3.1) 41.2 1.01 6.81 −38.4

Stainless steel
Sterile tap water

41.3 (1.7) 70.0 (1.8) 80.6 (2.5) 41.5 1.02 6.88 −38.3

PVC 91.8 (0.7) 76.2 (1.4) 83.3 (0.9) 12.01 3.03 11.41 −25.5

PVC
Sterile distilled water

93.1 (1.8) 79.1 (1.5) 85.5 (1.2) 14.13 3.5 12.11 −16.6

PVC
Sterile tap water

93.7 (1.2) 80.0 (2.4) 86.2 (1.7) 14.5 4.1 13.8 −13.1

γ  LW: The Lifshitz-van der Waals components of the surface tension; γ  −: electron donor component of the surface tension; γ  +: electron acceptor component 
of the surface tension ; γ  AB: The Lewis acid–base surface tension component ; ΔGiwi: The free energy of interaction between two entities of a material when 
immersed in water

Table 2. Tensions and free energies of P. aeruginosa and E. coli surfaces after exposure to the two types of sterile waters at 25°C  

Strains Contact angle (°) Surface tensions (mJ/m2) ∆Giwi

(mJ/m2)
Ѳ Diiodomethane Ѳ Formamide Ѳ Water γ  LW γ  + γ    −

P. aeruginosa
Sterile distilled water

53.00 (1.06) 36.30 (0.82) 27.6 (0.23) 32.60 0.80 55.50 41.60

P. aeruginosa
Sterile tap water

64.20 (1.64) 65.4 (1.54) 19.0 (0.63) 26.11 0.98 106.81 70.20

E. coli
Sterile distilled water

57.50 (0.7) 26.20 (0.38) 24.3 (1.31) 30.00 2.60 50.60 29.60

E. coli
Sterile tap water

58.40 (0.95) 48.70 (0.14) 23.50 (0.61) 29.50 0.00 74.00 49.80

γ  LW: Lifshitz-Van der Waals component of the surface tension; γ  −: electron donor component of the surface tension; γ  +: electron acceptor component of 
the surface tension; γ  AB: Lewis acid–base surface tension component; ΔGiwi: free energy of interaction between two entities of a material when immersed 
in water
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Effect of water on the adhesion of bacterial strains to 
glass, PVC and stainless steel

Bacterial adhesion is governed by several forces, which are 
generated by the surfaces of bacteria and substrate. The surrounding 
medium can change these forces when some of its compounds 
are fixed on the bacterial or substrate surface. In this study we 
have shown that water (as a surrounding medium) has changed 
the energetic properties of the bacterial surface and we have given 
some possible explanations as to how and which compounds 
could attach to the surface of bacteria and change its surface 
energy. Consequently, the adhesion capacity will be influenced. 
Figures 2 and 3 respectively show the adhesion of P. aeruginosa 
and E. coli. Generally, microbial adhesion is a combination of 
surface physicochemical properties of both the cells and the types 
of materials, and the density of the microorganisms. Regardless of 
the type of water running through the water supply system, both 
bacterial strains have the ability to adhere to all studied materials. 
More specifically, the adhesion was stimulated by sterile tap water 
under turbulence conditions, under which stainless steel (105,61 
ufc/cm², 105,18 ufc/cm²) and PVC (105,96 ufc/cm², 105,18 ufc/cm²) 
were the most colonized surfaces.

DISCUSSION

Firstly, our objective was to quantify and explain the 
physicochemical proprieties of Pseudomonas aeruginosa and 
Escherichia coli after being exposed to two waters with different 
chemical composition. Tap water significantly enhances some 
surface characteristics of both bacterial strains but not to the 

same degree (Table 2). The observed discrepancies are very likely 
due to the molecular structure of the bacterial surfaces, which 
could govern the adsorption and fixation of the appropriate water 
compound. Numerous studies have shown that hydrophobicity is 
linked to the presence of nitrogen, proteins or carbon in the shape 
of hydrocarbons, whereas hydrophilicity is linked to the existence 
of oxygen and polysaccharides exposed on the surface of bacteria 
(Cowan et al., 1992; Cuperus et al., 1993; Dufrêne and Rouxhet, 
1996; Latrache et al., 2002). The physicochemical differences 
observed between E. coli and P. aeruginosa could be caused by 
the chemical composition of the bacterial walls, particularly the 
external structure of their molecular composition, as reported by 
some studies (El Ghmari et al., 2002; Latrache et al., 2002; Hamadi 
et al., 2005). On the other hand, the increase in hydrophilicity of 
both strains could be the result of adsorption and attachment of 
some water compounds to these bacterial wall structures.

The relationship between the chemical structure of bacterial 
surface and its energy has been investigated by various scientists 
(Mozes et al., 1988; Van der Mei et al., 1989; Mozes et al., 1989; 
Latrache et al., 1994; Van der Mei and Busscher, 1997; Boonaert 
and Rouxhet, 2000; Hamadi et al., 2012). For example, a 
number of research studies (Mozes et al., 1988; Mozes et al., 
1989; Latrache et al., 1994; Hamadi et al., 2012) have reported 
that phosphate groups play an important role in the creation of 
surface energy. In addition, carboxyl groups are at the same time 
important for the energy of microbial surfaces (Boonaert and 
Rouxhet, 2000; Hamadi et al., 2005; Hamadi et al., 2008). The 
acid-base property is also relevant to the adhesion phenomenon 
(Henriques et al., 2004; Hamadi et al., 2005; Hamadi et al., 2008).  

Figure 2. Number of adhered cells of P. aeruginosa suspended in sterile distilled water or sterile tap water. The error bars represent the standard 
deviation.

Figure 3. Number of adhered cells of E. coli suspended in sterile distilled water or sterile tap water. The error bars represent the standard deviation.
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According to these findings, the type of water affects the electron 
donor character (base) of both strains. Usually, this character is 
generated by some functional groups exposed on the surface, 
namely, carboxylic, phosphoric and amino groups (Hong and 
Brown, 2006). Hamadi et al. (2012) found a strong positive 
correlation between the electron donor character and the P/C ratio 
of E. coli. The results showed an increase in the electron donor 
character with sterile tap water, which could be related to the 
adsorption of certain groups found in drinking water. On the other 
hand, nitrogen (N) could play an important role in decreasing the 
electron acceptor (acid) capacity. Indeed, Hamadi et al. (2012) 
also found a negative correlation between the electron acceptor 
character and the N/C ratio for E. coli. There was a depletion of 
the electron acceptor capacity of E. coli when exposed to sterile 
tap water (Table 2), which is likely caused by the adsorption of 
nitrogenous compounds commonly found in drinking water. 
Similarly, the electron acceptor capacity increases with the amount 
of polysaccharides concentrated on the bacterial surface (Hamadi 
et al., 2012). However, this study revealed a reduction in this 
property (Table 2). The adsorption of negatively charged ions and/
or molecules and the stabilization of acid radicals linked to these 
forces, in particular O=C structures, and the reduction of the N/C 
ratio, could be the cause of the reduction in this property.

An investigation of the adhesion ability of P. aeruginosa and E. coli in 
turbulence conditions on glass, PVC and stainless steel was carried 

out. To our knowledge, no previous studies have been published on 
the effect of water type on bacterial adhesion, which have shown 
that water components can contribute to reducing or increasing 
bacterial adhesion. The obtained results showed that the bacteria 
tested in this study could adhere readily on all materials regardless 
of the type of water. In addition, the exposure of strains to sterile 
tap water may enhance their adhesive capacity. Several studies have 
reported that the physicochemical properties of the bacterial wall as 
well as those of the material, mainly hydrophobicity, surface charge 
and electron donor/acceptor properties, are the key parameters of 
microbial adhesion (Hamadi et al., 2005; Hamadi and Latrache, 
2008; Henriques et al., 2004; Teixeira et al., 2008; Silva et al., 2008). 
On the contrary, some other research studies have not found 
a relationship between adhesion and the physico-chemistry of 
surfaces (Flint et al., 1997; Oliveira et al., 2006; Teixeira et al., 2007). 
However, our data exhibit a good positive correlation (R2 = 0.9042) 
between hydrophobicity and cell adhesion (Fig. 5).

These findings suggest that adhesion could be strongly governed 
by the electron donor property and the hydrophobicity. In fact, 
an enhancement of these two physicochemical properties was 
observed when the bacterial strains were exposed to sterile tap 
water. Moreover, this enhancement was accompanied by an 
increase in the adhesive capacity, which is probably due to the 
adsorption of some water compounds such as ions and molecules, 
as described above.

Figure 4. Correlation between adhesion and the electron donor character of E. coli and P. aeruginosa

Figure 5. Correlation between adhesion and the hydrophobicity of E. coli and P. aeruginosa.
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CONCLUSION

In order to develop strategies to prevent the contamination of 
drinking water, it is essential to understand the relationship between 
the water’s chemical composition and its contamination. For this 
reason, this study was based on the exposure of two bacteria to two 
different waters. The findings showed that tap water enhances the 
physicochemical characteristics of the bacterial walls, especially 
the hydrophilicity and the electron donor property. As a result, the 
adhesive ability of both strains seems to increase in the presence 
of tap water. Therefore, it can be assumed that there is a strong 
relationship between the adhesion of Pseudomonas aeruginosa 
and Escherichia coli and water type, in turbulent conditions. Water 
compounds could enhance the bacterial adhesion in the water pipes 
by changing the bacterial surface characteristics. Therefore, water 
and its chemical composition have to be taken into consideration 
as important factors when a strategy of water disinfection is being 
developed, which will require further in-depth studies.
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