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Environmental pollution by organic compounds is a global problem. Biological treatment methods are 
used to restore polluted environments. Microbial immobilization on abiotic surfaces is a recent strategy 
to improve the efficiency of these processes. In this technique, cell adhesion is a fundamental step for 
subsequent colonization and biofilm formation. Therefore, the use of strains with adhesive properties is 
a critical factor for successful immobilization. In this work, culturable environmental microbial strains 
were phenotypically characterized regarding their hydrophobicity, adhesion to polystyrene and 
production of exopolysaccharides and amyloid fibers. The cell retention was quantified by counting 
viable cells using polyurethane foam as material support. The degree of hydrophobicity varied from 
moderately hydrophobic to hydrophilic, while the adhesion to polystyrene and production of 
exopolysaccharides and amyloid fibers ranged from strong to negative. The results of qualitative tests 
were transformed into scores and a direct relationship between the qualitative characteristics and 
number of adhered cells on polyurethane foam was observed. The Gram-negative bacterium Serratia 
marcescens and the yeast Candida rugosa showed the best results and were selected for further 
immobilization tests.  
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INTRODUCTION 
 
One of the greatest problems the world is facing today is 
the increase of chemical pollution of the environment; 
causing grave and irreparable damage to the earth. 
Biological methods have been widely studied as practical, 
environmental friendly and economical alternative for 
bioremediation of chemical pollutants (Kumar et al., 
2011). Microbial  immobilization is a promising strategy to  
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enhance the efficiency of these processes (Ahmad et al., 
2012). In this technique, toxic and recalcitrant pollutant 
compounds are adsorbed on solid surfaces and transfor-
med by the immobilized microbial cells metabolism. 
Physical confinement provides high biomass concentra-
tion, production of protective extrapolymeric substances 
(EPS) and higher stability than systems with suspended 
cells and also permits the reuse of cells (Cai et al., 2011).  

Among the methods used for cell immobilization, 
natural adsorption is one of the simplest (Zhou et al., 
2008). In this technique, the initial adhesion between the 
microorganism  and  abiotic  solid  surface is fundamental 



 
 
 
 
for the success of cell immobilization. However, the para-
meters governing this step are complex, not completely 
understood and vary among microorganisms. Sensitive 
and standardized techniques such as atomic force 
microscopy, which determines the behavior of individual 
cells and the interactions at the molecular level, are still 
limited, costly and not always available (Goulter et al., 
2009). Thus, qualitative tests of hydrophobicity, adhesion 
on solid surfaces and production of amyloid fibers and 
exopolysaccharides (EPS), due to their simplicity and 
quick and easy implementation, are valuable tools for 
preliminary selection of promising microbial strains for 
cell immobilization (Ubbink and Schar-Zammaretti, 2007; 
Oulahal et al., 2008; Goulter et al., 2009; Pagedar et al., 
2010).  

In this respect, flexible polyurethane foam has gained 
relevance as a microbial carrier for its good mechanical 
properties, high porosity, large adsorption surface, resis-
tance to organic solvents and microbial attack, easy 
handling, regenerability and cost effectiveness (Patil et 
al., 2006).  

Given the above, the aims of the present work were to 
evaluate the phenotypic adhesion characteristics of cultu-
rable environmental microbial strains, to compare these 
qualitative characteristics with quantitative cell retention 
on polyurethane foam and to select the most promising 
strains for further cell immobilization experiments. 
 
 
MATERIALS AND METHODS 

 
The microbial strains used in this work are from the culture 
collection of the Environmental Microbiology Laboratory of the 
Department of Biology, Federal University of Ceará, where they are 
preserved on high-layer nutrient agar (NA) medium (Merck, 
Germany) under sterile mineral oil at 4°C.  

Considering the differences among cell microbial surfaces, the 
Gram-positive bacterium Micrococus luteus, the Gram-positive 
spore forming bacterium Bacillus spp., the Gram-negative 
bacterium Serratia marcescens and the yeast strain Candida 
rugosa were tested. Pseudomonas aeruginosa ATCC 25619 was 
used as standard strain. The bacterial strains were isolated from the 
wastewater treatment plant of the Pici Campus of Federal 
University of Ceará, Brazil. The isolates were identified according to 
Machado (2002), using traditional microbiological methods. The C. 
rugosa strain was isolated from wastewater treatment of petroleum 
products and lubricants (LUBNOR refinery, Fortaleza, CE, Brazil) 
and also identified by traditional methods according to Rocha et al. 
(2007). 

The pigmented bacterial strains S. marcescens and M. luteus 
were selected because these substances can give selective 
advantages which contribute to higher resistance and tolerance to 
microorganisms facing toxic substances (Arrage et al., 1993). 

 
 
Inoculum preparation 

 
Each strain was inoculated separately into a Petri dish with Luria-
Bertani (LB) medium containing (per liter): 10 g tryptone, 5 g yeast 
extract, 5 g NaCl and 17 g agar. The plates were incubated at 30°C 
for 48 h. Then, a colony of each strain was transferred to 100 ml of  
LB broth and incubated for 18 h at 26°C on a horizontal shaker (150 
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rpm). After this time, 1 ml of this culture was transferred to 100 ml of 
LB broth and again incubated under the same conditions (Komlos 
et al., 2005). The absorbance of this suspension was adjusted to 
approximately 0.6 at 600 nm, corresponding to concentrations 
between 108 and 109 colony-forming units per milliliter (CFU/ml). 

 
 
Production of amyloid fibers 

 
Qualitative detection of amyloid fibers was performed by cultivation 
of the microbial strains on Congo red agar (CRA) according to the 
protocol described by Freeman et al. (1989) and validated by 
Arciola et al. (2002). The strains were cultured on CRA plates 
prepared by adding 0.8 g of Congo red and 36 g of saccharose 
(Sigma) to 1000 ml of brain heart infusion (BHI) agar (Oxoid). The 
plates were incubated for 24 h at 30°C and subsequently overnight 
at room temperature (26°C). The colonies were examined for the 
intensity of the color red. Colorless colonies were classified as 
negative (0), light red as poor producers (1), dark red as moderately 
productive (2) and very dark red as strongly productive (3). 

 
 
Production of exopolysaccharide (EPS)  

 
The standard tube (ST) method described by Christensen et al. 
(1982) was used. The strains were inoculated in glass tubes 
containing BHI medium, incubated at 35°C for 24 h. After this time, 
the contents were decanted and the tubes were then stained with 
1% safranin for 7 min. A positive result was indicated by the 
presence of an adherent film of stained material on the inner 
surface of the tube. The presence of stained material at the liquid-
air interface alone was not regarded as indicative of slime 
production. EPS production by each isolate was scored as negative 
(0), weak (1), moderate (2) or strong (3). 

 
 
Cell surface hydrophobicity (CSH) 

 
Hydrophobicity was determined by an affinity test for xylene. 
Aliquots of 4 ml of each culture containing 108 to 109 CFU were 
added in phosphate buffered saline (PBS), at pH 7.2, mixed with 
400 μl of xylene (Merck, Frankfurt, Germany) and incubated in a 
water bath at 37°C for 10 min. The suspensions were shaken and 
left to rest for 15 to 20 min at room temperature (26°C). The 
aqueous lower layer was removed and the absorbance read at 640 
nm. The results were used to calculate the hydrophobicity index 
(HI), using the equation: HI = (A640-B640) x 100/A640, where A640 
represents the optical density of the microbial suspension before 
treatment with xylene, and B640 represents the optical density of the 
aqueous phase after treatment of the bacterial suspension with 
xylene (Serebryakova et al., 2002). Values ≥ 50% represent strains 
highly hydrophobic (3), values ≥ 20% and < 50% show moderate 
hydrophobicity (2) and < 20% are considered hydrophilic strains (1) 
(Mattos-Guaraldi et al., 1999). 

 
 
Microbial adhesion to polystyrene 

 
Specific interactions between cell and hydrophobic polystyrene 
surfaces is the basis of this technique, as described by Rosenberg 
(1981) and adapted as described below: sterile 80-mm diameter 
disks of polystyrene were pressed on the surface of NA plates 
measuring 150 x 15 mm containing isolated colonies of each 
microbial strain. The replica of the colonies on the polystyrene 
surface was washed for 2 min to remove the cells which were not 
firmly   bound.   Translucent   areas   on   the   polystyrene   surface  
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corresponding to colonies of adhered cells were indicative of a 
positive test. To facilitate visualization and comparison with the 
original colonies, each replica was fixed by dipping it in ethanol P.A 
96º GL (Sigma-Aldrich) and was then stained with 2% crystal violet 
(Sigma). The strains were classified according to the following 
scale: (0) negative, (1) weak, (2) moderate and (3) strong. 
 
 
Motility 
 
Since motility is suggestive of the presence of flagella and this 
structure is considered important for cell adhesion, the bacterial 
strains were evaluated for this parameter. One drop of inoculum of 
each culture was deposited on a coverslip, which was inverted on 
an excavated slide and observed under an Olympus CH 831 optical 
microscope using 100x objectives (Aygan and Arikan, 2007). The 
results were reported as (+) positive or (-) negative. 
 
 
Polyurethane foam 
 
Polyurethane foam of density 23 kg/m3 was cut into coupons of 
dimensions of 10 x 10 x 5 mm, corresponding to a surface area of 
4.0 cm2. The coupons were washed with liquid detergent and water, 
rinsed with distilled water, immersed in 70% ethyl alcohol for 1 h, 
rinsed with distilled water, dried at 70°C for 4 h, sterilized at 121°C 
for 15 min and dried overnight at 70°C (Parizzi et al., 2004; Quek et 
al., 2006; Wang et al., 2009).  
 
 
Quantitative adhesion on polyurethane coupons 
 
A volume of 100 ml of inoculum of each culture was transferred to a 
500 ml Erlenmeyer flask containing 250 ml of Luria-Bertani broth 
diluted 10 times with respect to its original concentration (g/l) 
(tryptone 1.0, yeast extract and NaCl, 0.5). Polyurethane coupons 
previously cleaned and sterilized were added in each flask. The 
flasks were incubated at 26°C under horizontal orbital agitation (150 
rpm) for 24 h. 

After 2, 4, 6, 8, 10 and 24 h of incubation, the coupons were 
aseptically removed from each flask and added to tubes of 12.0 x 
120.0 mm containing 10 ml of 0.1% peptone water (w/v) as diluent. 
These tubes were swirled in a vortex for 1 min to release loosely 
adhered cells. The cells that remained on the coupons after this 
procedure were considered to have adhered. Thus, the first 
suspension was discarded, the coupons were transferred to tubes 
with 10 ml of the same diluent and again stirred for 1 min (Parizzi et 
al., 2004; Vesterlund et al., 2005; Boari et al., 2009; Careli et al., 
2009). The bacterial suspensions were diluted and inoculated in 
triplicate on plates containing the medium agar tryptone glucose 
yeast extract (ATGE) (Merck, Germany), which were incubated at 
37°C for 48 h. The yeast count was performed on potato dextrose 
agar (PDA) (Merck, Germany) modified by adding tartaric acid to 
adjust the pH to 3.5 and incubated at 26°C for 72 h. The results 
were expressed as colony forming unit/cm2 (CFU/cm2) by the 
following transformation: 
 
CFU/cm2 = V (A / a) x M x D  
 
Where, V = volume of diluent; a = aliquot plated; M = average 
counts after incubation; D = decimal dilution; A = area of the matrix. 
 
 
Statistical analysis 
 
All statistical analyses were performed using GraphPad Prism 
version 5.00 (GraphPad Software, San Diego, CA), at 95% 
confidence  level. The data of the original microbial counts were log  

 
 
 
 
transformed. The  differences  in the quantitative cell retention were 
examined by the Friedman test, followed by Dunn's multiple 
comparison. Spearman’s correlation coefficient was used to assess 
the relationship between the contact time and cell adhesion. All 
experiments were performed in triplicate with at least two 
repetitions. The reading of the qualitative tests was performed 
independently by two different observers. 
 
 
RESULTS  
 
The M. luteus strain exhibited colonies with weak red 
pigmentation on CRA medium. The other microorganisms 
showed dark red colonies, similar to the control strain P. 
aeruginosa ATCC 25619. 

The red viscid slime layer on the glass tubes repre-
sented the EPS production. The Gram-negative bacteria 
S. marcescens and control strain P. aeruginosa ATCC 
25619 presented similar results, followed by C. rugosa, 
M. luteus and Bacillus spp. 

The motility was positive for P. aeruginosa ATCC 
25619, S. marcescens and Bacillus spp., suggesting the 
presence of flagella, while the M. luteus was negative for 
this characteristic. S. marcescens showed an intense 
purple color on polystyrene, similar to P. aeruginosa 
ATCC 25619 and suggestive of cell adhesion on this 
hydrophobic surface. C. rugosa showed a less intense 
color; followed by Bacillus spp. The M. luteus strain was 
negative in this test.  

The HI values of P. aeruginosa ATCC25619, S. 
marcescens, C. rugosa, B. cereus group and M. luteus 

were 25, 28, 26, 9 and 0%, respectively.  
The results of the qualitative tests are summarized in 

Table 1 and the quantitative adhesion of microbial strains 
on polyurethane foam is shown in Figure 1. The Spear-
man coefficient (r) of the P. aeruginosa ATCC 25619, S. 
marcescens and C. rugosa strains showed a significant 
positive correlation between the concentration of viable 
cells and the contact time. The number of viable cells of 
S. marcescens and C. rugosa strains was not signifi-
cantly different from the standard strain P. aeruginosa 
ATCC 25619. After 24 h, these strains reached concen-
trations of about 10

7
 CFU/cm

2
. The concentration of 

approximately 10
5
 CFU/cm

2
 of M. luteus was significantly 

lower than that determined for P. aeruginosa ATCC 
25619 and was not characteristic of biofilm formation.  

The Bacillus spp. was detected on polyurethane 
coupons only after 24 h of contact at concentrations of 
10

6
 CFU/cm

2
. 

 The adhesion of bacterial vegetative cells and spores 
of Bacillus spp. was evaluated. The strain was immo-
bilized on polyurethane foam coupons and the number of 
adhered cells was monitored before and after a heat 
treatment (80°C/10 min) at intervals of 5, 10, 24, 48, 72, 
96 and 120 h (Figure 2). After 5 and 10 h, no colony was 
detected from the polyurethane coupons, but after this 
period, there was no difference between the cell 
concentration of adhered cells before and after heat 
treatment. 
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Table 1. Adhesive cell qualitative characteristics of culturable environmental microbial strains. 
 

Microbial strain 
Adhesion phenotypic characteristic Total 

score AF EPS AP HI Mot 

P. aeruginosa ATCC 25619 2 3 3 2 + 10 

S. marcescens 2 3 3 2 + 10 

Bacillus spp. 2 1 1 1 + 5 

M. luteus 0 2 0 0 + 2 

C. rugosa 2 2 2 2 + 8 
 

AF, Amyloid fibers; EPS, exopolysaccharide; PA, polystyrene adhesion; HI, hydrophobicity index; Mot, motility. 0, 
No detected characteristic; 1, weak; 2, moderate; 3, strong; +, positive; -, negative. Values are the result of triple 
observations by two different observers. 

 
 
 

 
 Time (h)  

 

Figure 1. Growth curve of Pseudomonas aeruginosa ATCC 25619. (■), Serratia 
marcescens; (●), Micrococcus luteus; (▼), Bacillus spp; (♦), e Candida rugosa; (▲), on 
polyurethane coupons for 24 h. The results are the average of three different 
experiments. 

 
 
 
DISCUSSION 
 
Amyloid fibers are formed by a group of polymeric 
proteins about which, little is known. They contribute to 
the adhesion of microbial cells to each other or with 
different solid surfaces and play an important role in 
biofilm formation (Castonguay et al., 2006; Larsen et al., 
2007; Dueholm et al., 2010).  

Red colonies of S. marcescens, Bacillus spp. and C. 
rugosa strains on CRA medium suggested binding with 
amyloid-specific Congo red dye and these strains were 
classified as producing amyloid fibers. Castonguay et al. 
(2006) described Escherichia coli strains positive for the 
ARC test,  Abdallah et al. (2009)  reported positive results 

for Vibrio parahaemolyticus and V. alginolyticus, and 
Romero et al. (2010) reported the same for Bacillus 
subtilis. Garcia et al. (2011) observed amyloid fibers in 
Saccharomyces cerevisiae and C. albicans yeast strains.  

The development of a mucoid layer, indicating EPS 
development, was evident in the following sequence: S. 
marcescens, C. rugosa, M. luteus and Bacillus spp. 
Tsuneda et al. (2003) reported that EPS significantly 
influenced the microbial adhesion onto solid surfaces, 
which is recognized as the initial stage in biofilm 
formation. 

In experiments conducted by Ivanova et al. (2008), 
extracellular polysaccharides were responsible for greatly 
enhancing  cell  attachment  of Staleya guttiformis cells to 
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Figure 2. Log CFU/cm2 of Bacillus spp. released from polyurethane coupons at different 
contact times before and after heat treatment. The results are the average of two different 
experiments. 

 
 
 

poly(tert-butyl methacrylate) (P(tBMA) polymer surfaces. 
S. marcescens and Bacillus spp. strains exhibited 
motility, while M. luteus was negative for this charac-
teristic. These results corroborate those of Garrity (2005), 
who observed the presence of flagella in most Gram-
negative bacteria studied, like with the strains P. 
aeruginosa and S. marcescens. According to the same 
author, this structure, although rare, can be found in 
Gram-positive bacteria, as in some species of the 
Bacillus genus. The negative response of the M. luteus 
strain confirms the description of Garrity (2005) for this 
species. According to Klausen et al. (2003), this 
structure, while not indispensable, does facilitate cell 
adhesion. The S. marcescens strain showed similar 
ability of adhesion on polystyrene as the control strain P. 
aeruginosa ATCC 25619, followed by C. rugosa and 
Bacillus spp. M. luteus was negative for this charac-
teristic. These results are in accordance with those of 
Boari et al. (2009), who reported that Gram-negative 
bacteria, due to their lipid-rich outer membrane, tend to 
be more hydrophobic than the Gram-positive bacteria. 
Zeraik and Nitschke (2010) reported that when cultured in 
a medium with peptone, M. luteus strains showed 
reduced adhesion on polystyrene. Since NA contains 
peptone in its composition, it is possible to consider this 
effect on the referred strain.  

The literature indicates that for polymeric surfaces, the  
hydrophobicity varies among Candida species. C. 
tropicalis,  C. glabrata  and C. krusei are described as more  

hydrophobic than C. albicans, C. parapsilosis and C. 
stellatoidea (Luo and Samaranayake, 2002). No reports 
on hydrophobicity of the C. rugosa species were found.  

The HI values classified S. marcescens and C. rugosa 
as moderately hydrophobic, Bacillus spp. as weakly 
hydrophobic, while M. luteus was hydrophilic (Mattos-
Guaraldi et al., 1999). These results were coherent with 
microbial adhesion on the hydrophobic polystyrene 
surface.  

It is believed that microorganisms that can live in 
aqueous media containing a dispersed hydrophobic 
carbon source have evolved mechanisms to facilitate 
access to the substrate, since there is little likelihood of 
contact between the microorganisms and hydrophobic 
droplets in constant motion (Fickers et al., 2005). Since 
the C. rugosa strain was isolated from wastewater from 
an oil refinery, the result of adherence to xylene confirms 
that this strain is adapted to hydrophobic surfaces.  

Serebryakova et al. (2002) described similar 
hydrophobicity results for S. marcescens strains and 
Ryazantseva et al. (2012) reported that the cell surface 
components responsible for mediating the hydrophobicity 
of S. marcescens may include prodigiosin pigment, which 
is associated with a hydrophobic protein.  

The results of the qualitative tests (Table 1) show that 
S. marcescens and C. rugosa were the most promising 
strains for cell immobilization. The number of viable cells 
of S. marcescens and C. rugosa strains retained on 
polyurethane  was  not  significantly  different from that of 



  
 
 
 
the standard strain P. aeruginosa ATCC 25619. After 24 
h, both strains reached concentrations of about 10

7
 

CFU/cm
2
, characteristic of biofilm formation (Quek et al., 

2006; Carelli et al., 2009).  
The results shown in Figure 1 are in agreement with 

that of Kumamoto and Vince (2005) and Dusane et al. 
(2008), who reported that although yeasts grow slower 
than bacteria, they are also able to adhere and grow on 
inert surfaces to form biofilms. The concentration of 
approximately 10

5
 CFU/cm

2
 of M. luteus was significantly 

lower than that of P. aeruginosa ATCC 25619 and was 
not characteristic of biofilm formation, confirming the 
results of the qualitative adhesion tests. 

Pompermayer and Gaylarde (2000), in an experiment 
for cell immobilization of a Gram-negative bacterium, P. 
fluorescens and a Gram-positive one, Staphylococcus 
aureus on stainless steel observed that while the first 
strain reached final values of about 10

7
 CFU/cm

2
, the S. 

aureus strain reached values of 10
5
 CFU/cm

2
. Although, 

the strains and support material used in the present study 
and those employed by the above mentioned authors are 
different, it is possible to compare these results with 
those shown in Figure 1, in which the Gram-negative 
bacteria S. marcescens and the control strain P. 
aeruginosa reached concentrations of 10

7
 CFU/cm

2
 and 

Gram positive, M. luteus reached about 10
5
 CFU/cm

2
. 

As seen in Figure 1, cells of Bacillus spp. only were 
detected on polyurethane coupons after 24 h of contact 
at concentrations of 10

6
 CFU/cm

2
. The absence of 

Bacillus cells on the coupons before and after heat 
treatment (80°C/10 min) in the first 10 h of contact shows 
the inability or reduced ability of vegetative cells to 
adhere to this surface. The detection of cells on poly-
urethane only after 24 h suggests that the depletion of 
nutrients contributed to the sporulation process. The 
spores survive the heat treatment and the cell counts 
showed no significant differences. In this respect, Elhariry 
(2008) reported that the hydrophobicity of spores of 
Bacillus was significantly higher than that of vegetative 
cells, concluding that spores play an important role in 
adherence to inert surfaces, especially in oligotrophic 
environments.  

Even considering that concentrations of 10
6
 CFU/cm

2
 

are characteristic of biofilm formation, it is important to 
note that spores are metabolically inactive under limiting 
conditions, which would hinder the transformation of 
recalcitrant compounds by these organisms in immo-
bilized form.  

The cell retention on polyurethane confirmed the 
results of phenotypic characteristics, showing that the 
qualitative tests presented here can be used for preli-
minary selection of strains with potential for immo-
bilization. Although, the search for strains producing 
biosurfactants was not the objective of this study, it was 
observed that the culture of S. marcescens after 5 days 
in contact with the polyurethane coupons showed the 
formation  of  intensely white foam, strongly suggestive of 
a producing strain. 
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This was also noted by Nitschke and Pastore (2002), 
who reported a biosurfactant called serravetina produced 
by strains of S. marcescens. Anyanwu et al. (2011) also 
described a lipopeptide biosurfactant produced by a S. 
marcescens NSK-1 strain isolated from petroleum-
contaminated soil. Since biosurfactants, also called 
bioemulsifiers, reduce the surface tension of the medium 
and can facilitate the solubilization and utilization of 
complex substrates, strains producing these substances 
are of great interest for bioremediation processes (Ward, 
2010).  

In conclusion, the culturable environmental microbial 
strains tested here had different potentials for cell adhe-
sion. A correlation between qualitative adhesive charac-
teristics and quantitative cell retention was observed and 
Gram-negative bacteria were more promising than Gram-
positive for immobilization. Bacterial spores showed 
better adhesion ability than the corresponding vegetative 
form. Yeasts can also be used in processes of cell 
immobilization. Among the microbial strains evaluated, S. 
marcecens and C. rugosa showed better qualitative and 
quantitative results for cell adhesion and were selected 
for future experiments of immobilization in mixed and 
pure cultures.  
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