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Abstract
This study aimed to investigate the ability of twelve strains of Enterococcus spp. to form biofilms on stainless steel (AISI 
316 L and AISI 304 L) and to characterize the physicochemical properties of the bacterial and surface supports. The study 
also examined the auto-aggregation and extracellular polymeric substances of strains in both planktonic and sessile forms. 
The results showed that all Enterococcus spp. strains tested were capable of forming biofilms, with varying degrees reaching 
7.41 log CFU/cm2 on AISI 316 L for Enterococcus mundtii A1. On AISI 304 L, the highest biofilm recorded was 7.01 log 
CFU/cm2 for Enterococcus mundtii A13. It was observed that auto-aggregation was influenced by the strains’ hydrophobicity. 
These results shed light on the possible application of Enterococcus spp. biofilm as a strategy to control pathogenic biofilms 
in various industries and provide insight into the role of physicochemical properties in biofilm formation.
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LAB  Lactic acid bacteria
GRAS  Generally recognized as safe
MRS  Man Rogosa and Sharpe
CFU  Colony forming units
EPS  Extracellular polymeric substances
PCA  Principal component analysis

Introduction

In recent years, Enterococcus spp. have gained significant 
attention among the wide group of lactic acid bacteria (LAB) 
due to their remarkable health-promoting properties. These 
species occur naturally in a variety of food sources including 
vegetables, dairy, meat, fish, and plant material. The diverse 
properties of Enterococcus spp. have led to their application 
in different food systems. Enterococcus spp. have shown 
potential application in dairy products due to their ability to 
withstand harsh conditions, such as temperature, salinity, and 
pH. Moreover, they positively impact the taste, texture, aroma, 
and sensory profile of various types of cheese (Giraffa and De 
Fernando 2022). Additionally, they are known for their ability 
to produce bacteriocins, specifically enterocins, which play a 
crucial role in inhibiting the growth of other bacteria (Favaro 
et al. 2014; Qiao et al. 2020; Du et al. 2022).

The probiotic potential and health-promoting effects of 
Enterococcus strains have been widely investigated (Zommiti 
et al. 2018; Nami et al. 2019). These bacteria have been classi-
fied as probiotics and are commonly used in the food industry 
for the production of functional foods, as well as for the pre-
vention and treatment of certain animal and human diseases. 
Enterococcal strains have been employed in the prevention of 
certain animal and human diseases, such as chronic intestinal 
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diseases (Ghosh et al. 2013). Some strains, such as Entero-
coccus durans M4–5, Enterococcus mundtii ST4SA, and E. 
durans LAB18s have been shown to induce anti-inflammatory 
effects, contribute to the integrity of the intestinal epithelium, 
and lower human serum cholesterol levels (Avram-Hananel 
et al. 2010; Liu et al. 2016; van Zyl et al. 2016).

LAB are known to possess the capacity to adhere to and 
form biofilms on biotic and abiotic surfaces (Khalil and 
Oleiwi 2021). In the food industry, species such as Lactoba-
cillus spp. and Lactococci spp. display a tendency to attach 
to moist surfaces and proliferate to form biofilms on various 
materials, including stainless steel and polystyrene microtiter 
plates (Ait Ouali et al. 2014; Pérez Ibarreche et al. 2014). 
Moreover, the ability of LAB to adhere to food components 
has been explored in several works. For instance, Ly et al. 
(2006) demonstrated that lactococci adhere to food com-
ponents such as lipids and hydrophobic compounds. As a 
novel approach to preventing biofilm formation, LAB bio-
films present an alternative to chemical preservatives. In this 
regard, several studies suggest that LAB biofilms or their 
antimicrobial production, such as bacteriocins, biosurfactants, 
and exopolysaccharides, can serve as barriers to preventing 
pathogenic biofilms (Nel et al. 2002; Rodrigues et al. 2004; 
Li et al. 2014; Gómez et al. 2016; Pérez Ibarreche et al. 2016; 
Srivastava and Bhargava 2016; Zanzan et al. 2023).

Although Enterococcus strains have not yet been offi-
cially classified as Generally Recognized as Safe (GRAS), 
no reports of disease caused by commercialized entero-
cocci, such as E. faecium SF68 and E. faecalis (Franz et al. 
2011). Therefore, enterococcal strains are used as starter 
cultures in the food industry, as well as in probiotics, pro-
tective cultures, and/or anti-biofilm agents due to their ben-
eficial effects. Several studies have focused on the ability 
of Enterococcus spp. to adhere and form biofilms on biotic 
surfaces, such as intestinal cells (Botes et al. 2008; Amaral 
et al. 2017). Biofilms are communities of microorganisms 
attached to biotic or abiotic surfaces and surrounded by 
a matrix of biopolymers. This phenomenon can be found 
in various environments and can be used for diverse tech-
nological applications (Srivastava and Bhargava 2016). 
Adhesion of bacteria to suitable surfaces is the first critical 
step for biofilm formation. This process involves various 
factors, including the physicochemical properties of the 
surface and bacterial surface (Azelmad et al. 2017), fol-
lowed by cell aggregation and, ultimately, the formation of 
a mature biofilm by producing an extracellular biopolymer 
matrix. This ability of Enterococcus spp. to form biofilms 
allows them to survive under harsh environmental condi-
tions, such as high temperatures, ionizing radiation, and 
antibiotics. However, only a few studies have investigated 
the adhesion and biofilm formation of Enterococcus spp. 
on materials commonly used in the food industry, such as 
stainless steel (Zhao et al. 2013; Zanzan et al. 2023).

Hence, the identification of novel strains of Enterococ-
cus spp. holds paramount significance, due to their dis-
tinct mechanisms of adhesion and anti-pathogenic activity 
against industrial surfaces, as well as their technological 
traits. The aim of this study is to investigate the biofilm-
forming capacity of twelve Enterococcus spp. strains iso-
lated from different types of milk on two common food 
equipment materials, namely AISI 316 L and AISI 304 L 
stainless steel. In addition to assessing the physicochemi-
cal attributes of cells and substrates, the investigation 
includes the evaluation of the auto-aggregation phenom-
enon and extracellular polymeric substance production in 
both planktonic and sessile states.

Material and methods

Enterococcus spp. strains, culture conditions 
and bacterial suspension

Enterococcus spp. used in the present study were obtained 
from diverse milk sources and traditional cheese of 
Morocco, namely camel’s milk, ewe’s milk, and goat’s 
Jben cheese (Table 1). The strains were grown in de Man 
Rogosa and Sharpe (MRS) broth (Biokar Diagnostics, 
Barcelona, Spain) at 30 °C for 16 hours. Following this, 
the cells were harvested by centrifugation at 4000×g for 
20 minutes at 4 °C, and the resulting pellets were resus-
pended twice in a sterile saline solution (0.1 M) and stand-
ardized to  108 CFU/mL at 620 nm (≈ 0.5 McFarland).

Preparation of surfaces

For this study, two types of stainless steel, AISI 316 L and AISI 
304 L, were used. To prepare the materials, they were cut into 

Table 1  The twelve Enterococcus spp. strains used in this study

Strains code LAB species Origin

A1 Enterococcus mundtii Camel’s milk
A7 Enterococcus mundtii Ewe’s milk
A8 Enterococcus mundtii
A9 Enterococcus mundtii
A10 Enterococcus mundtii
A11 Enterococcus mundtii
A12 Enterococcus mundtii
A13 Enterococcus mundtii
A14 Enterococcus mundtii
A15 Enterococcus mundtii
F58 Enterococcus faceium Goat’s Jben
F420 Enterococcus hirae Goat’s milk
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small squares with dimensions of 1 cm × 1 cm × 0.2 cm. Prior to 
use, the materials were thoroughly cleaned by immersing them 
in 95% ethanol for 15 minutes to remove any debris, followed 
by rinsing with distilled water three times. Finally, they were 
dried and autoclaved at 120 °C for 20 minutes, in accordance 
with previously published protocols (Zanzan et al. 2023).

Atomic force microscopy

In order to obtain high-resolution images and precise quantita-
tive measurements of surface topography and roughness, atomic 
force microscopy was employed in this study. Statistical analysis 
was used to analyze the results. The surface topography and 
roughness of both AISI 304 L and AISI 316 L stainless steel 
surfaces were investigated using the Easyscan 2 software from 
Nanosurf. A tapping mode (dynamic) was used for scanning and 
measurement, and the measurements were taken under ambient 
conditions. The Ra value, which represents the arithmetic mean 
deviation of the profile, was used as the primary descriptor of 
surface roughness, as recommended by Verran et al. (2000). The 
roughness measurements were obtained from three replicates to 
ensure accuracy and reproducibility.

Contact angle measurement

The surface properties of stainless steel (AISI 304 L and 
AISI 316 L) and bacterial cells were evaluated using 

the contact angle assay. This method, as described by 
Busscher et al. (1984), involved depositing a thick layer of 
cells  (108 cells/mL) on a cellulose acetate filter (0.45 μm) 
and air-drying it on a glass support for 30–45 minutes at 
25 °C to achieve stable “plateau contact angles”. The ses-
sile drop method was then used with a goniometer (GBX 
instruments, France) to determine contact angles on the 
air-dried surfaces of the stainless steel materials. Tripli-
cate independent cultures of bacteria were used, and three 
measurements were taken on each surface with each of 
the test liquids: formamide (99%), diiodomethane (99%), 
and distilled water. The surface free energy of these liq-
uids is presented in Table 2 (Van Oss et al. 1988).

The Lifshitz-van der Waals component of the surface 
free energy (γLW) and the electron acceptor (γ+) and 
donor (γ-) surface tension components were utilized to 
calculate the contact angle of three liquids using the fol-
lowing equation:

(1)cos� = −1 + 2
(

�
S

LW �
L

LW
)1∕2

∕�
L
+ 2

(

�
S

+ �
L

−
)1∕2

∕�
L
+ 2

(

�
S

− �
L

+
)1∕2

∕�
L

Additionally, the Lewis acid-base surface tension com-
ponent (γS

AB) was defined as:

Hydrophobicity was evaluated by contact angle following 
the approach of Van Oss and colleagues (Van Oss et al. 1988). 
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Hydrophobicity was defined as the free energy of interaction 
(ΔG iwi) between two entities (i) of the material when immersed 
in water (mJm −2). The material was classified as hydrophobic if 
ΔG iwi < 0 and the interaction between two entities was stronger 
than each entity (i) with water. Conversely, the material was 
considered hydrophilic if ΔG iwi > 0 and the interaction was 
weaker. ΔG iwi was calculated using the equation:
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Auto‑aggregation assay

The auto-aggregation assay for Enterococcus strains 
studied was performed as per Krausova et al. (2019) with 
minor modifications. Briefly, 4 mL of bacterial suspen-
sion was incubated at 30 °C for different times (3 hours 
and 24 hours) without vortexing, and the absorbance (At) 

was measured. The auto-aggregation percentage (AP) was 
expressed as:

where A0 represents the absorbance before incubation.

(4)AP =

(

1 −
A
t

A
0

)

× 100

Table 2  Values of surface tension properties of water, formamide, 
and diiodomethane used for contact angle measurements

Surface energy parameters (mJ/m2)

Liquid γLW γ+ γ−

Water  (H2O) 21.8 25.5 25.5
Formamide  (CH3NO) 39.0 2.3 39.6
Diiodomethane  (CH2I2) 50.5 0.0 0.0
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EPS production from cell suspension and adhesion 
and biofilm formation in Enterococcus spp.

The bacterial suspensions for the determination of total 
extracellular carbohydrates of planktonic cells were pre-
pared as described above. Planktonic cells were then 
subjected to centrifugation at 5000 g for 10 minutes to 
collect the supernatants containing EPS. To quantify the 
total extracellular carbohydrates involved in adhesion 
and biofilm formation on stainless steel 316 L, 10 mL of 
bacterial suspension was deposited onto sterilized Petri 
dishes containing stainless steel 316 L and incubated for 
three hours at 30 °C to allow adhesion. The substratu was 
then washed with sterilized physiological water to remove 
planktonic cells and ensure that only adhesion and biofilm 
formation were measured. Next, 10 mL of MRS broth was 
added and incubated at 30 °C for 24 hours to allow for bio-
film formation. To detach the bacterial cells adhered to the 
substratum, an ultrasonic bath (POWER SONIC 405, Lab 
Tech, Namyangju-city, Korea) was used by immersing the 
substratum in a test tube containing 20 mL of physiologi-
cal saline (NaCl: 9 g/L). The supernatant containing EPS 
from planktonic cells, adhesion, and biofilm formation was 
then analysed using the colorimetric method described by 
Chae et al. (2006).

Colorimetric determination of the total 
carbohydrate content

EPS quantification was performed using the phenol-sulphu-
ric acid method of DuBois et al. (1956). Two milliliters of 
EPS suspension obtained from planktonic cells, 3 h adhe-
sion, and 24 h biofilm formation, were pipetted into test 
tubes. Then, 0.05 mL of 80% phenol solution was added, 
quickly followed by the addition of 5 mL of 95–98% sulfuric 
acid. The mixture was allowed to stand for 10 minutes and 
then incubated at 30 °C for 20–30 minutes in a water bath. 
The optical density (OD) was measured at a wavelength of 
460 nm using a UV-visible spectrophotometer, with glucose 
used as the standard.

Assessment of Enterococcus spp. biofilm formation 
on stainless steel surfaces

Ten milliliters of bacterial suspension were deposited onto 
sterilized substrates in Petri dishes and incubated at 30 °C for 
3 hours to facilitate bacterial adhesion. Non-adherent bac-
teria were carefully removed by rinsing the substrates three 
times with sterilized distilled water. Next, 10 mL of MRS 
broth was added, and the substrates were incubated at 30 °C 
for 24 hours. Following incubation, the substrates were 
transferred to a test tube containing 20 mL of physiological 
water and sonicated for 10 minutes using an ultrasonic bath. 

The resulting bacterial suspension was serially diluted and 
colony-forming units (CFU) were determined by plating on 
MRS Agar and incubating for 48 hours at 30 °C (Speranza 
et al. 2009). Triplicate repetitions were conducted for each 
strain. The resulting CFU counts were used for subsequent 
analyses.

Statistical analysis

Statistical analyses were carried out using STATISTICA 
software version 6 (TIBCO software Inc., California, USA). 
Bacterial strains were compared using the Tukey test, with 
a significance level set at p < 0.05. The contribution of sig-
nificant parameters such as hydrophobicity, electron donor, 
electron acceptor, and auto-aggregation to biofilm formation 
on two types of stainless steel was evaluated using principal 
component analysis (PCA).

Results and discussion

Physicochemical characterization of bacterial 
and stainless steel surfaces

Contact angle measurements were conducted to assess the 
surface free energy characteristics of twelve Enterococcus 
spp. strains and two types of stainless steel (AISI 304 L, 
AISI 316 L). The results, presented in Table 3, showed sig-
nificant differences in hydrophobicity among the strains, 
with values ranging from ΔG iwi = −12.2 mJ/m2 for A8 to 
ΔG iwi = 14.5 mJ/m2 for E. mundtii A13. Approximately 
66.6% of the tested strains displayed hydrophobic charac-
teristics, consistent with previous findings by Kiani et al. 
(2021), who reported hydrophobic values for E. hirae and 
E. mundtii. Additionally, E. mundtii A13, E. mundtii A1, E. 
hirae F420, and E. mundtii A12 (33.3%) exhibited hydro-
philic characteristics, which corresponding to the findings of 
Asria et al. (2023) and Li et al. (2021) for E. mundtii.

The results suggest that Enterococcus species exhibit sig-
nificant diversity in hydrophobicity, which may be strain-
dependent and influenced by various factors such as media 
culture composition and surface chemistry of the strains 
(Puniya et al. 2016). Previous studies by Giaouris et al. 
(2009) showed that different strains of Lactococcus lactis, 
even within the same species, may exhibit varying degrees 
of hydrophobicity due to mobile genetic elements such as 
genes encoding surface proteins and enzymes responsible for 
polysaccharide biosynthesis. For instance, in the same study 
of Giaouris et al. (2009) the hydrophobic strain TIL672 was 
obtained through the transfer of a lactose-protease plasmid 
from NCDO763 into a hydrophilic strain MG1363. The cur-
rent study found that AM2-C exhibited higher hydropho-
bicity than AM2, possibly due to prophage curing. Thus, 
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lactose-protease plasmids and prophages may be genetic 
determinants for hydrophobicity. In a related study, Li et al. 
(2015) showed that E. faecalis J2 exhibited higher hydropho-
bicity than E. faecalis 5–5, which was hydrophilic.

In addition, all Enterococcus strains tested in this study 
were predominantly electron donors, with values exceeding 
45 mJ/m2 for (γ−). This finding is in accordance with Faten 
et al. (2016), who reported a higher electron donor param-
eter for lactic acid bacteria. All Enterococcus spp. strains, 
with the notable exceptions of E. mundtii A13 and E. hirae 
F420, demonstrated a pronounced electron-acceptor char-
acter, as shown by significant variations in surface tension 
parameters (p < 0.05) (Table 3). These findings indicate that 
hydrophobicity, along with electron-acceptor and electron-
donor properties, are distinctive and varied among Entero-
coccus spp., confirming the species-specific nature of these 
surface properties.

The results of Table 3 indicate that AISI 316 L and AISI 
304 L exhibited hydrophilic behavior, with ΔG iwi values 
of 26.5 mJ/m2 and 28.1 mJ/m2, respectively. Moreover, 
AISI 304 L showed a high electron donor character (γ−) 
of 51.5 mJ/m2, whereas AISI 316 L had a slightly higher 
electron donor character of 55 mJ/m2. These findings are 
consistent with those of Hamadi et al. (2014), who reported 
that stainless steel 304 L was hydrophilic with a ΔG iwi value 
of 11.5 mJ/m2 and an electron donor character of 32.5 mJ/
m2. In contrast, Al-Hamarneh et al. (2012) reported that 
AISI 316 L exhibited a hydrophobic property before treat-
ment by plasma corona streamer, as determined by contact 
angle measurements. Similarly, Casarin et al. (2016) found 

that AISI 316 L and AISI 304 L were hydrophobic with 
a weak electron acceptor character based on contact angle 
measurements.

Surface roughness

The surface topography and roughness (Ra) of the two stain-
less steel types were analysed and visualized in Figs. 1 and 2 
using Easyscan 2 software. The results indicated that there 
were significant differences in Ra values between the two 
materials on the nanometer scale, with AISI 316 L exhibit-
ing a high Ra value of 343.23 nm, while AISI 304 L had a 
low Ra value of 28.42 nm (Fig. 2). This finding is in line 
with the results of other studies that have shown AISI 316 L 
to be rougher than AISI 304 L (Azelmad et al. 2017; Tan-
tratian et al. 2022).

However, it should be noted that the study conducted by 
Casarin et al. (2016) found that AISI 304 L had a Ra value 
of 32 nm, while AISI 316 L had a Ra value of 21 nm. In 
general, a Ra value of ≤0.8 μm is considered indicative of a 
hygienic material in terms of cleanability and reduced bacte-
rial adhesion particularly for stainless steel surfaces (Flint 
et al. 1997). Based on this criterion, it can be concluded 
that both types of stainless steel analysed in this study have 
Ra values that are appropriate for use in industrial settings.

Auto‑aggregation activity

Auto-aggregation ability of twelve Enterococcus spp. strains 
was examined following incubation at 30 °C for 3 hours. 

Table 3  Values of contact angle and components of surface tension of 12 Enterococcus spp. and stainless steel (AISI 316 L and 304 L)

The mean ± SD results for three replicates; Different letters (a, b and c) indicate significant differences among the studied. By column, the rates 
followed by the same letters are not statistically different according to Tukey’s post hoc test (p < 0.05)

Surface Strains Contact angle (°) Surface tension: components and parameters 
(mJ/m2)

ΔG iwi (mJ/m2)

θ diiométhane* θ formamide θ water ˠ (LW) ˠ (+) ˠ (−)

A1 94.9 ± 1.7de 25.3 ± 3.7a 6.2 ± 5.3a 10.6 ± 0.7cd 15.4 ± 0.9bc 45.2 ± 3.1g 3.6
A7 106.03 ± 1.09abc 15.4 ± 1.04cd 2.5 ± 3.5bc 6.6 ± 0.3def 23.03 ± 0.5ab 49.7 ± 1.45cde −6.7
A8 112.4 ± 4.07ab 19.7 ± 0.5abcd 16.7 ± 1.6bc 4.9 ± 1.04f 25.8 ± 2.4a 48.8 ± 0.8de −12.2
A9 108.2 ± 0.4ab 15.2 ± 1.9bcd 12.2 ± 2.6bc 6 ± 0.1ef 24.33 ± 0.6ab 49.7 ± 0.9de −8.8
A10 104.03 ± 5.3ab 20.6 ± 1.9abc 21.03 ± 2.3ab 7.4 ± 1.7def 21.2 ± 3.4abc 46.7 ± 2.9fg −4.3
A11 109.6 ± 7.2a 15.4 ± 2.7cd 9.8 ± 2.8c 5.7 ± 2.1f 25.03 ± 3.8a 50.6 ± 0.2bcde −9.9
A12 97.8 ± 6.9de 15.5 ± 0.8bcd 14.3 ±  3bc 9.6 ± 2.6def 18.7 ± 3.6abc 49.5 ± 1.2bcde 0.9
A13 86.4 ± 7.7e 25.4 ± 3.3a 17.5 ± 4.6abc 14.5 ± 3.7c 10.8 ± 3.3cde 53.4 ± 0.8abc 14.5
A14 105.2 ± 10.4ab 18.06 ±  1abcd 15.4 ± 2.9abc 7.2 ± 3.3f 22.2 ± 5.7bc 49.3 ± 2.1cde −5.1
A15 104.8 ± 0.3bcd 11.5 ± 1.3d 12.06 ± 3.1c 7.03 ± 0.1def 23.2 ± 0.1ab 48.7 ± 1.2ef −6.2
F58 109.8 ± 3.2ab 23.1 ± 0.7abc 16.5 ± 3.7bc 5.56 ± 0.9f 22.9 ± 1.2ab 50.09 ± 2.3abcd −8.4
F420 96 ± 1.7cd 32.6 ± 7.06ab 23.1 ±  6abc 10.2 ± 0.6cde 12.6 ± 1.5cd 53.5 ± 0.2ab 9.3

AISI 316 L 64.8 ± 0.4f 15.8 ±  2bcd 8.7 ±  5c 25.8 ± 1.5a 4.9 ±  1de 55 ± 0.3a 26.5
AISI 304 L 48.9 ± 2.02g 19.2 ± 1.03abcd 19.3 ±  2abc 34.9 ± 0.8b 1.9 ± 1.2e 51.5 ± 0.5bcde 28.1
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Except for E. mundtii A14 strains, which displayed a mod-
erate auto-aggregation ability of 12% (Fig. 3), all strains 
exhibited low auto-aggregation. At 24 hours, a significant 
variation in auto-aggregation was noted among the tested 
strains, ranging from 13.1% for A13 to 29.8% for E. hirae 
F420 (Fig. 3). All strains indicated an auto-aggregation 
except for E. mundtii A10, A12, A13, and A15, which 
exhibited the lowest auto-aggregation ability. This finding 
is similar to that of Li et al. (2015), who reported auto-aggre-
gation levels of 16.46% and 22.80% for E. faecalis J2 and 
E. faecalis 5–5, respectively. Kiani et al. (2021) reported 
auto-aggregation rates of 54% and 44% for E. hirae and E. 
mundtii, respectively. The observation of an increase in auto-
aggregation over time in all strains (Fig. 3) is consistent with 
the findings of Angmo et al. (2016), who reported that the 
auto-aggregation ability of LAB was enhanced with time, 

and was higher after 24 hours compared to 3 hours of incu-
bation. Similarly, Nikolic et al. (2010) reported two types 
of strains based on auto-aggregation capacity, with some 
exhibiting faster auto-aggregation ability and others with the 
lowest. Conversely, Ayyash et al. (2018) stated lower auto-
aggregation percentages for Enterococcus faecium isolates 
during 3 hours and 24 hours of incubation at 37 °C. Accord-
ing to the results obtained, the Enterococcus spp. strains 
tested did not demonstrate a fast auto-aggregation ability, 
indicating that they require more than 24 hours to exhibit 
high levels of auto-aggregation.

The results of the study showed that there was no discern-
ible correlation between auto-aggregation and physicochem-
ical properties (namely hydrophobicity, electron donor and 
electron acceptor) for all strains examined. Previous studies 
by Li et al. (2015) and Xu et al. (2009) also reported no 

Fig. 1  Surface topography analysis of stainless steel 304 L (A, B) and 316 L (C, D) in 2D and 3D
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significant correlation between auto-aggregation and these 
physicochemical properties. However, a positive correlation 
 (R2 = 0.51) was observed for eight strains with a hydropho-
bic character, indicating that auto-aggregation increased 
with the increasing hydrophobicity of cells (Fig. 4). This 
finding is in agreement with the results of Nikolic et al. 
(2010) and Tuo et al. (2013), who reported that strains with 
auto-aggregation ability were highly hydrophobic and this 
property may be species-specific. Bacterial cells typically 
have a variety of macromolecules on their surfaces, includ-
ing proteins, lipids, and other biomolecules such as bacteri-
ocins, some of which may exhibit hydrophobic characteris-
tics. These regions can interact with each other, promoting 
self-aggregation or auto-aggregation. The outer surfaces of 

bacterial cells play an important biological role, as they are 
involved in constant interactions between the cell (Sleytr 
1978). However, for the strains with hydrophilic charac-
ter, no correlation was found with auto-aggregation, which 
emphasizes the complexity of the interactions between bac-
terial strains and their surface properties.

Quantifying exopolysaccharide production 
by Enterococcus spp. strains

The quantity of extracellular polymeric substances (EPS) 
was determined using the phenol-sulphuric acid method. For 
planktonic cells, EPS production varied widely across strains, 
ranging from 12.82 to 65.84 mg/L, with a significant distinc-
tion observed between enterococci (p < 0.05). Notably, E. 
faecium F58 exhibited the highest EPS yield at 65.84 mg/L, 
followed by E. mundtii A14 with 39.70 mg/L EPS yield, while 
the remaining ten enterococci displayed relatively low EPS 
production, averaging approximately 16.85 mg/L (Fig. 5). At 
3 hours and 24 hours of incubation, the EPS content of ses-
sile cells produced by Enterococcus spp. strains ranged from 
28.118 to 72.73 mg/L and 20.94 to 75.44 mg/L, respectively 
(Fig. 6), surpassing the levels observed in planktonic cells after 
a 3 hours incubation. These findings align with prior research 
that has demonstrated attachment cells’ capability to gener-
ate considerably greater amounts of EPS than their planktonic 
counterparts (Chae et al. 2006; Harimawan and Ting 2016), 
while also revealing the positive association between plank-
tonic cells and biofilm formation. E. faecium F58, in particu-
lar, demonstrated significantly greater carbohydrate content 
in both planktonic culture and after 24 hours of attachment 
relative to other enterococci (p < 0.05). For some of the strains 
tested, EPS production from planktonic and attachment cells 

Fig. 2  Arithmetic roughness (nm) comparison between two types of 
stainless steel

Fig. 3  Auto-aggregation (%) of Enterococcus strains after 3 and 
24 hours of incubation

Fig. 4  Correlation between hydrophobicity and auto-aggregation at 
24 h
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increased significantly (p < 0.05) from 3 hours to 24 hours. 
Notably, EPS production serves as a protective mechanism for 
bacterial cells against harsh environmental conditions, rather 
than a source of energy (Yin et al. 2019; Jiang et al. 2021). 
These findings suggest that EPS production under biofilm 
growth is significantly greater than under planktonic growth 
conditions.

Adhesion and biofilm formation of Enterococcus spp. 
on stainless steel surfaces

Figures 7 and 8 display the results of biofilm formation by 
Enterococcus spp. on AISI 316 L and 304 L stainless steel, 

respectively. Among the strains tested on AISI 316 L, the 
highest biofilm-forming capacity was observed in E. mundtii 
A1, with a concentration of 7.41 log CFU/cm2. Conversely, 
the lowest quantity of biofilm was observed for E. mundtii 
A11 strain, with 5.81 log CFU/cm2 (Fig. 7). Regarding AISI 
304 L, the biofilm formation varied from one bacterium to 
another (Fig. 8). The quantity of biofilm formed ranged from 
4.82 log CFU/cm2 to 7.01 log CFU/cm2, with E. mundtii 
A13 strain exhibiting the maximum (7.01 log CFU/cm2), 
while a low quantity was detected for E. mundtii A10 (4.82 
log CFU/cm2). Previous studies have highlighted the sig-
nificant difference in biofilm formation on AISI 316 L and 
AISI 304 L substrates by LAB (Ait Ouali et al. 2014; Pérez 
Ibarreche et al. 2014; Faten et al. 2016). These findings align 
with the study of this work, indicating that Enterococcus 

Fig. 5  Exopolysaccharide production by Enterococcus spp. strains in 
planktonic cells

Fig. 6  Exopolysaccharide production by Enterococcus spp. strains in 
sessile form

Fig. 7  Biofilm formation on stainless steel AISI 316 L.

Fig. 8  Biofilm formation on stainless steel AISI 304 L.
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spp. can form biofilms on both types of substrates, with a 
notable distinction.

The findings of the present investigation clearly indicate 
that Enterococcus spp. strains exhibit a greater tendency to 
form biofilms on AISI 316 L compared to AISI 304 L. This 
observation aligns with the report of Tran et al. (2021), who 
suggest that different types of stainless steels (SS 410, SS 
420, SS 316, DSS 2206) show varying levels of bacterial 
attachment to the surface, which could be attributed to the 
different chemical compositions and surface properties of 
each steel. Recent studies have reported that the implanta-
tion of certain components can affect bacterial adhesion to 
stainless steel surfaces (Różańska et al. 2017; Shuai et al. 
2018; Meroufel 2020). Zhao et al. (2007) suggested that ion 
implantation of  N+,  O+, and  SiF3+ on the surface of stain-
less steel 316 L has a significant effect on reducing bacte-
rial attachment of Pseudomonas aeruginosa, Staphylococcus 
epidermidis, and Staphylococcus aureus.

Furthermore, the difference in adhesion can also be attrib-
uted to surface roughness, as observed in the results, where 
AISI 316 L was rougher than AISI 304 L. Many studies 
have reported that the number of adhesions increases with 
increasing surface roughness (Kouider et al. 2010; Bohinc 
et al. 2014; Azelmad et al. 2017), which can be attributed 
to increased surface area and more irregularities on the 
surface that offer more attachment sites. The irregularities 
and microstructures on a rough surface can trap and hold 
substances that serve as a nutrient source for microorgan-
isms. However, Casarin et al. (2016) found no correlation 
between adhesion and roughness. The formation of biofilm, 
particularly the key step of adhesion, can also be explained 
by physicochemical interactions between the bacterial cell 
surface and the substrate. Numerous studies have shown a 
positive correlation between the adhesion ability and hydro-
phobicity of strains (Ehrmann et al. 2002; Pompilio et al. 
2008; Xu et al. 2009; Elfazazi et al. 2021). The electron 
donor and electron acceptor of strains and substrates are also 
among the factors that mediate bacterial adhesion (Hamadi 
et al. 2005; Amaral et al. 2017). Conversely, Krausova et al. 
(2019) found no relationship between hydrophobicity and 
adhesion of isolated potential probiotic strains. These dispa-
rate results may be explained by differences in methodology 
and the strains used.

As previously established, the formation of biofilms 
involves the attachment of microorganisms to a surface, 
forming a cohesive structure through the production of EPS. 
The amount and composition of EPS may play a crucial 
role in understanding the mechanisms of biofilm formation. 
In a study by Castillo Pedraza et al. (2017), an increase in 
the amount of insoluble EPS was observed in streptococ-
cal strains tested in single and mixed species, which was 
directly related to an increase in total biomass of biofilms. 
Polysaccharides have been identified as one of the most 

important compounds that confer adherence properties to 
biofilm matrices compared to other organic macromolecules 
(Costa et al. 2018). Harimawan and Ting (2016) found that 
polysaccharides promote the adhesion strength of EPS on 
stainless steel SS-316 more effectively than proteins, which 
showed less adherence effects. Moreover, biofilm growth 
was associated with higher EPS production and cellular 
adhesion. Despite previous studies suggesting a positive cor-
relation between EPS production and biofilm formation in 
Enterococcus spp., this study did not find such a correlation. 
The amount of EPS produced by the enterococci strains did 
not seem to have a significant effect on biofilm formation. 
This suggests that the role of EPS in biofilm formation and 
surface colonization may be more complex than previously 
thought, and may have both positive and negative effects 
on the process. An increase in EPS production reduced 
auto-aggregation which is important for colonization and 
adhesion. Auto-aggregation is directly mediated by specific 
interactions between proteins or organelles on the surfaces 
of interacting cells or indirectly by the presence of secreted 
macromolecules such as eDNA and exopolysaccharides 
(Nwoko and Okeke 2021). A comparison between Lactoba-
cillus johnsonii FI9785, which produces an EPS layer and 
its mutants indicated that auto-aggregation was significantly 
higher in mutants that have reduced EPS, indicating that 
EPS can mask surface structures responsible for cell-cell 
interactions. These results suggest that an increase in EPS 
gives a more effective masking of hydrophobic cell surface 
moieties, while a decrease in EPS content gives greater 
exposure to these components (Dertli et al. 2015).

Principal Component Analysis (PCA) was used to exam-
ine the relationship between physicochemical properties, 
auto-aggregation, and biofilm formation. The first PCA 
plane accounted for 64.43% of the total variation and pro-
vided sufficient information to interpret the results. The first 
coordinate was positively associated with hydrophobicity, 
electron acceptor, and biofilm formation on AISI 304 L, 
while the second coordinate was positively associated with 
auto-aggregation after 24 hours. The third coordinate was 
positively associated with electron donor and biofilm for-
mation on AISI 316 L (Table 4). The projection of Entero-
coccus spp. isolates onto the plane formed by the first two 
dimensions of PCA showed a clear separation of isolates 
(Fig. 9). The results indicated that E. hirae F420 and E. 
mundtii A13 exhibited a hydrophilic character with high bio-
film formation on AISI 304 L and a negative relationship 
with electron acceptor (Table 5).

The correlation between biofilm formation and hydro-
phobicity was in consistent with previous research (Gómez 
et al. 2016). However, certain hydrophobic strains adhered 
to AISI 316 L and AISI 304 L, which were hydrophilic. 
Similarly, Casarin et  al. (2016) indicated that hydro-
philic strains of Listeria monocytogenes and Salmonella 



1548 Biologia (2024) 79:1539–1551

enteritidis adhered to AISI 316 L and AISI 304 L, even 
though those surfaces were hydrophobic. The relationship 
between electron acceptor and electron donor with biofilm 

formation explained some of our results. Some strains with 
higher electron donor and acceptor adhered significantly 
to AISI 304 and AISI 316 L, while other strains with a 
higher electron donor and acceptor character exhibited 
moderate biofilm formation. Additionally, the ability of 
auto-aggregation after 24 hours played an important role 
in biofilm formation for some strains (E. mundtii A12 and 
E. faecium F58) (Table 5). Indeed, several studies have 
reported that auto-aggregation ability is crucial in biofilm 
formation to prevent pathogenic biofilm formation (Trunk 
et al. 2018; Nwoko and Okeke 2021). Botes et al. (2008) 
also demonstrated that E. mundtii ST4SA with strong 
auto-aggregation exhibited a strong adhesion to epithelial 
cells. According to Tuo et al. (2013), there was a positive 
correlation between auto-aggregation and adhesion of the 
strains belonging to the same species of lactobacilli. Simi-
larly, Sorroche et al. (2012) found a significant positive 
correlation between auto-aggregation and biofilm forma-
tion of some isolates.

Based on PCA analysis, the biofilm formation of LAB 
strains on substrata differs from one bacterium to another. 
Some strains’ adhesion and biofilm formation are con-
trolled by physicochemical properties, while others are 
influenced by auto-aggregation ability. The findings will 
contribute to developing strategies to improve adhesion 
and biofilm formation of Enterococcus spp. on substrata 

Table 4  Contribution of 
variables to the dimension in 
the PCA analysis based on 
correlations

Variables PCA 1 ctr cos2 PCA2 ctr cos2 PCA 3 ctr cos2

Hydrophobicity 0.918 30.441 0.843 −0.315 5.704 0.099 −0.038 0.123 0.001
Electron acceptor −0.922 30.704 0.851 0.266 4.074 0.071 0.123 1.317 0.015
Electron donor 0.594 12.739 0.353 0.328 6.199 0.108 0.686 40.819 0.470
AISI 316 L 0.332 3.969 0.110 0.437 10.990 0.191 −0.803 55.991 0.645
AISI 304 L 0.775 21.676 0.600 0.381 8.360 0.145 0.027 0.065 0.001
Auto-aggregation 24 h −0.031 0.035 0.001 0.806 37.292 0.649 −0.029 0.072 0.001
Auto-aggregation 3 h −0.110 0.435 0.012 0.690 27.382 0.476 0.136 1.613 0.019

Fig. 9  Multivariate variation among 12 Enterococcus strains analysed 
for auto-aggregation ability at 24 hours (AB 24 h), auto-aggregation 
ability at 3 hours (AB 3 h), hydrophobicity (ΔG iwi), electron acceptor 
(ˠ (+)), electron donor (ˠ (−)), biofilm formation on AISI 316 L (AISI 
316  L), biofilm formation on AISI 304  L (AISI 304  L), visualized 
using Principal Component Analysis

Table 5  Contribution of 
individuals to the dimension 
in the PCA analysis based on 
correlations

Individuals Dist Dim.1 Ctr Cos2 Dim.2 Ctr Cos2 Dim.3 Ctr Cos2

A1 3.089 0.852 2.185 0.076 −0.666 - 2.125 0.047 2.856 58.988 0.855
A7 1.218 −0.612 1.128 0.253 0.520 1.297 0.182 0.316 0.724 0.067
A8 2.325 −1.150 3.980 0.245 1.584 - 12.022 0.465 0.691 3.452 0.088
A9 1.856 −1.037 3.237 0.312 0.657 - 2.069 0.125 0.610 2.689 0.108
A10 3.198 −1.897 10.821 0.352 −2.235 - 23.931 0.488 0.393 1.114 0.015
A11 2.591 −1.695 8.646 0.428 −0.324 0.503 0.016 1.773 22.736 0.468
A12 2.159 0.666 1.334 0.095 −1.783 15.227 0.682 0.271 0.529 0.016
A13 3.918 3.544 37.785 0.818 −1.205 6.949 0.094 0.821 4.877 0.044
A14 2.826 −0.824 2.044 0.085 1.260 7.605 0.199 0.477 1.643 0.028
A15 1.635 −0.863 2.239 0.278 −0.953 4.353 0.340 0.527 2.011 0.104
F58 1.881 0.043 0.006 0.001 1.732 - 14.367 0.848 0.047 0.016 0.001
F420 3.601 2.973 26.595 0.682 1.412 9.553 0.154 0.411 1.220 0.013
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(AISI 316 L and AISI304L) to prevent pathogenic biofilm 
formation (Zanzan et al. 2023).

Conclusion

The study investigated the ability of Enterococcus spp. to 
form biofilms on commonly used stainless steel substrates 
in the food processing environment. The results showed that 
biofilm formation varied among the strains tested. Greater 
biofilm formation was observed on AISI 316 L, possibly 
due to its increased surface roughness compared to AISI 
304 L. Additionally, the surface topography around a criti-
cal size close to the diameter of the bacterial cells may trap 
bacteria. The roughness of AISI 316 L was 0.343 μm, which 
approached the size of the cells (1 μm), while AISI 304 L, 
with a roughness of 0.028 μm, had a smoother surface. The 
chemical composition of AISI 316 L can affect the adhesion 
of bacteria compared to AISI 304 L, which can influence 
their surface characteristics, including roughness. A thor-
ough understanding of the mechanisms by which Entero-
coccus spp. form biofilms is crucial for developing effective 
strategies to control pathogenic biofilms. The findings also 
emphasize the importance of physicochemical properties 
and auto-aggregation as critical factors in biofilm forma-
tion, but not the only determinants. A positive correlation 
was observed between auto-aggregation and strains with 
hydrophobic characteristics, whereas no correlation was 
found between EPS production and biofilm formation. These 
findings underscore the need for further investigations to 
fully understand the biofilm formation process in lactic acid 
bacteria.
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