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ABSTRACT

Staphylococcus aureus is an important pathogen that 
has shown ability to establish biofilm communities that 
can represent a source of contamination and resistance 
in food processing. Rhamnolipids (RL) have attracted 
attention as candidates to replace synthetic surfactants, 
exhibiting high surface activity combined with its mi-
crobial origin, biodegradability, and low toxicity. In this 
work, an RL biosurfactant was evaluated regarding its 
ability to disrupt or remove S. aureus biofilms estab-
lished on polystyrene plates using nutrient broth and 
skim milk as the growth media. Rhamnolipid treatment 
was performed at different surfactant concentrations 
and temperatures. Rhamnolipid removes up to 88.9% 
of milk-based biofilms, whereas for nutrient medium 
35% removal was attained. The RL concentration af-
fects the disruption of nutrient medium-based biofilms. 
High carbohydrate content of milk-based biofilms 
favors disruption by RL and the organization of RL 
molecules in solution showed a predominance of aggre-
gates from 1 to 10 and 100 to 1,000 nm in all conditions 
studied. Biofilm disruption activity of RL is nutrient-
specific and dependent on biofilm matrix composition. 
Staphylococcus aureus biofilms established in milk were 
significantly reduced using RL at low concentrations 
and temperatures. These findings suggest potential ap-
plication of RL in milk (dairy) processing industries 
where low temperatures are applied.
Key words: biofilm, milk, rhamnolipid, Staphylococcus 
aureus

INTRODUCTION

Food-borne diseases (FBD) are of great public health 
concern and are defined by World Health Organization 
as illnesses caused by the ingestion of food or drink con-
taminated with microorganisms or chemicals (WHO, 
2016). The main microbial agents involved in FBD 
are bacteria and viruses; among bacterial pathogens, 
Staphylococcus aureus is one of the most relevant (New-
ell et al., 2010; USDA, 2013). Staphylococcus aureus has 
the ability to grow and produce heat-stable toxins in 
food products that, if consumed, can cause staphylo-
coccal food poisoning, a common and widespread FBD 
(Argudín et al., 2010; Kadariya et al., 2014). Examples 
of food involved in staphylococcal food poisoning in-
clude meat, poultry and eggs, dairy and milk products, 
as well cream-filled bakery products (Hennekinne et al., 
2012).

In Brazil, FBD were responsible for 886 outbreaks, 
resulting in 15,700 illnesses and 9 deaths in 2014. 
Staphylococcus aureus was the causative agent in 7.7% 
of total registered cases and 3.4% of outbreaks were 
associated with dairy products. However, this number 
could be much higher, as over than 50% of food and 
agents involved in FBD were not identified (SVS, 2015). 
According to Centers for Disease Control and Preven-
tion, the dairy products were involved in 21% of food 
outbreaks in the United States in 2013 (CDC, 2013).

Besides planktonic living, many microorganisms are 
able to colonize surfaces establishing a sessile form of 
life known as biofilms. Biofilms can be defined as a 
microbial community surrounded by a self-produced 
polymeric matrix which are attached to biotic or abi-
otic surfaces (Costerton et al., 1999). The polymeric 
matrix protects microorganisms present in biofilms, 
making them more resistant to biocides and cleaning 
procedures compared with planktonic cells (Donlan 
and Costerton, 2002).

In food processing, biofilm formation is of great 
concern, as biofilms are a microbial reservoir that can 
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cause equipment damage, food spoilage, and public 
health problems and are considered the major source of 
contamination in food (Simões et al., 2010; Abdallah et 
al., 2014). The presence of nutrients derived from food 
residues combined with adequate environmental condi-
tions improves the growth and attachment of bacteria 
to surfaces; therefore, biofilms have been reported in 
different foods such as dairy, fish, poultry, meat, and 
ready-to-eat food (Srey et al., 2013; Abdallah et al., 
2014). Moreover, raw food, such as milk, has a natural 
microbiota that can perform initial attachment to sur-
faces favoring the anchoring of contaminant bacteria 
to the biofilm (Marchand et al., 2012). Strategies to 
prevent or eradicate biofilms include physical, chemi-
cal, or biological treatments (Yang et al., 2012; Ren-
dueles and Ghigo, 2012), and also the development 
of new surface-coated or modified materials to avoid 
biofilm establishment (Sadekuzzaman et al., 2015). The 
growing demand for sustainable technologies increases 
the interest in bio-based or green solutions to control 
biofilms, especially due to their ecofriendly and natural 
character (Satpathy et al., 2016). Within this context, 
microbial-derived surfactants or biosurfactants have 
been studied as alternative antibiofilm agents.

Lipopeptides and glycolipids are the main classes of 
biosurfactants that have been reported to prevent and 
control microbial biofilms (Banat et al., 2014). Actu-
ally, most of the work exploring antibiofilm activity of 
biosurfactants are relative to human biofilm pathogens; 
however, some examples of antiadhesive (Shakerifard 
et al., 2009), antimicrobial (Araújo et al., 2016), and 
biofilm disruption activity (Gomes and Nitschke, 2012) 
against food pathogenic bacteria have also been de-
scribed.

Rhamnolipids (RL) are glycolipid surfactants pro-
duced by Pseudomonas spp. that have shown ability to 
disrupt biofilms of Staphylococcus aureus, Salmonella 
Enteritidis, and Listeria monocytogenes. Previous stud-
ies suggested that biofilm disruption activity of RL may 
be dependent not only on microbial strains involved, 
but also surfactant treatment conditions (Gomes and 
Nitschke, 2012). Moreover, a lack of studies exist re-
garding biofilms established in food matrixes, essential 
information for prospective application of biosurfac-
tants in the food industry.

The aim of the current study was to evaluate the 
effect of temperature and RL concentration on the dis-
ruption of S. aureus biofilms established in polystyrene 
surfaces using nutrient broth and skim milk as growth 
media. Molecular distribution and organization of RL 
molecules under different conditions were also investi-
gated.

MATERIALS AND METHODS

Bacteria and Culture Media

The food isolate Staphylococcus aureus ATCC 8095 
was cultivated in nutrient broth or nutrient agar (both 
from Himedia, Mumbai, India) and incubated at 37°C 
for 24 h. Final pH was adjusted to 7.4 and sterilization 
performed by autoclave at 121°C for 20 min.

Preparation of Bacterial Suspension

Bacteria from stock medium were inoculated on nu-
trient agar at 37°C for 24 h and biomass was scraped 
from plate after addition of 5 mL of saline solution 
(NaCl 0.86%). Suspension was centrifuged at 8,000 × 
g at room temperature for 10 min. After washing, the 
cell mass was standardized to approximately 1 × 109 
cfu/mL (Raja et al., 2011; Araújo et al., 2016) and this 
suspension was used as inoculum to biofilm formation.

Biosurfactant

Rhamnolipids (purity 99%, CAS Registry Number: 
147858–26–2) were purchased from Rhamnolipid Inc. 
(Tampa, FL) as a stock solution containing 25% (wt/
vol) of RL. The RL solutions used were prepared by 
dilution in distilled water and further sterilized by fil-
tration (0.22 μm).

Biofilm Formation

The media used for biofilm growth were nutrient 
broth and skim milk. Commercial skim milk powder 
(Elegê S/A, Teutônia, Brazil) was prepared at 10% 
(wt/vol) in distilled water and sterilized at 121°C for 
10 min; final pH was 6.5 and was not adjusted. The 
biofilms were stablished on 96-well polystyrene micro-
plates. The wells were filled with 180 μL of nutrient 
broth or milk, inoculated with 20 μL of the bacterial 
suspension, and incubated at 37°C for 48 h (Gomes and 
Nitschke, 2012).

Surfactant Treatment

After 48 h of growth, the medium was removed, bio-
films were washed twice with distilled water, and the 
wells were filled with 200 μL of RL solution previously 
prepared at different concentrations (0.05, 0.1, 0.25, 
0.5, 1, and 2%). The surfactant treatment was per-
formed at 4, 25, and 37°C for 2 h (Gomes and Nitschke, 
2012). After surfactant removal, the wells were washed 
(as described above) and biofilms quantified.
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Biofilm Quantification

Biomass was quantified using the crystal violet stain-
ing method (Mireles II et al., 2001). The biofilms were 
fixed with 200 μL of methanol for 15 min and stained 
for 15 min with crystal violet 0.5% (wt/vol). The wells 
were washed and filled with 200 μL of acetic acid 33% 
(vol/vol). The optical density (OD; 630 nm) was mea-
sured using a microplate reader (Enspire-PerkinElmer, 
Waltham, MA). The mean absorbance was used to 
calculate the percentage of biofilm removal according 
to the equation

	 Percentage removal (%) = 100 	  

– [(OD experimental well/OD control well) × 100].

Contact Angle Measurements

The wettability of biofilms was evaluated by contact 
angle measurements. Polystyrene samples (2.4 × 7.6 
× 0.1 cm) were cleaned as described by Zeraik and 
Nitschke (2010). The biofilms were established and 
treated with RL as previously described. As a control, 
samples of polystyrene with and without biofilms were 
immersed in distilled water for 2 h. The contact angle 
of water was assessed by the sessile drop technique at 
25°C on a goniometer (CAM 200, KSV Instruments 
Ltd., Helsinki, Finland) using a drop volume of 3 μL.

Biochemical Characterization of Biofilm Matrix

Biofilms were established on polystyrene samples (7.6 
× 2.4 × 0.1 cm) as described above and treated for 2 
h with RL at defined concentrations and temperatures. 
Biofilms were washed, immersed in saline solution 
(NaCl 0.86%), sonicated (40 Hz) in an ultrasonic water 
bath (Thornton T 740M; Thornton-Inpec, Vinhedo, 
Brazil) for 5 min to detach the polymeric matrix, and 
lyophilized. The dry matrix material was dissolved in 
distilled water and submitted to biochemical analysis. 
The total carbohydrate content was determined by the 
phenol-sulfuric acid assay (Dubois et al., 1956) using 
glucose as standard. The protein was measured by the 
Lowry method with BSA as standard and the DNA 
concentration was measured using a spectrophotometer 
at 260 nm (NanoDrop 1000, Thermo Fisher Scientific, 
Waltham, MA)

Dynamic Light Scattering of RL

The dynamic light scattering (DLS) technique was 
employed to measure the size of the RL aggregates 
formed at different concentrations and temperatures. 

The instrument Zetasizer Nano ZS (Malvern Instru-
ments Limited, Worcestershire, UK) was used at a 173° 
scattering angle. The intensity, particle number size 
distributions curves, and polydispersity index (PDI) 
were calculated using the software provided with the 
Zetasizer. Due to the limitations of the equipment, the 
lowest temperature used was 10°C.

Scanning Electron Microscopy

Biofilms of S. aureus treated with biosurfactant and 
their respective controls were visualized by scanning 
electron microscopy. The dehydration procedure was 
carried out with increasing concentrations of ethanol:​
water as described by Zeraik and Nitschke (2010). The 
samples were maintained desiccated until gold sputter-
ing and visualized by a scanning electron microscope 
(LEO 440, Zeiss, Cambridge, UK) operating at 15 kV.

Confocal Laser Scanning Microscopy

Biofilm architecture in the presence and absence of 
RL was visualized by confocal microscopy. Biofilms 
were established on polystyrene coupons (5.0 × 5.0 
× 0.1 cm), treated with RL, and washed to remove 
unbound cells. Bacterial biofilms were stained with 
LIVE/DEAD BacLight Biofilm Viability kit (Molecu-
lar Probes, Life Technologies, Carlsbad, CA) according 
to manufacturer specifications and incubated at 37°C 
for 30 min in the dark. Images were acquired with an 
inverted microscope (LSM 780, Zeiss) and processed 
using the equipment software.

Statistical Analyses

Results were expressed as the mean of at least 3 inde-
pendent replicates. The data were analyzed by ANOVA, 
and the means were compared using the Tukey test 
with the significance level fixed at P < 0.05.

RESULTS AND DISCUSSION

Biofilm Disruption Using RL

The ability of RL to remove S. aureus biofilms was 
strongly dependent on the nature of culture medium. 
Biofilms established in nutrient broth were less suscepti-
ble to RL treatment, and the best results were obtained 
at 25°C and 0.1% concentration, which reduced around 
35% of biofilm mass after 2 h under static conditions 
(Table 1). When nutrient broth was used as culture me-
dium, the increase in RL concentration reduced biofilm 
disruption activity independently of the temperature 
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tested. Rhamnolipids promote an effective removal of 
biofilms grown in skim milk, reaching 86.9% reduction 
at 25°C. In comparison to the results observed for nu-
trient broth, the variations on RL concentration and on 
the temperature of treatment had no significant effect 
on disruption activity of the milk-based biofilms (Table 
1). Biofilm removal by surfactants involves the weaken-
ing of bacteria-surface and bacteria-bacteria interac-
tions due to reducing surface or interfacial tensions, 
thus favoring dispersion (McLandsborough et al., 2006; 
Rendueles and Ghigo, 2012). The interaction of surfac-
tant molecules with polymers also involves hydrophobic 
and electrostatic forces (Banipal et al., 2014); therefore, 
interaction depends on the nature and composition of 
polymeric material. Considering these statements, the 
effect of RL treatment on biofilm hydrophobicity and 
matrix composition was evaluated.

Contact Angle Measurements

The surface of biofilms and polystyrene samples were 
submitted to contact angle measurements using water 
as a solvent. The results showed that polystyrene is a 

hydrophobic material with a water contact angle of 83°; 
after biofilm establishment the contact angle was re-
duced, possibly due to the presence of matrix carbohy-
drates and proteins that increase hydrophilic character 
or wettability (Table 2). Biofilms established in milk 
were more hydrophilic than those formed in nutrient 
broth. After RL treatment, an expressive decrease in 
hydrophobicity was observed for both biofilm types, 
showing that surfactant molecules reduces surface or 
interfacial tension, increasing affinity of biofilms with 
water. Although biofilm hydrophobicity was signifi-
cantly reduced by RL, the disruption activity was much 
more pronounced in milk-based biofilms, as shown in 
Table 1.

Biofilm Biochemical Characterization

The main structural components of biofilm matrix 
are polysaccharides, proteins, lipids, and nucleic acids 
(Flemming and Wingender, 2010). Aiming to correlate 
the matrix composition of biofilms with the RL disrup-
tion activity observed, the biofilm extracellular matrix 
was analyzed and the results are shown in Table 3. The 

Table 1. Percentage of Staphylococcus aureus biofilm removal after 2 h of treatment with rhamnolipids (RL) 
at different concentrations and temperatures

Medium   RL (%)

Removal (%)

4°C 25°C 37°C

Nutrient broth 0.05 24.5A,a 17.8B,a 21.9A,a

0.1 18.8A,a 34.7B,b 24.2A,a

0.25 16.9A,a 29.6B,b 22.7A,a

0.5 17.9A,a 22.8A,a 13.6B,b

1 16.9A,a 20.3A,a 5.3B,b

2 2.8A,b −5.9B,c 10.6C,b

Skim milk 0.05 88.9A,a 86.2A,a 85.2A,a

0.1 87.3A,a 86.9A,a 76.6A,a

0.25 83.3A,a 86.6A,a 83.2A,a

0.5 82.9A,a 85.5A,a 81.4A,a

1 78.6A,a 84.2A,a 78.6A,a

2 77.6A,b 80.6A,a 70.0B,b

A–CIn each row the values followed by the same capital letter do not differ significantly (P < 0.05).
a–cIn each column the values followed by the same lowercase letter do not differ significantly (P < 0.05).

Table 2. Contact angle measurements of Staphylococcus aureus biofilms before and after treatment with 
rhamnolipids (RL)

Sample   Medium
Temperature  

(°C)
RL  
(%)

Contact angle1  
(°)

Polystyrene — — — 83.51 ± 2.94
Control NB2 25 03 58.22 ± 6.64
Treatment NB 25 0.1 12.27 ± 5.57
Control Skim milk 4 03 35.35 ± 6.68
Treatment Skim milk 4 0.05 14.61 ± 4.87
1Average of at least 6 drops ± SD.
2NB = nutrient broth.
3Controls were treated with sterile distilled water 
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main difference was the carbohydrate content of bio-
films established in milk were higher than in nutrient 
broth biofilms. As discussed, the milk-based biofilms 
showed the highest hydrophilic character, possibly due 
to having the highest carbohydrate percentage. The 
protein and DNA contents of matrix were similar for 
both media, and after RL treatment their concentra-
tions were also similarly reduced. More carbohydrates 
were removed after RL treatment on milk biofilm com-
pared with nutrient broth. It is possible RL interacts 
with carbohydrates, promoting their solubilization or 
mobilization, thus favoring the detachment of biofilms. 
Studies regarding the interaction of RL biosurfactants 
with Pseudomonas aeruginosa biofilms revealed that, 
after RL treatment, the carbohydrate and protein con-
tent decreased by 31.6 and 79.6%, respectively (Kim et 
al., 2015), indicating a selective interaction of RL with 
proteins. In our study, the carbohydrates of milk-based 
biofilm were selectively removed; from these data, we 
can conclude that matrix composition has an important 
influence on RL disruption activity.

Fagerlund et al. (2016) also observed a variable 
composition on the biofilm matrix of food-associated 
Staphylococcus strains. The strains with high protein 
content in biofilm matrix were more susceptible to 
benzalkonium chloride than strains with carbohydrate-
based matrix. However, biofilms from all strains showed 
similar levels of detachment after exposure to alkaline 
chlorine.

DLS Data for RL in Solution

The DLS analysis was performed to evaluate the 
molecular aggregation, size, and number of surfactant 
particles under the different conditions of temperature 
and surfactant concentration employed. The scattering 
intensity distributions curves (Figure 1 A,C,E) shows 
the predominance of 2 main distinctive groups of aggre-
gates: one ranging from 1 to 10 nm and other from 100 
to 1,000 nm, suggesting the coexistence of premicellar, 
micellar, or vesicular aggregate forms (Champion et al., 
1995). At the lowest RL concentration (0.05%) studied, 

it is possible to observe the presence of particles with an 
average diameter of 10 nm that gradually disappears; 
the intensity of larger aggregates also increases with 
temperature. This behavior is expected once increasing 
temperature accelerates molecular vibrations and the 
interconversion of aggregate forms. Figure 1 (B,D,F) 
shows that the distribution by number of particles in 
solution remains similar, with a predominance of par-
ticles between 0.5 to 20 nm, reinforcing the idea of mo-
lecular rearrangement at the different concentrations 
and temperatures. The PDI tends to decrease with 
increasing of RL concentration and temperature (Table 
4); at lower RL concentration, the heterogeneity of 
the molecular sizes present is higher, and these results 
are in agreement with scattering intensity and particle 
number distributions curves presented in Figure 1. The 
critical micelle concentration (CMC) of the RL was es-
timated at 40 mg/L (0.004%); hence, all concentrations 
used were above the CMC of the surfactant. Medium-
size spherical vesicles, ranging from 50 to 250 nm, were 
reported to form spontaneously at RL concentrations 
above CMC (Pornsunthorntawee et al., 2009); however, 
at higher concentrations (>2,500 mg/L), only large 
spherical vesicles (>250 nm) were observed.

Another study using DLS for RL produced by a P. 
aeruginosa mutant (MIG-N146) reported the presence 
of 2 major groups of molecular aggregates with hydro-
dynamic diameter values changing from 80 to 150 and 
700 to 1,300 nm at increasing RL concentrations (Guo 
et al., 2009). Compared with the current work, the 
differences observed may be attributed to composition 
and purity of the RL surfactant.

Microscopy of Biofilms

Biofilms established in milk and culture medium were 
observed under scanning electron microscopy and con-
focal laser scanning microscopy before and after treat-
ment with RL. Scanning electron microscopy analysis 
shows that the biofilm structure differs according to the 
substrate. Milk biofilms show a great amount of matrix 
and cell aggregates compared to biofilms established on 

Table 3. Biochemical composition of Staphylococcus aureus biofilm matrix before and after treatment with rhamnolipids (RL)

Medium/sample
Temperature  

(°C)
RL  
(%)

Carbohydrates1  
(µg/mgbiof)

Proteins1  
(µg/mgbiof)

DNA1  
(µg/mgbiof) × 10−3

NB2/Control 25 — 0.22 ± 0.00 1.03 ± 0.21 137.00 ± 0.02
NB/Treatment 25 0.1 0.16 ± 0.03 0.85 ± 0.19 15.00 ± 0.01
SM3/Control 4 — 5.48 ± 0.11 1.67 ± 0.48 100.00 ± 0.02
SM/Treatment 4 0.05 0.56 ± 0.02 0.65 ± 0.28 7.00 ± 0.02
1Values correspond to the mean of at least 2 independent experiments ± SD. mgbiof = mg of biofilm.
2NB = nutrient broth.
3SM = skim milk.
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nutrient broth, which showed small bacterial clusters 
and scant matrix (Figure 2 A, C). Pagedar et al. (2010) 
reported the biofilm formation by dairy S. aureus iso-
lates was influenced by culture medium composition, 

showing that diluted rather than rich nutrient media 
stimulate biofilm formation due to nutritional stress. 
In our study, both rich media sustain sessile growth; 
however, milk promotes an abundant biofilm. After RL 

Figure 1. Scattering light intensity and number of particles distribution curves of rhamnolipid solutions at different concentrations and 
temperatures. Color version available online.
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treatment, it was possible to observe the removal of at-
tached bacteria and matrix (Figure 2 B, D), especially 
on milk-based biofilms, supporting the data previously 
described (Table 1).

The effect of RL on milk-based biofilms was dem-
onstrated by confocal microscopy (Figure 3). Control 
biofilm was dense, with thickness of about 12 µm and 

a predominance of living cells; after RL treatment, a 
marked disruption of matrix was observed and the bio-
film thickness was reduced to 5 µm. The 3-dimensional 
picture shows regions with scarce presence of cells due 
to surfactant removal; some dead cells were also ob-
served, suggesting a possible inhibitory effect of RL. 
Some clinical strains of S. aureus have already demon-

Table 4. Polydispersity index1 for rhamnolipid (RL) biosurfactant solutions at different concentrations and temperatures

Temperature

RL concentration

0.05% 0.1% 0.25% 0.5% 1% 2%

10°C 0.49 ± 0.06 0.39 ± 0.06 0.36 ± 0.07 0.34 ± 0.03 0.26 ± 0.03 0.26 ± 0.03
25°C 0.45 ± 0.09 0.26 ± 0.02 0.25 ± 0.06 0.31 ± 0.07 0.31 ± 0.01 0.26 ± 0.04
37°C 0.40 ± 0.06 0.28 ± 0.05 0.36 ± 0.07 0.35 ± 0.02 0.15 ± 0.07 0.13 ± 0.03
1Polydispersity index was obtained from dynamic light scattering data. Data represent the mean of at least 5 measurements ± SD.

Figure 2. Scanning electron microscopy pictures of Staphylococcus aureus biofilms grown in nutrient broth and skim milk before (A and C) 
and after (B and D) treatment with 0.1% rhamnolipids at 25°C.
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strated sensitivity to RL in planktonic form (Samadi 
et al., 2012); after longer contact, a marked antimi-
crobial effect of RL could also possibly be observed in 
biofilms. Antimicrobial activity of RL was associated 
with alterations on cell membrane permeability, and 
their combination with nisin showed synergistic effects 
against the food pathogen L. monocytogenes (Magal-

hães and Nitschke, 2013). Thus, RL may also represent 
a new tool to combat S. aureus in food.

In this work we evaluated the ability of RL surfac-
tants to disrupt or remove biofilms of S. aureus. The 
biofilms were grown in culture medium or skim milk 
and RL treatment was performed at different surfac-
tant concentrations and temperatures. The biofilms 

Figure 3. Confocal microscopy of biofilms established in skim milk. The pictures show orthogonal (left) and 3-dimensional (right) images of 
control (A, B) and biofilm treated with 0.05% rhamnolipids at 4°C for 2 h (C, D). Fluorescence staining shows live cells in green and dead cells 
in red. The arrows indicate the dead cells. Color version available online.
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formed in nutrient broth were more resistant to RL 
than milk-based biofilms. The DLS analysis of RL 
solutions revealed that temperature and concentra-
tion affects RL molecular size distribution; however, 
2 main groups of molecular aggregates were present 
in all the conditions tested. Although no direct cor-
relation between molecular aggregation and removal of 
biofilm was observed at the range of RL concentration 
and temperature tested, the data obtained suggest that 
the increase in PDI enhance the removal or disrup-
tion of biofilms (Table 4), principally when they were 
established in nutrient broth (Table 1). At lower RL 
concentrations and temperatures, the presence of small 
aggregates and monomers may facilitate the disruption 
activity of the biosurfactant, whereas increasing micel-
lar aggregates present at higher RL concentrations and 
temperatures may reduce interaction with biofilms. 
Considering the results obtained, it can be hypoth-
esized that RL disruption activity probably involves a 
mobilization mechanism, which is characterized by a 
reduction of interfacial and surface tension, capillary 
forces, and contact angle, predominantly owing to the 
presence of surfactant monomers in solution (Urum and 
Pekdemir, 2004).

Rhamnolipids have anionic character at neutral pH 
but can also behave as nonionic due to the protonation 
of carboxylic groups at acidic conditions (Lebrón-Paler 
and Pemberton, 2006); therefore, pH has an important 
effect on RL molecular aggregation due to the repul-
sion of adjacent hydrophilic heads at increased pH 
values that disfavors formation of large lamellar struc-
tures (Pornsunthorntawee et al., 2009). In our work, 
RL solution was adjusted to pH 7; thus, the anionic 
form predominates. The presence of charged groups in 
biofilm surface promotes repulsive or attractive ionic 
interactions with RL aggregates and monomers and 
may account for the different results observed with 
the different substrates. Contact angle measurements 
demonstrated that milk-based biofilms were more hy-
drophilic than nutrient broth biofilms and, possibly, the 
predominance of polar groups enhanced their interac-
tion with RL molecules and their subsequent removal. 
The presence of higher carbohydrate contents in milk 
biofilms may account for the higher disruption activity 
observed.

The results obtained revealed that disruption activity 
of RL is not only species-specific (Gomes and Nitschke, 
2012) but also nutrient- specific and dependent on bio-
film matrix composition. Staphylococcus aureus biofilms 
established in skim milk were significantly reduced us-
ing RL at a low concentration and temperature. These 
findings suggest potential application of RL in milk 
(dairy) processing industries where low temperatures 
are habitually applied. Moreover, preliminary studies 

demonstrated the inhibitory activity of RL in S. aureus 
biofilms, reducing, on average, 25% of cell viability at 
4°C after 2 h of treatment (data not shown), which 
reinforces the prospective application of RL surfactants 
to control this important food pathogen.

Further work should include testing RL on established 
biofilms formed on food contact surfaces and evaluat-
ing antimicrobial activity of RL against planktonic and 
sessile S. aureus food strains. Likewise, biofilm treat-
ment under flow conditions could be compared with the 
static treatment used in this work, and, alternatively, a 
combination of static or flow conditions would be more 
efficient to disrupt biofilms. The chemical elucidation 
of matrix components could contribute to a better 
understanding of the mechanisms involved in biofilm 
disruption by RL.
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