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Abstract: Microbial cells are reversibly associated with surfaces in the form of biofilms. Adhesion
is the mechanism used by the microorganisms to bind to a surface initially; no biofilm is formed
without the initial adhesion. The aim of this work was to evaluate the efficacy of the rhamnolipids of
Pseudomonas aeruginosa Rn19a in inhibiting the biofilms formed by the clinical isolates Escherichia coli
I5, Pseudomonas aeruginosa E26, Enterococcus faecalis I27 on borosilicate coupons inside a Center for
Disease Control and Prevention (CDC) reactor. The isolate E26 (P. aeruginosa) did not show an
adverse effect on biofilm formation by the rhamnolipid presence and showed normal growth in all
the conditions tested (dynamic and static growth). The Enterococcus faecalis I27 isolate decreased its
biofilm formation ability in 2.2 log CFU/cm2 in static conditions by the addition of rhamnolipids
and 3.0 log units in dynamic conditions. Finally, the E. coli I5 isolate was more susceptible to the
influence of the borosilicate coupon covered with rhamnolipids. E5 reduced its biofilm formation
capacity by 3.0 log CFU/cm2 units at static conditions by the rhamnolipid addition and 6.0 log units
at dynamic conditions. Biofilm formation was also observed by Confocal Laser Scanning Microscopy.
In summary, the application of rhamnolipids may be useful to prevent the initial adhesion of bacteria
to borosilicate surfaces. At a minimum, rhamnolipids effectively inhibit or diminish adhesion to
surfaces by biofilm-forming isolates that do not belong to the genus Pseudomonas.
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1. Introduction
In aquatic environments, usually bacteria are growing as biofilms. Biofilm can be
defined as a sessile community of microorganisms irreversibly linked to a substrate or
interface or with each other; the microbial cells are integrated into an array of extracellular
polymeric substances (EPS) produced by the community an altered phenotype in growth
rate and genotype [1,2].
The life cycle of biofilms includes the adhesion of individual cells to a surface, followed
by the production of EPS that covers the cells and allows the formation of colonies, that
when fully formed, can lead to the release of few cells in planktonic phenotypes, that can
then be dispersed in the surrounded area. Nutrients and oxygen have a gradient from
the outside to the center of biofilms, and this condition modifies the metabolic activity
and duplication time of biofilm-forming microbial cells. In addition, cells inside are more
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tolerant of antibiotics [2,3]. Biofilms are exceedingly difficult to remove and are, therefore,
a cause of concern in medicine and industrial settings, among other environments [4].
On the other hand, if it is considered that without the initial step in biofilm formation,
these microbial communities cannot be formed [5], inhibition of microbial adhesion is
the most logical option to prevent its presence [4,6]. Surface treatment or modification of
surface properties using surfactants has been proposed to inhibit microbial adhesion [6–8].
Surfactants are amphiphilic compounds containing hydrophobic and hydrophilic
moieties, which reduce surface and interfacial tension [9,10]. Biological surfactants are
structurally heterogeneous molecules, and several microorganisms can produce them as
part of their metabolism [11]. Microbial biosurfactants are classified by their chemical structure as well as by their origin and, based on their action, can be identified as biosurfactants
or bioemulsifiers [12].
Biosurfactants produced by bacteria are the most studied surfactants. Although
there are different biosurfactants produced by bacteria, rhamnolipids are among the most
extensively reported compounds. Extracellular rhamnolipids are mainly produced by
Pseudomonas spp. [13–15], and although there are different reports of rhamnolipids, all of
them possess a similar chemical structure [16]. Rhamnolipids contain one or two units
of L-rhamnose, linked to one or two units of β-hydroxy alkanoic acid tails of varying
lengths [10,11]. While additional rhamnose confers more hydrophilicity to the rhamnolipids, the additional carbons in the acid chains can increase their hydrophobicity [17].
Most bacteria release biosurfactants to dissolve hydrophobic substrates and facilitate
the absorption and assimilation of hydrocarbons, but also, it has been demonstrated their
antiadhesive properties [6,18]. Biosurfactants have the potential to modify the properties of
surfaces and interfere with the initial adhesion of microorganisms, and, therefore, prevent
the formation of biofilms. The introduction of new imaging modalities has helped in the
conceptual understanding of biofilms. The most significant advance in our understanding
of biofilms came after the invention of confocal laser scanning microscopy (CLSM) [19,20].
Rhamnolipids produced by P. aeruginosa have potential as antiadhesive and dispersant
agents that could represent a promising approach to prevent the initial adhesion of bacteria
and fungi to surfaces while forming biofilms [7,21]. The influence of rhamnolipids on
biofilm formation is of importance at early stages but also on the conservation or dispersal
of mature biofilm structure [20]. The effect of rhamnolipids in biofilm formation can be
observed in biofilms formed by non-Pseudomonas bacterial strains as well [19]. Albeit
its potential, there are not enough studies on the anti-adherence properties of rhamnolipids [20]. The use of a CDC Bioreactor can provide similar conditions to test static and
dynamic conditions.
High concentrations of rhamnolipids could have an antiadhesive effect against all
reported microorganisms, although the specific antiadhesive effect depends on the microorganism analyzed. Therefore, this work was aimed to evaluate the effectiveness of
Pseudomonas aeruginosa Rn19a rhamnolipids on the inhibition of biofilm formation on
borosilicate coupons, using a CDC bioreactor. The effect of the rhamnolipid was tested
against clinical isolates with multiple antibiotic resistance, with differential capacity in
biofilm formation.
2. Materials and Methods
2.1. Microbial Strains and Culture Conditions
Pseudomonas aeruginosa Rn19a was isolated from soil samples in northern Mexico
that had been contaminated with used mobile oil. The microorganism was previously
identified as a producer of lipases and biosurfactants [22,23]. Bacterial clinical isolates
Escherichia coli I5, Pseudomonas aeruginosa E26, and Enterococcus faecalis I27 were also used.
The three clinical isolates were obtained from patients with urinary tract infections and have
been characterized as multidrug-resistant and strongly adherent to glass and polystyrene
surfaces [24].
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Bacterial strains were maintained in Nutrient Agar (BIOXON, Mexico City, Mexico)
tube slants at 4 ◦ C. For experiments, microbial growth was obtained in Tryptic Soy Broth
(TSB) (BIOXON, Mexico City, Mexico) incubated at 30 ◦ C to obtain a bacterial suspension
equal to 108 cells/mL, adjusted by optical density at 595 nm [25].
Rn19a isolate was analyzed by the 16 S rRNA gene sequence. The DNA extraction was
done from 2 mL bacterial culture via the phenol-chloroform extraction protocol. Total DNA
was quantified and stored at −20 ◦ C. DNA samples were amplificated by PCR using 16SF
AGAGTTTGATCCTGGCTCAG and 16SR ACGGCTACCTTGTTACGACTT primers. Each
reaction was done in a final volume of 50 µL containing 29 µL of sterile Milli Q water, 7 µL
of 10× Taq buffer, 4 µL of each primer, 1 µL of dNTP Mix, 1 µL of Taq Polymerase, and 4
µL of extracted genomic DNA (100 ng/µL). The conditions for PCR amplification included
an initial denaturation step (95 ◦ C, 10 min), 25 amplification cycles of denaturation (93 ◦ C,
1 min each), annealing (50 ◦ C, 1 min each), elongation (72 ◦ C, 1:30 min each), and final
extension step (72 ◦ C, 10 min). PCR products were analyzed and purified in agarose gel
electrophoresis (1.5%). The PCR product was sequenced by Psomagen (Rockville, MD,
USA) by next-generation sequencing methodology. The sequence was compared with 16S
rDNA gene sequences selected from GenBank, using BLAST by multiple alignments using
CLUSTALX2 v2.1. The software used for the phylogenetic analysis were Mega-X v10.0.5,
and Unipro UGENE v33, using 1000 repetitions in the bootstrap analysis [24].
2.2. Biosurfactant Production and Characterization
P. aeruginosa Rn19a was grown with agitation (175 rpm) at 37 ◦ C for 9 days (Innova
4300, New Brunswick Shaker Incubator, Edison, NJ, USA) in an Erlenmeyer flask (500 mL)
containing 400 mL M9 mineral medium (initial A600 nm of the culture was between 0.020
and 0.025, using sterile medium as the reference) added with 0.5% dextrose [22]. After incubation, culture medium was centrifuged (3200× g, 24 ◦ C, 20 min) (Eppendorf Centrifuge
570R, Hamburg, Germany) to obtain cell-free supernatant (CFS) and the cell pellet [26–28].
Rhamnolipid was recovered by solvent-extraction from CFS. CFS was deproteinized by
heating at 110 ◦ C for 10 min. After cooling, it was acidified to pH 3.0 with 2 N HCl (v/v);
the acidified supernatant was maintained overnight at 4 ◦ C for the complete precipitation of biosurfactant. Rhamnolipids were separated by continuous extraction with equal
amount of ethyl acetate in a separating funnel at room temperature. The ethyl acetate was
evaporated from the sample using a rotary evaporator [26,29]. Additionally, the rhamnolipid was resuspended with chloroform-ethanol-water, 2:1:1 mixture (Chloroform: J.T.
Baker SOLUSORB; Ethanol: Faga Lab, Mocorito, Sin. Mexico), vigorously vortexed, and
centrifuged (10,000× g, 10 min) to accelerate the phase separation. The mixture formed
three phases. The upper phase contained mainly water and waste from the culture broth.
The middle phase, which is the thinnest, was a layer colored with pigments. Both layers
were removed separately and transferred to a clean bottle. Further these fractions were
extracted three times with chloroform-ethanol (2:1) to complete recovery of biosurfactant.
The lower phase containing the biosurfactant was collected in a clean container. For this
fraction, the solvent was removed using a rotary evaporator. Additionally, the dried product was washed three times with absolute ethanol to complete the removal of the residual
pigments [30]. A viscous honey-colored rhamnolipid product was collected after solvent
evaporation. Samples were lyophilized for further analysis. Biosurfactant was analyzed
by thin-layer chromatography (TLC) [31], and the biosurfactant activity of the cell-free
supernatant was verified by surface tension by the capillary method [32,33].
2.3. Biofilm Formation Using the CDC Bioreactor
A CDC bioreactor (BioSurface Technologies Corp., Bozeman, MT, USA) of 1 L capacity was used to assay the biofilm formation by the clinical isolates Escherichia coli I5,
Pseudomonas aeruginosa E26, and Enterococcus faecalis I27. Borosilicate glass (BS) coupons
(BioSurface Technologies Corp., Bozeman, MT, USA) for biofilm formation with 12.7 mm
of diameter and thickness of 3.8 mm designed for CDC bioreactor were used. A set of
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the reactor was inoculated with 100 µL at 10 cells/mL of one of the clinical strains; the
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coated coupons were extracted for analysis. In addition, biofilms were compared on
coupons treated and nontreated with rhamnolipids (Figure 1)
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a
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the
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35
a peristaltic pump, and the bioreactor was incubated at 35 °C with mechanical agitation
(stirring bar, in a magnetic plate) at 60 rpm. These conditions were based on the use of
(stirring bar, in a magnetic plate) at 60 rpm. These conditions were based on the use of
CDC Bioreactor for biofilm formation, according to the EPA Method MB-19-05 [34]. Three
CDC Bioreactor for biofilm formation, according to the EPA Method MB‐19‐05 [34]. Three
independent experiments were done for each condition.
independent experiments were done for each condition.
For both static and dynamic conditions, coupons were aseptically removed at the
For both static and dynamic conditions, coupons were aseptically removed at the
specified times and were gently immersed in 10 mL of sterile peptone water to remove
specified times and were gently immersed in 10 mL of sterile peptone water to remove
planktonic cells. Coupons were scraped with the edge of a sterile stainless-steel spatula;
planktonic cells. Coupons were scraped with the edge of a sterile stainless‐steel spatula;
then, the spatula was rinsed in 9 mL of water with sterile peptone. After scraping, the
then, the spatula was rinsed in 9 mL of water with sterile peptone. After scraping, the
coupons were rinsed with 1 mL of water with peptone to remove any remaining biofilm
coupons were rinsed with 1 mL of water with peptone to remove any remaining biofilm
and complete a final volume of 10 mL in the dilution tube. The sample was stirred in
and complete a final volume of 10 mL in the dilution tube. The sample was stirred in
vortex for 1 min to breakdown the biofilm groups. Decimal serial dilution of disintegrated
vortex for 1 min to breakdown the biofilm groups. Decimal serial dilution of disintegrated
biofilm sample was carried out, and dilutions were inoculated by pour plate technique into
biofilmStandard
sample Plate
was carried
out, and
dilutions
were
inoculated
by pour Plates
plate technique
Count Agar
(SPC)
(BIOXON,
Mexico
City, Mexico).
were incubated
at 35 ◦ C for 18–24 h, and the number of colony-forming units (CFU) was calculated for
each coupon side.
2.4. Biofilm Analysis by Confocal Laser Microscopy
After biofilm formation, coupons were carefully removed. Coupons were rinsed and
dyed with 100 L of BacLightTM Live/Dead staining kit (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s instructions. Biofilms were rinsed and mounted into the
confocal microscope. The stained cell aliquots were observed in an inverted CLSM (LSM
700 Zeiss, Oberkochen, Germany) with a Plan-Apochromat 20×/0.8 objective (Carl Zeiss
AG, Oberkochen, Germany). Detection was done using excitation with two lasers at 488 nm
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a
viscous
honeydium, as described in Section 2.2. The semipurified rhamnolipid was a viscous honey‐
colored product, with a yield of 12 mg/L. Results from the TLC proved that the rhamnolipid
colored product, with a yield of 12 mg/L. Results from the TLC proved that the rhamno‐
was a mixture of mono- and dirhamnolipids (data not shown) [17]. The lowest surface
lipid was a mixture of mono‐ and dirhamnolipids (data not shown) [17]. The lowest sur‐
tension reached by the aqueous solution of rhamnolipids (0.5% w/v) was 16.9 mN/m
face tension reached by the aqueous solution
of rhamnolipids (0.5% w/v) was 16.9 mN/m
against pure water (72.1 mN/m) at 20 ◦ C.
against pure water (72.1 mN/m) at 20 °C.
3.3. Biofilms Formation in Static and Dynamic Conditions in the CDC Bioreactor
3.3. Biofilms Formation in Static and Dynamic Conditions in The CDC Bioreactor
The attachment of the rhamnolipid to the borosilicate surface was initially tested in
glass slides, with different concentrations of rhamnolipids under static conditions (data
not shown). The surface conditioning and rhamnolipid concentration were selected based
on reports where the lowest concentration demonstrates a reduction in adhesion [6,35].
Microbial biofilm formation by the three clinical isolates in the borosilicate coupons
(BS) in the static mode (S), without rhamnolipids (RHA), showed an average bacterial
growth, as observed in Figure 3. Results demonstrated that there were no limitations in
bacterial adhesion and biofilm formation in the 72 h-incubation period.
Biofilm formation kinetics for Escherichia coli I5 is included in Figure 3. There are two
trends observed; first, biofilm growth in the absence of rhamnolipids (I5-S-BS and I5-D-BS),
i.e., E. coli I5 showed a lower growth curve associated with the removal of biomass under
dynamic conditions (I5-D-BS) without it being a blunt difference. On the other hand, when
the BS coupon was covered with rhamnolipids (I5-S-BS-RHA and I5-D-BS-RHA), microbial
counts were smaller with up to three logarithmic units of difference. Even more, under
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Figure 7. Biofilm formation kinetics of Enterococcus faecalis I27 on borosilicate (BS). The microbial
count is expressed in log10 CFU/cm2. The parameters observed were static (S) or dynamic (D),
count is expressed in log10 CFU/cm2. The parameters observed were static (S) or dynamic (D),
borosilicate (BS) model. Coupons were treated with rhamnolipids (RHA) or without them (without
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4. Discussion

Most of our results show an inhibitory effect of rhamnolipids on biofilms, which is
similar to other reports [8,19,36]. The treatment of coupons with rhamnolipids (0.4% w/v)
showed some changes in biofilms formation. In the case of E. coli I5, BS coupons covered
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4. Discussion
Most of our results show an inhibitory effect of rhamnolipids on biofilms, which
is similar to other reports [8,19,36]. The treatment of coupons with rhamnolipids (0.4%
w/v) showed some changes in biofilms formation. In the case of E. coli I5, BS coupons
covered with rhamnolipids diminished the initial adhesion so that there was a decrease
in more than 3 logarithmic units after 72 h of incubations, as compared with coupons
without rhamnolipids. Previous reports suggest that rhamnolipids can promote swarming,
mediate nutrient uptake, and disrupt biofilm architecture and cell surface polarity [37].
Rhamnolipids also have antimicrobial activity against other bacteria. In the E. coli I5 biofilm
model, confocal microscopy revealed different dead zone profiles in the absence or presence
of rhamnolipids; this suggests that E. coli I5 has difficulty growing into borosilicate coupons.
Furthermore, the addition of a surfactant inhibited the development of the biofilm. Finally,
the combination of rhamnolipids plus agitation (Figure 4D) achieved the highest reduction
in microbial growth.
For the P. aeruginosa E26 strain, the addition of rhamnolipids to the BS surface did not
present an adverse effect on biofilm formation. The strain maintained a typical growth
with and without rhamnolipids; the same behavior has been reported before [38]. When
P. aeruginosa E26 biofilm was observed with the confocal laser microscope, microbial
growth was evident in the presence or absence of rhamnolipids. In dynamic conditions,
despite the fact that the growth was similar in all cases, bacterial distribution on BS
coupon was less dense. It has been reported that in dynamic conditions, biofilms with
porous structures are presented, while in static conditions, Pseudomonas spp. exhibit
comparatively uniform biofilms [39]. Since the addition of rhamnolipids (Figure 6C)
favored the height of the biofilms formed, it is suggested that the surfactant contributes
to a more relaxed consistency, detachment, and bacterial dispersion. Rhamnolipids may
be involved in reducing extracellular polymeric substances (EPS) and the detachment of
microcolonies [25].
Enterococcus faecalis I27 was also affected by the presence of rhamnolipids, where
biofilm formation was reduced. The lag and exponential phases of the growth curve were
lagged in the presence of the biosurfactant (Figure 7). Additionally, E. faecalis I27 presented
a slight decrease in microbial count between 48 and 72 h. In the specific case of this strain,
confocal laser microscopy showed a further reduction in growth as well as areas of dead
colonies in the presence of rhamnolipids. It is suggested that a higher concentration of
biosurfactant can inhibit the formation of new biofilms or the release of preformed ones.
When dynamic conditions were added, but the coupons were not covered with
rhamnolipids, the main modification to microbial growth was presented at early stages of
the microbial growth curve. The stirring speed and the change of culture medium favored
the decrease in initial adhesion but did not prevent biofilm formation. P. aeruginosa E26
strain had a slightly good exponential phase along with E. coli I5. Regarding P. aeruginosa
E26, it could produce rhamnolipids in the initial phase, which might be associated with
the formation of biofilms [38]. In addition, at the stationary phase, rhamnolipids along
with shear rate can be responsible for biofilm biomass detachment [20]. As mentioned
earlier, E. coli I5 showed P. aeruginosa E26-like growth in the dynamic model. However,
E. faecalis I27 had the lowest growth curve of the three microorganisms studied; also, in
static conditions, it had the lowest growth during the first 36 h of incubation.
It has been suggested that rhamnolipids have a fundamental role in biofilm formation
in Pseudomonas spp. The biological roles assigned to rhamnolipids in biofilm-forming
Pseudomonas strains include the formation of structures with pores and channels and dispersion from mature biofilms [39]. On the other hand, rhamnolipids also have antimicrobial
action reported against other bacteria, such as Staphylococcus aureus [19] or sulfate-reducing
bacteria [36]. The differences observed in the biofilm formation and inhibition in the
three clinical isolates reported in this study also show a differential effect of the rhamnolipid produced by P. aeruginosa Rn19a on the P. aeruginosa strain and the E. coli and
Enterococcus faecalis strains.
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To better understand the effect of the rhamnolipid coating on different surfaces,
changes in the surface characteristic need to be better described. Differences in biofilm
formation among the bacterial strains can be related to the physicochemical properties of
the cell surface. It has been proposed that the cells’ hydrophobicity is correlated to the
initial adhesion to a particular surface, and growth conditions can modify the bacterial
cell surface [40]. Therefore, modifications on the physicochemical properties of a surface
will modify the capacity for an initial adhesion of microbial cells, as the initial step on
biofilm formation.
The effect of rhamnolipids on polystyrene demonstrated an increase in hydrophobicity
and Lewis acid-base properties as compared with the control; this effect was not observed
in a stainless-steel surface [40]. In another report, however, the polystyrene surface coated
with rhamnolipid was less hydrophobic [41]. The chemical structure and physicochemical
properties of the rhamnolipid used can also influence the coating properties; as with many
biologically derived molecules, the standardization of the compounds is necessary to assure
the expected result.
The deleterious effects of bacterial and fungal biofilms are evident in the food industry,
in environmental applications such as biofouling, and in medicine since persistent biofilms
are responsible for many recurrent infections [2]. The use of coating materials to promote
a biofilm-resistant surface is of particular importance in the material used for medical
implants, including metal or plastic-based devices [8,42]. Biosurfactants (particularly,
rhamnolipids) can be used as a coating material, since it reduces biofilm formation [37]
and has also been shown to disrupt previously grown biofilms [18,19,27]. Applications
that include a coating of medically related surfaces with rhamnolipids, including catheters
and implants, require further information on the toxicity of the biosurfactants or the effect
of these molecules on the immunological system. In particular, with rhamnolipids, the
pathogenicity of the bacterial strain can be an obstacle for the use of their metabolites.
Biosurfactant production and purification are also major challenges [10], so that synthetic
or modified molecules have been proposed [7,39] for control of biofilm formation.
Therefore, rhamnolipids produced by P. aeruginosa Rn19a can be proposed as a coating
material for the control of biofilm formation by non-Pseudomonas bacterial strains. Rhamnolipids are more effective at inhibiting or decreasing adhesion to surfaces by strains that
form biofilms that do not belong to the genus Pseudomonas. In contrast, Pseudomonas strains
that produce rhamnolipids are less susceptible.
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