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A number of biosurfactants have been applied in the bioremediation of contaminated environment;

however, their impact on bioremediation is controversial. The present study was focused on the effects

of biosurfactants on the biodegradation capability and the interaction of biosurfactants with bacterial

cells. The impacts of the widely used biosurfactant rhamnolipids on a typical phenanthrene-degrading

Sphingomonas sp. GY2B were examined. It was observed that the removal percentages of phenanthrene

decreased when rhamnolipids were added in higher than 1 critical micelle concentration (CMC);

however, no difference in the removal percentages was observed after 24 h treatment when the

rhamnolipids were added in lower than 1 CMC. This may be due to the fact that higher concentrations

(above 1 CMC) of rhamnolipids cause the sequestration of PAHs into surfactant micelles. This

phenomenon was further confirmed by the results of FTIR analysis. SEM images and the zeta potential

test further proved that the addition of rhamnolipids decreased the cell surface hydrophobicity (CSH)

and reduced the amount of filamentary materials. The ratio of saturated fatty acids to unsaturated fatty

acids (sat/unsat) of cells showed a decreasing trend from 38.50 to 26.10 in the absence of rhamnolipids.

However, no obvious difference was observed with 1 CMC of rhamnolipids (35.34 and 33.77 at 24 h and

48 h, respectively), indicating that rhamnolipids may not enhance the membrane fluidity and

transmembrane transport of phenanthrene. Overall, the addition of rhamnolipids in a concentration

above its CMC could cause a lag period in the biodegradation of phenanthrene. Therefore, it is

necessary to determine the optimal dosage of the biosurfactants to enhance the surfactant-amended

remediation applications involving the biodegradation of PAHs.
1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) have become a global
environmental concern due to their mutagenic and carcino-
genic effects on both humans and the ecosystem. Most PAHs
are formed during the incomplete combustion and pyrolysis of
fossil fuels and biomass, as well as the coking process.1,2 The
removal of PAHs from soils and aquifers by natural attenuation
mechanisms or traditional remediation efforts is oen limited
by their poor water solubility. Biodegradation has been proven
to be one of the most economical and environmentally appli-
cable methods for the remediation of PAH-contaminated sites.
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However, the bioavailability of PAHs has been a major limiting
factor for the conventional biodegradation of PAHs.3

Micellar surfactant solutions have been studied and
assessed as efficient agents for enhancing the aqueous solu-
bility of PAHs, thus increasing the bioavailability of PAHs for
their biodegradation.4–6 However, in recent years, the negligible
or even negative effects of surfactants on the biodegradation of
PAHs have also been reported. The addition of some synthetic
surfactants can actually inhibit the biodegradation of PAHs via
toxic interactions, stimulation of surfactant degraders, or
sequestration of PAHs into surfactant micelles.7,8

Biosurfactants with the ability to solubilize hydrophobic
organic contaminants (HOCs) have shown several additional
advantages over synthetic surfactants, which make them good
candidates in bioremediation applications. Among the various
categories of biosurfactants, the glycolipid biosurfactants
“rhamnolipids” stand apart. Rhamnolipids are the bio-
surfactants produced by Pseudomonas species.9 The rhamnoli-
pids are composed of a rhamnose moiety (hydrophilic glycon
part) head group and a lipid moiety (hydrophobic glycon part)
tail group, which are linked via an O-glycosidic linkage. The
RSC Adv., 2017, 7, 24321–24330 | 24321
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capabilities of rhamnolipids to solubilize organic matter and
promote biodegradation have been reported. For example,
Zhang et al.10 studied the effect of rhamnolipids on the disso-
lution, bioavailability, and biodegradation of phenanthrene,
and the results showed that two different types of rhamnolipids
increased the solubility and the rate of degradation of phen-
anthrene. Churchill et al.11 showed that rhamnolipids (a class of
glycolipid) obtained from bacteria in combination with oleo-
philic fertilizer were capable of increasing the degradation rate
of hexadecane, benzene, toluene, o- and p-cresol, and naph-
thalene in both the aqueous-phase and soil bioreactors; more-
over, they further reported increased rates of the
biodegradation of aliphatic and aromatic hydrocarbons by pure
bacterial cultures via the same treatment.12 The rapid removal
of rhamnolipids from the environment to avoid secondary
pollution makes their application much safer and wider.13

In addition, some studies have reported the interaction of
biosurfactants with bacterial cells, and it was found that the
addition of surfactants may either increase or decrease the cell
surface hydrophobicity (CSH), therefore posing a substantial
inuence on the uptake and biodegradation of hydrophobic
pollutants. A recent report revealed14 that the addition of
rhamnolipids promoted the surfactant-mediated-uptake of
phenanthrene by bacterial strain P-CG3, but inhibited the uptake
by bacterial strain BUM through direct contact because rham-
nolipids reduced the CSH of BUM. This indicates that the effects
of biosurfactants on the biodegradation are dependent on the
interactions not only between the surfactants and PAHs, but also
between the surfactants and PAH-degrading microorganisms.

Therefore, it is crucial to know the biological effects of bio-
surfactants on PAH degrading bacteria to better elucidate the
underlying mechanisms of surfactant-mediated bioremedia-
tion. The present study was aimed at investigating the effects of
rhamnolipids on PAH degrading microorganisms, and their
implications on the biodegradation of phenanthrene (Phe). The
Sphingomonas sp. GY2B strain, a typical Phe-degrading bacteria
isolated from oil-contaminated soils, was chosen for this
study.15 Rhamnolipids were selected to investigate (i) their
effects on the biodegradation of phenanthrene by Sphingomonas
sp. GY2B and the bacterial growth and (ii) the potential mech-
anisms of the effects based on modications of microbial
surface properties (cell hydrophobicity, cell morphology, fatty
acid composition, and functional groups).

2 Materials and methods
2.1 Chemicals

Phenanthrene (purity$ 98%) was obtained from Sigma Aldrich
Chemical Company. HPLC-grade methanol was obtained from
Shanghai Anpel Scientic Instrument Co., Ltd. All solutions
were prepared with Milli-Q® water (Cambridge Isotope Labo-
ratories, 99.9% purity). Methanol and acetone were obtained
from ANPEL Laboratory Technologies (Shanghai, China) Inc.
Rhamnolipids (purity$ 98%) were obtained from Huzhou Zijin
Biological Technology Company. The critical micelle concen-
tration (CMC) of rhamnolipids in mineral salt medium (MSM)
was 56 mg L�1 (CMC values of rhamnolipids were measured at
24322 | RSC Adv., 2017, 7, 24321–24330
25 �C by the Wilhelmy plate technique using a QZBY-1 model
tensiometer). All other reagents (KH2PO4, K2HPO4, and CaCl2)
were of the highest purity available.

The mineral salt medium (MSM) consisted of the following
materials (per liter): 5 mL phosphate buffer solution (KH2PO4,
8.5 g L�1; K2HPO4$H2O, 21.75 g L�1; Na2HPO4$12H2O, 33.4 g
L�1; and NH4Cl, 5.0 g L�1), 3.0 mL MgSO4 solution (22.5 g L�1),
1.0 mL FeCl3 solution (0.25 g L�1), 1.0 mL CaCl2 solution (36.4 g
L�1), and 1.0 mL trace element solution (MnSO4$H2O, 39.9 mg
L�1; ZnSO4$H2O, 42.8 mg L�1, and (NH4)6Mo7O24$4H2O,
34.7 mg L�1). The medium solution was prepared with distilled
water and autoclaved at 1 atm for 15 min. The pH value was
adjusted to 7.2 using 5 mol L�1 HCl and NaOH solutions.
2.2 Biodegradation tests

Sphingomonas sp. GY2B (GenBank DQ 139343) was isolated
from polycyclic aromatic hydrocarbon (PAH)-contaminated
soils.15 Bacterial strain GY2B was harvested in exponential
phase in MSM with phenanthrene as its sole carbon source.
Before the degradation experiment, the strain was washed three
times with 0.02 M phosphate buffer solution (PBS) (0.02 M
K2HPO4 and 0.02 M KH2PO4) and then re-suspended in MSM to
obtain the cell concentration of about 107 colony-forming unit
(CFU) mL�1. Phenanthrene solution was added to each Erlen-
meyer ask to obtain the nal concentration of 100 mg L�1.
Then, biosurfactant-MSM and cell suspension were added to
the asks one by one aer the solvent (acetone) evaporated from
the bottom surface. The concentrations of rhamnolipids were
set at 0, 0.2, 1, and 4 times its CMC. Blank treatments, with the
same amount of PHE but without inoculation, were prepared to
account for the abiotic loss. All the tested asks were incubated
in a reciprocating shaker at 150 rpm and 30 �C in the dark to
avoid photodegradation. Residue phenanthrene of each group
was detected at expected time intervals. All the samples were
performed in triplicate.

Residual phenanthrene in the reaction system (20 mL) was
extracted with methanol using an ultrasonic washer, then
transferred to a 50 mL volumetric ask, and diluted to the mark
using methanol. All the samples were ltrated through a 0.22
mm lter prior to HPLC analysis. The removal efficiency of
phenanthrene was calculated using the following equation:

Re ¼ ðA0 � AÞ
A0

� 100% (1)

where A0 is the characteristic peak area of the blank and A is the
characteristic peak area of the degrading system in the absence
or presence of rhamnolipids.
2.3 Effects of rhamnolipids on the CSH of PAH degrading
bacteria

Aer the biodegradation experiment carried out for 24 h, as
described in the Section 2.2, cells of GY2B were harvested by
centrifugation (12 000g for 5 min), washed 3 times with MSM,
and resuspended in 3mL of MSM. The OD of the aqueous phase
of the cell suspension was measured at 600 nm and obtained as
T0. Aer this, 1 mL of n-hexadecath was added, and the mixture
This journal is © The Royal Society of Chemistry 2017
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View Article Online
was vortexed for 1 min and incubated for an additional 15 min
at room temperature. The OD of the aqueous phase was
measured at 600 nm and obtained as T. The cell surface
hydrophobicity was expressed as percent cells transferred to the
hydrocarbon phase by measuring the OD of the aqueous phase
before and aer mixing and was calculated using the following
formula:

CSH ð%Þ ¼ ðT0 � TÞ
T0

� 100 (2)

2.4 Biomorphology affected by rhamnolipids

The morphological changes of GY2B, with and without rham-
nolipids, were characterized by SEM (Carl Zeiss Jena Merlin).
Cells cultivated with different concentrations of rhamnolipids
were conducted in the same conditions as above mentioned in
Section 2.2. The control group was cells cultivated with 1 CMC
rhamnolipids without phenanthrene. Aer 24 h and 48 h
cultivation, samples were taken out and subjected to a series of
pre-treatment processes including rinsing with PBS, xation
with glutaraldehyde, gradient dehydration with ethanol,
replacement with tertiary butyl alcohol, and freeze drying. Aer
this, the sample powders were coated with gold prior to the SEM
analysis.

2.5 Zeta potential measurement

Aer undergoing the biodegradation experiment as described
in Section 2.2, cells of GY2B were harvested by centrifugation
(12 000g for 5 min), washed 3 times with PBS, and shaken using
an ultrasonic washer for 10 minutes. The control group was
cells cultivated with 1 CMC rhamnolipids without phenan-
threne. Zeta potentials were immediately measured at room
temperature via laser Doppler velocimetry using a zeta-
phoremeter 4.20 (CAD Instrumentation, Les Essarts-leRoi,
France) equipped with a rectangular glass electrophoresis cell,
a CCD camera, and a viewing system.

2.6 Characterization of the cell surface functional groups

Aer undergoing biodegradation experiments for 24 h and 48 h
with the concentrations of rhamnolipids as 0, 0.2, and 1 times
its CMC, cells of GY2B were harvested. The bacteria were
washed three times with PBS (pH 7.2) to remove all the inter-
fering substances and dried in a freeze drier at �50 �C for 24 h.
The dried cells were used to characterize the cell surface func-
tional groups.

Aer the samples were prepared as KBr pellet discs, the
functional groups of the samples were analyzed using a Fourier
transform infrared (FTIR) spectrometer (Bruker Vertex33, Ger-
many). The samples were investigated between 400 and 4000
wavenumber under 100 scans with the resolution of 7.5 px�1.16

Spectral processing was carried out to remove CO2 and any
noise from the spectrum, and nally, the spectra were
normalized. The FTIR spectra were analyzed using an OMNIC
soware. All the spectra were plotted using the same scale on
the Y axis (e.g. transmittance).
This journal is © The Royal Society of Chemistry 2017
2.7 Fatty acid extraction and analysis

To assess the effect of surfactants on the entire cell-derived fatty
acid methyl ester composition, rhamnolipids were added to the
MSM at the nal concentrations of 0 CMC and 1 CMC.
Biosurfactant-dosed cultures were incubated in the dark at
30 �C while shaking at 150 rpm. In brief, the fatty acid
composition of GY2B cells was determined aer 2 h, 24 h, and
48 h post inoculation. Strain GY2B cells were harvested by
centrifugation (3000g) at 25 �C for 10 min. The cell pellets
(approximately 3 mg of the cell wet weight) were washed with 10
mL of dimethylformamide to remove any residual phenan-
threne. The cells were then washed twice with MSM to remove
any surfactant residues and centrifuged. The cells were weighed
and transferred into a centrifugal glass tube. GY2B cells were
methylated at 85 �C for 60 min in 2 mL of 5% HCl–methanol
solution, 3 mL of 1 : 1 v/v chloroform : methanol, and 100 mL of
nonadecanoic acid–methyl ester as the internal standard. Then,
the abovementioned mixture was extracted with 1 mL of n-
hexane and shaken for 2 min. The supernatant uid was ltered
by a 0.45 mm ltration membrane and tested.

Fatty acids were separated and quantied using a GC-MS
6890-5975 system (Agilent Technologies, Palo Alto, CA, USA)
equipped with a TG-5MS capillary column (5% phenyl methyl-
siloxane) with the dimensions of 30 m � 0.25 mm and a lm
thickness of 0.25 mm. An initial temperature of 80 �C was
maintained for 1 min, and then, the temperature was increased
to 200 �C at the rate of 10 �C min�1, 250 �C at the rate of 5 �C
min�1, 270 �C at the rate of 2 �C min�1, and was then main-
tained at 270 �C for 3 min. Helium was used as the carrier gas
with the ow rate of 1.2 mL min�1. The injector temperatures
were 290 �C. The mass spectrometer was operated in the elec-
tron impact (EI) mode at 70 eV in the scan range of 30–400 amu.
2.8 Statistical analysis

The data were analyzed using Origin 8.0. Mean values and
standard deviations were calculated.
3 Results and discussion
3.1 Effect of rhamnolipids on the biodegradation of
phenanthrene

The removal efficiencies of phenanthrene by strain GY2B with
rhamnolipids are shown in Fig. 1. The removal efficiencies of
phenanthrene had no difference when the concentration of
rhamnolipids was 0.2 CMC and 0 CMC. The removal efficiencies
decreased when the concentration of rhamnolipids was above 1
CMC. For example, the removal efficiencies of phenanthrene in
the biodegradation system with 1 CMC and 4 CMC rhamnoli-
pids were 24.65% and 21.20%, respectively, at 24 h, compared
to that at 0 CMC of rhamnolipids (52.93%). However, phenan-
threne was almost completely removed at 48 h in all the cases.
This suggested that the rhamnolipids caused a lag period in the
biodegradation of phenanthrene.

Makkar and Rockne17 found that surfactant addition can
actually inhibit PAH biodegradation via toxic interactions,
stimulation of surfactant degraders, or sequestration of PAHs
RSC Adv., 2017, 7, 24321–24330 | 24323
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Fig. 1 Effects of rhamnolipids on the biodegradation of phenanthrene
by Sphingomonas sp. GY2B.

Fig. 2 Effects of rhamnolipids on the CSH of Sphingomonas sp. GY2B.
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into surfactant micelles. Shin et al.18 observed that the solubi-
lizing capacity of rhamnolipids for phenanthrene decreased as
the morphology changed from lamella to vesicles to micelles,
and not all the solubilized phenanthrene was bioavailable to the
microorganisms. Therefore, phenanthrene present in the
micellar phase (above the CMC) may replenish the aqueous-
phase PAHs as they are depleted by biodegradation, a result
also reported by Zhang and Miller.19
3.2 Effect of rhamnolipids on the CSH of GY2B

The effectiveness of surfactants on the biodegradation of
hydrophobic pollutants can be affected via the modication of
cell surface hydrophobicity.20,21 The addition of surfactants may
either increase or decrease the CSH and thus pose an important
inuence on the uptake and biodegradation of hydrophobic
pollutants.14 Hence, the effects of rhamnolipids on the CSH of
GY2B were tested, and the results are shown in Fig. 2.

The values of CSH were 41.88% and 44.37% at 24 h and 48 h,
respectively, in the absence of rhamnolipids. The CSH values
were 38.03%, 36.24%, and 28.30% corresponding to the rham-
nolipid concentrations of 0.2 CMC, 1 CMC, and 4 CMC at 24 h,
respectively. Although the CSH did not signicantly correspond
with the phenanthrene biodegradation efficiency when the
rhamnolipids concentration was 1 CMC, the addition of
rhamnolipids would generally decrease the CSH of the cell
surface and thus affect the uptake of phenanthrene.

Some researchers have also found that the addition of
rhamnolipids decreased the CSH. Ahimou et al.22 found that the
sorption of lipopeptides decreased the CSH of two B. subtilis
strains with a hydrophobic cell surface. Zhao et al.14 investigated
the effects of rhamnolipids produced by Pseudomonas aeruginosa
ATCC9027 on the cell surface hydrophobicity (CSH) and the
biodegradation of phenanthrene by Bacillus subtilis BUM. The
results showed that rhamnolipids signicantly reduced the CSH
of the hydrophobic BUM and inhibited the uptake through
direct contact by BUM, resulting in a noticeable lag period in the
24324 | RSC Adv., 2017, 7, 24321–24330
biodegradation. The change of microbial CSHmay be correlated
with the sorption of hydrophobic pollutants and some hydro-
phobic substances formed by bacteria, and rhamnolipids would
affect the hydrophobic substances by absorbing to the cell
surface. This reason has been illustrated in Section 3.3.
3.3 SEM characterization

The cell membrane skeleton comprises a phospholipid bilayer
and protein, in which the phospholipid molecules move in
various ways and provide membrane uidity. The plasma
membrane plays an important role in separating the intracel-
lular and extracellular environments, providing an anisotropic
uid phase to support proteins and regulate molecular trans-
port.23 The integrity of the cellular structure was important to
the activities of the bacteria. Thus, SEM observation was carried
out to determine whether rhamnolipids carried the risk of
membrane damage.

In Fig. 3A, it can be seen that despite having a ravine-like
rough surface, herein, bacteria showed a mellow and full
structure. With the increasing concentration of rhamnolipids,
SEM images showed that the microorganisms maintained the
integrity of the microbial structure as well as membrane
morphology, which were indicative of the mildness of this
additive. Liu et al.24 observed the GY2B cell morphology via SEM
and found that the GY2B cells grown in TritonX-100 shriveled
and had a rough surface, along with diffused cytoplasm in the
core zone of the cells. Moreover, the cell morphology was more
severely affected by Brij30, with more deformed cells and
a seriously disrupted membrane. It, thus, appeared that
rhamnolipids were milder than other chemosynthetic surfac-
tants, and this was the reason why phenanthrene could be
completely degraded at 48 h with rhamnolipids although the
degradation efficiencies were low at 24 h and 36 h.

In addition, lamentary materials appeared when GY2B was
treated with 0 CMC or 0.2 CMC rhamnolipids at 24 h (Fig. 3A–
B), whereas they decreased or disappeared with higher doses of
rhamnolipids (Fig. 3C–E). Moreover, the lamentary materials
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM images of Sphingomonas sp. GY2B showing (A–D) cells in the presence of 0 CMC, 0.2 CMC, 1 CMC, and 4 CMC rhamnolipids and
phenanthrene at 24 h, (E) cells in the presence of 1 CMC rhamnolipids without phenanthrene at 24 h, and (F) cells in the absence of rhamnolipids
with phenanthrene at 48 h.
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decreased aer treatment without rhamnolipids aer 48 h
(Fig. 3F). These lamentary materials were also observed by She
et al.25 They investigated the effects of nanobiomaterials (NBC)
on the phenanthrene degrading strain Sphingomonas sp. GY2B
and found that lamentary materials existed under all the
conditions, connecting cells with cells or NBC. These lamen-
tary materials belong to extracellular polymeric substances
(EPS). EPS can bind with many exogenous organic compounds
and inorganic ions and form a protective barrier against many
xenobiotics.26 Moreover, the differences in the functional
groups lead to variations in the hydrophilicity and hydropho-
bicity, thus affecting the adsorption and transmission of the
material to EPS.27 Hence, EPS will positively affect the uptake of
the nutrients28 such as NH4

+–N and PO4
3�–P.

Moreover, the lamentous materials connected either the
cells with cells or cells with phenanthrene. EPS are the impor-
tant components of activated sludge for the removal of pollut-
ants from wastewater, and a number of studies have reported
the high adsorption capacity of EPS for heavy metals.29–33 EPS
have also been reported to have hydrophobic moieties,34 which
should have strong affinity for hydrophobic pollutants such as
PAHs, and the binding of EPS with PHE was dominated by the
hydrophobic interactions.35 It was speculated that the lamen-
tousmaterials secreted by GY2B would play an important role in
the adsorption of phenanthrene by bacterial strains and the
This journal is © The Royal Society of Chemistry 2017
phenanthrene biodegradation efficiency. In the present study,
the lamentous materials disappeared when high dose of
rhamnolipids was added (Fig. 3C–D), and the potential of
rhamnolipids for reducing EPS has also been reported,36–38

which indicated that the addition of rhamnolipids did not have
a positive impact on the biodegradation of phenanthrene.

Moreover, a few studies have reported that a wide variety of
bacteria formed hydrophobic substances on the cell surface in
the presence of low-water soluble substrates, resulting in the
increase of CSH. For example, growth on anthracene led to more
hydrophobic mycolic acids in the cell envelope, resulting in
higher CSH ofMycobacterium frederiksbergense.39 B. subtilis and P.
aeruginosa secreted biosurfactant-like substances that enhanced
the CSH, resulting in higher uptake and utilization of pyrene.40

The reduction of EPS may be one of the reasons for the decrease
of the CSH with the addition of 1 CMC and 4 CMC rhamnolipids.
3.4 Effect of rhamnolipids on the zeta potential (z) of the cell
surface

The change in the zeta potential (z) of the cell surface is shown in
Fig. 4. The charge of the cell surface was negative at initial time;
however, the addition of biosurfactant signicantly increased
the z, which was consistent with the results reported by Hua
et al.41 The zeta potential of the bacteria increased with the
RSC Adv., 2017, 7, 24321–24330 | 24325
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Fig. 4 Effect of rhamnolipids on the zeta potential of the cell.
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increasing concentration of rhamnolipids. For example, the zeta
potential increased to �13.45, �12.05, �9.74, and �9.23 mV
when the rhamnolipid concentrations were 0 CMC, 0.2 CMC, 1
CMC, and 4 CMC, respectively. This indicated that the addition
of biosurfactant increased the positive electric charge of the cell
surface. Qian et al.42 studied that rhamnolipids may adsorb on
the cell surface to form a compound with a negative charge,
which would result in electrostatic repulsion with the cell wall,
and thus, it would inhibit the contact between the cell and
hydrophobic substrates. However, in the present study, the zeta
potential increased when rhamnolipids were added; thus, the
above mentioned phenomena did not exist. However, the
rhamnolipids did not promote the degradation of phenan-
threne, probably due to the reduction of the extracellular poly-
meric substances, as shown in the SEM image of GY2B. Qu
et al.43 studied that both the dissolved extracellular organic
matter (dEOM) and bound extracellular organic matter (bEOM)
were negatively charged as other organics in natural water, and
bEOM carried much less negative surface charge than dEOM.
Since the cell surface carried less extracellular polymeric
substances when treated with rhamnolipids, the zeta potential
was higher compared to that obtained on treatment without
rhamnolipids. In addition, the zeta potential of the control
group was higher than that of the group treated with 1 CMC
rhamnolipids and phenanthrene; thus, the sorption of phen-
anthrene with the negative charge on the cell surface would
decrease the zeta potential. Because the rhamnolipids solubi-
lized phenanthrene and decreased the CSH, less phenanthrene
absorbed to the cell surface, which led to the increase in the zeta
potential. Aer this, phenanthrene degraded, and the extracel-
lular polymeric substances also gradually fell off, which resulted
in the higher zeta potential, which was consistent with the
results of SEM.

3.5 Effect of rhamnolipids on the fatty acid composition of
the strain GY2B

Alteration in the membrane uidity has been regarded as one
of the most important adaptive mechanisms in bacteria.
24326 | RSC Adv., 2017, 7, 24321–24330
Therefore, modications in the composition of the membrane
fatty acids played a very important role. These changes were
helpful for microorganisms as they stabilized the uidity of
their membranes when exposed to stress factors such as HOCs
and surfactants.44

The fatty acid compositions of GY2B cells under 0 CMC and 1
CMC of rhamnolipids are shown in Table 1. The data are pre-
sented as the percent composition of each fatty acid. For the
sake of interpretation, the identied fatty acids were divided
into two major groups: saturated and unsaturated.

When GY2B cells were incubated without rhamnolipids for
24 h and 48 h, the total level of saturated fatty acids decreased
from 97.40% to 95.61%. However, there was an increase in the
level of unsaturated fatty acids from 2.61% to 4.39%. These
changes were expressed as a ratio of saturated fatty acids to
unsaturated fatty acids (sat/unsat). This ratio showed
a decreasing trend from 38.50 to 26.10. The appearance of these
fatty acids may indicate changes in the membrane uidity. Li
and Zhu44 found that when SA01 were incubated with phenan-
threne for 4 h, 6 d, and 12 d, the ratio of saturated fatty acids to
unsaturated fatty acids (sat/unsat) showed a decreasing trend
from 6.18 to 5.20. They suggested that an increased amount of
unsaturated fatty acids corresponded to greater membrane
uidity, and the increased membrane uidity enhanced the
transmembrane transport of phenanthrene, which is a limiting
step. When the GY2B cells were exposed to external contami-
nations, the corresponding physiological reactions, such as
change in the fatty acid compositions and secretion of EPS, were
triggered to degrade the pollutants.

When 1 CMC of rhamnolipids and 100mg L�1 phenanthrene
were added, the total level of saturated fatty acids was 97.25%
and 97.10%, and the ratio of saturated fatty acids to unsaturated
fatty acids was 35.34 and 33.77 at 24 h and 48 h, respectively.
However, these parameters did not show obvious differences
when compared to those obtained aer treatment without
rhamnolipids at 2 h. The rhamnolipids did not affect the fatty
acid compositions of the GY2B cells. Moreover, it may have
prevented phenanthrene from coming in direct contact with the
cells, such that the membrane uidity did not increase. This
was one of the reasons for the lower degradation efficiency at
high concentrations of rhamnolipids compared to that ob-
tained aer treatment without rhamnolipids.
3.6 FTIR analysis

FTIR spectra have been widely used to determine the cell
surface functional groups.38,45 Thus, the changes in the func-
tional groups of strain GY2B, with the addition of bio-
surfactants, were determined by FTIR spectra in the present
study. The surface functional groups of strain GY2B were
assigned according to the following studies24,38 and summarized
in the ESI.† Fig. 5a–b shows the infrared spectrum of GY2B
before and aer treatment with rhamnolipids for 24 h and 48 h.
Results indicated that the addition of the biosurfactants
changed the functional groups.

The broad and intense absorption peaks at 3500–3000 cm�1

correspond to the O–H stretching vibrations of cellular
This journal is © The Royal Society of Chemistry 2017
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Table 1 Effect of rhamnolipids on the fatty acid content (%) of GY2B cellsa

Fatty acids

0 CMC 1 CMC

2 h 24 h 48 h 24 h 48 h

Saturated
C11.0 0.03 � 0.01 0.03 � 0.01 0.02 � 0.01 0.03 � 0.01 0.04 � 0.00
C12.0 1.21 � 0.36 1.44 � 0.35 1.32 � 1.18 1.81 � 0.38 1.44 � 0.21
C14.0 0.76 � 0.38 0.54 � 0.05 0.60 � 0.09 0.60 � 0.02 0.63 � 0.04
C15.0 0.06 � 0.00 0.05 � 0.00 0.06 � 0.01 0.06 � 0.01 0.08 � 0.01
C16.0 53.83 � 0.46 54.65 � 1.06 53.28 � 1.88 55.38 � 0.65 52.25 � 3.06
C17.0 0.21 � 0.01 0.20 � 0.00 0.19 � 0.01 0.19 � 0.00 0.22 � 0.02
C18.0 40.60 � 0.40 40.10 � 1.41 39.78 � 2.06 38.81 � 1.07 42.05 � 3.09
C20.0 0.35 � 0.02 0.32 � 0.02 0.30 � 0.02 0.29 � 0.01 0.33 � 0.02
C21.0 0.06 � 0.00 0.06 � 0.02 0.06 � 0.00 0.07 � 0.01 0.07 � 0.01

Unsaturated
C14.1 1.04 � 0.12 1.11 � 0.10 0.94 � 0.12 0.93 � 0.10 1.10 � 0.15
C18.1N9C 0.34 � 0.05 0.32 � 0.05 0.97 � 0.94 0.47 � 0.01 0.48 � 0.04
C18.1N9T 0.68 � 0.39 0.62 � 0.50 1.76 � 1.43 0.67 � 0.28 0.59 � 0.26
C22.1N9 0.83 � 0.13 0.57 � 0.19 0.73 � 0.10 0.68 � 0.06 0.72 � 0.11
Sat./unsat. ratio 34.51 � 1.35 38.50 � 5.80 26.10 � 6.01 35.34 � 3.70 33.77 � 3.81

a The following fatty acid nomenclature was applied where the number preceding the colon indicates the total number of carbon atoms, the
number following the colon indicates the number of double bonds, and the suffix designates the position of the double bonds (from the methyl
end of the molecule) or the position of hydroxyl groups (from the carboxyl end of the molecule), namely, the saturated fatty acids and the
unsaturated fatty acids. The standard error (SE) was calculated from the analysis of triplicate samples. The values are given as the mean � SE.
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membranes. The peaks observed at 2450–2300 cm�1 can be
attributed to the C–H stretching vibrations of methyl, methy-
lene, and methoxy groups. The peaks observed at 1750–1720
cm�1 are the stretching vibration of C]O bond due to non-
ionic carboxyl groups (–COOH, –COOCH3) and may be
assigned to carboxylic acids or their esters.46 Asymmetric and
symmetric stretching vibrations of ionic carboxylic groups
(–COO�) appeared at 1658–1650 cm�1, 1567–1540 cm�1, and
1396–1392 cm�1.47 The bands in the range of 1200–900 cm�1

can be assigned to the C–O stretching vibration of carboxylic
acids and alcohols. It was clear from the FTIR spectrum of GY2B
that carboxyl and hydroxyl groups were abundantly present.
These groups may function as proton donors. The addition of
rhamnolipids caused the change of these transmittance peaks
and affected the degradation efficiency.
Fig. 5 FTIR spectrum of GY2B in the presence of 0 CMC, 0.2 CMC, and

This journal is © The Royal Society of Chemistry 2017
It was worth noting that the transmittance peaks of carbox-
ylic acids or their esters (1750–1720 cm�1) for GY2B could be
observed, except for the microorganisms treated with phenan-
threne and 1 CMC rhamnolipids at 24 h. Moreover, the trans-
mittance peaks of ionic carboxylic groups (1396–1392 cm�1)
could be observed until the microorganisms were treated for 48
h. Liu et al.24 found that 8 CMC of Triton X-100 and Brij30
resulted in the reduction or removal of absorption peak inten-
sities of the fatty acids or lipids from cell membrane (2855 cm�1

or 1736 cm�1). The reduction in the intensities of the functional
groups may originate from the fact that they could incorporate
into the cell membrane and induce the release of membrane
components (such as lipids and polysaccharides) into the
culture medium. However, there was no composition of fatty
acid absent when GY2B was treated with rhamnolipids and
1 CMC rhamnolipids at 24 h (a) and 48 h (b).

RSC Adv., 2017, 7, 24321–24330 | 24327
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phenanthrene and even the ratio of saturated fatty acids to
unsaturated fatty acids did not show much difference, accord-
ing to the analysis described in Section 3.5. In addition, the
C]O stretching bands at 1750–1720 cm�1 were present when
GY2B was treated with phenanthrene and rhamnolipids at 48 h.
As a result, the rhamnolipids did not disrupt the cell
membranes, which agreed with the previous results obtained
(Section 3.3) in this study.

The C]O stretching bands at 1750–1720 cm�1 and 1396–
1392 cm�1 may be correlated with the intermediates when
phenanthrene was degraded by GY2B. Tao et al.15 investigated
the metabolites of phenanthrene such as 1-hydroxy-2-naphthoic
acid, 1-naphthol, and salicylic acid. These intermediates con-
tained carboxylic acid functional groups. As shown by the SEM
of GY2B, some phenanthrene molecules were absorbed on the
surface of the cell, and their intermediates may be residual.
However, because of a lag period in the biodegradation of
phenanthrene at high concentrations of rhamnolipids, there
were fewer intermediates and these were not detected at 24 h.

4 Conclusions

The effects of rhamnolipids on the biodegradation of phenan-
threne by Sphingomonas sp. GY2B depended on the concentra-
tion of rhamnolipids. Rhamnolipids did not affect the
degradation of phenanthrene when the concentration of
rhamnolipids was below 1 CMC. However, it caused a lag period
in the biodegradation of phenanthrene when the concentration
was above 1 CMC, which may result from the fact that higher
concentrations of rhamnolipids above 1 CMC cause the
sequestration of PAHs into surfactant micelles. This phenom-
enon was further conrmed by the results of FTIR analysis.
Rhamnolipids decreased the CSH of GY2B and showed poten-
tial for reducing EPS, which affected the uptake of phenan-
threne by strain GY2B. In addition, although rhamnolipids did
not damage the cell surface, they did not change the ratio of
saturated to unsaturated fatty acids during the treatment; thus,
it did not enhance the membrane uidity and transmembrane
transport of phenanthrene. These results could provide infor-
mation to better understand how biosurfactants affect biodeg-
radation of PAHs, which will play an important role in choosing
suitable surfactants for the biodegradation of PAHs.
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