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Abstract: Reservoirs after chemical flooding usually have residual chemicals, which can affect
the driving effect of subsequent microbial drives. Among them, the effect of surfactants on the
metabolites of oil-recovering bacteria is the most obvious. Therefore, this paper investigates the
influence mechanism of sodium dodecyl sulfate (SDS) on the nature and structure of Extracellular
Polymeric Substances (EPS) produced by metabolism of Enterobacter cloacae, through a variety of
characterization to analysis the components and structure of EPS under SDS stress. The results showed
that Enterobacter cloacae was identified as a glycolipid-producing strain, the main components of EPS
were polysaccharides and proteins. The polysaccharide composition (%: w/w) was glucosamine,
37.2; glucose, 31.5; rhamnose, 26.3; xylose, 1.7; and unidentified sugar, 3.3; and the main component
of proteins was polyglutamic acid. EPS under the stress of SDS showed an increase in the content
of functional groups such as -C=0 and -COOH and an increase in the cellular particle size, and
production of EPS increased by 10.69 x 103 mg/L when the SDS concentration was 2.5 x 10? mg/L;
3D-EEM results showed that the components of all three types of EPS The 3D-EEM results showed
that all three types of EPS fractions contained tryptophan and protein-like substances, humic acid-like
substances were only distributed in the solubilized extracellular polymers (SL-EPS), and aromatic
proteins were only present in the loosely bound type (LB-EPS) and tightly bound type (TB-EPS). In
addition, the peaks representing humic-like substances showed a blue shift, indicating that SDS had
the greatest effect on SL-EPS. This study provides a guidance for refining the mechanism of strain
EPS response to reservoir residual surfactant SDS, and provides a more comprehensive and in-depth
understanding of surfactant-protein interactions.

Keywords: extracellular polymer; biosurfactant; stress growth; hydrolysis

1. Introduction

Microbial Enhanced Oil Recovery (MEOR) is a complementary technology to chemical
flooding to enhance recovery and is an important method to extend the life cycle of an oil
field by improving the properties of crude oil and reservoirs through the beneficial activities
of microorganisms or their metabolites on crude oil and rocks [1,2]. Mainly through the
injection of exogenous microbial spores and nutrient solution, microorganisms seal the
relatively hypertonic channels through the biofilm composed of Extracellular Polymeric
Substances (EPS) and bioflora produced in their growth, metabolism, and migration, in
order to increase the coverage, thus enhancing the recovery rate [3]. However, in reservoirs,
microorganisms need suitable environmental conditions to survive and reproduce, so
MEOR technology is affected by environmental factors such as formation composition,
temperature, crude oil properties, pH, and residual agents after chemical flooding, which
restrict its widespread use. Microbial drive is generally followed by chemical drive, and
there is surfactant residue on the rock surface after either the surfactant used in foam drive,
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or polymer surface binary drive. The residual surfactant has an effect on the properties
and metabolites of the microorganisms in the subsequent oil drive. There are many studies
focusing on the effect of surfactant on cell products [4]. Based on the binding of EPS to cells,
microbial EPS are usually categorized into soluble EPS (soluble macromolecules, colloids,
and mucilage) and bound EPS (sheaths, capsule polymers, cohesive gels, loosely bound
polymers, and attached organic matter).

EPS are dense mesh materials secreted by microorganisms, which, due to their viscos-
ity, can form a biofilm (bacteria together with a certain strength of the blocking material)
through sealing and profile control to improve the oil recovery rate, creating a protective
barrier for microorganisms to cope with the potential threat of toxic substances of the first
barrier. There are a number of functional groups, such as carboxylic acid, phosphoric acid,
sulfhydryl, phenolic, and hydroxyl groups, in EPS, which can be bound not only to heavy
metals, but also to organic pollutants. Such amphiphilic compounds not only provide a
nutrient source for epiphytes but also act as a protective barrier for toxic compounds such
as non-essential trace metals. EPS of cyanobacteria have been reported to be closely associ-
ated with colony formation and development, which can further protect the bacteria from
unfavorable environments [5]. In fact, for strains that can produce EPS, the main factors
affecting the production of EPS include the culture substrate (e.g., carbon and nitrogen
sources) [6], the growth conditions (e.g., temperature, pH, and oxygen supply) [7], and
trace heavy metal ions (e.g., Cu?*, Fe3*) [8]. As far as the same strain is concerned, the
temperature change has a significant effect on the polysaccharide content in EPS, CO, can
affect the protein content in EPS, the sugar yield in EPS of the bacterium is the highest at
the optimum pH, the protein content in EPS is positively correlated with the pH value
within the general environmental pH range, and the amino acid yield in EPS is positively
correlated with the growth of the bacteria. Different strain species and the presence of
nutrient metabolites significantly affected the composition of bacterial EPS [9].

Surfactants can affect the conformation and stability of intracellular membrane pro-
teins, thereby influencing cellular metabolism and product yield [10]. Recent studies have
found that surfactants can modulate the expression and structure of cell membrane proteins,
thereby affecting cellular metabolic pathways and product synthesis. Nonionic surfactants
have the ability to alter cell membrane permeability to enhance viral replication [11]. The
EPS produced by oil-driving microorganisms play an important role both in the study of
the mechanism of biological metabolism and in the enhancement of crude oil recovery.
Therefore, the study of EPS produced by microorganisms under the influence of different
surfactants and the conditions of production is indispensable to the study of the mecha-
nism of microbial oil drive and the improvement of crude oil recovery, and needs to be
strengthened. From the practical effect, the microbial oil drive effect after chemical oil
drive is poor, and the recovery rate increase is limited, so it is especially important to study
the microbial oil drive mechanism after surfactant; however, the specific growth model
parameters of surfactant on the oil recovery bacteria are not clear.

EPS produced by oil-driving microorganisms play an important role in the study of
the mechanism of biological metabolism as well as an important factor in the improvement
of crude oil recovery. Therefore, the study on the characteristics and conditions of EPS
produced under the influence of different surfactants in microbial oil flooding technology is
indispensable for the study of microbial oil flooding mechanism and enhanced oil recovery.
In this study, sodium dodecyl sulfate (SDS), the most commonly used reagent in surfactant
flooding, was selected to deeply explore the effect of surfactant on EPS production of strains.
We constructed the experimental program of strain media under different concentrations
of surfactant stress, and obtained the EPS production and structural changes in microbial
growth and metabolism under the influence of different stimulants. Through FT-IR, XRD,
3D-EEM, etc., we establish the invasion mechanism of surfactant on microbial bacterial
membrane, speculate the entanglement mode of EPS protein and surfactant, and clarify the
influence law of different EPS existed morphology on the protein components. It is of great
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significance to improve the response mechanism of oil recovery bacteria to the toxicity of
reservoir residual surfactant SDS.

2. Materials and Methods
2.1. Extraction and Characterization of EPS
2.1.1. Medium Formulation

Seed medium: NH4NO; 2g/L, KH,PO4 1 g/L, MnCl, 0.2 g/L, K;HPO,4 o 3H,O
0.5 g/L, MgSO, e 7H,0 0.25 g/L, 1% glucose, pH 7.2.

LB liquid medium: Yeast powder 5 g/L, peptone 10 g/L, NaC1 10 g/L, glucose 10 g/L,
pH7.2-7.4.

2.1.2. Sample Preparation

In this experiment, using a standardized strain of Enterobacter cloacae (ATCC 13047),
the strain can use crude oil as the only carbon source, facultative anaerobic, stable activity,
and strong ability to produce extracellular polymers. The strain was activated by inoc-
ulation into 500 mL conical flasks containing 250 mL of seed medium, and incubated at
45 °C with 150 r/min shaking for 48 h. Then, the seed medium was inserted into 500 mL
conical flasks containing LB liquid medium at 5% inoculum, and incubated at 45 °C on a
constant temperature water bath shaker at 150 r/min for 48 h. Subsequently, the LB culture
medium was configured to contain SDS at different concentrations. LB medium containing
different concentrations of SDS solution (2.5 x 102 mg/L,5 x 102 mg/L, 1 x 10° mg/L,
2 x 10° mg/L, and 4 x 10> mg/L) was incubated at 45 °C for 7 d.

It is recognized that EPS extraction methods are divided into physical extraction
methods (heating, ultrasound, and glass bead vibration) and chemical extraction methods
(NaOH, HSOy, and formaldehyde) [12-14]. In this experiment, we chose an ultrasound-
centrifugation physical extraction method. The culture solution was sonicated in an ultra-
sonic vale for 10 min, and the voltage of the ultrasonic bath was reduced to 120 V in order to
ensure that the samples were changed in a regular manner. The output power of the device
was 18 W, the solution was centrifuged at 2000 r/min for 10min before 10 mL phosphate
buffer salt solution was added 3 times, then again centrifuged at 4 °C for 33,000 r/min
for 10min. Then the supernatant was removed and the sample EPS were obtained for
subsequent analysis.

2.1.3. EPS Yield and Compositional Identification Methods

(1) Determination of total sugar yield phenol-sulfuric acid method [15]

A volume of 2 mL of microbial EPS solution with 1 mL of 6% phenol and 5 mL of
H,S0,4 was added to the colorimetric tube and shaken well and, then allowed to stand for
15 min. The absorbency value (measured by glucose) at the wavelength of 490 nm was
measured by enzyme labeling instrument (DK-3518, DECCA).

(2) Determination of Total Protein Yield-Thomas Brilliant Blue Method [16]

A volume of 2 mL of EPS solution was taken and analyzed by Bio-Rad Protein Assay
(protein concentration determination) kit. Next, 150 uL of the assay reagent and 50 pL
of the sample to be tested were added into the microtiter plate and mixed well, and left
to stand for 5 min. The absorbance value was measured at 595 nm using an enzyme
labeling instrument (DK-3518, DECCA), and a standard curve was made with bovine
serum protein solution.

(3) Thin Layer Chromatography (TLC)

The extracted EPS were hydrolyzed for 2 h using trifluoroacetic acid (TFA). Then, they
were analyzed using thin layer chromatography (TLC) (n-butanol/acetic acid/water (6:2:2)
as solvent system). In this study, plates were sprayed with a-naphthol and ninhydrin
reagents to show sugar and protein fractions. 0.1 g of the EPS was dissolved in 10 mL of
the above solution system and dextran with different molecular weights and in the same
volume (2000 KD, 500 KD, 200 KD, 70 KD, 40 KD, 10 KD) was used as a standard for
the assay.
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(4) High performance liquid chromatography (HPLC)

The purified samples were detected by high performance liquid chromatography
(LC-20A, Shimadzu Corporation, Kyoto, Japan, Shimadzu, Japan), mobile phase A (60%
10 mmol/L ammonium acetate mixed with 40% acetonitrile, pH 7.0), mobile phase B
(acetonitrile), gradient elution, and the B phase changed from 10% to 25% within 0~10 min.
The product yield was measured by mobile phase 1.0 mL/min, reversed phase C18 column
and UV 215 nm. Liquid-phase gradient condition as shown in Table 1. Under normal
circumstances, the product measured needs to be observed with color developing agent.
The sample is developed with ethanol: concentrated sulfuric acid (volume ratio: 9:1),
benzene solution of 1% anthrone, and the sample is qualitatively analyzed by comparing
the color and development position with the standard product.

Table 1. Liquid-phase gradient condition.

Time (min) A% B%
1 4 96

14 35 65

16 60 40

112 60 40
112.1 5 95

2.2. Structure and Size Analysis of EPS under SDS Stress
2.2.1. Fourier Transform Infrared Spectral Analysis

The EPS extracted from Section 2.1.2 was dried into powder by freeze-dryer (FD-
1A-50, Khanno, Vancouver, BC, Canada) for subsequent testing using Fourier infrared
spectroscopy (NICOLET iS50, Waltham, MA, USA). The lyophilized powders of the three
types of EPS under the addition of 0 mg/L, 5 x 10> mg/L, and 2 x 10* mg/L SDS,
respectively, were freeze-dried and ground into transparent, homogeneous films or lumps
by the KBr-pressing method [17] to ensure the transmittance and homogeneity of the
samples to the infrared light, and the samples were placed in a transparent infrared
absorption window to ensure the unobstructed contact between the samples and the
instrumental optical path.

2.2.2. Particle Size Analysis

In this study, a laser particle size analyzer (Malvern 2000, MALVERN, Tokyo, Japan)
was used to determine particle size at 45 °C using static light scattering (SLS). The particle
size distribution of EPS before and after centrifugation in the absence of SDS and before
and after centrifugation in the presence of SDS was measured by comparing four sets of
EPS solutions before and after centrifugation. To ensure the reproducibility of the particle
size determination, the study prepared three replicate solutions for each concentration.

2.2.3. Fluorescence Spectral Analysis

After the correlation between optimal dilution concentration or fluorescence peaks
(electropherograms) and protein concentration established in the literature (see Table 2
below): a fluorescence model was proposed to explain the contribution of free and bound
micelles to the overall fluorescence, and protein peaks were observed at 3 mM SDS as the
optimal dilution concentration [18].

Table 2. Comparison of fluorescence model with CMC above experimental values.

SDS (mM) Micelle Fl (Calculated Value) FI (Experimental Value) % Error
15 1.13 x 10% 1.67 x 10° 1.67 x 10° —
10 7.53 x 10Y 1.11 x 10° 1.13 x 10° 1.12
12 6.02 x 10¥° 12.92 x 10° 12.122 x 10° 1.1
6 452 x 101 6.69 x 10° 6.60 x 10° 14

Note: Data in Table 2 are quoted from the literature [18].
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The concentration of 3 mM SDS was converted to approximately 1 x 10° mg/L, so
the fluorescence intensity of proteins in the EPS under 1 x 103 mg/L SDS stress was
determined, and the optimal excitation and emission wavelengths for the proteins were
determined according to literature [19]. The optimal excitation and emission wavelengths
of the proteins were determined in the literature and combined with the Gaussian function
(1) and took the logarithm (2) to obtain the corresponding Gaussian curve fit.

[(xi—c)z}

yi=axel D D
c? 2xic  xi?

h’Iyi— (lna—?)—i-T—? (2)

where a represents the height of the Gaussian peak (nm); b represents the Gaussian peak
position (nm); c represents the half-height width (nm).

2.2.4. Three-Dimensional Fluorescence Spectral Analysis

The supernatant of the purified EPS from Section 2.1.2 was collected as SL-EPS in a
50 mL centrifuge tube; the above samples were suspended with 0.05% NaCl solution and
centrifuged at 5000 r/min for 15 min to carefully collect the second supernatant as LB-EPS;
and thirdly, the remaining harvested samples were resuspended with 0.05% NaCl solution
and heated in a thermostatic water bath at 60 °C for 30 min. the heated samples were
centrifuged at 15,000 r/min for 20 min, and the supernatant was collected as TB-EPS. The
three EPS were freeze-dried to make a lyophilized powder.

Following the above steps, the three EPS were extracted from the medium under the
condition of 1 x 10% mg/L of SDS, and the substrate was subsequently freeze-dried and set
aside. The freeze-dried powders of the three EPS without added SDS and the three EPS
with added 1 x 10% mg/L of SDS were analyzed by 3D-EEM.

Three-dimensional-EEM maps were acquired by fluorescence spectrometer (F-8000,
Hitachi, Chiyoda, Tokyo) with fluorescence excitation wavelengths of 300-500 nm at 3 nm
intervals and emission wavelengths of 240-660 nm at 3 nm intervals; the instrumental
parameters were, respectively, excitation slit of 5 nm, emission slit of 5 nm, photomultiplier
tube (PMT) voltage of 400/700 V, and a scanning speed of 2400 nm/min. Measurements
were made in a 1 cm quartz cuvette. The spectral feature parameters were resolved using
a written spectral feature parameter extraction algorithm, and Rayleigh scattering was
removed by Delaunay triangular interpolation. Data processing was run in MATLAB
version 2012b.

Integral region method calculates the integral volume (®;) and standardized volume
(D; 5, Pr,n) of a fluorescence region, representing the relative value of the content of a
certain structural organic compound in this region [20]. The calculation formula is shown
in Equations (3)—(5).

@iy = MF®; = MF;) Y I(Aexhem) 2 AexAem 3)
cI)T,n = Zq)i,ﬂ (4)
Piy=®@;,/Pry x 100% 5)

where ®; , are the integral standard volumes of fluorescence region i; ®; is the integral
volume of the fluorescence region, au-nm?; Aoy is the excitation wavelength, nm; Aem
is the emission wavelength, nm; I(AexAem) is the fluorescence intensity corresponding
to the excitation and emission wavelengths, au; P;, is the proportion of the integral
standard volume of a certain fluorescent region to the total integral standard volume; MF;
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is the multiplication coefficient, which is equal to the reciprocal of the integral area of a
fluorescence region to the integral area of the total fluorescence region.

3. Results
3.1. Composition and Yield
3.1.1. EPS Component Identification

EPS are mainly composed of polysaccharides and proteins [21]. The EPS yields below
are all polysaccharides and proteins added together. Among them, the linear regression
equation between the absorbance value and concentration of polysaccharide standard
solution was y = 0.00309x + 0.08342, R? = 0.99156; the linear regression equation between the
absorbance value and concentration of protein standard solution was y = 0.00278x + 0.4655,
R? = 0.993. It is worth mentioning that for the initial assay in LB liquid medium, a certain
amount of protein and polysaccharide was measured at the beginning of the assay due to
the addition of peptone and other substances in the composition of the LB liquid medium:
the initial contents were 1.45 x 10° mg/L protein and 0.79 x 10° mg/L polysaccharide,
respectively. As shown in Figure 1, the measured amounts of protein and polysaccharide
were subtracted from their corresponding initial values to obtain the EPS sample content at
60h was 10.14 x 10°> mg/L, of which the polysaccharide content was 7.42 x 10°> mg/L and
the protein content was 2.72 x 103 mg/L.

Enterobacter cloacae were cultured in LB liquid medium pH (7.4) for 60 h (the optimum
culture time shown in Figure 1). Fermentation supernatant and EPS obtained by isolation
and purification were taken and subjected to TLC analysis and the results are shown in
Table 3 TLC analysis.

12

[ EPS
—@— Protein
109
—@— Polysaccharide -
| —9

e
7

Content (x10°mg/L)

(] T T T T T T
Time (h)

Figure 1. EPS composition content.

Table 3. TLC results of biosurfactants.

Metabolit Ninhydrin Phenol-Sulfuric Acid

etabotite Color Development Color Development
supernatant no color change reddish brown
biosurfactant no color change reddish brown

The EPS obtained were glycolipids as shown by TLC analysis [22]. According to
the residual amount of sugar (%: w/w) in the polysaccharide was determined using
thin-layer chromatography (TLC) and high-performance liquid chromatography (HPLC):
glucosamine, 37.2; glucose, 31.5; rhamnose, 26.3; xylose, 1.7; and unidentified sugar, 3.3.
And the HPLC analysis showed that the main amino acid in the hydrolyzed solution of the
EPS was glutamic acid, and the main component of the protein was polyglutamic acid.
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3.1.2. Analysis of EPS Yield of Enterobacter Cloacae under Different Concentrations of
SDS Stress

The cultured bacterial solution was fermented to the 7th day, and the surfactant
induced the leakage of EPS from the intracellular to the extracellular, thus relieving the
feedback inhibition of intracellular products, compared with the control group without
surfactant addition. See Figure 2 below, when the concentration of SDS was 2.5 x 102 mg/L,
the EPS production of Enterobacter cloacae reached a maximum of 20.8 x 10*> mg/L. In
fact, the production of EPS was significantly increased after the addition of surfactant.
Due to the different nature structure and concentration of surfactants, the effects of cell
membrane permeability, leakage, and deletion will affect the fermentation metabolism of
strain Enterobacter cloacae and produce different effects.

251

V7] EPS content

20

154

10 1

EPS content (x10°mg/L)

T T
0 0. 25 0.5 1 2 4
SDS concentration (x10°mg/L)

Figure 2. Effect of different surfactants on EPS production.

3.2. Changes in EPS under the Influence of SDS
3.2.1. EPS Functional Group Changes under the Influence of SDS

As shown in the IR spectral results of Figure 3, there was no significant change in
the functional groups in all three EPS fractions in all experimental groups; in addition,
the qualitative IR spectra of the three EPS were very similar. Bands ranging from 3200
to 1592 cm~! were consistent with the results of protein and polysaccharide functional
groups [14]. Polysaccharides (1120~1270 cm ™!, C-O-C, and C-O stretching vibrations) and
proteins (1420~1670 cm ™!, C-N and N-H stretching) were detected in the three EPS. The
infrared scanning spectrum shows that there is a strong absorption band at 3246 cm ™!,
indicating the presence of a large number of hydroxyl groups in the molecule, the absorp-
tion bands between 2120~3000 cm ! and 1412 cm ™! are the absorption of the stretching
vibration of the C-H bond on the carbon chain, 1659 cm™~1 is the absorption band of the C=0,
and 1101 cm ! is the absorption band of the stretching vibration of the C-O-C bond, which
suggests that the presence of an endo-structure and glycosidic bond in the molecule. As
shown in Table 4. The absorption peak at 1265.32 cm ™! is a symmetric stretching vibration
of CHj on the methylene group indicating the presence of lipids. A strong shoulder peak
can be seen at 2990 cm ! which represents the presence of C=0 stretching vibration in the
sample indicating the presence of amide I (protein peptide bond).



Processes 2023, 11, 3212

8 of 17

2164.168

©
o

o

2990.68

[6)] » ~ @
(=] (= -]
i .

1659.77

Transmittance(t%)

-9
o
T

1153.45
30

3394.77

20 ™ 1 i 1 A 1 A 1 A 1 A 1 i 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm™)

Figure 3. EPS FT-IR (I) 1 x 103 mg/L SDS + EPS; (II) 5 x 10> mg/L SDS + EPS; (IIT) 0 mg/L SDS + EPS.

Table 4. Peak positions of biopolymers observed by infrared spectroscopy.

Peak Position cm—1 Functional Group
1402.27 5(C-H), 5(OH)
1265.32 8(C-0-C)
1153.45 v(C=0)

2164.168 v(C-H)
2990.68 v(C=0)

After the addition of SDS, the peak intensities of most of the absorption peaks (3394,
1659, 1402 cm™!) of in the infrared spectra increased dramatically, and the content of
functional groups increased. The increase in the content of amide and polysaccharide
(3394, 1659, 1402 cm~!) indicates that a large number of proteins and polysaccharides were
converted from insoluble to soluble state under the action of surfactant. The carboxyl
group content increased substantially and significantly and hydrolyzed to carboxylic acids,
carboxylates, etc. In summary, the extracted EPS were glycolipids, which is in agreement
with the experimental results of the thin-layer chromatography method.

3.2.2. Particle Size Analysis of EPS under SDS Stress

The fermentation broth of the strain before and after centrifugation was subjected to
laser particle size analysis. As shown in Figure 41, the test results of the fermentation broth
before filtration had two peaks with a measured particle size of d (0.5) = 30.392 um. This
indicates that not only free EPS, but also EPS bacterial film formed by the adhesion of EPS
was present in the fermentation broth. The fermentation broth was filtered as shown in
Figure 41 and the measured particle size was d (0.5) = 70.912 um.

The main reason for the decrease in particle size after filtration is that the filter ma-
terial consists mainly of bacterial membranes. Therefore, the particle size of the bacterial
membrane can be preliminarily estimated as the difference between the particle size before
and after filtration, which is 40.52 pm. This is closer to the particle size of the EPS bacterial
membrane observed under the microscope. Using the polar method, it can be estimated
that 1045 bacterial cells can form a single-layer bacterial membrane by EPS adhesion.
This means that the bacterial membrane is formed by a large number of microbial cells
aggregated together, and these microbial cells adhere to each other through the extracellular
polysaccharides produced.
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Figure 4. Particle size before and after centrifugation of fermentation broth without SDS addition (LII).

As shown in Figure 51, the measured particle size of the fermentation broth after the
addition of SDS was d (0.5) = 41.393 um, and the laser particle size results were analyzed
for the pre-centrifugation and post-centrifugation fermentation broths of this experimental
group. As shown in Figure 5II, the test result of the fermentation broth before filtration had
two peaks and the measured particle size was d (0.5) = 117.24 um. This indicates that the
addition of surfactant SDS resulted in an increase in particle size.

Before centrifugation| H | After centrifugation

T T oy v T ey

T T — T Ty
1 10 100 1000 0.01 0.1 1 10 100 1000
Particle Size (um) Particle Size (um)

Figure 5. Particle size of fermentation broth before and after centrifugation of 3 mM SDS-added (LII).

3.2.3. Protein Fluorescence Intensity Analysis of EPS under SDS Stress

At high saturating concentrations above the critical micelle concentration (CMC), the
binding of ionic surfactants to proteins leads to changes in the intrinsic structure of proteins,
possibly through unfolding or denaturation processes. Although at low concentrations the
binding of surfactant molecules is controlled by electrostatic forces, hydrophobic interac-
tions become more important at concentrations above the CMC. Above CMC, surfactant
molecules bind dynamically to the protein surface, leading to denaturation of the protein
and imparting an additional charge, which results in a similar protein structure. Thus, at
high saturating concentrations, surfactants can act as denaturing agents to induce protein
unfolding and minimize their structural impact in electrophoresis.

Indeed, any surfactant may exhibit similar interaction patterns when bound to proteins.
However, SDS-protein interactions have been extensively studied and characterized. It
has been shown that submicelle SDS can bind to specific binding sites for a wide range of
proteins, and that some proteins can be inserted into micelles close to the CMC in much the
same way as mixed micelle formation. Furthermore, above the CMC, the same amount of
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SDS can bind cooperatively to most proteins, which then leads to structural denaturation
and rearrangement [23].

The raw fluorescence spectra in the interval of 460~620 nm were subjected to Gaussian
curve fitting [24], and the number of constituent peaks and their center positions are
shown in Figure 6. The fluorescence intensity of EPS without additives was much higher
than the fluorescence intensity of EPS containing 1 x 103 mg/L SDS. It indicates that the
fluorescence of EPS without the influence of SDS was received with higher intensity and
changed more sensitively. In surfactant/protein systems, surfactants can interact with
proteins, leading to changes in fluorescence intensity. The results showed that under the
stress conditions of different surfactants, the fluorescence intensity basically decreased
gradually at 490 nm, which might be due to the bursting effect of surfactants with proteins.
In addition, it can be observed from Figure 6 that the shape of the emission peaks of the
proteins did not change, in addition to the photon energy gap not being large, so the Stokes
shift phenomenon was not obvious. This is because the effect of surfactant on extracellular
proteins is mainly a bursting effect, and the structure of extracellular proteins is changed,
indicating that there is a conjugate generated. Most of the experiments proved that the
main roles of fluorescence bursting mechanisms are dynamic bursting, static bursting
and non-radiative energy transfer. Therefore, some scholars [19] calculated the bursting
constant Ksv, binding constant K, and thermodynamic parameters, and concluded that the
stability of the surfactant—protein conjugate decreased with the increase in temperature,
and Ksv decreased, so the process was static burst. Moreover, the Gibbs free energy (AG) is
less than 0, and the enthalpy change (AH) and entropy change (AS) are greater than 0. The
results showed that SDS acted as a hydrophobic force on proteins [25,26].

native protein
——SDS

b4
3
1

The fluorescence intensity

50 -/\

T T T T T T T T 1
460 480 500 520 540 560 580 600 620 640

Wavelength (nm)

Figure 6. Protein fluorescence intensity.

In addition, the decrease in fluorescence intensity may indicate the enhancement of
burst fluorescence in the native state of tertiary interactions. This is because the presence
of surfactants can break the structural stability of proteins, leading to changes in their
original tertiary structure. Therefore, it is important to study the fluorescence properties
of surfactant/protein systems for a deeper understanding of the interaction mechanism
between surfactants and proteins.

3.2.4. Changes in Protein Results of under the Stress of SDS

EPS includes organic molecules with chromophore (light absorbing) and fluorophore
(light emitting) parts that exhibit fluorescent properties. Three-dimensional excitation-
emission matrix (3D-EEM) fluorescence spectroscopy is used as a fast, selective, and
sensitive technique to capture specific fluorescent features and to distinguish between
fluorescent compounds present in EPS [27]. Three-dimensional fluorescence spectroscopy
was performed to explore the specific components in the conjugates generated by the
interaction of surfactants with EPS. Chen [20] found that the red shift of fluorescence peak
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was related to the presence of carbonyl substituents, hydroxyl groups, alkoxy groups, amino
groups, and carboxyl groups. Blue shift is associated with the splitting of macromolecules
into smaller fragments and the elimination of specific functional groups, including carbonyl,
hydroxyl, and amines. The standard atlas of tryptophan and other proteins refer to the
autocorrelation literature [20,28-30].

Addition of the EPS to a dilute aqueous solution of ANS resulted in an increase in
fluorescence intensity and a blue shift consistent with binding of ANS to the mixed protein.
This suggests that the mixed protein exposes hydrophobic regions compatible with the
amphiphilic nature of the molecule required for surfactant activity. Observations were made
to see protein—-SDS complexes. In Figure 7, it can be seen that peaks symbolizing various
types of proteins were generated in the EPS. Among them, 36.8% (region II, tryptophan-
like proteins) and 30.4% (region IV, soluble microbial by-products), followed by region
I (tyrosine-like proteins) at 14.5%, region III (fulvic acid-like substances) at 11.5%, and
region V (humic acid-like organics) at 6.8%. Tryptophan-like proteins and soluble microbial
by-products, also known as proteins, were the major compounds in the EPS.
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Figure 7. 3D-EEM spectrum of EPS.

From Figure 8, it can be concluded that the main compounds of SL-EPS are tryptophan-
like proteins and some protein-like soluble microbial by-products. The peak at region II
270/310-330 nm, which produces peaks indicating that the EPS contains tryptophan-
like protein substances; the peak in region V produces a blue shift, which suggests that
humic-like substances are present in SL-EPS and that the reason for the production of this
humic substance is the natural decay during cell growth, which produces proteins that are
degraded into humic substances.
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Figure 8. 3D-EEM spectra of SL-EPS without SDS (I) and with SDS (II).
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And from Figure 9, it can be concluded that peaks belonging to class tyrosine and
aromatic proteins were detected simultaneously in both groups with and without added
SDS. It indicates that LB-EPS contains tyrosine and aromatic proteins. In addition, the
3D-EEM spectra of LB-EPS showed region II and region IV, which represent tryptophan-like
and protein-like substances. It is concluded that SDS surfactant may increase tryptophan
substances in LB-EPS.
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Figure 9. 3D-EEM spectra of LB-EPS without SDS (I) and with SDS (II).

In the TB-EPS fractions (shown in Figure 10), region III appears in each group, which
indicates the presence of fulvic acid. The 3D-EEM profile results showed that tryptophan-
like substances, humic acid, aromatic compounds, and protein-like substances were also
present. Tryptophan and protein-like substances were detected in three EPS fractions,
while humic acid-like substances were distributed only in SL-EPS. Aromatic-like proteins
were only present in LB-EPS and TB-EPS. And it was demonstrated that SDS surfactant
had a greater effect on SL-EPS than on EPS. It is possible that the extracellular proteins
in this fraction are essential for maintaining the structural stability of the EPS matrix. It
was also found that the production of signaling molecules, such as autoinducer-2 (AI-2)
and N-acylhomoserine lactone (AHL), was also inhibited, which may be due to Protease k
hydrolyzes quorum sensing receptor proteins.
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Figure 10. 3D-EEM spectra of TB-EPS without SDS (I) and with SDS (II).
4. Discussion
4.1. Surfactant Stimulation of Enterobacter cloacae Membrane Mechanism

Differences in the concentration of surfactants will result in different effects such as
cell membrane permeation, leakage, and deletion. Figure 11 presumed to be the mechanism
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of surfactant-infested activities of Enterobacter cloacae; when the surfactant concentration of
2.5 x 102 mg/L, it changes the ultrastructure of the outer layer of the cell membrane, form-
ing transmembrane channels, reducing the clogging of the cell membrane, and accelerating
the transport of products through the cell membrane. Surfactant also increases the rate of
transmembrane transport of organic substances, and increases the secretion of metabolites
from the cell about 10.69 x 10*> mg/L. This is because the amount of surfactant tolerated by
the bacterial cell seems to contribute to the transport of substrates and metabolites, as well
as enzymes involved in the synthesis and release of EPS various microbial bio-enzymes,
such as extracellular endoglucanase, exoglucanase, and (3-glucosidase, and enhance the
microbial translocation of metabolites level. Palomares [31] found that surfactants interact
with the cell membrane barrier of Gram-negative bacteria, such as Enterobacter cloacae,
during Gram-negative stress cultures, resulting in increased cell damage and leakage.

Surfactant
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Figure 11. Mechanism of surfactant infestation of Enterobacter cloacae (DAB as dye).

SDS breaks the non-covalent bonds inside and outside the protein molecule, i.e.,
reduces the disulfide bonds within the molecule, and binds to the protein causing it to
unfold, thus disrupting the [32] secondary and tertiary structure of the protein molecule,
changing the original spatial conformation and denaturing the protein [33]. When the
concentration of SDS is higher than 1 x 103 mg/L, it causes severe damage to the cell
barrier and prevents growth. On the other hand, fatty acids play an important role in
forming positive or negative interactions with phospholipids, which enlarge the pores of
the cell membrane. Thus, surfactants contribute to increase the production of EPS and
enhance nutrient uptake by wetting the cell membrane.

4.2. Prediction of the Entanglement Pattern between EPS Protein and Surfactant

Through the international Protein Structure Database (RCSB PDB), as shown in
Figure 12, the surfactant and the EPS formed a necklace-bead winding structure of SDS—
protein. The increase in the particle size of the fermentation broth by 30 um after the
addition of SDS also verified the experimental results of a researcher who pointed out
that the addition of surfactant increases the particle size. The protein molecule of EPS in
its natural state has 12 sulfonate binding sites, and when the number of SDS bound to a
protein molecule is 15, SDS can play a stabilizing role. When the number of bound SDS
exceeds 15, it starts to tend to defold the structure, thus exposing more binding sites and
leading to further destabilization of the protein conformation. When studying complexes
of surfactants and proteins, it is important to understand the structure to gain insight into
the nature and behavior of the complexes. The necklace-bead structure of the SDS-BSA
and lysozyme-SDS complexes suggests that the proteins are entangled around the SDS
micelles to form a highly ordered structure. This structure not only affects the physical
properties of the complexes, but may also influence their biological activity and toxicity.
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Figure 12. EPS proteins with surfactant entangled structures.

Therefore, studying the structures of these complexes is important for the design
and synthesis of more efficient surfactant-protein complexes. In the future, by using
electron spin resonance and nuclear magnetic resonance (NMR) techniques, a deeper
understanding of the structure and properties of these complexes can be obtained, which,
in turn, will provide a more comprehensive and in-depth understanding of surfactant-
protein interactions.

Accordingly, this can be preliminarily inferred that due to the large particle size
(d (0.5) = 117.24 um), better ductility [34], and adsorption capacity of this mixed system.
The ductility can improve the stress relaxation degree of the composite system; in addition,
the increase in adsorption capacity can effectively reduce the oil-water separation and
stratification in the reservoir. In non-homogeneous reservoirs, the distribution of oil and
water is not uniform, and the presence of aqueous phase will lead to an increase in the water
content in the reservoir and reduce the oil recovery efficiency. While utilizing the mixed
system with large particle size and ductility, a plugging agent barrier [3] can be formed
to avoid the water phase from entering the oil reservoir, while regulating the reservoir
pressure and improving the oil recovery efficiency. In addition, fluorescence burst electron
transfer in the mixed system can realize the detection and quantification of protein factors
in the system, which provides a new means to study the oil-water separation mechanism
and regulation of non-homogeneous reservoirs.

4.3. Changes in Protein Components in Different Forms of EPS

Figures 8-10 show that tryptophan and protein-like substances were detected in
the three EPS components, while humic acid-like substances were only distributed in
SL-EPS, and aromatic proteins were only present in LB-EPS and TB-EPS. The protein-
like fluorescence peaks of EPS under the influence of SDS are significantly elevated and
dominate the total fluorescence intensity. This is due to the fact that the larger the emission
wavelength, the larger the average molecular weight of the corresponding organic matter,
and the more complex structure, such as having more aromatic rings or covalent bonds.
Under the impact condition of SDS in a certain SDS concentration range, the mass fraction
of each type of organic matter in LB-EPS showed a gradual increase, while the mass
fraction of each type of organic matter in TB-EPS continued to decrease. The negative
correlation analysis of the two results indicated that the increase in the mass fraction
of some organics in LB-EPS mainly originated from the dissolution and release of the
corresponding components in TB-EPS.
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5. Conclusions

(1) The EPS was used as the research object, and the total production of EPS without
surfactant stimulation was the highest 10.14 x 103mg/L, of which the polysaccharide
content was 7.42 x 103 mg/L, and the protein content was 2.72 x 10°> mg/L. The
addition of surfactant could induce the leakage of EPS from the intracellular to the
extracellular, and EPS production reached a maximum of 20.83 x 10> mg/L at the
concentration of SDS of 2.5 x 103 mg/L.

(2) The particle size of EPS, as well as its functional groups, changed under SDS stimula-
tion conditions. After centrifugation, the laser particle size increased from
d (0.5) = 70.912 um to a particle size of d (0.5) = 117.24 um. Most of the absorp-
tion peaks (3394, 1659, and 1402 cm~!) showed a substantial increase in peak intensity
and an increase in the content of functional groups. The increased content of amide
and polysaccharide (3394, 1659, 1402 cm 1) indicates that a large number of proteins
and polysaccharides were converted from insoluble to soluble state under the action
of surfactant. The content of carboxyl groups increased dramatically and significantly
and were hydrolyzed to carboxylic acids and carboxylates.

(3) By protein fluorescence spectroscopy, it was concluded that the fluorescence intensity
of EPS under the influence of surfactant SDS at a concentration of 1 x 10° mg/L were
lower than that of the blank group, and the process occurred as a fluorescence bursting
effect, suggesting that a conjugate was generated, and so the interaction of the three
EPS with SDS was further combined with the 3D-EEM technique, which showed that
tryptophan-like, humic acid-like, and humic acid-like species were present in the
EPS, aromatic compounds, and protein-like proteins. Tryptophan- and protein-like
substances were detected in the three EPS components, whereas humic acid-like
substances were distributed only in SL-EPS and aromatic-like proteins were present
only in LB-EPS and TB-EPS. It was demonstrated that SDS surfactant had a greater
effect on SL-EPS than on other types of EPS.
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