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1  | INTRODUC TION

Phthalates (PAEs) are a group of diesters of ortho-phthalic acid, 
that is, dialkyl or alkyl aryl esters of 1, 2-benzenedicarboxylic acid. 
PAEs have been monitored in many foods, food-packaging materials, 
medical devices, cosmetics, and childcare equipment (Cao,  2010; 
Hernández-Díaz et  al., 2009; Silva et  al., 2017). Exposure to PAEs 
occurs through water, food, air, soil, and dust by intake of chemi-
cals via ingestion, inhalation, or adsorption through the skin (Fang 
et al., 2016). PAEs, as endocrine-disrupting chemicals, can interfere 
with the action of human hormones (Nassouri et al., 2012). Di-n-butyl 
phthalate (DBP) is one type of PAEs, and it has been widely used as 
a solvent to retain color and scent in various consumer and personal 
care products, and in epoxy resins, cellulose esters, and special ad-
hesive formulations (He et al., 2015). DBP is teratogenic in animals 
(Giribabu & Reddy, 2017; Silva et al., 2004). Bornehag et al. (2004) 
and Colón et  al.  (2000) demonstrated a relation between prema-
ture breast development, asthma, and allergic symptoms and DBP 

in children. Due to its toxicity, the European Food Safety Authority 
(EFSA) has specified the tolerable daily intake of DBP as 0.01 mg/kg 
body weight/day and China permits the maximum residue of DBP as 
0.3 mg/kg in food and food additives. Therefore, DBP is a contam-
inant of major concern in the food industry, and there is an urgent 
need to establish an efficient method for its removal. However, bi-
ological removal of DBP in food, human, or other environments and 
its related mechanisms have not been reported.

Lactic acid bacteria (LABs) are a group of bacteria that can fer-
ment lactose to lactate. Some strains of LABs have potential to re-
duce the risk of carcinogenic compounds and play a role in promoting 
health for humans (Clements & Carding, 2018; Sanders et al., 2014; 
Gibson et  al.,  2010). Some strains of LABs can lower genotoxic-
ity and carcinogenic toxicity of heterocyclic aromatic amines via 
various components which can bind and remove these amines 
(Schwab et al., 2000). For example, Enterococcus faecium M74 and 
EF031 can bind aflatoxin B1 (AFB1) and patulin (Topcu et al., 2010). 
Zhu et  al.  (2017) reported that bisphenol A can be removed from 
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Abstract
Di-n-butyl phthalate (DBP) poses a risk to humans as a ubiquitous environmental con-
taminant. A strain of Leuconostoc mesenteroides DM12 was chosen from lactic acid 
bacteria strains to study the DBP binding mechanisms. Adsorption of DBP by strain 
DM12 reached the highest binding rate of 87% after 11 hr of incubation, which could 
be explained by pseudo-second-order kinetics. The adsorption isotherm coincided 
with the model of Langmuir–Freundlich, indicating physical and chemical adsorption 
processes involved. Further, NaIO4 and TCA treatments were used to analyze the 
DBP binding mechanism of strain DM12, which indicated that peptidoglycan on the 
bacterial cell wall was involved in the process. The O-H, C-O, and N-H bonds were 
possibly involved in the binding process as the main functional groups.
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aqueous solution by LAB strains via adsorption. Although previous 
studies showed that LAB strains are capable of removing cancero-
genic compounds, the evidence about DBP binding by LAB strains 
is limited, and the removal mechanism and binding characteristics 
of carcinogenic compounds by bacterial cells need further research.

Previously, we discussed the adsorption of carcinogenic com-
pounds, including polycyclic aromatic hydrocarbons, heterocyclic 
amines, and mycotoxins by LABs, and the various factors involve in 
this adsorption (Zhao et al., 2018). The aim of this study was to select 
an LAB strain to provide evidence to verify the binding characteris-
tics and mechanism between bacterial cells and DBP. HPLC was used 
to investigate the DBP binding ability of bacterial cells. Scanning 
electron microscopy (SEM), atomic force microscopy (AFM), and 
Fourier transform infrared spectroscopy (FTIR) were used to ascer-
tain the potential adsorption sites and investigate the possible bind-
ing mechanism of DBP by bacterial cells.

Modeling of adsorption isotherm results is considered essential 
for predicting and investigating adsorption mechanism (Chakravarty 
& Banerjee,  2012). The adsorption isotherms are reflected by ad-
sorption properties and equilibrium data (Jeppua & Clement, 2012), 
describe how pollutants interact with adsorption materials (Crini 
et  al.,  2007). Therefore, they are critical in optimizing the use of 
adsorbents or the study of adsorption mechanism. In order to in-
vestigate the mechanism to remove DBP by LAB strains, it is import-
ant to find an appropriate correlation in the equilibrium curve. The 
common types of isotherms for analyzing experimental adsorption 
equilibrium data are the models of Langmuir, Freundlich, and the 
Langmuir–Freundlich (Azizian et al., 2007). This study characterized 
the DBP adsorption behavior of LABs with reference to the isotherm 
data analysis in terms of different models for better understanding 
of adsorption mechanism and explored the potential of the LAB 
strains in pollution control. We developed new probiotic functions 
of LAB strains to bind DBP and provided novel methods to remove 
PAEs from foods or human body.

2  | MATERIAL S AND METHODS

2.1 | Chemicals

DBP standards were purchased from Lange Chemical Products Co. 
Ltd. (Beijing, China). Solvents for HPLC were of chromatographic 
grade (Thermo Fisher Scientific, Beijing, China). The LAB strains 
were cultured in de Mann Rogosa Sharpe (MRS) broth and agar 
(Oxoid, Basingstoke, UK). Other chemicals were obtained from 
Chemical Reagents Co. (Beijing, China).

2.2 | LAB strains

LAB strains used in this study were isolated from various traditional 
fermented foods (Lb.  plantarum CICC CICC 23121, CICC 22135, 
CICC 23138; Lb. bulgaricus CICC 6098; B.  longum Y1, CICC 6186; 

Lb.  pentosus CICC 22176, CICC 23156, CICC 23163; Leuconostoc 
mesenteroides DM12, CICC 23239, CICC 22731, CICC 22184; 
Lb. brevis CICC 6239; B. breve CICC 6079; Lactococcus lactis CICC 
23195; Lb. paralimentarius CICC 22148), and stored in China Center 
of Industrial Culture Collection (CICC). In addition, Lb. acidophilus 
NCFM; Bifidobacterium animalis subsp. lactis, Hn019 and Bi04, and 
Bifidobacterium bifidum Bb02 were provided by Dupont, Shanghai.

2.3 | Cell culture preparation

LAB strains were anaerobically cultured in sterile MRS medium, in-
cubated at 37°C for 18 hr, and their cells were harvested by centrifu-
gation at 5,000 g for 15 min at 4°C (Cenci et al., 2002). The pellets 
were washed twice with ultrapure water, and the cell concentration 
was determined using plate counting methods. Then, the pellets 
were suspended in sterile double-distilled water and stored at 4°C 
before use.

2.4 | DBP binding assay

2.4.1 | Binding rate

The DBP binding rates of LAB strains were calculated according to 
the method reported by Zhao et al.  (2017). The binding assays in-
clude two steps: measure of DBP content of the solution by HPLC in 
positive (sterile H2O + DBP), negative (sterile H2O + cells) controls 
and samples (DBP +  cells); and calculation of DBP binding rate of 
LAB strains using the equation:

2.4.2 | Adsorption kinetics

The cultured LAB strain was centrifuged to obtain the bacteria. After 
washing with ultrapure water, the bacteria were suspended in a DBP 
solution (2–100 mg/L) to obtain a bacteria concentration of 1 g/L. 
The suspension was incubated with shaking at 37°C until adsorption 
equilibrium and then centrifuged at 5,000 g for 10 min to calculate 
the DBP equilibrium concentration of the system. Different adsorp-
tion isotherm models were used to fit the results.

Bacterial cells (0.001 g) were suspended in 1 ml DBP (50 mg/L) 
solution to a final concentration of 1 g/L. The mixed solution of DBP 
and bacterial cells was placed in a 37°C incubator and sampled every 
hour. The suspensions were centrifuged (5,000 g for 10 min at 4°C), 
and the supernatant was collected for analysis. The different ad-
sorption kinetic models were used to fit the results.

The DBP adsorption of LAB strain was calculated using the 
equation:

(1)Binding rate (%)=

(

1−
DBP peak area of sample

DBP peak area of positive control

)

×100

(2)
qe=

(C0−Ct)×V

m
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where qe is the DBP adsorption amount of LAB strain (mg/g), Co the ini-
tial concentration of DBP solution (mg/mL), Ct the DBP concentration 
in the solution at time t (min), V the volume of the DBP solution (mL), 
and m the wet cell weight (g).

2.5 | Binding stability of bacteria–DBP complex

To evaluate the stability of the bacterial cell–DBP complex, the com-
plex was suspended in 1 ml of methanol or sterile water and incu-
bated with shaking (37°C, 20 min). The bacterial cells were removed, 
and the supernatant was collected by centrifugation (5,000  g for 
10 min at 4°C) and filtered with a 0.45-μm filter. The DBP contents 
of supernatant and the percentage of DBP bound to bacterial cells 
were determined by HPLC analysis. All experiments were repeated 
three times.

2.6 | Binding capacity of different cell components

The cell components that may be involved in the binding pro-
cess were analyzed as the followings. The same number of cells 
(5.0 × 109 CFU/mL) was used in following steps.

2.6.1 | Removal of exopolysaccharides from cell wall

One milliliter of 0.05 mol/L EDTA solution was added to the bacterial 
cells, and the suspensions were centrifuged (5,000 g, 20 min) after 
an overnight shock to collect the bacterial precipitation of removal 
exopolysaccharides.

2.6.2 | Removal of surface protein from 
bacterial cell

One milliliter of 5 mol/L LiCl solution was added to the bacterial cells 
to obtain suspensions for reaction at 4°C for 60 min. The bacterial 
cells without surface protein were collected and washed twice with 
sterile water.

2.6.3 | Extraction of teichoic acid from cell wall

The bacterial cells were suspended in 10% TCA solution with 
shocking for 16  hr at 4°C. Then, the supernatant was collected 
and added with 2 volumes of cold ethanol after centrifugation 
(10,000 g, 20 min). The mixture was further maintained at 4°C for 
24  hr. Finally, the precipitate of teichoic acid (TA) was collected 
after centrifugation at 10,000 g for 20 min and washed in triplicate 
with sterile water.

2.6.4 | Extraction of peptidoglycan

One milliliter solution of 10% TCA was added to the bacterial pellets, 
incubated for 20 min in boiling water at 100°C, and quickly cooled to 
room temperature. The treated bacterial cells were collected by cen-
trifugation (5,000 g, 10 min), washed twice, and added with 2 vol-
umes of mixture solution (chloroform: methanol 1:2, V: V), incubated 
at 4°C, 6 hr. After the above steps, the precipitate was collected by 
centrifugation (5,000  g, 10 min), washed with deionized water for 
three times, and dissolved in Tris-HCl buffer (0.1 mol/L, pH = 7.6). 
The buffer contained trypsin (3 mg/ml) and neutral protease (10 mg/
ml). The bacterial cells were incubated in this buffer overnight (37°C, 
enzymatic hydrolysis) and centrifuged (10,000 g, 20 min) to collect 
the intact peptidoglycan (PG) precipitation. The broken-PG was ob-
tained by disintegrating of intact PG via ultrasonic vibrations.

Finally, PG, broken-PG, teichoic acids (TA), bacterial cells after 
removing exopolysaccharides (re-EPS), and surface layer protein (re- 
S) were used to evaluate binding ability. The DBP binding rate was 
calculation as described by Zhao et al. (2017).

2.7 | DBP binding site analysis

To verify the components of the bacterial cells that were mainly 
responsible for DBP adsorption, the cells of LAB strain were sub-
jected to different chemical treatments to change the composition 
of the cells, and then the DBP binding rate of these treated cells 
was measured. The chemical agents used in these treatments were 
sodium periodate (NaIO4, 0.05 mol/L) and trichloroacetic acid (TCA, 
0.6 mol/L) (El-nezami et al., 2004; Haskard et al., 2000). The cells 
of test strains were suspended in NaIO4, cell concentration was ad-
justed to 5 × 109 CFU/mL, and the reaction was carried out at 37°C 
for 12 hr. After the reaction, the pellets were washed with deion-
ized water and used to determine the DBP adsorption rate. For TCA 
treatment, cells were suspended in TCA solution (5 × 109 CFU/mL) 
and stirred in a boiling water bath for 20 min. The treated cells were 
quickly cooled to room temperature for DBP binding analysis.

2.8 | Binding mechanism analysis

The analysis of SEM, AFM, and FTIR for chemically treated cells 
above was used to identify the potential functional groups and 
possible binding sites related to DBP binding. Firstly, SEM obser-
vation was performed by Hitachi S-3400N II (Oriental Science and 
Technology Import and Export Co. Ltd., Beijing, China) to analyze 
the surface morphology and elementary compositions of chemically 
treated and untreated cells. Before analysis, all samples were freeze-
dried, coated with gold and fixed.

Secondly, the AFM images were obtained by using a Bruker 
(Multimode 8, Germany) microscope with a super-high resolution 
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scanner (scanning range in XY direction and Z direction ≤ 0.4 μm). 
The image acquisition was operated in tapping mode, room tem-
perature, and the humidity of 50–60%. The automatic detection was 
carried in the smart needle entry mode using a Si3N4 probe, and the 
probe was mounted on a 200-μm Olympus silicon cantilever, which 
had a 0.12 N/m of force spring constant.

Thirdly, to prepare for FTIR detection, KBr was added to the dry 
cells of LAB strain by the proportion of 1:100 and then ground to a 
powder and compressed into tablet form finally. The spectrum range 
was 4000–400 cm−1 by using a Bruker (Model Vertex 70) FTIR spec-
trometer. All the experiments were performed in triplicate.

2.9 | Statistics

SPSS version 17.0 software was used for data analysis. Significant 
mean differences were calculated by least significant difference. 
Each experiment was conducted with three replicates.

3  | RESULTS

3.1 | Binding abilities of different strains

The 21 strains of LAB were tested, and the DBP binding ability was 
strain-dependent with binding rate ranging from 5.48% to 44.98% 
(Figure 1). The DBP binding rate of Leuconostoc mesogen DM12 was 
better than that of other strains (p < .01). So, this strain was chosen 
for further study.

3.2 | Adsorption kinetics and stability of DBP 
adsorption by strain DM12

The bacterial cells of strain DM12 were suspended in DBP solutions and 
sampled at different time points for DBP binding analysis. These results 
were fitted by different adsorption thermodynamic models to explain 
the thermodynamic properties and adsorption kinetics of strain DM12.

3.2.1 | Langmuir–Freundlich model

In the Equation 3, qe was the adsorption level of the bacteria in 
equilibrium, k and a the adsorption equilibrium constants, b an un-
even parameter, b = 1 indicated that the surface of the absorbent 
surface was uniform, and b > 1 or b < 1 indicated uneven surface of 
the adsorbent (Umpleby et al., 2001).

Unlike Langmuir or Freundlich models reflecting only the adsorp-
tion process of a single layer of molecules on a uniform surface, or 
the heterogeneous multilayer adsorption process, the kinetic form of 
Langmuir–Freundlich describes the adsorption kinetics of some basic 
concepts (like Langmuir model) and heterogeneity (Freundlich) in ad-
sorption. That is, it reflects the heterogeneity of the surface energy of 
the adsorbent (bacteria) and the diversity of adsorption centers (Azizian 
et al., 2007). Therefore, it is more applicable to the complex component 

(3)qe=
k×Cb

��

1+aCb

��

F I G U R E  1   The binding abilities of 
different lactic acid bacteria strains
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systems of bacterial cells, and predicting there was an interaction be-
tween DBP and the bacterial cells during physical and chemical ad-
sorption (Chakravarty & Banerjee,  2012; Chatterjee et  al.,  2010). In 
this study, the relevant parameter characteristics of Figure 2a showed 
that Langmuir–Freundlich model had the better fit than Langmuir and 
Freundlich models to measure DBP adsorption of strain DM12, with an 
R2 (nonlinear regression coefficients of determination) value of 0.9981. 
So, Langmuir–Freundlich model better explained the DBP adsorption 
process of strain DM12. The parameter b = 0.9299 suggested that the 
adsorption process occurred on the surface of the uneven medium.

3.2.2 | Quasi-secondary kinetic model analysis

The linear quasi-secondary kinetic model was:

t represented the time at which the adsorption reaction occurred; 
k was the quasi-secondary adsorption rate constant; and qeq was the 
amount of bacterial adsorption at equilibrium (mg/g) (Ho, 2006).

The binding kinetics analysis showed that the adsorption amount 
increased continuously, which could be explained by pseudo-sec-
ond-order kinetics equation (Figure  2b). The adsorption process 
was rapid at the beginning; the adsorption capacity was 21.17 and 
25.00 mg/g DBP in the first and second hour, respectively. Then, the 
binding rate reached 87% after 11 hr of incubation, and the adsorp-
tion process was equilibrated gradually. The kinetics model of DBP 
adsorption by strain DM12 further illustrates that the adsorption 
process involves physical and chemical adsorption simultaneously 
(Yin et al., 2016).

The stability of DBP–bacterial complex was shown in Figure 2c. 
Fifty percent of DBP was washed off from the DBP–bacterial com-
plex by methanol, but DBP adsorption remained stable after washing 
by water (p > .05). So, DBP bound to strain DM12 was easily washed (4)

t

qt
=

1

kq2
��

+
1

q
��

t

F I G U R E  2   Adsorption kinetics, DBP binding stability of strain DM12, and the adsorption performance of various components of strain 
DM 12 cells
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off by methanol, and the physical adsorption played an important 
role in the binding process.

3.3 | DBP binding ability of strain DM12 
cell components

Strain DM12 was inactivated by heat treatment at 121°C, 15 min, 
then incubated with DBP at 37°C for 4 hr. The DBP adsorption rate 
did not change significantly after heat treatment (p > .05), indicating 
that the metabolic degradation was not involved in DBP removal.

DBP binding percentage of cell components (control, PG, TAs, 
Re-ESP, and Re-S) was determined by binding assay (Figure  2d), 
and the result showed that the highest binding percentage was PG 
(92.06%), followed by Removal of EPS (88.21%), which were higher 
than for complete cells (83.19%), indicating that EPS was not in-
volved in the DBP binding process. The binding after removal of 
S-layer protein showed a small decrease, which was not significant 
(p > .05). TA had an adsorption capacity of 32.53%. The DBP binding 
rate of PG in cell wall was highest among cell components. So, we 
will further focus on analyzing the DBP binding functional groups 
and binding sites of the cell wall PG.

3.4 | Location of adsorption functional groups

Structural characteristics of the cell wall of strain DM12 were ob-
served by SEM and AFM. SEM showed that strain DM12 cells had the 
unique morphology of L. mesenteroides with spherical cells appearing 
in pairs or clusters (Figure 3a,c). After binding to DBP, the surface of 
the bacterial cells began to be covered with a layer of oil-like sub-
stances with a thickness of 20 nm. Moreover, the surface of the bac-
terial cells became smoother than the control group (Figure 3b,d). It 
was due to the adsorption of DBP to the bacterial cell wall surface.

FTIR showed that when DBP bound to strain DM12, the absorp-
tion peaks changed in the functional group and fingerprint areas. 
The main absorption bands were 370-2800/cm and 1800-800/cm 
(Figure  3e), and the absorption peaks were significantly stronger 
than those of bacteria without treatment. The peak at 3500-3000/
cm is the superposition of O-H bonds stretching vibration of alcohol 
and phenol (Sun et al., 2009), indicating that the OH group of the 
bacteria was involved in DBP adsorption. The peak at 1650-1400/
cm is the stretching vibration of amide I, N-H bending of amide II, 
and stretching vibration of amide III C-N (Jain, 2003), whose strong 
characteristic absorption band and corresponding absorption peak 
displacement prove that proteins and peptides participate in DBP 

F I G U R E  3   Locations of adsorption functional groups of DBP on the cell wall of strain DM12

P

a5

a2 b5

b3a3 a4

b1

b4

b2a1
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(b)

(d)

(a)

(e)(c)
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adsorption. The peak at 1228/cm is the stretching vibration of pyri-
dine C-N and polysaccharide P=O, and the wide peak at 1100–950/
cm is generated by the stretching vibration of cell wall polysaccha-
ride (Chen & Wang, 2008), indicating that bacterial polysaccharides 
participate in DBP adsorption. Therefore, it can be seen from the 
peak changes of infrared spectrum that the protein amide bond and 
the polysaccharide C-O and O-H bonds on the surface of the bac-
teria participate in the adsorption of DBP. So, the roles of protein 
and carbohydrate in the adsorption process were studied to find the 
binding sites in bacterial cells.

3.5 | Binding sites of PG

NaIO4 and TCA treatment were used to affect PG in the bacterial 
cell wall. After NaIO4 treatment, the DBP adsorption rate of strain 
DM12 was reduced significantly (57.5%, p  <  .01) (Figure  4a). SEM 
and AFM indicated that after treatment with NaIO4, the volume of 
cells was smaller than in the controls (strain DM12 without treat-
ment), and their cell walls were partially broken (Figure 4b,d). These 
results suggested that NaIO4 treatment oxidized PG on the bacterial 
cells and damaged the cell wall structure, so the DBP binding rate of 
strain DM12 was decreased (Figure 4b,d).

FTIR showed that after NaIO4 treatment of strain DM12, the 
characteristic peak of DBP adsorption changed significantly com-
pared with that of untreated bacteria (Figure 4e). The displacement 

of characteristic peaks was observed. The peak at 3279/cm moved 
to 3276/cm and the peak at 1041/cm moved to 1050/cm, indicating 
that the binding of hydroxyl and amino groups with DBP and the 
combination of C-O bond and DBP of carbohydrate changed. The 
peak of amido III was moved from 1,234 to 1226/cm, and the dis-
placement was decreased by 8 wave numbers. The peak of amide II 
moved from 1532 to 1520/cm, and the displacement was increased 
by 12 wave numbers. The peak of amide I shifted from 1,640 to 
1637/cm. The results showed that the decreased DBP adsorption 
rate of strain DM12 after NaIO4 treatment might have been caused 
by changes in binding with carbohydrate O-H and C-O bonds, and 
protein amino N-H and amide bonds, decreasing of number of bind-
ing sites and the interaction force.

After TCA treatment, DBP adsorption rate by strain DM12 in-
creased (7.52%) (Figure  5a). SEM showed that TCA treatment re-
duced the volume of bacterial cells (Figure  5c,d). AFM showed 
that the TAs of strain DM12 on the cell wall surface were removed 
(Figure 5b), which might have exposed more adsorption sites on the 
PG, resulting in higher adsorption rate of strain DM12 cells.

FTIR showed that the absorption peak at 3279/cm moved to 3277/
cm after TCA treatment (Figure 5e), and the absorption peak intensity 
was enhanced, indicating that the O-H and amine N-H of the cell wall 
increased and the number of hydrogen bonds formed increased. The 
absorption peak at 1640/cm was displaced to 1627/cm, indicating that 
the bond between amide I and DBP was strengthened. The peak at 
1041/cm moved to 1065/cm, with an increase of 24 wave numbers, 

F I G U R E  4   Binding ability of PG in the cell wall of strain DM 12 (NaIO4 treatment)
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indicating that the binding sites of carbohydrate C-O and DBP were 
increased. In conclusion, TCA treatment removed phosphotelic acid 
from the cell wall surface and increased the number of binding sites of 
PG with DBP on the cell surface of strain DM12, thus increasing the 
adsorption rate. In general, the functional groups mainly involved in 
DBP binding were hydroxyl, amino N-H, amide, and C-O bonds.

4  | DISCUSSION

A large number of studies have confirmed that LAB strains can be an 
effective remover of food carcinogenic compounds, including poly-
cyclic aromatic hydrocarbons, mycotoxins, and heterocyclic amines. 
Lactobacillus exerts anti-cancer and anti-mutation effects to prevent 
metabolism of carcinogenic compounds in the host (Zhao et al., 2013). 
Hernandez-Mendoza et al. (2009) screened eight strains of Lactobacillus 
casei for adsorption of AFB1. AFB1 adsorption rates were strain spe-
cific and up to 49% Hatab et al. (2012) reported 10 strains of inacti-
vated LABs that were used to adsorb patulin contaminants from apple 
juice and showed that Lactobacillus rhamnosus reduced the amount of 
PAT by 80.4%. In this study, L. mesenteroides DM12 screened from LAB 
strains was used to investigate DBP binding mechanism.

The adsorption process between adsorbent and adsorbate can 
be generally divided into physical and chemical adsorption (Crini 
et al., 2007; Yin et al., 2016). Physical adsorption is mainly achieved 

by intermolecular forces, no chemical bonds are formed and de-
stroyed, electrons are not transferred, and atoms are not rearranged. 
Chemical adsorption is generally involving electronic sharing or 
electronic transfer (Hang et al., 2019). In order to study the mech-
anism of adsorption of DBP by strain DM12, the thermodynamics 
and kinetics of the adsorption process need to be investigated. To 
analyze further the interaction between the bacteria and DBP, the 
existing adsorption isotherm data were fitted with different mod-
els. The correlation coefficient R2 of the three models showed that 
the Langmuir–Freundlich model had the best fitness (R2 = 0.9981), 
which can describe the adsorption process of DBP by strain DM12. 
In the Langmuir–Freundlich adsorption model, b is a parameter of 
inhomogeneity. When b is 1, it means that the surface of the ad-
sorbent is uniform, and the Langmuir–Freundlich equation becomes 
the Langmuir equation. The more the value of b deviates from 1, 
the more uneven is the surface of the adsorbent, reflecting the het-
erogeneity of the adsorbent surface and energy of the adsorption 
center. In this study, the adsorption of DBP by strain DM12 was 
consistent with the Langmuir–Freundlich model, which reflects the 
surface energy non-uniformity of the adsorbent (bacteria) and the 
diversity of the adsorption center (Mishra, 2014), and the adsorption 
process may involve physical adsorption and chemical adsorption 
(Guo et al., 2014). The quasi-second-order kinetic equation is fitted 
to the experimental data, indicating that chemical adsorption may 
also participate in the adsorption process (Ho., 2006).

F I G U R E  5   Binding ability of PG in the cell wall of strain DM 12 (TCA treatment)
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The binding stability of DBP bound to LAB strain is one of the 
important factors affecting their binding capacity (Zhao et al., 2013). 
Many researchers have evaluated the stability of LABs adsorbing 
carcinogens. Topcu et  al.  (2010) found that after PBS washing, E. 
faecium adsorption of AFB1 and PAT is still stable, with only 17%–
23% of AFB1 and 19%–25% PAT being washed off. However, when 
bacterial cells were suspended in chloroform, 83%–99% AFB1 was 
washed away, probably because AFB1 compounds have similar 
polarity to chloroform (Haskard et al., 2001). In the present study, 
organic (methanol) and inorganic (water) solvents were used to mea-
sure the binding stability of strain DM12. DBP on bacterial cells was 
easily washed off by methanol, whereas binding was stable in water. 
This demonstrated that some LAB strains could be used to remove 
DBP from aqueous solutions.

Some studies have shown that the critical binding sites for the 
adsorption of patulin by Lactobacillus cell wall PG layers are N-H, 
O-H, and C-O (Wang et al., 2015). Moreover, carbonyl oxygen C=O 
in AFB1 and acrylamide is attached to a hydroxyl group of a phos-
phoglycerol substituent or a glucose residue attached to a ribose 
chain (Serrano-Niño et al., 2015). Zhang et al.  (2017) showed that 
displacement of the C-O bond (carboxyl group, polysaccharide, 
aromatics) and C=O and N-H amide bonds was changed by infra-
red spectroscopy, which indicated that these three groups were 
involved in acrylamide binding. In this study, FTIR, SEM, and AFM 
were used to investigate the DBP binding sites. The DBP binding 
rate was decreased significantly by treatment with NaIO4. SEM and 
AFM showed that the surface morphology of the cells was changed 
greatly. The color of the bacterial cells changed to white, and the 
cells became smaller with serious cell wall damage. The main sites 
of action of NaIO4 are carbohydrates, oxidizing O-H of carbohy-
drates to aldehydes and carbonic acid groups on the cell surface 
(El-Nezami et al., 2004; Haskard et al., 2000, 2001). FTIR showed 
that NaIO4 treatment decreased the number of hydroxyl and C-O 
bonds of carbohydrates in the cell wall and affected the structure 
of amino groups and amide bonds in polysaccharide peptides. Thus, 
the interaction force between DBP and binding sites in bacterial cell 
walls was reduced, leading to decreased adsorption rate of DBP. TCA 
treatment changed the size of bacterial cells and decreased their 
volume. AFM showed that the outer membrane was removed and 
the PG layer was exposed. It has been reported that TCA reduces 
the amount of TA on the surface of cells (Wicken & Knox,  1970). 
In the present study, we observed that TCA treatment affected the 
binding of DBP to the hydroxyl groups, amino groups, amide bonds, 
and lipid bonds. So, TCA treatment changed the cell wall structure 
and increased its binding ability. Therefore, the adsorption of DBP 
by bacterial cells possibly relies on several factors, including amide 
bonds, hydroxyl groups, and C-O bonds.

In conclusion, we selected a single strain of L. mesenteroides 
DM12, from LABs with high adsorption of DBP and used it for 
further investigation of its mechanisms of adsorption. The results 
indicated that the adsorption process of DBP by strain DM12 co-
incided with the Langmuir–Freundlich model and involved physical 

and chemical adsorption. SEM, AFM, and FITR indicated that the 
O-H and C-O bonds of the saccharides, and the N-H amide bonds 
on the cell wall were involved as the main functional adsorption 
groups. Further analysis using NaIO4 and TCA treatments on the 
cells suggested that PG on the cell wall surface was involved in the 
DBP binding process. However, the three-dimensional structure of 
the bacterial cell wall seems critical for DBP binding, which should 
be further investigated. This is believed to be the first in-depth in-
vestigation of the DBP adsorption mechanisms of LABs and will pro-
vide useful reference for the food and health industries.
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