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Abstract
BPS, as a widespread environmental hormone-like micro-pollutants, is di�cult to be degraded in the
environment. In this study, the removal of BPS with multi-enzymes extracted from waste sludge and reed
sediment were studied at 25℃, 37℃ and 55℃. Results show that BPS could be removed e�ciently,
which could involve enzymolysis and bio-�occulation. The mechanism and pathways of the enzymolysis
were identi�ed with LC-MS/MS. Polymerization of BPS with enzymolysis further improved the removal by
bio-�occulation due to the production of BPS oligomers. Furthermore, the interaction mechanism between
BPS and multi-enzymes was explored through a series of spectroscopic experiments. Results show that
more loose skeletal structure of the multi-enzymes and more hydrophobic microenvironment of the
amino acid residues are responsible for the removal of BPS. This research not only provided a method for
refractory micropollutants removal but also a way for the utilization of waste sludge and reed sediment.

1. Introduction
More and more evidences about the toxic effects of 4,4'-Isopropylidenediphenol (BPA) were reported
(Bernardo et al. 2021, Tišler et al. 2016). In order to meet the restrictions and regulations, manufacturers
are gradually using 4,4'-sulfonyl-diphenol (BPS) instead of BPA as a substitute for industrial
applications(Cai &Zhang 2022). However, studies have shown that BPS also possesses geno-toxicity and
estrogenic activity similar to that of BPA (Chen et al. 2002, Grignard et al. 2012). Another study from
Japan suggests that BPS appears to be more resistant to environmental degradation than BPA (Ike et al.
2006, Silva et al. 2012), which made it more hazardous. In addition, the occurrence of BPS in all types of
environmental matrices was reported (Viñas et al. 2010). For example, BPS in sewage sludge was up to
523 mg/kg dw (Lee et al. 2015, Song et al. 2014), which resulted in the release of BPS into rivers due to
improper processing, from where even into groundwater, drinking water, and soil, adversely affecting
environmental ecosystems and human health (Garcia-Rodríguez et al. 2014, Wang et al. 2015).

Many articles reported various methods for the removal of BPS, including advanced oxidation (Repousi et
al. 2017), adsorption (Banihashemi &Droste 2014), �occulation and biological degradation (Fudala-
Ksiazek et al. 2018, Liu et al. 2016, Sasaki et al. 2005). However, these methods also showed
shortcomings such as high cost, secondary pollution, time-consuming and so on. Among these ways,
biological degradation is a better alternative. However, current wastewater treatment plants aim to
remove phosphorus, nitrogen and bio-degradable organic matter through the metabolic activity of a
variety of microbial communities (Krah et al. 2016, Reis et al. 2017), but exhibits low e�ciency and long
lag time to the organics micro-pollutants (e.g. BPS). On the other hand, sewage sludge contains many
kinds of enzymes (including intracellular and extracellular enzymes) which can degrade micropollutants
at high e�ciency (Braun et al. 2011, Villemur et al. 2013). Endophytic bacteria from rhizomes and roots
of reed plants were widely used for micropollutant degradation and bioremediation, owing to their
extracellular enzymes which serve either a protective function and oxidise extracellular toxic soluble
phenolic metabolites to insoluble polymerized products, or a degradative function and oxidise polymeric
lignin or phenols for metabolic purposes (Harvey et al. 2002, He et al. 2017, Sauvêtre et al. 2018). Daniel
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Krah et al. used native extracellular enzymes extracted from waste sludge to remove pharmaceuticals,
biocides and personal care products (Krah et al. 2016), but the relative removal mechanism was not
clari�ed enough. Intracellular enzymes could also inevitably show a high metabolic versatility in the
degradation of micro-contaminants (Fischer &Majewsky 2014, Sasaki et al. 2005). However, few reports
focus on the removal of bisphenol chemicals (e.g. BPS) from aqueous solution with the intracellular and
extracellular enzymes extracted from sludge and reed sediment. It has been reported that the use of multi-
enzyme complexes can signi�cantly promote the overall degradation e�ciency of substrates(Huang et al.
2019). Thus, it is meaningful to study the BPS removal with multi-enzymes and the interaction
mechanism. In addition, physiological structure of the multi-enzymes affects its lifetime, which is a key
factor the utilization of enzymes (Odnell et al. 2016). While several studies showed that BPS not only
could induce DNA damage(Grelska &Noszczynska 2020), but also irreversibly bind serum albumin,
pepsin, trypsin and α-amylase, resulting in the change of physiological structure and function the
enzymes and an increased risk of metabolic syndrome (Rezg et al. 2019, Usman &Ahmad 2016, Yang et
al. 2016). Therefore, it is necessary to explore the change of physiological structure and function of multi-
enzymes induced by BPS in the process of BPS removal.

The aims of this study are to (i) provide a new method for BPS removal in aqueous solution with the
multi-enzymes from waste sludge and reveal the removal mechanism, (ii) to clarify the effect of the
structure and function of the multi-enzymes on BPS removal.

2. Material And Methods

2.1 Chemicals
Biphenol S was purchased from Aladdin Industrial Corporation (Shanghai, China). Sodium chloride,
sodium hydroxide, disodium hydrogen phosphate and sodium dihydrogen phosphate are of analytical
grade. HEPES-buffer (50 mmol/L HEPES, 50 mmol/L NaCl, pH 7.4) was used for the extraction of
enzymes from sludge and reed sediment. Phosphate buffer (0.2 mol/L, pH = 7.4, contain 0.1 mol/L NaCl)
was also used during the interaction process between BPS and multi-enzymes. BPS (250 mg/L) was
dissolved with ultrapure water.

2.2 Procedure of the experiments

2.2.1 Sampling & processing of waste sludge
Chemical oxygen demand (COD) and pH of the waste sludge are 30000 mg/L and 6.8. The sludge was
stored in a refrigerator at 4℃ after collecting from a secondary sedimentation tank (daily �ow rate:
300000 m3, hydraulic retention time: 12 h, sludge retention time: 12 d) of Jinan Everbright Water
Treatment Plant. Reed sediment were obtained from Baiyun Lake in Jinan, Shandong Province. Firstly, the
reed sediment was well mixed with water. Then 100 ml of the sludge and reed sediment were centrifuged
for 6 min at 5000 rpm in a swing-bucket rotor, respectively. The supernatant was then discarded and 10
ml of HEPES-buffer (50 mmol/L HEPES, 50 mmol/L NaCl, pH 7.4) was added. Subsequently, the sample
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was homogenized on a vortex homogenizer for 2 min. Finally, the quasi-homogeneous sludge and reed
sediment were well mixed for the extraction of multi-enzymes.

2.2.2 Extraction of multi-enzymes
Extraction method reported in the literature (Krah et al. 2016) was used in this research with modi�cation,
shown as follows. The sample was placed in an ice-water bath and sonicated with a sonication micro-tip
(sonics materials inc CV188 connected to Sonics Vibra-Cell™ (VCX150PB) at 10 mm immersion depth in
a 50 mL tube. The parameters for ultrasonication were power (20 KHz), energy (100 Watts) and time (10
minutes). In order to avoid sample being heated, sonication was conducted at an interval of 15 s with 15
s breaks. After ultrasonication, the sample was centrifuged for 20 min at 14000 rpm to remove cell debris,
and the crude cell lysate (supernatant) was then �ltered through 0.45 µm polyethersulfone (PES)
membrane to remove residual cells. The �ltrate was kept at ice-water bath.

2.2.3 Characteristics of multi-enzymes
COD was determined with standard methods to characterize the concentration of the multi-enzymes
(Federation W E 2005). Content of DNA in the multi-enzymes was determined with micro-amount method
with spectrophotometer (ND-2000, Nanodrop) to analysis the degree of cell disruption. Protein content
was measured with coomassie brilliant blue method. The kit was bought from Nanjing Jiancheng
Bioengineering Institute. Assays were incubated for 10min and absorbance was measured at 545 nm.
The protein concentration was calculated by the following equation:

C(g/L) =
Asample − Ablank

Astandard − Ablank
× 0.563g/L

1
Three-dimensional excitation-emission-matrix (EEM) �uorescence spectrometry (F-4600, Hitachi, Japan)
with software MatLab 7.0 and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
were used to characterize the main protein component and the molecular weight of the multi-enzymes.

2.3 Removal of BPS with multi-enzymes
In order to understand the mechanism of BPS removal, blank control group, negative control group and
experimental groups were set. Multi-enzymes (2 mL), PBS buffer (pH 7.4, 1 ml) and BPS (0.8 mL) were
added to a series of 10 mL colorimetric tubes, then diluted to 10 mL with ultrapure water. Among them,
the multi-enzymes of negative control group was treated with high temperature (10 min incubation at
100℃) to inactive the enzymes. For the blank control group, BPS was instead by ultrapure water. For the
experimental groups, effect of temperature on the degradation of BPS was studied by setting the reaction
temperature at 25℃, 37℃ and 55℃. The reaction continued 60 h with sampling at 5 time points (1 h, 8
h, 24 h, 48 h and 60 h). All samples were prepared in triplicate. The content of BPS were determined with
a ultra-high performance liquid chroma-tograph (UPLC, Thermo Ultimate 3000 high performance liquid
chromatograph, United States) connected to an API 3200 (Sciex, Concord, Canada) triple stage
quadrupole mass spectrometer with electrospray ionization (ESI). The LC-MS/MS conditions were set and



Page 5/19

calibrated according to a reference (Kolatorova Sosvorova et al. 2017) with some modi�cation as
follows. Before detection, multi-enzymes was removed with ultra�lter (Millipore amicon ultra-30/10K).
The mobile phase consisted of methanol and water (ratio of 9:1). Column temperature, analysis time and
�ow rate was 50℃,12 min and 0.4 ml/min, respectively.

2.4 Interaction of BPS and multi-enzymes
In order to explore the removal mechanism of BPS by the multi-enzymes, UV–vis, �uorescence and
resonance �uorescence were used to clarify the interaction between multi-enzymes and BPS with
different concentration.

2.4.1 UV–vis absorption spectra analysis
To explore the conformation change of multi-enzymes, UV–vis absorption spectra were measured with a
UV-2450 spectrophotometer (Shimadzu, Japan) at the wavelength range of 190–350 nm. The
concentration of multi-enzymes was kept constant, while the concentration of BPS varied from 0 to 20
mg/L. All the samples were analyzed after reaction for half an hour.

2.4.2 Fluorescence spectra analysis
To further clear the interaction mechanism, �uorescence spectra were performed in a �uorescence
spectrophotometer (F-4600, Hitachi, Japan) with a wavelength range of 290–420 nm. The measured
excitation wavelength, photo multiplier tube voltage, slit width and scanning speed were set as 280 nm,
650 V, 5 nm and 1200 nm/min, respectively. Synchronous �uorescence spectra were obtained under a
�xed wavelength interval (∆λ = 15 nm and ∆λ = 60 nm) between excitation and emission wavelength.
The other operation parameters were same as those of �uorescence. Fluorescence quenching
mechanism was determined according to Stern-Volmer equation, shown as follows.

Where F and F0 present the �uorescence intensities with and without quencher, respectively. KSV, [Q], kq

and τ0was the Stern–Volmer quenching constant, concentration of the quencher, quenching rate constant
of the biological macromolecule and �uorescence lifetime without quencher. For the biological
macromolecule, the maximum dynamic quenching constant of various quenchers is 2.0×1010 mol/l/s
(Ware 1962).

3. Results And Discussion

3.1 Evaluation of multi-enzymes from sludge
EEM was used to characterize the multi-enzymes, due to the association between peaks and tyrosine-like,
tryptophan-like, humic-like, or phenol-like organic compounds (Chen et al. 2003). Generally, �ve regions
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can be divided (shown in Fig. 1A). Regions I and II (EX < 250 nm, EM < 350 nm) involve in simple aromatic
proteins such as tyrosine. Region III (EX < 250 nm, EM > 350 nm) involves fulvic acid-like materials.
Region IV (EX = 250 280 nm, EM < 380 nm) involve soluble microbial byproduct-like and tryptophan-like
material. Region V (EX > 280 nm, EM > 380 nm) is involved in humic acid-like organics. As shown in
Fig. 1A, multi-enzymes were comprised with simple aromatic proteins and soluble microbial byproduct-
like materials. SDS-PAGE followed by zymogram analysis suggest that the molecular weights of the
multi-enzymes contained several enzymes. The molecular weight were about 60, 44, 22.3 and 13.7 kDa,
respectively (Fig. 1B). Combined with the degradation products of bisphenol S (shown in part 3.2) and
literature about laccase (Sauvêtre et al. 2018, Zdarta et al. 2018), it can be inferred that the complex
enzyme may contain laccase. Besides proteins in the multi-enzymes, little DNA are also contented (shown
in Table 1).

Table 1
Characteristics of the multi-enzymes.

Item COD (mg/L) Protein (mg/L) DNA (mg/L)

Multi-enzymes 660.6 370.8 50.9

3.2 Removal of BPS by multi-enzymes
As shown in Fig. 2, the concentration of BPS decreases over time at 25℃, 37℃ and 55℃. Highest
removal rate (89.1%) was obtained after the reaction for 60 h at 55℃. Before the formation of �ocs (�rst
48 h), lower reaction temperature (25℃ and 310K) shows higher removal rate (43.8% and 51.4%) than
that of 33.3% at higher reaction temperature (55℃). The reaction system with highest temperature of
55℃ �rst produced �ocs at about 38th h. Flocs observed at 49th h and 53th h in the reaction systems
with the temperature of 310K and 25℃, respectively. The removal rate of BPS sharply increases with
white �ocs on the rise. Therefore, no less than two removal mechanisms exist in this reaction process,
which could involve enzymolysis and bio-�occulation. Single removal mechanism have been certi�ed. For
example, Krah et al. (2016) extracted multi-enzymes for micropullutants removal by enzymolysis. By
comparing the removal rates of BPS at different time and temperatures, a conclusion could be drawn that
enzymolysis pre-dominants the removal of BPS before the formation of �ocs, which also were affected
by the reaction temperature. The optimum temperature for multi-enzymes activity could be at or near
37℃.

In order to further certi�cate the role of enzymolysis, a negative control test was set. In the control test, the
multi-enzymes was inactivated by heating at 100℃ for 10 min. Results showed that the removal rate of
BPS (about 4.3%) was less than that of active multi-enzymes (about 43.8%, 51.4% and 33.3%) before
48th h, which indicates enzymolysis plays an important role for the removal of BPS. Although �ocs also
observed at 36th h, inactivation did not boost the production of �ocs. The amount of �ocs was not higher
than that of un-inactivated multi-enzymes in experimental groups. After �ltration, part of the �ocs re-
dissolved with ultra-pure water by ultrasound treatment for determination of the COD, protein content and
DNA. The characteristics of the �ocs in the reaction system were further analyzed. As shown in Table 2,
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the amount of �ocs (COD concentration) is the largest in the reaction system with highest temperature of
55℃, followed by that 310K and 298K. Compared to the initial multi-enzymes, the content of protein in
the �ocs obviously increased. The remaining parts of �ocs were enriched with acetonitrile extraction to
determine the content with LC-MS/MS. LC-MS/MS analysis data of the main transformation products are
listed in Table 3 and Fig.S1. The m/z values with the largest relative abundance were 498 and 746,
respectively, which corresponded to the molecular weights of dimer BPS and trimer BPS, respectively.
Formation of two kinds of BPS oligomers suggested the multi-enzymes enhanced the bio-transform with
polymerization way (Catherine et al. 2016, Majeau et al. 2010). Hydroxylated BPS (m/z = 266) were
identi�ed which indicated some bio-transformation of BPS involved in other way (e.g. p450 way (Skledar
et al. 2016)). Based on the intermediate products identi�ed here, a schematic view of the pathways for
BPS degradation by multi-enzymes was proposed (Fig. 3). Polymerization of BPS enhanced the removal
of BPS by bio-�occulation.

Table 2
Characteristics of the �ocs from the reaction system.
Item 328 K 310 K 298 K

COD (mg/L) 220.80 175.30 96.50

Protein (mg/L) 54.63 39.56 29.82

Content of BPS (mg/L) 8.62 4.33 2.67

Table 3
Characterization of main BPS bio-transformation products detected by

means of LC- MS/MS.
Rt(min) Pseudo-Molecular ion formula m/z [M-H]− Δ(ppm)

10.5 C12H10O4S 249.2701 (BPS) 2.5

11.3 C12H10O5S 265.1026 1.6

18.5 C24H18O8S 497.403 1.3

23.6 C36H26O12S 745.3052 2.7

3.3 Interaction mechanism
From the results of experimental group and control test, one conclusion could be drawn that the
inactivation of the multi-enzymes leads to the decrease for removal of BPS, not only in the enzymolysis
stage, but also in bio-focculation stage. Therefore, it is important to clarify the mechanism of inactivation
of multienzyme.

3.3.1 Effect of BPS on the skeleton structure of the multi-
enzymes
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UV spectroscopy is a simple method for detecting protein structural change. The enzyme possesses two
main absorption peaks, one of which is a strong absorption peak around 210 nm, representing the protein
skeleton. The other weak absorption peak is around 280 nm, which can re�ect the change of amino acid
residue microenvironment (Zhang et al. 2008). The UV-vis absorption spectra of multi-enzymes with BPS
exposure are shown in Fig. 4. The absorption peak height of multi-enzymes increases little, as the
addition dosage is lower, but decreased obviously with the increase of BPS addition, accompanying by
red shift. The phenomenon suggested the π→π* electronic transitions of multi-enzymes and the
loosening and unfolding of the multi-enzymes skeleton (Hao et al. 2015).

3.3.2 Fluorescence spectral analysis
As shown in Fig. 5A and 5B, intrinsic �uorescence could be emitted with the excitation at 280 nm, which
is attributed to the multi-enzymes contained tryptophan and tyrosine. The �uorescence intensity
decreased depending on the concentration of BPS with blue shift, which illuminated that BPS quenched
the �uorescence of multi-enzymes (Lakowicz 2008). According to Stern-Volmer equation, the value of Ksv

decreased with the increase of reaction temperature from 37℃ to 55℃ (shown in Fig. 6). In addition the
value of Kq is much larger than 2 × 1010 L·mol− 1·s− 1. Therefore, the quenching mechanism could be
static quench.

3.3.3 Synchronous Fluorescence
Synchronous �uorescence was performed to assess tyrosine (Δλ = 15 nm) and tryptophan (Δλ = 60 nm)
residues microenvironment changes (Wang et al. 2008). As shown in Fig. 7A and 7B, with the increase of
BPS concentration, the �uorescence intensity of the multi-enzymes signi�cantly decreased with an
obvious red shift, which illustrated that BPS caused the microenvironment of tyrosine residues become
more hydrophobic (Klajnert &Bryszewska 2002). On the other hand, Fig. 7C and 7D shows that the
�uorescence intensity displayed gradual lower inward with the increase of BPS addition without red or
blue shift, suggesting that BPS changes the microenvironment of tryptophan (Lu et al. 2011). Compared
with the synchronous �uorescence between Δλ = 15 nm and Δλ = 60 nm, BPS is more likely to cause the
conformational change around tyrosine residues.

3.4 Visualized description of BPS removal by multi-
enzymes
Removal mechanism of BPS is shown in Fig. 8. Enzymolysis and �occulation are involved in BPS
removal. Simultaneously, BPS and multi-enzymes interacted in the removal process, which resulted in a
more loose skeleton structure of multi-enzymes and a more hydrophobic microenvironment of tryptophan
and tyrosine residues. This change could further affect the activity of multi-enzymes as well as BPS
removal both in enzymolysis and bio-�occulation process.

4. Conclusion
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BPS can be e�ciently removed by the multi-enzymes extracted from waste sludge and reed sediment.
Removal mechanisms involved enzymolysis and bio-�occulation, which were all bound up with the
activity of multi-enzymes. Enzymolysis predominated BPS removal before the production of �ocs, but
bio-�occulation played a key role for BPS removal with the formation of �ocs. In addition, reaction
temperature showed important effect on BPS removal and the removal mechanisms. Spectroscopic
analysis indicated that, with the addition of BPS, microenvironment of amino acid (tryptophan and
tyrosine) residues and skeleton structure of multi-enzymes became more hydrophobic and more loose,
which were responsible for the activity change of multi-enzymes and BPS removal both in enzymolysis
and bio-�occulation process.
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Figure 1

Three-dimensional excitation-emission-matrix (EEM) �uorescence (A) and Zymogram after SDS-PAGE of
multi-enzymes visualized with ABTS (B). (a): multi-enzymes; (b): The following standards (Sigma) were
used: bovine serum albumin (66 kDa), ovoalbumin (45 kDa) and β-lactoglobulin (18.4 kDa). The standard
protein bands were stained with Coomassie Blue R dye.
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Figure 2

Removal of BPS by multi-enzymes. Conditions: C(multi-enzymes)= 75 mg/L, C(BPS)= 20 mg/L, pH = 7.4,
T = 298 K, 310 K and 328 K.
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Figure 3

Proposed scheme of the BPS bio-transformation.
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Figure 4

UV–vis absorption spectra of multi-enzyme with BPS. Conditions: C(multi-enzymes) = 75 mg/L, C(BPS) 0-
4: 0, 3.2, 6.4, 12.8, 19.2 (mg/L), pH = 7.4, T = 310 K and 328 K.

Figure 5

Fluorescence spectra of multi-enzyme in the presence of BPS. Conditions: C(multi-enzymes)= 75 mg/L,
C(BPS) 0-4: 0, 3.2, 6.4, 12.8, 19.2 (mg/L), respectively; pH = 7.4; T = 310 K and 328 K.
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Figure 6

Stern–Volmer plots for the quenching of multi-enzyme. Conditions: C(multi-enzymes)= 75 mg/L, pH = 7.4;
T = 310 K and 328 K.
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Figure 7

Synchronous �uorescence spectra ((A-B) ∆λ = 15 nm and (C-D) ∆λ = 60 nm) of multi-enzyme.
Conditions: C(multi-enzymes)= 75 mg/L, C(BPS) 0-4: 0, 3.2, 6.4, 12.8, 19.2 mg/L), respectively; pH = 7.4. 
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Figure 8

Visualized description of BPS removal by multi-enzyme and the interaction mechanism
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