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Proteins are the most important component in sludge extracellular polymeric substances (EPS) and play a crucial role in the
formation of sludge flocs, adsorption performance of sludge, and flocculation ability of sludge. This research is aimed at
exploring the changes in proteins in EPS extracted from concentrated sludge after various nanoparticle (NP) treatments. The
results showed that the protein content in EPS decreased by 40% after nanoalumina (Al,0; NPs) treatment but increased at
varying degrees after nanoferric oxide (Fe;O, NPs), nanozinc oxide (ZnO NPs), and nanotitanium dioxide (TiO, NPs)
treatments. The four kinds of nanoparticles not only affected the protein content in EPS but also influenced the types and
structures of proteins. The results of three-dimensional fluorescence spectroscopy showed that the tyrosine-like protein content
in soluble EPS (SEPS) decreased after treatments with four kinds of NPs. Infrared spectroscopy analysis revealed that the
absorption intensity of amide I and amide II weakened after Al,O, NP treatment, whereas that of amide I enhanced after Fe,O,
NP, ZnO NP, and TiO, NP treatments. Further analysis of the secondary structure of proteins in the infrared range of
1700-1600 cm™ demonstrated that the value of a-helix/(3-sheet+random coil) decreased from 0.513 to 0.383 in SEPS after
TiO, NP treatment. For the samples treated by Fe;O, NPs, the percentage of a-helix significantly increased and that of S-sheet

slightly decreased in proteins from SEPS and loosely bound EPS.

1. Introduction

A large number of nanomaterials are released into the envi-
ronment owing to their wide applications. Kiser et al. firstly
reported the emergence and migration characteristics of tita-
nium dioxide nanoparticles (TiO, NPs) in sewage treatment
plants and showed that NPs with similar properties would
remain in the sludge through adsorption of biomass material
[1]. Therefore, new fields of research on the interaction
between NPs and extracellular polymeric substances (EPS)
in biological wastewater treatment have been developed.
EPS is a mixture of polymer accounting for 60%-80% of
organic matter in sludge [2] and is usually including proteins,
humic acid substances, polysaccharides, nucleic acids, and
phospholipids, which are distributed in soluble EPS (SEPS),
loosely bound EPS (LB-EPS), and tightly bound EPS (TB-
EPS), respectively [3]. The characteristics of EPS affect the

structure, sedimentation, flocculation and dewatering perfor-
mance, and charge of sewage sludge [4].

Proteins (PN) are one of the main components of sludge
EPS and play an important role in bacterial cell aggregation,
adsorption, and biofilm formation. Some researchers
believed that proteins, not polysaccharides and humic sub-
stances, played a key role in sludge dewatering performance
[5]. However, there are hundreds of proteins with different
isoelectric point, molecular weight, and structure in activated
sludge [6]. Higgins and Novak [7] demonstrated that the
dewatering performance of sludge is mainly affected by the
ratio of protein to polysaccharide. When compared with
polysaccharides, proteins have more significant effect on
the sludge dewatering performance, and high protein/poly-
saccharide ratio has certain adverse effects on sludge dewa-
tering process. Zhao et al’s research showed that the
presence of diclofenac promoted the EPS content of the
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TasBLE 1: Characteristics of the different types of sludge.

Sludge types Water contents (%) pH TSS* (%) Ash (%) VSS** (%)

Concentrated sludge 97 6.8 3 1.2 1.8

Mechanical dewatered sludge 85 7.0 15 4.0 11.0

*TSS = total suspended solid, **VSS = volatile suspended solid.

EBPR system and increased the ratio of protein to polysac-
charide [8]. Some studies have shown that certain metal
oxides, such as CuO, CeO,, and ZnO, have various effects
on the composition of EPS in activated sludge [9, 10]. Some
previous study [11, 12] showed that protein concentration
increased in SEPS and LB-EPS with the increasing TiO, NP
concentration. As long as these NPs exist in the biosphere,
they may interact with humans and other organisms in an
imperceptible way [13]. Exposure to nanoparticles has
become an inevitable phenomenon given their widespread
use, and consequently, nanotoxicological evaluations have
recently gained a great deal of attention [14]. Under certain
conditions, some NPs may destroy cell membranes and cause
the release of intracellular substances [15]; however, the pres-
ence of EPS may weaken this effect. In addition to its influ-
ences on the protein content in EPS, NPs also have certain
effects on the types and secondary structures of proteins in
EPS. It has been reported that the existence of secondary
structures of some proteins is beneficial to cell aggregation,
adsorption, and biofilm formation, such as aggregated
strands, 3-sheets, and a- and 3-turn helices. On the contrary,
some protein structures are not conducive to cell aggrega-
tion, adsorption, and biofilm formation, such as antiparal-
lel B-structures and random coils [16, 17]. The interaction
among extracellular proteins, NPs, and cells is a complex
problem. In addition to altering the secondary structure
of proteins, NPs can also damage the structure of cells.
Accordingly, it is necessary to explore the interaction
between EPS and NPs.

In the present study, four types of NPs commonly
used in industry are selected, namely, zinc oxide (ZnO
NPs), TiO, NPs, alumina oxide (Al,O, NPs), and iron
oxide (Fe;O, NPs), and the quantitative and qualitative
changes of proteins in EPS after NP treatment were ana-
lyzed. Because these four kinds of NPs are used widely
and easily transfer from sewage to sludge, it is more
practical to focus on the impact of these four kinds of
NPs on the protein in EPS extracted from sludge. The
qualitative and quantitative analyses of the effects of four
kinds of NPs on protein distribution in EPS were con-
ducted by the analysis of changes of the main functional
groups and major fluorescent components in EPS.

2. Materials and Methods

2.1. Characterization of NPs. The particle size of NPs was
30 nm. The nanopowder used was purchased from Shanghai
Dibai Biotechnology Co., Ltd., China. The Al,O, NPs used in
this experiment are y-Al,O;.

Scanning Electron Microscopy (SEM) images of the
oxide nanoparticles were obtained using a FEI Nova Nano
SEM 450 Scanning Electron Microscope with an energy

dispersive spectrometer (EDS). The SEM image and EDS
spectrum of the oxide nanoparticles were presented in
Fig. S1. The X-ray diffraction patterns of oxide nanoparticles
were measured at room temperature using the Shimadzu
XRD-7000s with Cu Ka (5°-90°). The XRD pattern of the
oxide nanoparticles is shown in Fig. S2.

2.2. Characterization of Sludge Samples. Sludge samples were
collected from Shenyang North Sewage Treatment Plant,
China, with a capacity of 400,000 m>/d. All the samples were
stored in a refrigerator (4°C + 1°C). The characteristics of the
sludge are shown in Table 1.

2.3. Treatment of Sludge with NPs. Four typical NPs were
selected and applied to mechanically dewatered sludge and
concentrated sludge, respectively. The moisture content of
dewatered sludge and concentrated sludge was adjusted to
90% and 98%, respectively. Then, the sludge was quickly
mixed. To determine the optimal NP dosage, the NPs were
added to the samples at different doses (g/g total suspended
solid (TSS)). Owing to their aggregation, the NPs were sus-
pended in storage solutions with different concentration gra-
dients. Before each experiment, the NPs were sonicated for
10min at 18 W. The dosage was regulated by controlling
the volume of the storage solution. In a 100 mL centrifuge
tube, 1g (dry basis) of the sludge sample was, respectively,
mixed with different doses of NPs and incubated in a shaking
incubator at 25°C and 150 rpm for 4h. All the experiments
were performed in triplicate.

2.4. EPS Extraction. In this study, EPS was extracted from the
sludge by centrifugation and ultrasonication to further
analyze protein distribution. First, 1g of sludge (dry basis)
was added to 100 mL centrifugal tube and centrifuged for
15 min at 2000 x g. Then, the supernatant, or SEPS, was col-
lected and filtered through 0.45 ym filter membrane, while
the sediment was diluted to 20 mL with buffer and centri-
fuged for 15min at 5000 x g to obtain the components of
LB-EPS in the supernatant. Finally, the residual sediment in
the centrifugal tube was suspended in 20 mL of buffer solu-
tion, and the TB-EPS was collected by ultrasonication at
250 W for 20min and centrifugation at 20,000 x g for
20 min. The buffer solution used in the experiment contained
Na,PO,, NaH,PO,, NaCl, and KCIl at a molar ratio of
2:4:9:1 (pH=6.89). The EPS extraction process is shown
in Figure 1 [18].

2.5. Other Analytical Methods for Investigation of
EPS Components

2.5.1. 3D-EEM Analysis. The 3D-EEM spectra were obtained
using a Hitachi F-4500 fluorescence spectrophotometer
(Hitachi, Japan). The excitation spectrum ranged from 200
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FiGure 1: Extraction of different EPS fractions.

to 450 nm, and the emission spectrum ranged from 200 to
550 nm. The emission spectrum was mapped once the excita-
tion wavelength increased by 10 nm. The slit width of both
excitation and emission wavelengths was 10nm, and the
scanning speed was 1200 nm/min.

2.5.2. FT-IR Spectroscopic Analysis. The EPS was lyophilized
in a vacuum freeze dryer, and 1 mg of the lyophilized powder
was mixed with 100 mg of potassium bromide (FT-IR grade),
ground thoroughly, and pressed to form a tablet by using a
pressure machine. The prepared samples were analyzed by
a FT-IR spectrometer (Nicolet iS50, Thermo Fisher, USA).
Owing to the abundant information on the secondary struc-
ture of proteins in the amide I region, the spectrum band in
the amide I region could be easily affected by external condi-
tions. Hence, the amide I band (1700-1600 cm™), which is
attributable to the C-O bond stretching vibrations of peptide
groups in proteins, was selected to explore the changes in the
secondary structure of proteins [19]. The PEAKFIT v4.12
software was used to separate overlapping peaks. The second
derivative spectra of the original amide I were obtained using
a nine-point Savitzky-Golay derivative function [16, 20].
Subsequently, the amide I band was deconvoluted on the

basis of maximum absorption strength, band frequency,
and bandwidth of the second derivative spectra [9, 19].

2.5.3. Colorimetric Analysis. The standard curve was
constructed based on BSA, protein content in EPS was
determined by the Lowry method [21], and DNA content
in EPS was ascertained by diphenylamine colorimetry [22].
Calf thymus DNA was used as the standard curve.

3. Results and Discussion

3.1. Colorimetric Analysis. The effect of NPs on the EPS
protein content in the sludge was analyzed. Figure 2(a) shows
the effect of four kinds of NPs (Al,O, NPs, Fe,O, NPs, TiO,
NPs, and ZnO NPs) on the protein content in EPS extracted
from mechanically dewatered sludge. It can be indicated in
Figure 2 that the PN content decreased with the increase in
AL O, NPs, while the protein content increased under the
action of Fe;O, NPs, TiO, NPs, and ZnO NPs. When com-
pared with the blank group, the PN contents increased by
15%, 10%, and 8% when 0.04 g/g TSS Fe,O, NPs, 0.04g/g
TSS ZnO NPs, and 0.05g/g TSS TiO, NPs were added,
respectively; however, the PN contents decreased by 44%
when 0.05g/g TSS AL,O; NPs was added. In general, the
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FIGURE 2: Effect of NPs on the protein content in EPS of mechanical dewatered sludge (a) and concentrated sludge (b).

protein content remained almost constant with the addition
of Fe;O, NPs, TiO, NPs, and ZnO NPs, whereas the PN con-
tents significantly reduced when Al,O, NPs were added.

The effects of four kinds of NPs on the protein content in
EPS extracted from concentrated sludge are shown in
Figure 2(b). With the increasing dosage of Fe,O, NPs, TiO,
NPs, and ZnO NPs, the PN content increased; however, the
PN content decreased with the increasing Al,O; NPs dosage.
In particular, the PN content decreased by 40% when 0.04 g/g
TSS Al,O; NPs were added. These results were similar to the
effects of NPs on the PN content in EPS extracted from
mechanically dewatered sludge, indicating that the physical
interactions between sludge and Al,O, NPs may be the main
factor affecting the interaction and that physical, rather than
chemical, interactions occurred between them. The aggrega-
tion of ALLO; NPs on the surface of the cells in the sludge
reduced the secretion of extracellular polymers.

When 0.01-0.04 g/g TSS Fe;O, NPs was added to the
sludge, the PN content increased, whereas addition of
0.04-0.06g/g TSS Fe;O, NPs decreased the content of
PN. The PN content increased by 110%, reaching the
maximum value, when 0.04 g/g TSS Fe,;O, NPs was added.
In a previous study, the presence of rod-shaped bacteria
was found to slow down the rapid oxidation of Fe** to Fe’*
and lead to the emergence of acicular iron oxides [23]. As
large numbers of total coliforms and fecal coliforms are
found in sludge, Fe;O, NPs may form acicular products dur-
ing the oxidation process. These acicular products formed by
oxidation may come into physical contact with the bacterial
cells, causing puncture damage and resulting in the dissolu-
tion of some intracellular proteins.

Addition of 0.01-0.04 g/g TSS ZnO NPs increased the PN
content, whereas addition of 0.05-0.06g/g TSS ZnO NPs
decreased the PN content. The PN content increased by
94%, reaching a maximum value, when 0.04 g/g TSS ZnO

NPs were added. When 0.01-0.03 g/g TSS TiO, NPs were
added, the PN content increased, whereas addition of
0.04-0.06 g/g TSS TiO, NPs decreased the PN content.
The PN content reached the maximum, presenting 33%
increase, when 0.03 g/g TSS TiO, NPs were added. Brayner
et al. [24] found that ZnO NPs can attach to the surface of
Escherichia coli cells, interact with them, and destroy the cell
wall, thus changing the bacterial morphology and releasing
the bacterial cell content. The leakage of the cell contents
caused by ZnO NPs is presumed to be owing to the mechan-
ical damage of bacteria caused by the rough surface of ZnO
NPs [25]. In the present study, the pH of concentrated sludge
was 6.8, the isoelectric point for raw powdered ZnO NPs was
found to be around pH9.5 [26], and hence, ZnO NPs are
positively charged in the sludge medium; ZnO NPs attract
each other to the negatively charged sludge flocs, which cause
the zinc oxide nanoparticles to contact with the sludge flocs
more frequently, thus making the sludge cells more suscepti-
ble to the toxicity of ZnO NPs and the leakage of the cell con-
tents. Therefore, both the electrostatic interactions of
physical properties and the toxic effect of chemical properties
can promote the dissolution of sludge cell contents and
increase the extracellular polymer content.

Maness et al. [27] believed that activated oxygen species
produced on the surface of TiO, NPs, such as hydroxyl
radical, superoxide anion, and hydrogen peroxide, could
degrade the microbial cell membrane, facilitating entry of
TiO, NPs into the cell and subsequent photocatalytic oxi-
dation of intracellular substances. However, the decrease
in the protein content in EPS resulting from high concen-
tration of NPs could possibly be owing to excessive NPs
that tend to agglomerate. In the present study, the pH of
concentrated sludge was 6.8; the isoelectric point for TiO,
NPs was found to be around pH6.0 [28]. Therefore, TiO,
NPs are negatively charged in the sludge medium.
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FiGure 3: Effect of NPs on protein distribution.

Although NPs and negatively charged sludge repel each
other, reducing the collision frequency between sludge cells
and NPs, the toxic effect of NPs still causes partial sludge
cell contents to dissolve, resulting in a small increase in
extracellular protein content.

In a previous study on the affinity of AL,O; NPs towards
biosolids used in municipal wastewater treatment plants,
electrostatic interactions were found to be crucial in the rela-
tionship between NPs and organisms [29]. Some studies have
shown that TiO, NPs, CeO, NPs, and other NPs attached to
the surface of microbial cells can cause damage to cell mem-
branes and inhibit cell activity [30]. It has been reported that
the toxicity of Al,O, NPs is weaker than that of other types of
NPs [30, 31] and that Al,O; NPs exhibit only slight toxicity
to certain bacteria [32].

The effect of Al,O; NPs on protein distribution in EPS
extracted from concentrated sludge is shown in Figure 3. In
the present study, the pH of concentrated sludge was 6.8;
from the reference, isoelectric point for Al,O; NPs was mea-
sured to be 8.9 [33]; and hence, Al,O; NPs are positively
charged in the sludge medium. At a NP dosage range of
0.01-0.04 g/g TSS, the protein content gradually decreased
with the increasing dosage of NPs. In particular, the propor-
tion of proteins in SB-EPS gradually decreased, which may be
owing to the adherence of positively charged Al,O, NPs onto
the surface of negatively charged cells, which subsequently
resulted in the adsorption of a large number of extracellular

proteins, leading to the increase in proteins in LB-EPS and
TB-EPS. The decrease in proteins may be related to the
release of AI’* from Al,0, NPs, causing compression of elec-
tric double layer, adsorption bridging, and capture. Although
ALO, NPs are slightly soluble in water, they can only be
released in acidic medium. In neutral and alkaline media,
Al(OH), precipitates in the NP solution, which reduces
ALO; NP concentration in the solution and its toxicity to
cells [34]. In conclusion, considering both electrostatic inter-
actions of physical properties and toxicity of chemical prop-
erties, electrostatic interactions and adsorption properties of
Al,O, NPs play a major role in the reaction between sludge
and Al,O; NPs, while the toxic effects of nanoparticles are
ignored.

The effect of Fe;O, NPs on protein distribution in EPS
extracted from concentrated sludge is shown in Figure 3.
With the increasing dosage of Fe;O, NPs, the PN content
in SEPS, LB-EPS, and TB-EPS increased. In particular, the
proportion of proteins in SEPS gradually increased from
0.79 to 0.85, indicating that proteins in TB-EPS and LB-
EPS were gradually released into the SEPS. Furthermore,
the DNA content in the EPS was determined to explore the
destruction of cell membrane. The results revealed that
0.36 mg/g TSS DNA content was detected following the addi-
tion of 0.04g/g TSS Fe;O, NPs, whereas the blank sample
presented 0.2175mg/g TSS DNA content. In the present
study, the pH of concentrated sludge was 6.8, the isoelectric



point for Fe;O, NPs was found to be around pH 6.5 [35], and
hence, the electrostatic interactions can be ignored. In
conclusion, mechanical damage and toxicity of Fe;O, NPs
to sludge cells play a major role in the reaction of sludge
and Fe,O, NPs.

Figure 3 illustrates the effect of TiO, NPs and ZnO NPs
on protein distribution in the EPS extracted from concen-
trated sludge. Following the addition of 0.01-0.03 g/g TSS
TiO, NPs, the PN content decreased in TB-EPS and
LB-EPS but increased in SEPS, suggesting dissolution of
proteins from the inner layer to the outermost layer.
With the increasing dosage of NPs, the protein distribution
was almost the same as that of the blank sample, whereas
the protein content gradually decreased. When 0.01-
0.04 g/g TSS ZnO NPs were added, the PN content in SEPS,
LB-EPS, and TB-EPS increased with the increasing ZnO
NP dosage. The DNA content in the EPS was 0.27 and
0.46 mg/g TSS following the addition of 0.03 g/g TSS TiO,
NPs and 0.04 g/g TSS ZnO NPs, which were 19% and 72%
higher than that observed in the blank sample, respectively.

3.2. 3D-EEM Analysis. 3D-EEM fluorescent spectrometry has
been successfully used to analyze soluble fluorescent sub-
stances with humic-acid-like materials, fulvic-acid-like mate-
rials, aromatic-protein-like substances, and other kinds of
fluorescent materials being the main soluble fluorescent sub-
stances in water and soil [36]. This approach had also been
used to analyze protein-like, humic-acid-like, and fulvic-
acid-like substances in sludge EPS [37]. Most of these organic
molecular structures contain a conjugated double bond, car-
boxyl or carbonyl group, etc. The principle of fluorescence
spectroscopy is that the fluorescence intensity of a substance
corresponds to different excitation and emission wavelengths
and that the fluorescence intensity is proportional to the con-
centration of fluorescent substances [38].

The 3D-EEM spectra of EPS before and after treatment
with four kinds of NPs are shown in Figure 4. The dosage
of NPs that produced the highest impact on the protein con-
tent in the EPS was selected. As presented in Figure 4(a), two
more obvious fluorescence peaks B and D, along with three
weak fluorescence peaks A, E, and F, appeared. Peak A at
an excitation/emission wavelength (Ex/Em) of 225/300 nm
corresponded to tyrosine-like proteins; peak D at Ex/Em of
280/350 nm belonged to tryptophan-like proteins [39]; peaks
E and F at Ex/Em of 360/450 and 310/375 nm, respectively,
corresponded to humic acid materials [15]; and Peak B
at Ex/Em of 230/350 nm indicated aromatic-protein-like
substances [40]. It should be emphasized that the main
components of TB-EPS were almost the same as those of
SEPS and LB-EPS, and the contents of tryptophan-like
proteins and aromatic-protein-like substances were the
highest. The main parameters of the 3D-EEM fluorescence
spectra for all the samples are shown in Table 2.

As shown in Table 2, with regard to the sludge treated with
AL O, NPs, the value of peak B and peak D decreased signifi-
cantly in SEPS, that is, the concentration of tryptophan-like
proteins and aromatic-protein-like substances in the SEPS
was significantly reduced, which was consistent with the quan-
titative results (see Section 3.1). Furthermore, no cell contents
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were released following AL, O, NPs treatment, suggesting that
these NPs did not damage the cell wall. The content of humic-
acid-like materials in each layer of EPS was similar to that in
blank samples.

With regard to the sludge treated with ZnO NPs, the
value of peak B and peak D increased significantly in
TB-EPS and LB-EPS, that is, the concentration of
tryptophan-like proteins and aromatic-protein-like sub-
stances in the TB-EPS layer and LB-EPS layer significantly
increased, which was consistent with the quantitative
results (see Section 3.1), indicating that the bactericidal
effect of ZnO NPs destroyed the sludge cells causing the
release of internal dissolved substances. In addition, the
rough surface of ZnO NPs could have also caused
mechanical damage to the sludge cells. Furthermore, the
value of peak F increased in SEPS, that is, humic-acid-
like substances in the SEPS layer significantly increased,
revealing that humic-acid-like substances were mainly con-
centrated in the SEPS and LB-EPS [41].

With respect to the sludge treated with TiO, NPs, the
value of peak B, peak D, peak E, and peak F decreased, that
is, the concentration of soluble organic matter in SEPS
decreased, which might be owing to the photocatalytic effect
of TiO, NPs on the decomposition of organic matter in the
SEPS. When compared with the blank samples, the value of
peak B and peak D in TB-EPS decreased, that is, the concen-
tration of tryptophan-like proteins and aromatic-protein-like
substances in TB-EPS decreased, suggesting that soluble
organic matter dissolved from the cells and diffused into
the LB-EPS and SEPS layers, whereas the outermost layer
was decomposed by the photocatalytic activity of TiO, NPs.

With regard to the sludge treated with Fe;O, NPs, the
value of peak B increased in each layer, that is, the concentra-
tion of aromatic-protein-like substances in each layer of EPS
increased, whereas that of tyrosine-like proteins at peak A
decreased. It is worth noting that peak A of SEPS significantly
weakened after treatments with the four kinds of NPs, which
might be owing to the substantial impact of NPs on the prop-
erties of tyrosine-like proteins that were mainly found in LB-
EPS and SEPS.

3.3. FT-IR Spectroscopic Analysis. The change in the main
functional groups or components in EPS was detected by
FT-IR spectroscopic analysis. The main components in EPS
included hydrocarbons, proteins, polysaccharides, and
nucleic acids. The FT-IR spectra revealed that the pri-
mary functional groups in the EPS existed in the follow-
ing positions: fingerprint region (1000-600cm™), nucleic
acids and carbohydrates (1200-1000 cm™?), amide III
(1300-1220cm™), carboxylic group and hydrocarbon-like
compounds (1500-1300 cm™), amide II (about 1550 cm™),
and amide I (1700-1600cm™). Therefore, the main func-
tional groups or components in EPS were located in the
2000-600 cm™ region. As the constituents in the fingerprint
region were complex and the main functional groups gath-
ered in the range of 1000-1800 cm’, further analysis of this
region was performed.

The FT-IR spectrum of SEPS extracted from the blank
sample is shown in Figure 5(a). The carbohydrates were
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FiGUrg 4: The 3D-EEMs of SEPS, LB-EPS, and TB-EPS before and after treatment with NPs: blank samples (a), Al,O; NP-treated
sludge (0.04g/g TSS) (b), Fe;O, NP-treated sludge (0.05g/g TSS) (c), ZnO NP-treated sludge (0.05g/g TSS) (d), TiO, NP-treated
sludge (0.03 g/g TSS) (e).
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TABLE 2: Main parameters of the 3D-EEM fluorescence spectra for all the samples.
SEPS LB-EPS TB-EPS

Peak B Peak D PeakE  Peak F  Peak B Peak D PeakE  Peak F  Peak B Peak D Peak E  Peak F

Aewem  225/350  280/350  360/450 310/375 225/350 280/350 360/450 310/375 225/350 280/350 360/450 310/375

a 1297 822 188 160 484 452 52 51 386 579 97 41

b 931 747 191 154 643 540 56 62 630 544 94 44

c 1354 701 197 211 504 319 46 136 721 567 80 141

d 823 1387 200 278 716 317 60 97 774 336 88 72

e 797 366 186 150 105 422 67 79 576 716 63 72

located in a strong absorption zone of 1038 cm™, which was
caused by the stretching vibration of C-O and C-O-C [42].
Amide IIT was found at 1256cm™, which was induced by
the tensile vibration of C=0 [17]. In addition, the absorption
band at 1397 cm™' was mainly caused by the bending vibra-
tion of O-H in the carboxyl group [43]. The absorption band
located in the 1510cm™ region may be caused by the ring
vibration of phenol, indicating the presence of tyrosine
[44]. The amide I absorption band at 1640 cm™! was mainly
attributed to the stretching of C=0 in the amide groups [17].

The FT-IR spectrum of the SEPS extracted from NP-
treated samples is shown in Figure 5(a). After AL,O; NP
treatment, the intensity of the absorption peak of amide I
obviously decreased at 1640cm™. On the contrary, the
absorption peak of amide I at 1640cm™ increased after
ZnO NP, TiO, NP, and Fe;O, NP treatments, which may
be caused by higher intracellular protein dissolution. It is
worth noting that after treatments with four kinds of NPs,
the amide II band located at 1550 cm™ decreased, which
may be owing to the influence of NPs on the structure of pro-
teins. With regard to the TiO, NP-treated samples, the
absorption peak located at 1397 cm™ shifted to the right,
which may be affected by photocatalysis, leading to some
substitution reactions of O-H in the carboxyl group. After
AlL,O; NP treatment, the absorption peaks of carbohydrates
at 1038 cm’’ shifted to the left, which may be owing to the
change in the type and structure of polysaccharides.

The FT-IR spectrum of LB-EPS is shown in Figure 5(b).
With regard to the EPS samples treated with Al,O, NPs, both
the absorption intensity of amide I and the absorption inten-
sity of amide II decreased, and the absorption peaks of carbo-
hydrates located at 1038 cm™ moved to the left, indicating
that the species and structures of polysaccharides had chan-
ged. In other words, the changes in the functional groups in
TB-EPS were similar to those in SEPS. With respect to the
Fe,O, NP-treated samples, the absorption intensity of amide
IT located at 1550cm™ enhanced, whereas the other func-
tional groups did not show significant change, demonstrating
that the structure of proteins was altered after Fe;O, NP
treatment. Following TiO, NP treatment, the absorption
intensity of both amide I and amide II increased, and the
absorption peak of amide I significantly moved to the right,
revealing that the structure and type of proteins changed with
the increasing amount of dissolved proteins.

The FT-IR spectrum of TB-EPS is shown in Figure 5(c).
With regard to samples treated with Al,O, NPs, the absorp-

tion intensity of each peak was significantly decreased. How-
ever, the position of carbohydrate absorption peaks did not
change, indicating that the effect of Al,O; NPs on carbohy-
drates was only intense on SEPS and LB-EPS. With respect
to the TiO, NP-treated samples and ZnO NP-treated sam-
ples, the intensity of each absorption peak increased, possibly
owing to the dissolution of intracellular substances.

To further explore the action of NPs on proteins in EPS,
the second derivative spectrum was applied for the analysis of
the ratio of each secondary structure of the proteins [20, 16].
The properties of EPS proteins were examined by spectral
analysis of the reported model proteins and known structural
peptides [45, 19]. The image obtained after fitting the original
spectral curve is shown in Figure 6 and Figs S3. The peaks
located at 1700-1600 cm™ were separated. The assignment
of secondary structures and the differences in the composi-
tion of the secondary structures in different samples are pre-
sented in Table 3. After Al,O, NP treatment, the percentages
of a-helix slightly increased in the LB-EPS and TB-EPS, while
the percentages of 3-sheet also increased. However, the pres-
ent study could not confirm whether the effect of high levels
of a-helix in the EPS could lead to cell aggregation. Hou et al.
[46] found that low levels of a-helix and high levels of -sheet
or random coil may lead to loose sludge structures that are
not conducive to sludge dewaterability. In the present study,
the value of a-helix/(3-sheet+random coil) increased from
0.513 to 0.637 in SEPS. As the protein content in SEPS
accounted for 70%-80% of the total proteins in EPS, the
changes in the secondary structure of proteins in SEPS can
approximately represent the overall change trend of EPS.
Hence, the changes in the secondary structure of proteins
in SEPS were categorically analyzed.

With regard to the Fe;O, NP-treated samples, the per-
centage of a-helix significantly increased, while that of the
B-sheet slightly decreased in SEPS and LB-EPS. In addition,
the percentage of random coli also decreased. It has been
reported that aggregation, adsorption, and flocculation of
microbial aggregates could be enhanced by a-helix and
reduced by [-sheet [47, 19], suggesting that the aggregation,
adsorption, and flocculation of microbial aggregates could be
enhanced by Fe;O, NP treatment.

After TiO, NP treatment, the value of a-helix/(f3-sheet
+random coil) decreased from 0.513 to 0.383 in SEPS, indi-
cating that TiO, NP treatment is not conducive to the aggre-
gation, adsorption, and flocculation of microbial aggregates.
With regard to the ZnO NP-treated samples, both the
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F1GURE 5: FT-IR spectra of EPS components and functional groups after treatment of concentrated sludge with different NPs: blank samples

(A), AL,O; NP-treated sludge (0.04 g/g TSS) (B), Fe;O, NP-treated sludge (0.05 g/g TSS) (C), ZnO NP-treated sludge (0.05 g/g TSS) (D), TiO,
NP-treated sludge (0.03 g/g TSS) (E).

percentages of 3-sheet and a-helix decreased, but the value of  tity and quality of EPS proteins, in future research, TEM
a-helix/(3-sheet+random coil) slightly increased from 0.513  images will be used to characterize the cell state after the
to 0.557 in SEPS. It must be noted that the percentages of  interaction between sludge and NPs.

3-turn helix increased in SEPS, LB-EPS, and TB-EPS. Previ-

ous studies have reported that aggregation, adsorption, and 4, Conclusion

biofilm formation of bacterial cells could be enhanced by cer-

tain protein secondary structures, such as aggregated strands, (1) When the concentrated sludge was treated with TiO,
B-sheet, and a-helix and 3-turn helices; however, these fac- NPs, Fe,O, NPs, and ZnO NPs, the protein content
tors could be suppressed by antiparallel 3-structures and ran- first increased and then decreased with the increase
dom coils [16, 17]. Therefore, although ZnO NPs can of the dosage of NPs. While when the concentrated
significantly increase the protein content in EPS, it has a little sludge was treated with Al,O; NPs, the protein con-
effect on the secondary structure of proteins in EPS. While tent first decreased and then remained stable with

the present study focused on the impact of NPs on the quan- the increase of the dosage of NPs. In addition, the
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FI1GURE 6: Curve fitting of second derivative spectra for EPS. Blank samples (a), Al,O; NP-treated sludge (0.04 g/g TSS) (b), Fe;O, NP-treated
sludge (0.05 g/g TSS) (c), ZnO NP-treated sludge (0.05 g/g TSS) (d), and TiO, NP-treated sludge (0.03 g/g TSS) (e).
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protein distribution in the EPS of the sludge treated
with NPs will also change to some extent

(2) When the concentrated sludge was treated with
Al,O; NPs, the concentration of tryptophan-like
proteins and aromatic-protein-like substances
decreased. The concentration of tyrosine-like pro-
tein in the EPS of concentrated sludge decreased
after the treatment of four kinds of nanoparticles

(3) Analysis of the secondary structure of proteins
revealed that the aggregation, adsorption, and
flocculation of microbial aggregates could be
enhanced by Fe;O, NP treatment and weakened by
TiO, NP treatment
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