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Abstract
Nanoparticles can undergo aging phenomena that change their physical and chemical properties in
sewage treatment systems. However, the effect of aged nanoparticles under long-term low concentrations
on the dewatering performance of activated sludge in sewage treatment systems has not been reported
yet. Here, we compared the chronic effects of pristine and aged TiO2 nanoparticles on sludge dewatering
index including speci�c resistance to �ltration (SRF) and bound water (BW) in the sequencing batch
reactor (SBR) with the µg/L concentration levels and the relevant mechanisms were analyzed. The results
show that the aging experiment in sludge supernatant could change the photosensitivity and water
stability of nanoparticles, which was mainly due to the changes in the zeta potential and energy band of
the particle, and ultimately attributed to the combined effect of particle surface inclusions such as
organic matter and inorganic salt. At 10µg/L, nanoparticles could reduce the dewaterability of sludge, but
at 100µg/L, nanoparticles could improve the dewaterability of sludge, because 10µg/L promoted the
secretion of extracellular polymeric substance (EPS), regulated the structure of sludge �ora and increased
the abundance of secreting quorum sensing-acyl-homoserine lactones (QS-AHL) and EPS genera, while
the corresponding exposure results of 100µg/L were the opposite, due to the damage and necrosis
exposure effects of 100µg/L under long-term light, which reduced EPS production and increased sludge
density. Interestingly, aging could alleviate the effects of two exposure concentrations on sludge
dewatering, mainly being attributed to the decrease of the photoactivity of nanoparticles. The results of
this study show that environmental aging could slow down, but cannot reverse the results of exposure to
speci�c concentrations of nanoparticles. However, the ecological effects of photosensitive nanoparticles
with two environmentally-relevant concentration levels of ug/L were signi�cantly different, which should
be re�ned and con�rmed again in freshwater environment to provide a basis for subsequent scienti�c
management and control of photosensitive nanoparticles.

1. Introduction
TiO2 nanoparticle (TiO2 NP) is widely used in catalysts, sunscreens, cosmetics, coatings, plastics,
medicine, and environmental management due to the superior physicochemical properties (Li et al.,
2020a). With the accelerated application of TiO2 NP, wastewater treatment plants (WWTPs) will
increasingly receive TiO2 NP. Recently, it was found that the raw sewage contains approximately 100–
3000 µg/L of Ti, and the concentration in sludge is even as high as 23.2 mg/kg (Gottschalk et al., 2009).
Therefore, it is inevitable that TiO2 NP would interact with microbial aggregates such as activated sludge
or bio�lm in WWTPs. It is reported that the WWTPs could intercept more than 95% of the TiO2 NP, and
most of that are adsorbed on the microbial aggregates surface or in�ltrated into the cells (Kiser et al.,
2009). This might have adverse effects on the physical and chemical properties and functional activities
of microbial aggregates. Most of the previous studies were keen on short-term or high concentration
acute exposure experiments. For example, TiO2 NP with the high exposure concentrations (1 mg/L-1000
mg/L) were focused on the acute toxic effects to the microbial aggregates by inhibiting the activity of
microbial aggregates (Li et al., 2019), causing a reduction in the photosynthetic e�ciency (Li et al.,
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2017a), screening and remodeling the structures of microbial communities (Garcia et al., 2012), and
reduce the functional capacity of microbial aggregates, such as nitrogen and phosphorus removal (Li et
al., 2014; Li et al., 2017b). However, there are few reports about the long-term low-concentrations
exposure effect of TiO2 NP on physical and chemical properties of microbial aggregates such as
dewaterability of activated sludge in WWTPs. This is not only the key to evaluate the response and
adaptation mechanism of sewage treatment system when faced with duress, but also the basis to
comprehensively evaluate the sewage ecological risk of TiO2 NP.

The ecological effect of nanomaterials is closely related to their incubation time in environmental media
and surface characteristic state caused by it (Nowack et al., 2012). It is reported that nanoparticles could
undergo aging process in environmental media, that is, the transformation of comprehensive
characteristics (such as physicochemical properties) after experiencing complex environmental
behaviors. It is worth noting that the aging conditions of nanomaterials such as TiO2 NP and their aging
experimental methods in different environmental media such as soil/sediment or organic matter have
been recognized by researchers (Fan et al., 2017; Lei et al., 2016; Wang et al., 2015). For example, Li et al.
(2020b) and Li et al. (2020c) have reported that TiO2 NP could incubate and age in municipal sewage
and natural surface waters, respectively, which could recreate its surface properties, and ultimately affect
its water stability and photosensitivity. This might have a signi�cant impact on its aquatic ecological
effects. In term of particles water stability corresponding to the change in particle size, only when the
material size is in the nano-scale range, we can call it nanomaterials, and its speci�c nano-effects will
appear. It is reported that the surface activity and hydrophilicity of TiO2 NP would change with the change
of particle size (Wang et al., 1997b). In addition, particle size is also a key factor for long-distance
transmission or short-distance penetration, which is responsible for the ecological risk of nanomaterials
(Wang et al., 2019). Previous studies only focused on the toxic results of pristine nanoparticles (Dwivedi
et al., 2015; Qian et al., 2017), but ignored the process effect (such as aging transformation) of
nanoparticles in the environmental media such as sewage treatment system (Dwivedi and Ma, 2014).
Hardly realize the change of the characteristics of nanoparticles in the exposure medium when they are
incubated in the exposure system for a long time, and the changes of biological behaviors and responses
caused by this particulate environmental process are unknown. Then, the leading factors and persistence
of risks of nanoparticle in the exposed system are also unknown.

Furthermore, as a kind of photoactive nanomaterial, the photosensitivity of TiO2 NP is expected to
become another important ecological process in the aquatic environment (Sun et al., 2014). This not only
arouses concerns of ecologists about the phototoxicity of TiO2 NP, but also arouses their thinking about
the stability of photocatalytic activity of TiO2 NP after the change of its surface structure and functional
groups regulated by long time incubation in the relevant environmental media (Pan et al., 2011; Wang et
al., 1997a). It is reported that the surface properties and photosensitivity of TiO2 NP could be changed by
aging processes in sewage transportation and in freshwater environment, mainly due to the
encapsulation and passivation of organic compound and inorganic ions in the corresponding water
bodies (Li et al., 2020b, c). However, when TiO2 NP end up in WWTPs and detained there for a long time,
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the changes of its surface characteristics and photosensitivity are unknown, which may affect the
evaluation of the persistent adverse risk of TiO2 NP in wastewater treatment process.

In view of the above analysis, we systematically elaborated the changes in sludge dewatering
performance and EPS secretion in the sequencing batch reactor activated sludge process, and related
mechanisms were analyzed in terms of responses of bacterial cell death modes, quorum sensing signal
and sludge density, and key microbial abundance in activated sludge after long-term low concentrations
exposure of TiO2 NP, with a particular focus on roles of changes in size and photosensitivity of aged TiO2

NP to supplement the study of the persistent biological effects of nanoparticles with the relatively real
particle states and environmentally relevant concentrations in WWTPs.

2. Materials And Methods

2.1. TiO2 NP and reagents
Commercially bare anatase TiO2 NP (100 nm, 99.8% purity) was obtained from Shanghai Aladdin
biochemical technology Co., Ltd. All chemicals and reagents from Aladdin (Shanghai, China) used in this
study were of analytical grade except for the standard products used for the drawing of speci�c markings
such as proteins and polysaccharides.

2.2. Aging experiment of nanoparticles
Two suspensions (100µg/L) of TiO2 NP were prepared by adding 200µg of the TiO2 NP to 2 L (beaker) of
Milli-Q water (pH = 7 ± 0.1) or �ltered aerobic tank suspension (0.45µm �lter membrane) collected from
Tiebei WWTPs (Nanjing, China) accompanied by typical municipal water quality, and then followed by 1 h
of ultra-sonication (20◦C/250W/40kHz). The hydrodynamic diameters and zeta potential pro�les of the
TiO2 NP in two stock suspension were then determined respectively on day 0 (dispersion state) using
Malvern Zeta sizer Nano ZS90 equipment (Malvern Instruments, UK), in addition, the photo-sensitivities of
TiO2 NP in two suspensions were also detected by UV-vis spectrophotometer. Next, the two nanoparticles
suspensions were stirred (200 rpm) for 300 days under the simulated sunlight with the illumination period
of 12h: 12h. The evaporation of water in the beaker could be replenished at any time with Milli-Q water or
�ltered aerobic tank sewage. After incubation, the particle size distribution, zeta potential and
photosensitivity of samples were characterized again, and then the suspensions were centrifuged to
remove the supernatant and freeze-dried. The surface properties of the dried powder were characterized
to explore the remolding of the surface properties of the TiO2 NP after incubation. High-resolution
transmission electron microscopy (HRTEM) and X-ray diffraction pattern (XRD) were obtained
respectively to determine the morphology, microstructure and crystalline pattern of TiO2 NP. The aged
particles have also undergone UV-visible diffuse re�ectance measurement to calculate its band gap
according to the previous agreement (Li et al., 2019).
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2.3. Activated sludge domestication culture and exposure
experiments
The activated sludge was taken from a secondary sedimentation tank at the Tiebei WWTP in Nanjing,
China. The concentration of titanium (Ti) in sludge matrix is very low (0.5 ± 0.08µg Ti/g VSS), however,
after 45 days of acclimation, Ti was almost undetectable in the sequence batch reactor (SBR), indicating
the sludge was no longer preselected for titanium tolerance. After acclimatization for about 45 days,
when the sludge maintained a steady operational performance with an average chemical oxygen demand
(COD) removal e�ciency of 96.36%. For the exposure experiment, both 10µg/L and 100 µg/L were
chosen as the environmentally relevant concentrations of TiO2 NPs in the WWTPs, and the exposure time
was 300 days (chronic exposure). Considering that WWTPs mainly operates outdoors, a simulated solar
irradiation with a radiation intensity of 3.6 mW/cm2 UVA, 0.19 mW/cm2 UVB, and 75µE/m2s
photosynthetically active radiation, representing environmentally realistic UV irradiation reaching the
surface of water on a summer day (Schug et al., 2014), was used in the acclimation and exposure
experiment of sludge, and the light cycle was 12h: 12h. For comparison, the SBR without TiO2 NP
exposure but with light was studied.

2.4. Extracellular polymeric substance (EPS) extraction and
analysis
Brie�y, at the end of the experiments, 25mL of activated sludge samples were suspended in 50 mL
centrifuge tubes, mixed with 0.05% (w/w) NaCl solution to form a 50mL suspension, and then centrifuged
at 6000 g for 10 min to remove the loose slime polymers attached to the surface of the activated sludge.
The sludge pellets accumulated at the bottom of the centrifuge tubes was re-suspended in a 0.05% (w/w)
NaCl solution, and then ultrasound was then performed for 2 min at 20 kHz. The homogeneous mixtures
obtained from horizontally vibrating in a thermostat incubator at 150 rpm for 15 min was immediately
centrifuged at 8000 g for 10 min. The supernatants were regarded as the loosely attached EPS. The
residual pellets were re-suspended at their initial volume again in a 0.05% (w/w) NaCl solution followed
by ultrasound for 2 min at 20 kHz, then heated at 70◦C for 30 min. Finally, the suspension was
centrifuged at 11,000 g for 30 min, and the supernatant was carefully collected as the tight binding EPS.
All the EPS fractions are mixed and �ltered with 0.45 µm acetate cellulose membranes and stored at
-20◦C before analysis. The main components of EPS, such as proteins (PRO) and polysaccharide (PS)
were also quanti�ed according to previous agreements (Qian et al., 2017).

2.5. Flow cytometry analysis
In order to verify whether the sludge cells undergo apoptosis and necrosis after long-term low
concentration exposure, the physiological status of sludge cells was evaluated by multi-parameter �ow
cytometry using an Annexin V-FITC/PI Apoptosis Kit (AV/PI; Invitrogen) (Dwyer et al., 2012; Eray et al.,
2015). Detecting the externalization of phosphatidylserine (PPS) in apoptotic bacteria using recombinant
Annexin V conjugated to green-�uorescent FITC dye and dead bacteria using propidium iodide (PI) with a
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red-�uorescence (Dwyer et al., 2012; Eray et al., 2015). Annexin V is a Ca2+ dependent phospholipid
binding protein with a molecular weight of 35.8 KD. It can bind to PPS with high a�nity in the process of
apoptosis (Pester et al., 2012). Annexin V-FITC staining can identify apoptosis at an early stage as well
as the late stages of cell death resulting from either apoptotic or necrotic processes. The preparation of
the sludge single cell suspension, the staining process and the machine test are all based on the previous
methods (Li et al., 2019). For staining procedure: brie�y, using binding buffer (1×working) to prepare
single cells suspension 100µL with a concentration1×106-1×107 cells/mL, and then incubating for 10 min
after adding the 2.5µL Annexin V-FITC at room temperature in the dark, followed by adding 5µL PI and
washed with the pre-cooled PBS immediately and analysis after incubating for 1 min at room
temperature in the dark.

2.6. DNA extraction and high throughput sequencing
At the end of the exposure, sludge samples (0.5 g) were homogeneously obtained from the SBR and
immediately stored at -20◦C until DNA was extracted. DNA was extracted using an E.Z.N.A. Soil DNA kit
(OMEGA, D5625-01, USA) based on the manufacturer's instructions. The concentrations of the extracted
DNA were determined by 0.8% (w/v) agarose gel electrophoresis. The microbial communities with or
without TiO2 NP exposure were analyzed by an Illumina MiSeq platform according to standard protocols
and were conducted by Guangdong Magigene Biotechnology Co., Ltd. China (Wang et al., 2018). Detailed
information was available in the SI.

2.7. Other analytical methods and statistical analysis
The speci�c resistance to �ltration (SRF) and bound water (BW) content were measured to characterize
the dewatering capacity of sludge (You et al., 2017). The accumulation of intracellular nanoparticles
inside the activated sludge was measured and the intracellular oxidative damage (ROS) in sludge cells
was tested using the methods described in previous report (Li et al., 2019). The changes in the
concentration of lactate dehydrogenase (LDH) outside the activated sludge cells were used to evaluate
bacterial cytoplasmic membrane permeability. The density of activated sludge �oc and quorum-sensing
(QS) signaling molecule responses via acyl-homoserine lactones (AHLs) were determined. Details of the
experiments and calculation methods are available in the SI.

All tests were conducted intriplicate, and the values are presented as the means ± standard deviation.
One-way analysis of variance was used to identify statistical signi�cance (p < 0.05: signi�cant and p < 
0.01: highly signi�cant) between the control and exposure groups or between different exposure groups.

3. Results And Discussion

3.1. Characteristics of the pristine and aged TiO2 NP
As shown in Fig. 1a-1d, after 300 days of sludge supernatant aging experiment, HRTEM (JEM-2100F,
Japan) and XRD (Model D8, Advanced X-ray diffractometer, Germany) revealed obvious changes in
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surface morphology and element distribution of the TiO2 NP. The clear crystal texture on the surface of
the nanoparticles becomes fuzzy and cohesive, mainly due to the encapsulation of organic matter and
inorganic salts such as NaCl in the sludge supernatant. However, the crystallinity, grain size, and
arrangement of the TiO2NP in�uence its original photocatalytic activity and selectivity (Vance et al.,
2015), and are not affected by aging. In addition, both pristine and aged nanoparticles comprise internal
monocrystalline structures with dominant crystal surface index of (101) (the �gures in parentheses
represent the miller indices), which doesn't seem to affect the toxic behavior of faceted TiO2 NP in terms
of its distinctive crystallographic facets (Liu et al., 2016).

Interestingly, the aging experiment in the sludge supernatant changed the light absorption capacity of the
nanoparticles, which caused the red shift of the photosensitivity (Fig. 1e) and reduced the band-gap
energy (Eg) of TiO2 NP from 3.2 eV to 3.1 eV (Fig. 1f). This seems to be different from previous reports
that both surface water bodies and piping sewage aging experiments could increase the Egs of anatase
nanoparticle and decrease the energy band of rutile nanoparticle (Li et al., 2020b, c). This might be
attributed to the differences in aging water quality and incubation time, for example, organic substances
such as humic acid in the water can photosensitize the nanoparticles (Leads and Weinstein, 2019), while
the presence of salt crystals reduced the photocatalytic e�ciency of TiO2 NP by the “sheltering
phenomenon of deposited salt” (Xu et al., 2019). Moreover, compared to previous studies, here, the delay
of the aging time could change the composition and thickness of deposited or wrapped on the surface of
the nanoparticles, to an extent, the surface microstructure and photoactivity of the nanoparticles are the
result of the comprehensive regulation of the above aging behaviors (Halle et al., 2020).

In addition, Fig. S1 shows that aging can not only increase the stability of the water environment of the
nanoparticles, but also increase the particle small size abundance range, which corresponds to the
increase of the absolute value of the zeta potential on the surface of the aged nanoparticles. This is
mainly due to the fact that the surface of the aged nanoparticles were wrapped by a large amount of
negatively charged organic matter in the sludge supernatant, which increased the electrostatic repulsion
and steric hindrance effects of nanoparticles (Gilbert et al., 2007). 

3.2. Dewaterability and EPS secretion properties of
activated sludge
Here, two indexes, the SRF and BW were to evaluate sludge dewaterability under laboratory conditions.
Figure 2A shows that10 µg/L nanoparticles could signi�cantly (p < 0.01) increase the SRF, however, 100
µg/L TiO2 NP could signi�cantly (p < 0.01) reduce SRF compared with the control, and the BW contents
showed a similar trends that of SRF (Fig. 2B), indicative of a severe decrease or increase in sludge
dewaterability with two concentration levels of µg/L concentration levels. Interestingly, aging could
reduce the in�uence of nanoparticles on the dewatering performance of activated sludge, for example,
compared with the pristine nanoparticles, the application effects of the aged nanoparticles were
signi�cantly weakened, showing that a 10 µg/L TiO2 NP obviously (p < 0.05) increase the SRF, while a
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100 µg/L TiO2 NP obviously (p < 0.05) decrease the SRF, and the change trend of BW is still consistent
with the change trend of SRF.

It is reported that EPS, a gel-like matrix and accounts for 80% of the total sludge mass, with signi�cant
in�uences on sludge hydrophobicity, surface charge, microbial aggregates, �occulation, and adhesion
(Liu and Fang, 2003), is the major limiting factor of sludge dewatering (Chen et al., 2015). Here, Fig. 2C
shows that the amount of total EPS mainly composed of PRO and PS keep the same changing trend with
that of both SRF and BW of sludge, that is to say, whether aging or not, 10 µg/L could promote the
secretion of EPS, while 100 µg/L could inhibit the production of EPS, implying that EPS and sludge
dewatering performance are closely related. Li et al. (2019) have reported that the composition and
structure of EPS have a great in�uence on the dewatering performance of sludge, for example, the PRO in
EPS was responsible for the change of SRF, while the change of BW was dominated by PS in EPS.
Therefore, in this study, PRO and PS in EPS either increased signi�cantly (10 µg/L, p < 0.05) or decreased
signi�cantly (100 µg/L, p < 0.05) compared to control, which explained the changing trends of SRF and
BW of activated sludge in the corresponding exposure group. 

3.3. Related mechanism analysis of sludge dewaterability
change

3.3.1. Mode of microbial cells death in sludge and related
causes
It is reported that the death mode of sludge cells is related to EPS secretion and composition, which may
explain the difference of sludge dewatering performance in different exposure groups (Li et al., 2019).
Figure 3A shows that there are two ways of death of sludge cells: apoptosis (cell membrane integrity)
and necrosis (cell membrane leakage), which have been con�rmed by previous reports (Chaloupka and
Vinter, 1996; Dwyer et al., 2012). Compared with control group and exposure groups of 10 µg/L
nanoparticles, 100 µg/L nanoparticles showed severe in�ammatory injury, leading to signi�cant (p < 0.01)
leakage of LDH in sludge cells (Fig. 3B), and resulting in obvious cell necrosis (Fig. 3A). It should be noted
that aging could slow down the necrosis damage of sludge cells caused by TiO2 NP, but it seems to
increase the induction of apoptosis of sludge cells (Fig. 3A). This is mainly attributed to the degradation
of photo oxidation damage ability of TiO2 NP due to aging, but the stability of aged nanoparticles in
sewage environment is increased and could maintain a stable small particle size range in the sewage
system (Fig. S1), and �nally promoted the accumulation of particles in sludge cells (Fig. 3C) and led to
intracellular peroxidation and oxidative damage (Fig. 3D). Thus, relatively, at the lethal exposure
concentrations (100 µg/L), the pristine nanoparticles tended to lead to sludge cell necrosis, while the
aged nanoparticles were easy to induce the apoptosis of microbial cells, which has been veri�ed in
previous studies (Li et al., 2019; Li et al., 2020b). However, as far as 10µg/L is concerned, regardless of
aging or not, this exposure concentration level is not the damage concentration. 
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3.3.2. Changes of quorum sensing and sludge density and
related causes
It is reported that the quorum-sensing (QS) information of the microbial community in the activated
sludge regulates the changes in the EPS secretion and density of the sludge (Shrout and Nerenberg,
2012), which in turn will signi�cantly affect the sludge dewatering performance (Wu and Wu, 2001;
Zhang et al., 2017). Therefore, after exposure, the QS signal (AHL) response and density change of
activated sludge are also monitored. Figure 4A and Fig. 4B show that in the all exposed groups, the
change trends of QS-AHL secretion and sludge density was opposite, for example,10 µg/L TiO2 NP could
improve the QS-AHL secretion and enhance sludge organic trend by improving EPS production with the
decrease of sludge density, while 100 µg/L TiO2 NP could inhibit the secretion of QS-AHL and enhance
the inorganic tendency of sludge by reducing EPS production with the increase of sludge density. It is
worth noting that aging could attenuate the responsiveness of QS-AHL and sludge density caused by the
two concentrations of pristine nanoparticles, but it's hard to completely alleviate, and there are still
signi�cant (p < 0.05) levels relative to the control group (Fig. 4). This also suggested that whether aging or
not, 10 µg/L concentration level of nanoparticles was promoting effects and 100 µg/L was inhibiting
effects on EPS generation and physiological behavior of entire microbial communities in activated
sludge, as the QS molecule was in reasonable agreement with the regulation of gene expression and the
biosynthesis of EPS during mixed-species aerobic granule formation (Shrout and Nerenberg, 2012; Wang
et al., 2018). In addition, QS signal secreted and differentially altered by TiO2 NP exposed groups suggest
that the social and physiological environments (community structure and diversity) of microbial
population in sludge were in�uenced. 

In view of the above analysis, this study used high-through put sequencing technology to monitor the key
genera secreting QS-AHL and genera secreting speci�c EPS. Firstly, as shown in Table S2, regardless of
aging or not, after exposure,10 µg/L TiO2 NP could promote the richness and diversity of activated sludge
microbial community in term of the OTUs and Shannon index, while 100 µg/L reduced the richness and
diversity of microorganisms in sludge based on the Chao and Shannon index respectively, compared with
the corresponding indexes of the control group. This might indicate that there are signi�cant differences
in the structure of microbial community or the evolution of speci�c microbial community in activated
sludge after exposure to different concentrations of nanoparticles. In addition, for some bacteria, the EPS
production is directly controlled by QS-AHL (Gilbert et al., 2009; Shrout and Nerenberg, 2012). In this
study, the QS bacteria and some speci�c EPS-secreting genera in the activated sludge, directly or
indirectly controlled by QS-AHL, are shown in Table 1. These QS bacterial abundances increase or
decrease after exposure to TiO2 NP with different concentrations; however, considering the increase (10
µg/L) or decrease (100 µg/L) of QS-AHL (Fig. 4A), the genera with a signi�cant increase or decrease
correspondingly in abundance (Table 1), such as Acinetobacter, Aeromonas, Comamonas, Nitrobacter,
Nitrosomonas, Pseudomonas, and Sphingomonas, could play an key role in the secretion of AHL-
signaling molecule. Moreover, the bacterial genera of Bradyrhizobium, Burkholderia, and
Sphingomonasare responsible for the signi�cant increase of PS, one of the main components of EPS,
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while the bacterial genera of Flavobacterium, Bosea, and Ralstoniaare responsible for the signi�cant
increase of other components such as protein in EPS in the 10 µg/L nanoparticles exposed groups. By
contrast, at 100 µg/L, the abundances of the above speci�c EPS-secreting species were substantially
decreased, which is consistent with the trend of sludge density increasing under exposure to the higher
concentration (100 µg/L) (Fig. 4B). The above analysis suggests that nanoparticles could regulate
bacterial community structure and secretion of signal molecule. QS bacteria and genera secreting
speci�c EPS inside the sludge plays a key role in the QS-controlled genes relate to sludge �ocs formation
and density, where the bacteria emit and sense chemical signal molecules as a means to gauge
population density and control EPS-gene expression (Li et al., 2020a). Thus, the dewatering performance
of sludge was affected.

4. Conclusions
Our work compared the physicochemical properties and water stability of pristine and aged TiO2 NP and
the effects of aging on sludge dewatering performance after chronic exposure to TiO2 NP at μg/L
concentration level were studied, and the related mechanism was analyzed. The main conclusions are: 1)
The aging experiment of nanoparticles in sludge supernatant changed the surface properties of TiO2 NP,
such as zeta potential, functional groups and energy bands, and increased the stability of the
nanoparticles in water environment, but not changed the crystallinity of TiO2 NP; 2) Regardless of aging
or not, nanoparticles reduced the sludge dewaterability at the exposure concentration of 10 μg/L, and
improved the sludge dewaterability at exposure concentration of 100 μg/L, but aging could weaken the
effect of two exposure concentrations on sludge dewatering; 3) Exposure of nanoparticles could change
the microbial community structure and the richness of both QS bacteria and genera secreting speci�c
EPS because of the damage effect of 100 μg/L and the hormone effect of 10 μg/L with up to 300 days of
exposure, leading to changes in the secretion and composition of EPS, and ultimately affecting the
density and dewatering performance of the sludge. The results of this study supplement the results of
long-term low concentrations of nanoparticles on the physiological and biochemical effects of microbial
aggregates in sewage treatment systems, and suggesting that the impact of environmental media aging
should be included in the evaluation of the ecological effects of nanoparticles because the incubation of
nanoparticles in the environment is likely to affect their own ecological effects.
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Figure 1

Physicochemical transformation of the crystalline phase of TiO2 NP after 300 days of aging. The TEM
image of pristine TiO2 NP (Fig. 1a) and the TEM image of aged TiO2 NP (Fig. 1b) as well as locally
enlarged TEM image (Fig. 1c) with corresponding XRD patterns (squares indicated) (Fig. 1d). Green
arrows represent inclusions of aged NPs. The UV-Vis diffuse re�ections (Fig. 1e) of TiO2 NP and
corresponding band gaps (Fig. 1f).
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Figure 2

Effects of TiO2 NP with or without aging on the SRF (A) and BW contents (B) as well as EPS
compositions (C). Single asterisk and double asterisks indicate the statistical difference (p <0.05) and
high signi�cance (p < 0.01) from the control, respectively. Note: a 10 μg/L and a 100 μg/L represent the
exposure concentrations of aged nanoparticles, respectively. Error bars represent standard deviations (n =
3).
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Figure 3

Analysis of the death mode of sludge cells after nanoparticle exposure (A); The LDH release in different
exposure groups (B); The oxidative stress (ROS) induced in TiO2 NP treated bacterial cells (C); The
intracellular titanium concentration in activate sludge (D). Single asterisk and double asterisks indicate
the statistical difference (p < 0.05) and high signi�cance (p < 0.01) from the control, respectively. Error
bars represent standard deviations (n = 3).



Page 18/18

Figure 4

Effects of TiO2NP on quorum sensing (A) and sludge density (B) of activated sludge. Single asterisk and
double asterisks indicate the statistical difference (p < 0.05) and high signi�cance (p < 0.01) from the
control, respectively. Error bars represent standard deviations (n = 3).
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