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A B S T R A C T   

External stimulus such as light irradiation is able to deteriorate intracellular redox homeostasis and induce 
photooxidative damage to non-photogenic bacteria. Exploiting effective strategies to help bacteria resisting 
infaust stress is meaningful for achieving a stable operation of biological treatment system. In this work, 
selenium-doped carbon quantum dots (Se-CQDs) were blended into anaerobic ammonia oxidation (anammox) 
bacteria and an inorganic nanoparticle-microbe hybrid was successfully fabricated to evaluate its nitrogen 
removal performance under solar-simulated irradiation. It was found that the specific anammox activity 
decreased by 29.7 ± 5.2% and reactive oxygen species (ROS) content increased by 134.8 ± 4.1% under 50,000 
lux light. Sludge activity could be completely recovered under the optimum dosage of 0.42 mL⋅(g volatile sus-
pended solid) -1 Se-CQDs. Hydroxyl radical (⋅OH) and superoxide anion radical (⋅O2

− ) were identified as the 
leading ROS inducing lipid peroxidation and antioxidase function detriment. Also, the structure of ladderane 
lipids located on anammoxosome was destroyed by ROS and functional genes abundances declined accordingly. 
Although cell surface coated Se-CQDs could absorb ultraviolet light and partially mitigated the photoinhibition, 
the direct scavenging of ROS by intracellular Se-CQDs primarily contributed to the cellular redox homeostasis, 
antioxidase activity recovery and sludge activity improvement. The findings of this work provide in-depth un-
derstanding the metabolic response mechanism of anammox consortia to light irradiation and might be valuable 
for a more stable and sustainable nitrogen removal technology, i.e., algal-bacterial symbiotic system, 
development.   

1. Introduction 

In a biological wastewater treatment system, microbes maintaining 
their metabolic activity at a dynamic balance is vital for achieving a 
stable operation performance. Free reactive oxygen species (ROS) 
including hydrogen peroxide (H2O2), superoxide anion radical (⋅O2

− ) and 
hydroxyl radical (⋅OH) are essential for keeping an intracellular redox 
homeostasis (Rani et al., 2021). Whereas, external stimuli such as tox-
icants and environmental stress change are possible to induce ROS 
accumulation. Once ROS level exceeds the antioxidant capacity, it will 
attack biomacromolecules such as proteins, nucleic acids and lipids and 
mediate oxidative damages to cells (Gunawan et al., 2020; Kattoor et al., 
2017). Among the external stimuli, light irradiation is widely supposed 
to involve in ROS generation, especially for these non-photogenic bac-
teria (Lubart et al., 2011). For instance, it was reported that 

high-intensity light would greatly inhibit the activity of nitrifying bac-
teria and cause ammonia transformation efficiency decline. Yang et al. 
(2022) reported the photoinhibition of ammonia oxidizing bacteria and 
nitrite oxidizing bacteria. They found that high-intensity light exposure 
might induce lipid peroxidation, resulting in cell membrane damage. 
Comparing to aerobic microorganism, anaerobic bacteria are normally 
more sensitive to light, by consideration of their distinction in ecological 
niche. 

In the field of biological nitrogen removal, anaerobic ammonium 
oxidation (anammox) process showed a promising engineering appli-
cation prospect in the past decades. While light was long viewed as an 
inhibitor for anammox bacteria since its first discovery, how the meta-
bolic and enzymatic response of sludge to light is still not fully under-
stood (Jetten et al., 1998). To mitigate the photo-oxidative damage, 
antioxidant enzymatic system comprising glutathione peroxidase 
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(GSH-PX), total superoxide dismutase (T-SOD), catalase (CAT) and 
peroxidase would defense against external ROS (Johnson and Hug, 
2019; Mourenza et al., 2020). In general, enzymes activity can indirectly 
reflect the changes of oxygen free radicals content in living cells. To 
what extend that light would induce ROS accumulation and the 
responding expression change of antioxidant enzyme of anammox 
sludge remains elucidated. Because dark condition is preferred for 
anammox processes, up to now, either the bench-scale trials or full-scale 
implementations usually apply shading measures to avoid the potential 
adverse impact of light on anammox sludge (Anjali and Sabumon, 2017; 
Valiente et al., 2022). Nevertheless, from the perspective of sustainable 
wastewater treatment, light energy is possible to be utilized to produce 
nitrite substrate for anammox reaction, via constructing 
phototroph-anammox symbiotic nitrogen removal system. Manser et al. 
(2016) successfully established a symbiotic nitrogen removal reactor 
with microalgae, ammonia oxidizing bacteria and anammox bacteria. 
Microalgae produced oxygen through photosynthesis and achieved 
stable nitrogen removal without the need for aeration and external 
electron donor addition. Zhang et al. (2022) constructed an algal-partial 
nitrification-anammox biofilm system by light culture. It has achieved 
effective nitrogen removal by algae and nitrifying bacteria on the outer 
while anammox bacteria on the insider biofilm. In the light of 
aeration-free autotrophic nitrogen removal technology development, an 
appropriate approach to reduce the photo-oxidative damage of anam-
mox sludge is then highly warranted. 

Recently, inorganic nanoparticle has been used to fabricate 
inorganic-biological hybrid organisms for solar energy utilization and 
conversion, i.e., water splitting or chemical production. Sakimoto Kelsey 
et al. (2016) used CdS nanoparticles to induce self-photosensitization of 
non-photosynthetic bacterium Moorella thermoacetica. They combined 
inorganic semiconductor materials with organisms to capture light to 
continuously produce acetic acid and maintain cell metabolism. 
Furthermore, Ji et al. (2018) employed metal-organic framework to coat 
anaerobic bacteria to protect them from oxidative stress. These mate-
rials improved the activity of anaerobic bacteria in the presence of O2 
and excavated the peculiar function such as CO2 utilization and con-
version. A serial of photoactive and biocompatible semiconductors was 
able to couple with non-phototrophic bacteria and accomplish several 
specific functions. Inspired from the above achievements, we rationally 
deduced that nano-semiconductor would also interact with anammox 
consortia and mitigate its photo-oxidative damage. Previous studies 
have shown that selenium compounds exhibited antioxidant properties 
(Ji et al., 2013; Xu et al., 2013). Selenium can combine with proteins to 
produce important selenoproteins that act as antioxidant enzymes 
(Newton et al., 2021). Herein, it might also be possible to scavenge ROS 
for anammox sludge under light irradiation. 

The main objective of this study was to fabricate nano- 
semiconductor doped inorganic-biological hybrid system for stable ni-
trogen removal under high-intensity light irradiation. The selenium 
doped carbon quantum dots (Se-CQDs) were synthesized and its optical 
property was initially evaluated. Then, the improvement of Se-CQDs on 
anammox sludge activity under high-intensity solar-simulated light 
illumination was evaluated. After examining the metabolic and enzy-
matic response of microorganism to semiconductor, the behind inter-
action mechanism was explored. 

2. Materials and methods 

2.1. Preparation and characterization of Se-CQDs 

Se-CQDs were prepared by a hydrothermal carbonization method, 
using selenocysteine as carbon source. Briefly, 150 mg selenocysteine 
was dissolved in 10 mL ultrapure water, and the pH was adjusted to 9.5 
with NaOH. The above solution was transferred to a Teflon-sealed 
autoclave and heated at 60◦C for 24 h. After cooling to ambient tem-
perature, the obtained product was centrifuged at 13,682 × g for 15 min, 

and the supernatant was acquired as Se-CQDs solution. The composition 
and structure of Se-CQDs were analyzed by X-ray photoelectron spec-
troscopy (XPS, Thermo ESCALAB 250XI, USA), high-resolution trans-
mission electron microscopy (HRTEM, FEI Tecnai G2 F20, USA) and 
atomic force microscopy (AFM, Bruker Dimension Icon, GER), 
respectively. 

2.2. Batch photo-irradiation experiment setup 

The anammox granular sludge used in this study was obtained from 
an upflow sludge blanket reactor, which has been stably operated in our 
laboratory for more than two years. The batch photo-irradiation 
experiment was carried out by using a 100 mL quartz bottle. Solar- 
simulated illumination (50,000 lux) provided by a xenon lamp was 
imposed on sludge. The xenon lamp wavelength output parameter was 
200-780 nm and spectral output range was 200-2500 nm. The temper-
ature was controlled at 35 ± 1 ◦C by a circulating water bath. In this 
work, medium consisting of nitrogen substrate (100 mg⋅L− 1 NH4

+-N +
100 mg⋅L− 1 NO2

− -N), inorganic salt solution and trace elements was used 
and the initial pH was controlled between 7.45 and 7.55 (Jin et al., 
2013). Se-CQDs with a content of 0.25, 0.32, 0.38, 0.42, and 0.50 
mL⋅g− 1 volatile suspended solid (VSS) were added into the above 
mixture, respectively. Anammox sludge was added to the quartz bottle 
and aerated with argon for 10 min to provide an anaerobic environment. 
In comparison, additional controls, i.e., dark conditions and light irra-
diation without Se-CQDs dosage, were also set in this study. Three 
parallel treatments were set for each group and the results were 
expressed as average ± standard deviation. To explore the free radical 
scavenging ability of Se-CQDs, terephthalic acid was selected as an ⋅OH 
probe and its concentration change was measured during the 
photo-illumination process. Also, electron paramagnetic resonance 
(EPR, Bruker A300 X-band spectrometer, GER) was applied to analyze 
the scavenging effect of Se-CQDs on photo-generated ROS by using 5, 
5-dimethy l,1-pyrroline N-oxide (DMPO) as a ⋅OH probe. 

2.3. Determination of sludge metabolic activity and quantification of 
functional genes 

In this work, the nitrogen removal activity of sludge was evaluated 
by measuring the specific anammox activity (SAA) (Yang and Jin, 2013; 
Zhang et al., 2016). Extraction and analysis of ROS (i.e., ⋅O2

− , H2O2, ⋅OH 
and ⋅OH probe O26), enzyme activity (i.e., GSH-PX, T-SOD, CAT) and 
malondialdehyde (MDA) were performed using kits, following the 
manufacturers’ instructions. The electron transport system activity 
(ETSA) of anammox sludge was determined by the redox dye iodoni-
trotetrazolium chloride (Wan et al., 2016). Sludge extracellular polymer 
substances (EPS) were extracted by the thermal extraction method, and 
the Lowry and anthrone method were applied to determine the protein, 
humic substance, and polysaccharide contents, respectively (Li et al., 
2018). The ladderane lipids components of anammox sludge were 
extracted by sequentially ultrasonic treatment with methanol, methy-
lene chloride and phosphate buffer solution. An ultra-high performance 
liquid chromatography-triple quadrupole mass spectrometer (UPLC 
I-Class-Xevo TQ-S Micro, Waters, USA) was used for the determination 
of the ladderane lipids. The specific determination method of ladderane 
lipids was shown in Table S1. 

After a batch photo-irradiation test, sludge samples were collected to 
extract DNA by using the Power Soil DNA Kit (MoBio Laboratories, 
USA). Three functional genes (hzsA, hdh, and nirS) were selected and 
quantified through quantitative polymerase chain reaction (qPCR) 
(QuantStudio 3, Applied Biosystems, USA). The detailed experimental 
procedures of qPCR were described in a previous report (Yin et al., 
2016). The primers used in the experiment are detailed in Table S2. 
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2.4. Other analysis 

Scanning electron microscopy (SEM, EM-30 Plus, USA) and trans-
mission electron microscopy (TEM, Hitachi HT7700, JPN) were used to 
observe the morphology of anammox sludge cultivated under different 
conditions. The chemical elements of sludge-quantum dots mixture were 
screened by an energy dispersive spectrometer (EDS, Oxford X-Max, 
UK). Fluorescence microscopy (Nikon Eclipse Ni-U, JPN) was applied to 
examine the distribution of Se-CQDs on sludge surface by setting a 
specific wavelength. The routine tests including NH4

+-N, NO3
− -N, NO2

− -N, 
suspended solids, VSS and pH were determined by referencing to stan-
dard methods (Greenberg et al., 2005). Heme c was quantified by a 
pyridine heme spectrophotometry method (Tang et al., 2011). Changes 
in the relative content of ⋅OH were detected by terephthalic acid pho-
toluminescence method (Yu et al., 2022). The titanium sulfate colori-
metric method was used to measure the H2O2 concentration (Eisenberg, 
1943). The details of band structure and quantum efficiency estimation 
of Se-CQDs can be found in SI. 

3. Results 

3.1. The morphologic and chemical properties of Se-CQDs 

The morphology and size of Se-CQDs were characterized by col-
lecting HRTEM images, as shown in Fig. 1a. The particle size of the as- 
synthesized Se-CQDs was between 3 and 13 nm, with an average size of 
6.3 nm. The proportion of Se-CQDs with a size of approximate 6 nm was 
the highest, accounting for 21% of the total particles. A typical lattice 
spacing of 2.5 Å was observed (Fig. 1b). The structure and composition 
of Se-CQDs was further analyzed by XPS spectrum and results indicate 
that the Se-CQDs are mainly composed of carbon, nitrogen, oxygen and 
selenium (Fig. S1). The XPS spectrum of C 1s exhibited four main peaks 
at a binding energy of 284.70, 284.30 eV, 285.20 eV and 287.80 eV, 
which ascribes to graphite sp2 C, C-Se, C=O and C-N bonds, respectively 
(Yang et al., 2015). Peaks of 398.90 eV and 400.10 eV in the N 1s 
spectrum normally ascribes to the pyridine nitrogen and pyrrole nitro-
gen structures. The Se 3d spectrum showed the presence of C-Se bonds 
(Li et al., 2017). AFM analysis revealed that the as-prepared Se-CQDs are 
monodisperse, with a height between 0.5 and 3 nm (Fig. 1c). 

The band structure of Se-CQDs was analyzed by ultraviolet -vis 
spectra and XPS valence band spectra. The absorption edge of Se-CQDs 

is 407 nm, which indicated that its main absorption range is in the ul-
traviolet range (Fig. S2a). The band gap of Se-CQDs analyzed by Tauc 
plot was about 3.02 eV (Fig. S2b) (Guan et al., 2013). Fig. S2c showed 
the valence band spectrum of Se-CQDs. The top of the valence band of 
Se-CQDs is about 2.87 eV. Thus, the bottom of the conduction band of 
Se-CQDs was calculated to be -0.15 eV (Fig. S2d). Also, the quantum 
efficiency of Se-CQDS was estimated as 8.17%. The stability test results 
of Se-CQDs are shown in Fig. S4. The results showed that the as-prepared 
Se-CQDs exhibited a good stability. 

SEM images (Fig. S5) show that bacteria were contracted after light 
illumination, which may indicate the photo inhibition on their growth. 
Quantum dots could greatly mitigate the above situation, implying its 
potential protective role to anammox sludge. TEM images clearly 
showed that Se-CQDs evenly distributed inside and outside of the cell 
(Fig. 1d), in comparing to the sludge without quantum dots treatment 
(Fig. 1e). Also, EDS spot scanning showed that the selenium element was 
existed within the cell while no Se-related signal was observed in the 
control sample (Fig. S6). In addition, fluorescence microscopy images 
show that under the maximum excitation wavelength, blue fluorescence 
was observed in the system with added Se-CQDs (Fig. 1f), while there 
was a weak fluorescence signal in the system without Se-CQDs (Fig. S7). 
The above results clearly showed that the as-prepared Se-CQDs was 
closely bind to anammox bacteria. 

3.2. Photo-oxidative damage on anammox granule and its mitigation by 
Se-CQDs 

As shown in Fig. 2a, sludge SAA declined by 29.7 ± 5.2% after 
irradiating at 50,000 lux solar-simulated light for 4 h. This result clearly 
implied that an intense light would induce strong inhibition on anam-
mox sludge activity. SAA increased gradually with increased dosage of 
Se-CQDs into system and reached a maximum value at 0.42 mL⋅g− 1 VSS 
dosage, which corresponded to approximate 102.9 ± 4.8% that of the 
dark condition. This indicated that the inhibition effect of light on 
anammox sludge can be restored to a certain extent by the addition of 
Se-CQDs. However, further increase of Se-CQDs dosage to 0.50 mL⋅g− 1 

VSS would result in sludge activity decline, accounting for approximate 
91.2 ± 5.0% of the SAA that in the dark system. A possible reason is that 
high content of Se-CQDs might impose inherent bio toxicity to sludge 
(Oh et al., 2016). Under dark condition, once Se-CQDs content increased 
to 0.50 mL⋅g− 1 VSS, sludge SAA decreased significantly to 78 ± 11.2% 

Fig. 1. Morphology and structure of as-prepared selenium-doped carbon quantum dots (Se-CQDs). (a, b) The high-resolution transmission electron microscopy image 
and particle size distribution, (c) atomic force microscopy surface analysis of Se-CQDs and the (d) relevant height profile analysis along the corresponding lines, 
transmission electron microscopy images of sliced granule (e) with and (f) without Se-CQDs addition, the (g) brightfield and (h) darkfield of fluorescence images of 
Se-CQDs after combing with anammox sludge. 
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(Fig. S8), which supported the above assumption. 
To explore the influence of wavelength on the activity of anammox 

sludge, a batch light irradiation experiment by using different optical 
filters was conducted (Fig. 2b). It was observed that SAA decreased to 
251.2 ± 4.1 mg N⋅g− 1 VSS⋅d− 1 under full-spectrum light irradiation 
compared with that obtained in darkness (364.0 ± 5.1 mg N⋅g− 1 

VSS⋅d− 1). SAA reached to 303.2 ± 0.3 mg N⋅g− 1 VSS⋅d− 1 under ultra-
violet light (λ < 420 nm) and increased to 344.1 ± 17.3 mg N⋅g− 1 

VSS⋅d− 1under visible light (λ > 420 nm). This indicated that the activity 
of anammox sludge was mainly inhibited by ultraviolet light. SAA 
substantially recovered to 342.1 ± 0.3 mg N⋅g− 1 VSS⋅d− 1 after addition 
of 0.42 mL⋅g− 1 VSS Se-CQDs under ultraviolent light irridiation, which 
proved again for its protective role. The photoluminescence test showed 
that Se-CQDs exhibited a maximum excitation and emission wavelength 
at 385 nm and 485 nm, respectively (Fig. 2c). Se-CQDs are possibly 
excited by ultraviolet light and then emitted visible light, which 
partially alleviated the photo inhibition on anammox sludge. 

Microorganisms undergo a series of complex physiological changes 
when they are subjected to stress. Sludge EPS content was commonly 
changed as a response to external stimulus. However, in the present 
study, a negligible change of EPS content was observed after 4-h light 
illumination (Fig. S9). Ladderane lipids on the membrane of anam-
moxosome were impermeable for poisonous hydrazine, which are 
unique for anammox bacteria (Moss Frank et al., 2018). Ladderane core 
lipids can be used not only as biomarkers of amammox bacteria, but also 
as indicators of anammox process that have occurred in the environment 
(Zhao et al., 2019). The change in the peak area of pentyl-[5]-ladderane 
fatty acid methyl ester (I) was used to represent the change in the 
relative content of the ladderane core lipids (Zhao et al., 2019). Results 

showed that the ladderane lipids content in light conditions was 61.15% 
of that in darkness, which was consistent with the change in SAA 
(Fig. 2d). When 0.25 and 0.42 mL⋅g− 1 VSS Se-CQDs were added, the 
relative contents of the chromatographic peak area increased to 79.56% 
and 96.43% of the dark condition, respectively. Therefore, as a 
biomarker of anammox bacteria, the change in relative content of 
pentyl-[5]-ladderane fatty acid methyl ester (I) was consistent with the 
previous results, which again verified our hypothesis that the addition of 
Se-CQDs could protect the anammox sludge from oxidative damage. 

In this study, three functional genes (hzsA, hdh and nirS) of anammox 
bacteria were quantitatively analyzed. Fig. S10 showed that the absolute 
abundance of hzsA decreased from 4.64 × 107 ± 2.77 × 106 (dark 
condition) to 2.93 × 107 ± 5.10 × 105 copies⋅ng− 1 DNA (light condi-
tion); the absolute abundance of hdh decreased from 1.07 × 107 ± 2.81 
× 105 to 5.8 × 106 ± 3.75 × 105 copies⋅ng− 1; and nirS decreased from 
1.65 × 107 ± 8.17 × 105 to 9.37 × 106 ± 5.20 × 105 copies⋅ng− 1. After 
supplying 0.42 mL⋅g− 1 VSS Se-CQDs, the absolute abundances of hzsA, 
hdh and nirS increased to 4.21 × 107 ± 7.08 × 105, 9.04 × 106 ± 5.86 ×
105 and 1.73 × 107 ± 4.10 × 104 copies⋅ng− 1, respectively. HzsA and 
hdh encode hydrazine synthase and hydrazine dehydrogenase, which 
play important roles in nitrogen conversion and are considered bio-
markers of anammox bacteria (Wu et al., 2016). Therefore, the quanti-
tative analysis of anammox functional genes further verified the 
inhibitory effect of light on the anammox system and mitigation func-
tion of Se-CQDs. 

Fig. 2. (a) Specific anammox activity (SAA) variation under different dosages of Se-CQDs, (b) the effect of different wavelengths on sludge SAA, (c) fluorescence 
characteristic of Se-CQDs, (d) the relative content of ladderane lipids. 
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3.3. Photo-induced ROS production and cellular antioxidant activity 
change 

The increase in intracellular ROS content under external stimulation 
may lead to oxidative stress and cell damage. Therefore, it is particularly 
important to determine the contents of intracellular ROS and lipid 
peroxidation product (i.e., MDA) levels in anammox sludge. The amount 
of ROS in the light-only system increased by 234.8 ± 4.1% compared to 
that in the dark system (Fig. 3a). However, Se-CQDs could significantly 
attenuate the ROS intensity. Under optimum Se-CQDs dosage (0.42 
mL⋅g− 1 VSS), the ROS accumulation was reduced to 127 ± 4.7% of that 
under dark condition. Therefore, we speculated that the anammox 
sludge activity decline under 50,000 lux illumination was due to 
excessive intracellular ROS production, which triggered oxidative stress 
and damage to bacteria. The increase in MDA content in the light system 
also supports this assumption. The MDA content increased by 112.7 ±
18.8% under light illumination condition. After adding 0.42 mL⋅g− 1 VSS 
Se-CQDs, the MDA content decreased by 28.4 ± 2.7% compared with 
that under dark conditions. The decrease in MDA content compared with 
that in the system without Se-CQDs indicates a mitigation in free radical 
attack on cells, which may be because Se-CQDs have a scavenging effect 
on free radicals produced in the system. 

To verify the responsible species for sludge activity decline, the 
changes in specific ROS contents (H2O2, ⋅OH, and ⋅O2

− ) in the system 
were further evaluated. Among the three oxidative species, ⋅OH and ⋅O2

−

contents significantly increased after light irradiation (Fig. 3b). The ⋅OH 
content increased by 34.5 ± 2.9% compared to that in the dark system, 
while the ⋅O2

− content increased by 16.9 ± 10.3%. Se-CQDs could reduce 
the content of ⋅OH in the system to the same level as that under dark 
condition. The relative contents of ⋅O2

− and H2O2 were the lowest under 
the Se-CQDs dosage at 0.38 mL⋅g− 1 VSS and 0.42 mL⋅g− 1 VSS, 
respectively. 

The activities of three antioxidant enzymes, GSH-PX, T-SOD and 
CAT, were also determined in this study (Fig. 3c). These enzymes are 
related to the decomposition of H2O2 and the scavenging of ⋅O2

− . Results 
showed that the enzyme activities of GSH-PX, T-SOD and CAT after light 
irradiation respectively decreased by 7.7 ± 13.3%, 14.1 ± 5.4% and 
26.2 ± 8.6%, compared with those in the dark system. Preliminary 
analysis suggested that high intensity light may induce oxidative stress 
that disrupted the redox balance and lead to a certain degree of cell 
death. Herein, the over-accumulation of ROS would be the possible 
reason for the declined enzyme activity. The increased activity of anti-
oxidant enzymes indicated an enhanced ability of H2O2 decomposition 
and ⋅O2

− scavenging. Therefore, anammox sludge could maintain its own 
redox balance. The relative activities of GSH-PX, T-SOD and CAT 
increased by 15.2 ± 13.3%, 10.8 ± 5.1% and 11.5 ± 3.5% in the system 
supplemented with 0.42 mL⋅g− 1 VSS Se-CQDs compared with that in the 
dark system. 

In this study, the heme c and ETSA contents of anammox sludge were 
also determined. Fig. S11a showed that the relative content of heme c 
decreased by 31.7 ± 5.7% after sludge being inhibited by light. With the 
addition of Se-CQDs, the heme c content increased gradually and 
reached 98.4 ± 8.9% of that under dark condition. In previous reports, 
heme c was strongly correlated with SAA (Ren et al., 2022). ETSA can 
indicate the metabolic activity of microorganisms and the degradation 
performance of pollutants (Yang et al., 2020). In this study, the ETSA of 
sludge under light conditions was significantly reduced, which was only 
67.4 ± 5.2% that of the dark system (Fig. S11b). ETSA increased with 
the addition of Se-CQDs, which reached to 85.2% in the presence of 0.42 
mL⋅g− 1 VSS Se-CQDs. 

3.4. The potential radical quenching mechanism by Se-CQDs 

As a fluorescence probe for semi quantitatively detecting ⋅OH, ter-
ephthalic acid was added into simulative system to explore the potential 
radical quenching ability of Se-CQDs. Under 50,000 lux illumination, 
the composite signal of terephthalic acid-⋅OH adduct in 3 mM H2O2 
solution increased greatly, which indicated the production of ⋅OH 
(Fig. 4a). In contrast, only a small amount of ⋅OH was formed after the 
addition of Se-CQDs (Fig. 4b). EPR was further employed to detect the 
⋅OH changes in both heterogeneous (ultraviolent excites TiO2) and ho-
mogenous photocatalytic (ultraviolent activates H2O2) systems. As 
shown in Fig. 4c, a strong signal referring to DMPO-⋅OH adduct was 
observed in the above two systems. After adding Se-CQDs, the signal 
disappeared. In addition, ⋅OH probe O26 was used to label ⋅OH in 
anammox bacterial cells and sludge was observed by fluorescence mi-
croscopy (Fig. S12). Results showed that an obvious green fluorescence 
generated after exposing sludge at light irradiation (Fig. S12e), indi-
cating a high content of ⋅OH was formed. In comparison, the green 
fluorescent intensity was greatly reduced after dosing Se-CQDs, proving 
good its good quenching ability towards ROS. 

Consequently, Se-CQDs have a superior scavenging effect on ⋅OH, 
which mitigated the photo-oxidative damage on sludge. To explore 
whether light was involved in ROS quenching, Fenton system was con-
structed under dark condition, and terephthalic acid was used to probe 
the change of ⋅OH content in the system. As shown in the Fig. 4d, the 
fluorescence intensity of ⋅OH was significantly decreased with supply of 
Se-CQDs into system. Herein, Se-CQDs reacted as a strong reducing 
agent to directly remove ⋅OH without the need for light activation. 

4. Discussion 

ROS are mostly produced by continuous single-electron transfer re-
actions of oxygen molecules catalyzed by enzymes in the respiratory 
chain. ⋅O2

− can be converted spontaneously or enzymatically by super-
oxide dismutase (SOD) to H2O2 (Borisov et al., 2021). Under external 

Fig. 3. (a) Relative levels of reactive oxygen species (ROS) and malondialdehyde (MDA) in various systems compared to that at dark condition. (b) Changes in the 
relative contents of hydrogen peroxide (H2O2), hydroxyl radical (⋅OH), and superoxide anion radical (⋅O2

− ) and (c) antioxidant enzyme activity (GSH-PX, glutathione 
peroxidase; T-SOD, total superoxide dismutase; CAT, catalase). 
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stimulation, H2O2 produced by microorganisms can cross the cell 
membrane and combine with Fe2+ to generate the strong oxidant ⋅OH 
through Fenton-like reaction (Glaeser et al., 2011). Since bacteria also 
possess endogenous photosensitizers, a high-intensity light can produce 
a large amount of ROS, which inhibits their activity. Flavin cofactors are 
present in nicotinamide adenine dinucleotide dehydrogenase II of the 
respiratory chain, which also are able to react with molecular oxygen to 
produce H2O2 and ⋅O2

− (Messner and Imlay, 1999). Generally, intracel-
lular antioxidant enzyme system was essential to maintain redox ho-
meostasis. SOD decomposes ⋅O2

− into H2O2 or O2. H2O2 is further 
decomposed into H2O by CAT and GSH-PX (Fig. 5). However, due to the 
high content of heme c of anammox bacteria, the Fenton-like reaction 
mediated ⋅OH content was high, which would in-turn attack enzyme 
system (Fig. 3c) and possibly cause cell apoptosis or necrosis (Zhang 
et al., 2014). Herein, an increased lipid peroxide product content was 
observed (Fig. 3a). More importantly, ladderane lipid structure was 
damaged (Fig. 2d) and functional genes abundances were declined 
(Fig. S8), leading to a decreased nitrogen removal activity. 

Se-CQDs were found to greatly mitigate the above oxidative dam-
ages. For the extracellular interaction between Se-CQDs and anammox 
cells, first, the surface attached Se-CQDs were able to partially absorb 
ultraviolent light (Fig. 2c) and emit visible light. Since the photo-
inhibition was primarily originated from ultraviolent light, the optical 
property of as-prepared Se-CQDs would partially attenuate potential 
photoinhibition on bacteria. Once Se-CQDs penetrated into cells 
(Fig. 1d), it can effectively scavenge ⋅OH and mitigate the oxidative 
stress. Under the optimal dosage, antioxidant enzymes activities recov-
ered (Fig. 3c) and lipid peroxide level declined (Figs. 2d and 3a), which 
resulted in a sludge activity recovery. Recent studies also found that the 

selenium-containing compounds exhibited antioxidant properties 
(Domínguez-Álvarez et al., 2022). Herein, benefiting from the extra-
cellular and intracellular interaction with microbial cells, Se-CQDs 
would maintain a redox homeostasis and mitigate cellular 
photoinhibition. 

5. Conclusions 

The specific anammox activity decreased by 29.7 ± 5.2% and reac-
tive oxygen species (ROS) content increased by 134.8 ± 4.1% under 
50,000 lux light. ⋅OH and ⋅O2

− were identified as the leading ROS 
inducing lipid peroxidation and antioxidase function detriment. Also, 
the structure of ladderane lipids located on anammoxosome was 
destroyed by ROS and functional genes abundances declined accord-
ingly. Sludge activity could be completely recovered under the optimum 
dosage of 0.42 mL⋅g− 1 VSS Se-CQDs. The added Se-CQDs was efficient to 
absorb ultraviolent light and scavenge oxidative ROS, which could 
greatly mitigate the photooxidative damage caused on anammox 
granule. The findings of this work provide in-depth understanding the 
metabolic response mechanism of anammox consortia to light irradia-
tion and might be valuable for a more stable and sustainable nitrogen 
removal technology development. (Appendix A). 
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Fig. 4. Fluorescence emission intensity of (a) 3 mM H2O2 solution with terephthalic acid and (b) H2O2 solution with 0.42 mL⋅g− 1 VSS Se-CQDs with respect to time 
under 50,000 lux illumination. (c) Electron paramagnetic resonance (EPR) spectrum of ⋅OH captured by 5,5-dimethy l,1-pyrroline N-oxide (DMPO). (d) Scavenging 
effect of Se-CQDS on ⋅OH in Fenton system. 
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