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Magnetite (Fe304) particles have been widely reported to enhance the anammox’s activity in anammox granular
sludge (AnGS), yet the underlying mechanisms remain unclear. This study demonstrates that both Fe3O4 mi-
croparticles (MPs) and nanoparticles (NPs) at a dosage of 200 mg Fe304/L significantly increased the specific
anammox activity (SAA) of AnGS. Additionally, the transcriptional activities of the hzs and hdh genes involved in
the anammox process, as well as the heme ¢ content in AnGS, were also notably enhanced. Notably, Fe3O4 NPs
were more effective than MPs in boosting anammox activity within AnGS. Mechanistically, Fe304 MPs released
free iron, which anammox bacteria utilized to promote the synthesis of key enzymes, thereby enhancing their
activity. Compared to MPs, Fe304 NPs not only elevated the synthesis of these key enzymes to a higher level but
also induced a nanofluids effect on the surface of AnGS, improving substrate permeability and accessibility to
intragranular anammox bacteria. Moreover, the nanofluids effect was identified as the primary mechanism
through which Fe3O4 NPs enhanced anammox activity within AnGS. These findings provide new insights into the
effects of nanoparticles on granular sludge systems, extending beyond AnGS.

1. Introduction

Anammox has been recognized as a highly promising biological ni-
trogen remove process due to its high efficiency, cost-effectiveness, and
low carbon footprint (Kartal et al., 2010; Zheng et al., 2024). Although
the anammox-based nitrogen removal process has been adopted glob-
ally, its stable and efficient operation is often hindered by the slow
growth rate of anammox bacteria (Strous et al., 1999; Lotti et al., 2015),
and their low adaptability to changing environmental conditions (van
der Star et al., 2007; Jin et al., 2012; Su et al., 2023). Anammox granular
sludge (AnGS), which serves as a habitat for anammox bacteria, can
harbor sufficient biomass and has strong capacity to resist various
stresses such as antibiotics and heavy metals (Hou et al., 2015; Tang
et al., 2017; Wang et al., 2023). Despite its significant application po-
tential, the poor activity of anammox bacteria in AnGS is often reported,
potentially attributed to the lack of essential materials (e.g. iron) for the
synthesis of key metabolic enzymes, and the inefficient substrate
transfer from the exterior to interior of granule (Shi et al., 2017; Xu
etal., 2021a; Dong et al., 2023). Overall, enhancing anammox activity in
AnGS is vital to further expand the application of this sustainable
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nitrogen removal process.

Some studies have demonstrated Fe3O4 nanoparticles (NPs) dosage
significantly increases the specific anammox activity (SAA) in AnGS (Xu
et al., 2020; Chen et al., 2021). For instance, Chen et al. (2021) con-
ducted batch tests and found that adding Fe3O4 NPs at 100 mg Fe304/L
increased SAA from ~312 to ~423 mg-N/g-VSS/d. Similarly, a
long-term test by Xu et al. (2020) observed a significant increase in SAA
from 287.0 + 13.0 to 381.8 + 15.7 mg-N/g-VSS/d with the addition of
Fe304 NPs at 200 mg Fe304/L. Also, the introduction of Fe304 NPs at
200 mg/L led to an increase in heme c content from 1.6 to 2.7 umol/g
VSS, and the anammox bacterial (Candidatus Kuenenia) abundance from
25.1% to 33.4%. Despite numerous reports indicating the SAA
enhancement by adding Fe3O4 NPs, the underlying mechanism remains
poorly understood (Dai et al., 2023). Some researchers have suggested a
potential mechanism whereby Fe3O4 NPs attaches to the AnGS surface
and subsequently releases free iron ions (Fe** or Fe3+), which can be
utilized by anammox bacteria for synthesizing key metabolic enzymes
(Weng et al., 2023). However, this hypothesis has yet to be clearly
confirmed.

It is widely reported that the addition of NPs induces a nanofluids
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effect that can significantly enhance water permeability in capillary
pores, thereby improving mass transfer efficiency (Yu et al., 2015; Li
et al., 2019; Fu et al., 2021). For instance, Fu et al. (2021) reported that
dosing Fe3O4 NPs at a volume concentration between 0.00125% and
0.01% improved the capillary permeability of pore channels by 8-75%.
Indeed, the surface of AnGS is filled with capillary pores (Xu et al.,
2021a). When NPs attach to its surface, they may induce a nanofluids
effect, enhancing the transfer efficiency of substrates (e.g. ammonium
and nitrite) to the interior anammox bacteria within AnGS. As a common
phenomenon associated with the addition of NPs, the nanofluids effect
could play a crucial role in enhancing SAA in an NPs-added AnGS pro-
cess. However, this phenomenon also has not been experimentally
revealed.

Therefore, it is possible that the Fe3O4 NPs addition increases the
SAA in AnGS through two different pathways: 1) Releasing the free iron
ions for anammox bacteria to synthesize key metabolic enzymes; 2)
enhancing substrate transfer efficiency via nanofluids effect. This study
aims to systematically investigate the effects of Fe304 NPs on AnGS,
focusing on these two pathways. To this end, AnGS was sourced from a
culture bioreactor and exposed to Fe3O4 particles at different particle
sizes (~50 nm and ~60 um) and concentrations (50-500 mg Fe304/L).
First, SAA and transcription level of key metabolic enzymes were tested
under various Fe3gO4 particles exposure conditions to assess their impact
on overall anammox bacterial activity. Subsequently, intracellular iron
contents were determined to examine the effects of Fe304 particles on
bacterial iron absorption. Finally, the substrate accessibility of anam-
mox bacteria was analyzed to evaluate the impacts of Fe3O4 particles on
granular mass transfer.

2. Results
2.1. The effects of Fe304 particles on the SAA of AnGS

Fig. 1 presents the impact of Fe3O4 particles of varying sizes (NPs and
MPs) and concentrations on the SAA of AnGS. The initial SAA of AnGS
was 394.8 + 18.4 mg-N/g-VSS/d, a value comparable to that reported in
the literature (Xu et al., 2021b). Clearly, Fe3O4 particles addition
changed the granular SAA. Specifically, exposure to FesO4 NPs at 50,
100, and 200 mg Fe304/L promoted SAA to 423.8 + 15.3, 461.7 + 14.2,
and 570.1 £ 16.0 mg-N/g-VSS/d, respectively, showing average in-
creases of ~7.5% (p > 0.05), ~17.1% (p < 0.05), and ~44.6% (p <
0.05), compared to the initial SAA (Fig. 1a). However, when the dosage
of Fe3O4 NPs further increased to 500 mg Fe304/L, the SAA reduced by
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~13.9% (p < 0.05), reaching 339.8 + 13.4 mg-N/g-VSS/d. Fe304 MPs
exhibited the similar trend while with weaker effects on SAA. Notably,
with the rose of Fe304 dosage, the difference in SAA between NPs and
MPs groups widened, suggesting that FesO4 NPs had more significant
impact on anammox bacteria in AnGS than that of Fe304 MPs.

The ratios of removed nitrite to removed ammonium, and produced
nitrate to removed ammonium were 1.38+0.13 and 0.2440.03,
respectively, in the control (Fig. 1b). These values in NPs-dosed groups
and MPs-dosed groups were similar (p > 0.05) and close to theoretical
values of anammox reaction stoichiometry, with ratios of 1.32 and 0.26,
suggesting the nitrogen was mainly removed by anammox bacteria in
these tests.

2.2. The effects of FesO4 particles on the metabolic activity of anammox
bacteria within AnGS

Meta-transcriptomics analysis was conducted to further explore ef-
fects of FegO4 particles on the anammox bacterial metabolic activity in
AnGS. Candidatus Kuenenia, which was the sole detected anammox
bacterial genus, showed the highest expression activity (Fig. S1). Hy-
drazine synthase (hzs) and hydrazine dehydrogenase (hdh) are critical
enzymes in the metabolic pathway of anammox bacteria (Feng et al.,
2023). Fig. 2a&b illustrates the impact of Fe3O4 particles at a dosage of
200 mg Fe304/L on the transcriptional activity of hzs and hdh genes.
Following a 2 h exposure to Fe304 NPs, the transcriptional activity of hzs
and hdh genes rose by ~111.7% and ~60.9%, respectively, compared
with the control, implying Fe3O4 NPs significantly enhanced the
anammox bacterial metabolic activity of anammox bacteria (p < 0.05).
On the other hand, Fe304 MPs dosing notably (p < 0.05) increased the
transcriptional activity of hzs gene (~30.7%), while its impact on hdh
gene was insignificant (p > 0.05). After exposure for 4 h, the tran-
scription levels of hzs and hdh genes declined in all three groups, which
primarily attributed to substrate consumption during the batch test
(Fig. S2) (Wang et al., 2016). Nonetheless, the differences in transcrip-
tional activity of hzs and hdh genes among three groups remained similar
with those observed at 2 h (Fig. 2). Overall, Fe304 NPs had a stronger
promoting effect on metabolic activity of anammox bacteria compared
to Fe304 MPs, consistent with the SAA tests.

Cytochrome c, indicative of anammox bacterial activity, is reflected
by heme ¢ content (Ma et al., 2019; Kang et al., 2020). Heme c contents
in the Fe304 NPs-dosed group were ~16.0% and ~18.4% higher than
those in control at 2 and 4 h, respectively (p < 0.05) (Fig. 2¢). While the
Fe304 MPs-dosed group showed the same trend but to lower degrees.
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Fig. 1. The SAA of AnGS under different Fe304 particles exposure conditions (A); The ratios between removed nitrite and ammonium, and between produced nitrate
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Fig. 2. Transcriptional activity of hzs (A) and hdh (B) gene of anammox bacteria and the heme c content of AnGS (C) in the control, NPs-dosed (200 mg Fe304/L), and
MPs-dosed (200 mg Fe304/L) groups during a run of batch tests. The data of Fig. 2A&B were all normalized based on obtained values in the control group at 2 h.

Iron-sulfur proteins, which play vital roles in the electron transport of
anammox bacteria, are also highly correlated with bacterial activity
(Feng et al., 2023). Compared with the control group, transcription
levels of most genes related to iron-sulfur protein synthesis in NPs-dosed
group were up-regulated by 15.2-31.6% at 2 h, which further slightly
increased at 4 h. MPs-dosed group exhibited a similar trend but the
smaller range (Fig. S3). These results supported the superior activity of
anammox bacteria receiving Fe3O4 NPs.

2.3. The impacts of FesO4 particles on the intracellular iron content

Fe30y4 particles releases iron ions that anammox bacteria utilize for
synthesizing key metabolic enzymes (Weng et al., 2023). The Fe304 NPs
dosage (200 mg Fe304/L) increased the transcriptional activity of the
ferrous iron transport protein-related gene by ~5.9% (p > 0.05) at2 h
and ~21.4% (p < 0.05) at 4 h, compared with the control (Fig. 3a).
Similarly, Fe3O4 NPs significantly (p < 0.05) elevated the transcriptional
activity of the ferrous uptake regulator protein-related gene by ~18.7%
and ~23.1% at 2 and 4 h, respectively (Fig. 3b). Consequently, intra-
cellular iron content significantly rose by ~14.2% and ~21.1% at the
corresponding time points, respectively (p < 0.05) (Fig. 3c), implying
that anammox bacteria indeed uptake and utilized the free iron ions
released from Fe3O4 NPs. Interestingly, the effects of NPs and MPs on
these indicators were similar, contrasting with results of SAA and
metabolic activity tests, suggesting that, apart from enhancing bacterial
iron absorption to synthesize key metabolic enzymes, Fe304 NPs should
play an additional role in increasing the activity of anammox bacteria
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S

within AnGS.

2.4. The impacts of FesO4 particles on substrate transfer efficacy within
AnGS

2.4.1. Substrate accessibility of anammox bacteria

We hypothesized that the presence of Fe304 NPs would enhance the
accessibility of substrates for anammox bacteria within AnGS. The ef-
fects of Fe3O4 particles (200 mg Fe304/L) on ammonium and nitrite
concentrations in the medium and within cells were investigated
(Fig. 4). To mitigate substrate limitations, ample amounts of initial
ammonium and nitrite were added, resulting in concentrations of 35-45
and 35-55 mg-N/L, respectively, in the medium. Following exposure to
Fe304 NPs for 20 mins, the intracellular concentrations of ammonium
and nitrite increased to ~5.2 and ~0.89 mg-N/L, respectively, both
significantly higher than the corresponding values (~3.9 and ~0.72 mg-
N/L) in the control (p < 0.05). However, extending the exposure dura-
tion to 40 mins did not further elevate the intracellular concentrations of
ammonium and nitrite. On the other hand, AnGS treated with Fe304 MPs
showed similar intracellular ammonium and nitrite concentrations to
the control, indicating MPs were ineffective in enhancing substrate
accessibility for anammox bacteria within AnGS.

2.4.2. Mass transfer performance of AnGS

To gain insight into the effects of FegO4 particles on substrate
transfer, the spatial distribution of fluorescent microbeads in AnGS
under Fe3O4 particle exposure (200 mg Fe3O4/L) was tested. At a
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Fig. 3. Transcriptional level of iron transport protein-related genes (A, B) and intracellular iron content (C) in the control, NPs-dosed (200 mg Fe304/L), and MPs-
dosed (200 mg Fe304/L) groups during a run of batch tests. The data of transcriptional level were all normalized based on obtained values in the control group at 2 h.
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Fig. 4. The impacts of Fe304 particles (200 mg Fe304/L) on the concentrations of ammonium (A) and nitrite (B) in the medium and cell after exposure for 20 and 40

mins, respectively.

consistent dosage of fluorescent microbeads, a higher concentration
within AnGS indicates better permeability. After 5 mins of cultivation,
more microbeads were observed on the surface and interior of NPs-
treated AnGS compared to control and MPs-treated AnGS (Fig. 5&S4).
The microbeads intensity in the NPs-treated AnGS was quantified to be
more than twice as high as in the other two groups, demonstrating that
Fe304 NPs notably enhanced mass transfer permeation in AnGS.

The granular permeability was further assessed by measuring the I'
value through settling experiments. A higher I" value indicates better
granular permeability (Mu et al., 2006). The I' value for NPs-treated
AnGS was significantly higher than those of control and MPs-treated
AnGS (p < 0.05) (Fig. S5), confirming the improved granule perme-
ability and substrate accessibility for anammox bacteria.

3. Discussion

3.1. Potential mechanism of the AnGS activity enhancement by Fe3O4
particles

This study investigates two potential pathways through which Fe304
particles enhance AnGS’s activity: enhancing key metabolic enzymes
synthesis and improving substrate accessibility.

Both MPs and NPs increased the SAA of AnGS (Fig. 1). Also, this
study observed a significant increase in the transcriptional activity of
two key enzymes of anammox bacteria, hzs and hdh, in AnGS treated
with FegOy4 particles (Fig. 2a&Db). This is attributed to FegO4 particles
releasing free iron, which could be absorbed by anammox bacteria and
utilized for synthesizing key metabolic enzymes (Wang et al., 2022).
This study observed an increase in heme c content and transcriptional
levels of iron-sulfur protein-related genes in AnGS after Fe3O4 particle
addition (Fig. 2C&S3). Indeed, anammox bacteria rely heavily on

Fig. 5. Distribution of fluorescent microbeads in sections of AnGS. A-C: NPs-dosed (200 mg Fe304/L); p-F: the control group. The size of fluorescent microbeads was

~1 pm.
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iron-containing cofactors like heme ¢, iron-sulfur clusters, and
iron-nickel proteins within their anammoxosome (Ferousi et al., 2017).
The released iron was used by anammox bacteria, increasing the intra-
cellular iron content (Fig. 3), thereby enhancing their metabolic activity
and the performance of AnGS. However, AnGS treated with NPs and MPs
showed similar intracellular iron content while different SAAs. Thus, the
explanation of additional free iron only partially accounts for the effects
of Fe3O4 NPs.

This study, for the first time, proposed another potential mechanism
of enhancing the performance of AnGS by Fe3O4 NPs, i.e. increasing the
substrate accessibility. The Fe3O4 NPs-dosed AnGS had higher tran-
scriptional activities in most genes related to ammonium and nitrite
transporter, compared to those of MPs-dosed and control groups
(Fig. S6). Also, the AnGS receiving Fe3O4 NPs had significantly higher
intracellular ammonium and nitrite concentrations than the other two
groups (Fig. 4). These results suggested that Fe304 NPs addition mark-
edly increased the anammox bacterial substrate obtain rate (Bagchi
et al., 2016). Moreover, fluorescent microbeads tracer and settling ex-
periments tests together showed that NPs enhanced the substrate
permeability of AnGS, increasing substrate accessibility for intra-
granular anammox bacteria.

Indeed, the pore sizes investigated in this study ranged from 1 to 50
pm in the surface layer of AnGS. These small pores exhibit high capillary
resistance, leading to poor substrate permeability and insufficient
accessibility for inner anammox bacteria (Xu et al., 2021a). FegO4 par-
ticles at ~50 nm could penetrate these granular pores and migrate to the
solid-liquid interface (Fig. S7). The strong Brownian motion of NPs at
this interface could reduce friction resistance between water and pores,
promoting the boundary slip and enhancing water permeability-a
typical nanofluids effect (Yu et al., 2015; Fu et al., 2021). This effect
could reduce capillary resistance in the surface layer of AnGS, facili-
tating substrate permeability and accelerating ammonium and nitrite
transfer rates into granular interior, enhancing the metabolic activity of
anammox bacteria within AnGS (Fig. 6).

Overall, Fe304 NPs induced significantly greater SAA and metabolic
activity increments than Fe3O4 MPs, despite similar intracellular iron
content. Thus, the nanofluids effect induced by Fe304 NPs was likely the

.. Fe304NPs

Water Research X 25 (2024) 100260

primary reason for enhancing AnGS performance.
3.2. Significance of this work

Anammox bacteria have been widely used for removing nitrogen
from various wastewater sources. To enhance their adaptation to diverse
engineering environments, enriching anammox bacteria in granule (i.e.
AnGS) is frequently recommended (Tang et al., 2011). However, the
AnGS activity is often limited due to the lack of essential materials (e.g.
iron) for the synthesis of key metabolic enzymes, and the inefficient
substrate transfer (Xu et al., 2021a; Dong et al., 2023). This study first
elucidated how Fe3O4 NPs enhance performance of AnGS, revealing that
they enhance the synthesis of key enzymes and induce a nanofluids ef-
fect, with the latter being primary reason for SAA enhancement. The
discovery of nanofluids effect in this study opens new avenues for un-
derstanding impacts of NPs on granular systems, beyond just AnGS.
Moreover, the effects of Fe304 NPs on anammox sludge bed reactor will
be further investigated. The obtained optimal dosage and frequency can
be applied to guide the promotion of the nitrogen removal performance
of anammox reactors.

If Fe304 NPs can induce a nanofluids effect, it raises the question of
whether other NPs can have similar effects. However, many studies have
reported adverse effects of some NPs on AnGS (e.g., silver, CuO, and
ZnO) (Zhang et al., 2017b; Peng et al., 2019; Zhao et al., 2019). For
instance, Zhao et al. (2019) observed a reduction in anammox activity
by 18.4%, 35.5%, and 50.4% when exposed to ZnO NPs for 24 h at
concentrations of 5, 50, and 150 mg ZnO/L, respectively. Both dosed
NPs and released zinc cations can penetrate into granules, increasing
reactive oxygen species and thereby reducing the viability of anammox
bacteria. In contrast to the release of toxic heavy metals (e.g. Zn?>* and
Cu®") from some NPs, Fe304 NPs release Fe™ and Fe®', which are
heavily required by anammox bacteria for synthesizing essential
iron-containing cofactors (Ferousi et al., 2017). Thus, we hypothesize
that while dose of other NPs may also induce nanofluids effect, bringing
more substrate to intergranular anammox bacteria, the synchronous
penetration of toxic heavy metals into granules could prove lethal for the
anammox bacteria. However, future studies are needed to confirm this
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hypothesis.
4. Conclusions

In this study, the effects of Fe3O4 particles on the performance of
AnGS were comprehensively investigated and the underlying mecha-
nism was revealed. The major conclusions include:

1) Dosing Fe304 NPs and MPs with 200 mg Fe304/L both significantly
increased the SAA of AnGS, while the former exhibited the stronger
effectiveness in enhancing anammox activity within AnGS.

2) Both Fe304 NPs and MPs could release the free iron, which was then
utilized by anammox bacteria to promote the synthesis of key
metabolic enzymes, thereby increasing their activity.

3) The induced nanofluids effects of Fe304 NPs improved substrate
permeability and increased substrate accessibility to intragranular
anammox bacteria, which was identified as the primary mechanism
through which Fe304 NPs enhanced anammox activity within AnGS.

Overall, these findings open the new avenue for understanding the
impacts of nanoparticles on granular sludge systems, extending beyond
AnGS alone.

5. Materials and methods
5.1. Anammox granular sludge and Fe304 particles

The AnGS used in this study was collected from a long-term operated
lab-scale expanded granule sludge bed (EGSB) reactor (Figure S8A),
which was operated for over two years with a stable nitrogen loading
rate (NLR) and nitrogen removal rate (NRR) of ~9.9 and ~8.9 kg—N/mg/
d, respectively. The concentrations of volatile suspended solids (VSS)
and the ratio of VSS to total suspended solids (TSS) of the enriched AnGS
were ~16.9 g/L and ~0.86, respectively. According to previous study
(Xu et al., 2021a), the granular mass transfer was weakened with the
increase of size. Specifically, when size of AnGS exceeds 2.0 mm, its
permeability almost disappeared due to the denser surface layer and
smaller pore sizes. Thus, to highlight the effect of Fe3O4 particles on
granular mass transfer capacity, AnGS with the size over 2.0 mm
(accounted for the proportion of over 65% in volume) was selected for
the following tests (Figure S8B).

Fe304 particles with purity of 99.5% were purchased from Aladdin
Reagent (Shanghai, China). The size of Fe304 NPs and microparticles
(MPs) was ~50 nm and ~60 pm, respectively. To avoid the aggregation
of Fe3O4 particles, the stock solution, with a concentration of 2.0 g
Fe304/L, was prepared following the methods reported in literature (Xu
et al., 2020).

5.2. Determinations of SAA under different exposure of FesO4 particles

Batch tests, in triplicate, were performed to investigate the effects of
different concentrations (50, 100, 200, and 500 mg Fe304/L) of Fe304
NPs and MPs on SAA of AnGS. For each batch test, about 8.0 g wet AnGS
was collected and washed with 0.1 M phosphate buffer solution three
times. After that, the clean AnGS was added to a 500 mL serum bottle,
along with the medium solution (Table. S1). Subsequently, a certain
amount of FegO4 particles stock solutions (2.0 g Fe304/L) were dosed
into the serum bottles to increase the Fe3O4 concentration to the pre-
designed levels. Afterwards, the serum system was sparged with a
mixed gas of CO, and argon for 20 mins to remove the oxygen within the
system. Following this, 1.0 mL ammonium stock solution ((NH4)2SO4 of
20.0 g-N/L) and 1.0 mL of nitrite stock solution (NaNO3 of 24.0 g-N/L)
were added to the bottle to elevate the initial ammonium and nitrite
concentrations to ~50 and ~60 mg-N/L, respectively. The batch re-
actors were mixed by a sharker at a speed of 180 rpm. The tests were
performed at a temperature of about 35 °C. Each test lasted for 6 h,
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during which 1.0 mL mixed liquid were collected hourly for the deter-
mination of concentrations of ammonium, nitrite, and nitrate. The SAA
was determined as the volumetric total nitrogen (the sum of ammonium,
nitrite, and nitrate) consumption rate that was determined by linear
regression of total nitrogen concentrations obtained from the batch as-
says. The control group was set without the addition of Fe304 particles.

5.3. Determination of intracellular and extracellular substrate
concentrations

AnGS (1.0 g, wet) was collected and transferred into a serum bottle,
along with medium solution of 45 mL (Table. S1). Afterwards, 5 mL of
Fe304 particles stock suspensions (2.0 g Fe3O4/L) were added into the
medium, achieving a concentration of ~200 mg Fe3O4/L. After that,
0.125 mL ammonium stock solution ((NH4)2SO4 of 20.0 g-N/L) and
0.125 mL of nitrite stock solution (NaNO; of 24.0 g-N/L) were added to
the bottle to elevate the initial ammonium and nitrite concentrations to
~50 and ~60 mg-N/L, respectively. The mixed liquid was mixed in a
shaker at a speed of 180 rpm at 35 °C. A liquid sample of 1.0 mL was
collected after cultivation for 20 mins and 40 mins, respectively, for the
determination of the extracellular ammonium and nitrite concentra-
tions. AnGS of 0.2 g was collected to determine the intracellular
ammonium and nitrite concentrations. In detail, the collected AnGS was
broken and crushed by a glass grinder and subsequently treated by an
ultrasonic cleaning machine (KUDOS, Shanghai) with the ultrasonic
power at 0.1 W/cm? for 2 mins. After that, the solution was centrifuged
at 8000 g for 10 mins to remove the supernatant and resuspended to
0.9% NaCl solution to obtain the bacterial suspension. Afterwards, the
bacterial suspension was washed with 0.9% NacCl solution three times
and then passed through a high-pressure (60 MPa) homogenizer. The
ammonium and nitrite in the cell-free extracts were solubilized through
adding an 0.1 M HCl stock solution. Following this, the cell-free extracts
were centrifuged at 8000 g for 5 mins. Finally, the ammonium and ni-
trite concentrations in the supernatant were determined and calculated
(Tan et al., 2022). The control group was set without the Fe3O4 particles
dose. Each test was performed in triplicate.

5.4. Determination of anammox granular permeability

Fluorescent microbeads (Thermo Fisher, USA) tracer experiments
were applied to evaluate the permeability mass transfer of AnGS
(Billings et al., 2015). The spatial distribution of fluorescent microbeads
with the diameter of 1 pm (F8851) in AnGS with/without the dosing of
Fe304 particles was investigated. In detail, 1.0 g wet AnGS was trans-
ferred into a 50 mL centrifuge tube and then washed three times with
0.9% NaCl solution. After that, the clean AnGS was mixed with 18 mL
0.9% NaCl solution, 2 mL FegO4 particles stock suspensions and 50 pL
fluorescent microbeads dye that was diluted by 10 times. After culti-
vated for 5 mins in a shaker at a speed of 180 rpm at room temperature
(25 °C), the AnGS with the same size was collected and washed three
times with 0.9% NacCl solution in the dark. After that, the AnGS was
cryo-sectioned into slices with a thickness of 20 pm by a freezing
microtome (SHARDON ORYTOME FE, USA). In doing so, the slices were
observed, and the intensity of microbeads was detected by a laser
scanning confocal microscopy (LSM780, Zeiss, Germany) under the
excitation/emission wavelength of 580/605 nm. The I' value of AnGS
was determined using settling experiments. The fluid can pass through
the granules when I is greater than 1, which indicates the AnGS has the
permeability. While it cannot pass through the granules when I is less
than 1. The detailed process was shown in Text. S1.

5.5. RNA extraction and meta-transcriptomics analysis
During the batch test, the AnGS was collected at 2 h and 4 h,

respectively, for the meta-transcriptomics analysis. Total RNAs of
biomass samples were extracted using the PNeasy PowerBiofilm Kit
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(Qiagen, Dusseldorf, German). The RNA concentrations and purity were
then quantified with NanoDrop2000 (Thermo Fisher Scientific, U.S.).
After that, rRNA of total RNAs was removed using the Ribo-zero Mag-
netic kit (Epicentre, an [llumina® company). cDNA libraries were con-
structed using a TruSeq™ RNA sample prep kit (Illumina, U.S.). The
barcoded libraries were paired-end sequenced on the Illumina Hiseq
2500 platform at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,
China), using the HiSeq 4000 PE Cluster Kit and HiSeq 4000 SBS Kits. All
raw Illumina sequence data were submitted to the NCBI under accession
number of PRINA1114917. The detailed meta-transcriptomics analysis
was described in Text. S2.

5.6. Chemical analysis

The ammonium, nitrite, nitrate, and VSS concentrations were
examined according to the standard methods (APAH, 2017). The
intracellular iron contents were determined by the inductively coupled
plasma-mass spectrometry (ICP-MS, PerkinElmer Optima 7300 DV,
USA) (Jiang et al., 2020). In detail, the sampled AnGS was broken and
crushed by a glass grinder and the crushed AnGS was then treated by an
ultrasonic cleaning machine (KUDOS, Shanghai) with the ultrasonic
power at 0.1 W/cm? for 2 mins. After that, the solution was centrifuged
at 8000 g for 10 mins to remove the supernatant and resuspended to
obtain the bacterial suspension. Afterwards, the intracellular iron con-
tent was determined after the mixed-acid digestion (Zhang et al.,
2017a). The heme ¢ content of AnGS was determined according to the
procedures reported in literature (Kang et al., 2020).

5.7. Statistical analysis

The error bars in this study represented the standard deviation from
the three biological replicates. The statistical significance of the data
between multiple groups was determined with one-way analysis of
variance. The different letters between groups considered statistically
significant (p < 0.05). The SPSS 22.0 software was employed for all
statistical analysis.
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