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The development and application of anammox-based nitrogen removal technology is thought to have the

potential to boost the evolution of wastewater treatment to a more sustainable model. However, due to

the long doubling time and vulnerability to the varying operating conditions of anammox bacteria, the

actual application of this technology remains restrained. Nanomaterials have been proposed as external

suppliers to stimulate the activity of anammox bacteria. To date, although there are lots of experimental

results, the actual effects relating to different types of nanomaterials still remain unclear. Moreover, besides

artificially added nanoparticles, anammox may be inhibited by nanomaterials released during the use of

nanotechnology products. Addressing the above challenges requires a better understanding of the

performance, fate, and mechanism of interaction between various nanomaterials and anammox bacteria.

Herein, this review describes the effects of various engineered nanomaterials on the nitrogen removal

performance and metabolic properties of anammox bacteria. Also, the intoxication routes of nanomaterials

and the detoxification mechanisms of anammox are analyzed and discussed. Finally, future development

trends and research directions in this field are proposed.

1. Introduction

With the rapid development of industrial and agricultural
production, human activities have a huge impact on the
natural environment,1 which causes an imbalanced nitrogen
circulation and leads to the accumulation of various nitrogen
compounds (NH4

+, NO2
−, NO3

−, etc.).2 The excessive nitrogen
content in water deteriorates its ecological environmental
quality and brings serious damage to aquatic animals and
plants.1 Also, it has a harmful influence on drinking water
hygiene and food safety, causing huge economic losses for
the country and public.3 Therefore, remediation of nitrogen-

polluted water bodies is essential. Currently, a biological
nitrogen removal process is still the most cost-effective and
widely applied technology worldwide.4 Although conventional
nitrification–denitrification-based processes are efficient for
nitrogen removal, intense aeration during the nitrification
stage and supply of adequate organic carbon during the
denitrification stage is still required. In the past few decades,
with theory breakthroughs and technology advances, a new
autotrophic nitrogen removal process represented by
anaerobic ammonium oxidation (anammox) has gradually
entered the public's vision.

Anammox bacteria are widely found in a variety of natural
environments, accounting for 9–40%, 4–37%, and 50% of
nitrogen loss in oceans, inland lakes, and agricultural soils,
respectively.5 They are able to use NH4

+-N as an electron
donor to reduce NO2

−-N and then drive nitrogen removal
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under an anaerobic environment.6,7 Benefiting from the
advantages of no carbon requirement, less sludge yield, and
reduced aeration demand, this is considered to be the most
economical biological nitrogen removal technology.8,9 The
operating cost is only about half of the traditional
nitrification and denitrification process, showing a very
attractive application prospect.10 In 2002, the first full-scale
anammox facility was built in the Netherlands, with a
volumetric nitrogen removal rate of 9.5 kg N m−3 d−1.11 The
development and application of the anammox process is
thought to possibly boost the evolution of wastewater
treatment to a more sustainable paradigm. However, due to
the long doubling time and vulnerability to the varying
operating conditions of anammox bacteria, the practical
application of this technology remains challenging.

As the most promising materials in the 21st century,
engineered nanomaterials (ENMs) have been widely used in
various fields.12 Compared to the $3.4 billion in 2014, the
global market value of ENMs is expected to reach $11.8
billion by 2025.13 During the manufacturing, transportation,
and application processes, engineered nanoparticles (ENPs)

will inevitably be released into the environment and finally
end up in wastewater. It has been confirmed that many ENPs
have certain toxic effects on bacteria, algae, mammals, etc.14

As a consequence, the anammox process may also be
inhibited when treating ENM-containing wastewater. Besides
the potential toxic effects, nanomaterials have been proposed
as alternative external suppliers to stimulate the activity of
anammox bacteria. To date, although there are lots of
experimental results, the actual effects between different
types of nanomaterials still remain inconsistent. Addressing
the above challenges requires a better understanding of the
performance, fate, and mechanism of interaction between
various nanomaterials and anammox bacteria.

Herein, the aim of this work is to review the existing
literature about the impacts of nanoparticles on the
anammox process. Also, the interaction between ENPs and
anammox bacterial metabolism will be summarized. Finally,
the future development trends and research directions are
proposed.

2. Impacts of ENMs on anammox
bacterial activity

According to the recently redeveloped Nanotechnology
Consumer Products Inventory, metal and metal oxide
nanoparticles are the two most widely used ENMs, and
account for 37% of the total global nanoproducts.15,16 In
addition, carbon-based nanomaterials are another type of
ENM that has been extensively applied.17,18 The
physiochemical properties of different nanomaterials vary
with the size, shape, chemical composition, surface structure,
and aggregation characteristics. Therefore, they may exhibit
variant influences on anammox bacteria. The majority of
studies on the toxic effect of ENMs were conducted by
changing either the ENP dosage or exposure time (Table 1).
In the following sections, we will discuss how ENPs affect the
treatment performance of the anammox-based wastewater
treatment system.

Bao-Cheng Huang

Dr. Bao-Cheng Huang received
his En.D. degree at the University
of Science and Technology of
China in 2018. Before that, he
obtained bachelor's and master's
degrees at Zhejiang Gongshang
University. Currently, he is an
assistant research fellow at
Hangzhou Normal University.
His research work focuses on
sustainable wastewater
treatment technology
development and evaluation, and
functionalized material design

for environmental remediation applications.

Ren-Cun Jin

Prof. Ren-Cun Jin received his
PhD degree from Zhejiang
University in 2007 and he then
joined the Hangzhou Normal
University as faculty. He has
worked as a postdoctoral fellow
at Zhejiang University since 2009.
Currently, he is a full professor in
environmental engineering. His
research interests include water
pollution control and
environmental biotechnology. To
date, he has published about 120
peer-reviewed papers and

completed research for several national-level projects.

Gui-Feng Li

Gui-Feng Li is currently a
master's student at Hangzhou
Normal University. She works on
water pollution control
technology development,
especially anaerobic ammonium
oxidation-based nitrogen removal
technology applications.

Environmental Science: NanoCritical review



Environ. Sci.: Nano, 2019, 6, 3501–3512 | 3503This journal is © The Royal Society of Chemistry 2019

Table 1 The effects of different types of ENPs on anammox-based biological nitrogen removal systems

Nanoparticle
type

Conc.
(mg L−1)

Reactor
type

Sludge
concentration
(g VSS L−1)

Experimental
duration

Detailed changes in bacterial activity and bioreactor
performance Ref.

Cu 0.5, 1, 5 UASB 16.3 180 d Under the stress of 5.0 mg L−1 CuNPs, the denitrification
capacity of the anammox reactor was substantially lost within
30 days. The relative abundance of anammox bacteria (Ca.
Kuenenia) is significantly reduced

19

0–30 EGSB 1.5 a 0.5 mM CuNPs decreased the NAA to 82.9%. CuNP are toxic to
anammox mainly by the release of Cu2+ ions (uncomplexed
ions)

20

1 SBR 6.66 Short-term: 4
h

Short-term exposure to CuNPs suppressed anammox sludge
activity by 13.3%. After long-term exposure, the effluent
ammonia and nitrite concentrations increased, and the ARE
and NRE decreased to 33.4% and 26.6%, with TNRE and NRR
of 28.3% and 0.33 kg m−3 d−1, respectively

21

Long-term:
65 d

0.87, 4.37,
8.75, 43.75,
87.5, 175

Serum
flasks

3 24 h No significant difference in anammox activity was observed
between the control and the test containing 0.25 mg g−1SS of
CuNPs. However, the inhibitory effect of CuNPs on anammox
activity was significant at a load of 1.25 mg g−1SS and was
extremely significant at higher loads

22

CuO 1 SBR 6.66 Short-term: 4
h

1 mg L−1 CuONPs induced immediate and durable toxicity on
anammox. Short-term exposure to CuONPs suppressed
anammox sludge by 30.2%. Long-term exposure to CuONPs
decreased the TNRE from 71% to 2.3% and the anammox rate
from 2.76 to 0.13 mg h−1 g −1 VSS

21

Long-term:
65 d

0.87, 4.37,
8.75, 43.75,
87.5, 175

Serum
flasks

3 24 h CuONPs at up to 50 mg g−1 SS did not significantly affect
anammox activity

22

5–500 Serum
bottles

1 24 h CuONPs did not impose inhibition on anammox biomass under
the tested concentration ranges

23

1 SBR 3.3 190 d The NRE, NRR, and anammox bacterial abundance decreased
from 71% to 2.3%, 2.76 to 0.13 mg h−1 g−1 VSS, and 7.99% to
2.57%, respectively

24

ZnO 5, 10, 20, 50,
100

UASB 1 24 h A significant inhibition occurred under ZnONP stress of 5–100
mg g VSS−1. The IC50 of ZnONPs was found to be 11.6 mg g
VSS−1. The released zinc ions from ZnONP dissolution were
confirmed to be the main mechanism of inhibition on
anammox activity

23

1, 5, 10 UASB 20.1 150 d The introduction of 1–5 mg L−1 ZnONPs did not affect reactor
performance, but 90% of the nitrogen removal capacity was
deprived by a shock of 10 mg L−1 ZnONPs within 3 days

25

0.87, 4.37,
8.75, 43.75,
87.5, 175

Serum
flasks

3 24 h ZnONPs at up to 50 mg g−1SS did not significantly affect
anammox activity

22

Ag 0.87, 4.37,
8.75, 43.75,
87.5, 175

Serum
flasks

3 24 h AgNPs at up to 50 mg g−1SS did not significantly affect
anammox activity

22

1, 10, 50 UASB 20 120 d The gradually increased stress of AgNPs showed no adverse
effects on the nitrogen removal performance and the relative
abundance of Ca. Kuenenia

26

1, 10 USFCWs — 60 d TN removal was not obviously affected under exposure of 1 mg
L−1 AgNPs; functional genes related to cell biogenesis and repair
were up-regulated; 10 mg L−1 AgNPs would have an inhibiting
effect on TN removal in the USFCWs

27

NZVI 1, 5, 10, 20,
50, 200

UASB 12 130 d The NRE of the continuous-flow reactor fluctuated in the
presence of 20 or 50 mg L−1 NZVI, but it could return to normal
over time, even at 200 mg L−1 NZVI

28

0.00004–5 SBR — 310 d ARR and NRR showed 58% increase in daily measurements and
73% increase in instant measurements. Intermittent dosage of
low concentration NZVI was more efficient in increasing the
metabolic activity of anammox bacteria

29

5260 UASB 1.8 150 d The start-up time of the anammox bioreactor shortened by
about 16.7% and 33.3% due to the presence of MZVI and NZVI

30

MnO2 1–200 UASB 19.2 175 d 200 mg L−1 MnO2NPs had a significantly positive effect on
nitrogen removal with a 93.1% TNRE; the specific anammox
activity was enhanced up to 1.6-fold higher than that of the
reactor in the absence of MnO2NPs

31
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2.1 Metal ENPs

Cu, Ag, and Fe are the three most widely studied metal ENPs
in the anammox system and it was found that the anammox

bacteria were more sensitive to CuNP stress. Zhang et al.19

showed that addition of 0.5–1.0 mg L−1 CuNPs had a
negligible influence on the anabolic and catabolic processes
of anammox. However, apparent effluent NO2

− accumulation

Table 1 (continued)

Nanoparticle
type

Conc.
(mg L−1)

Reactor
type

Sludge
concentration
(g VSS L−1)

Experimental
duration

Detailed changes in bacterial activity and bioreactor
performance Ref.

NiO 2, 5, 10, 30, 60 UASB — 180 d Lower concentrations of NiONPs (≤10 mg L−1) were beneficial
for the nitrogen removal performance whereas higher NiONP
concentrations (10–60 mg L−1) displayed an inhibitory effect on
the anammox granules

32

Maghemite 1, 5, 10, 20,
50, 200

UASB 12.0 130 d Long-term addition of 1–200 mg L−1 MHNPs had no adverse
effects on reactor performance while the specific anammox
activity, hydrazine synthase structural gene abundance and
extracellular polymeric substance content were increased with
elevated MHNP concentrations

33

SiO2 1, 50, 200 UASB 20 90 d No visible effect on the nitrogen removal performance was
observed; the HzsA abundance in the samples treated with 200
mg L−1 SiO2NPs was higher than that of the control

34

Al2O3 1, 50, 200 UASB 20 90 d No visible effect on the nitrogen removal performance was
observed; 200 mg L−1 Al2O3NPs stimulated HDH activity by
approximately 0.5-fold

34

CeO2 1, 50, 200 UASB 20 90 d No visible effect on the nitrogen removal performance was
observed

34

TiO2 1, 50, 200 UASB 20 90 d No visible effect on the nitrogen removal performance was
observed; 1 mg L−1 TiO2NPs significantly stimulated the SAA of
anammox sludge

34

1 SBR 3.3 190 d The NRE, SAA, and bacterial abundance decreased from 71% to
14.0%, 2.76 to 0.75 mg h−1 g−1 VSS, and 7.99% to 2.61%,
respectively

24

Fe3O4 1, 10 USFCWs — 61 d Fe3O4NPs showed acute toxic effects and inhibited anammox
nitrogen removal; its toxic effects increased with concentration
increase; with the increase of operation time, acute inhibition
of Fe3O4NPs gradually disappeared; Fe3O4NPs could improve TN
removal on long-term exposure

35

CNTs 10–500 Serum
bottles

1 24 h CNTs did not impose inhibition on anammox biomass over the
tested concentration range

23

GO 50–100 Serum
bottles

0.35 42 h A maximum 10.26% increase of anammox activity was achieved
at 0.1 g L−1 GO

36

0, 50, 100,
150, 200

Serum
vials

2.02 4 h The optimal dose of 100 mg L−1 GO could enhance the TN
removal rate by 17.2%

37

RGO 100 Upflow
column
reactors

4.92 107 d The average NRR reached about 698 g TN m−3 d−1, which was
11.9% higher than that of the control

38

100 Upflow
column
reactors

4.96 70 d The start-up period of the anammox bioreactor with RGO
addition could be shortened from 67 to 49 days. The anammox
reactor with RGO addition possessed relatively higher anammox
bacteria activity and better stability

39

0, 25, 50, 75,
100, 150, 200

Serum
vials

2.02 4 h When the RGO concentration increased to 200 mg L−1, the HDH
activity was about 1.75-fold as high as that of the control. The
RGO with much higher concentration did not exhibit an
inhibition effect but only showed an “up-flat” trend

37

15, 25, 50, 75,
85

Anaerobic
vials

0.8 7 h 15 mg L−1 could stimulate the anammox activity by 28% at 13
°C, but concentrations above 40 mg L−1 caused inhibition

40

15 SBR 0.83 316 d RGO can stimulate anammox activity by up to 17% through two
factors: bacterial growth stimulation, which was especially
significant at higher temperatures (>15 °C), and an increase of
the anammox reaction rate, which occurred only below 15 °C

41

Note: /, not provided; UASB, up-flow anaerobic sludge blanket; EGSB, expanded granular sludge bed reactor; SBR, sequencing batch reactors;
USFCWs, unplanted subsurface-flow constructed wetlands; ARE, ammonia removal efficiency; NRE, nitrite removal efficiency; TNRE, total
nitrogen (TN) removal efficiency; NRR, nitrogen removal rate; IC50, the half inhibitory concentration. a Assays were provided with electron
acceptor and donor feeds when the expected N2 concentration was reached in the headspace. Anammox activities obtained from the second
feeding were used to calculate the toxicity effect of CuNPs.
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would occur when the CuNP concentration increased to 5.0
mg L−1. The nitrogen removal efficiency (NRE) was only
30.5%. Thereafter, the reactor performance deteriorated
rapidly over time and the specific anammox activity (SAA) of
the granules was significantly inhibited by 90.9%.42 After
exposure to 5.0 mg L−1 CuNPs for about one month, the
reactor almost lost all of its nitrogen removal capacity. Most
of the Cu was found to be enriched in the anammox
granules, with a content of 5.50 ± 0.46 mgCu g−1 SS.42 In
comparison, AgNPs were found to be less-toxic. It was
observed that the presence of AgNPs at ≤50 mg L−1 showed
no adverse effects on the anabolic and catabolic processes of
anammox bacteria.26

The impact of nanoscale zero-valent iron (NZVI) on
anammox granular sludge has also been investigated. A
previous study showed that NZVI at concentrations of 1, 5,
10, 20, 50, and 200 mg L−1 had no significant effect on the
anammox activity during short-term 24 h exposure. Both the
reactive oxygen species (ROS) and lactate dehydrogenase
(LDH) levels were within minor variations.28 The long-term
nitrogen removal performance of anammox granular sludge
under a low concentration of NZVI stress did not change
significantly. Once the NZVI dosage increased to 20 mg L−1,
the NRE dropped but gradually recovered thereafter. A
similar phenomenon could be observed when the NZVI
concentration increased to 50 mg L−1. An enhanced
adaptability of anammox bacteria to NZVI stress could be
observed during this process.28 Due to the activation effect of
NZVI, it may be favored by anammox bacteria to resist the
adverse environment. Under substrate limitation conditions,
i.e., mainstream treatment of municipal wastewater, Erdim
et al. found that NZVI was beneficial for reactor performance
improvment.29 The impact of NZVI on anammox metabolism
was largely dependent on the exposure time and dosing level
and based on this, intermittent addition of low
concentrations of NZVI was effective in enhancing the activity
of anammox bacteria under mainstream conditions. In
addition, short-term dosing of NZVI was found to be able to
quickly restore anammox activity from 2 mg L−1 oxygen
inhibition.43 What's more, the presence of NZVI significantly
shortened the start-up time of the anammox bioreactor by
approximately 1/3.30

2.2 Metal oxide ENPs

The toxicity of metal oxide ENPs is different from that of
metal ENPs. For instance, it was found that under 5 mgCu
L−1 exposure stress, the inhibition of CuONPs on anammox
performance was less significant than that of CuNPs.42 The
activity of 2,3,5-triphenyltetrazoilum chloride-dehydrogenase
was inhibited by 95% with CuNPs while this value was only
15% with CuONPs. A decrease in dehydrogenase activity and
SAA by 9% and 49% was respectively observed when the
CuONP dosage increased to 160 mg L−1. The release of CuĲII)
from NPs has a good correlation with the change of
anammox performance. The Cu content in the granules

increased from 1.30 ± 0.03 mgCu g−1 SS (5 mgCu L−1

CuONPs) to 32.4 ± 2.4 mgCu g−1 SS (40 mgCu L−1 CuONPs)
and then remained constant even when the CuONP dosage
further increased to 160 mg L−1. In comparison, 10 mg L−1

ZnONPs was found to depress the nitrogen removal capacity
of the anammox reactor by nearly 90% in 3 days.25 Another
study showed that short-term exposure to 5, 50, and 150 mg
L−1 ZnONPs would result in a reduction of SAA by 18.6%,
41.4%, and 64.0%, respectively.44 The production of
intracellular ROS rather than cell rupture might be the
reason causing the microbial activity decline.44

In addition to the CuO and ZnO, the effects of other metal
oxide ENPs such as magnetite, SiO2, Al2O3, TiO2, CeO2,
MnO2, and NiO on the performance of anammox has also
been studied. The presence of magnetite, SiO2, Al2O3, and
CeO2 ENPs up to 200 mg L−1 dosage had a negligible effect
on the nitrogen removal.33,34 However, low concentration
TiO2NPs (1 mg L−1) showed a significant stimulating effect
on anammox sludge.24 A similar phenomenon were observed
for MnO2NPs and NiONPs. In a long-term experiment, MnO2-
NPs below 200 mg L−1 could enhance the metabolic activity
of anammox bacteria.31,45,46 Thereby, the nitrogen removal
performance of the anammox reactor was greatly improved.
Similarly, dosing NiONPs ≤10 mg L−1 was also found to be
beneficial for reactor performance improvement. However,
an inhibition effect was observed once the NiONP
concentration was higher than 10 mg L−1.32

Besides the dosage amount, the size of the ENPs would
also affect the microbial activity. In a short-term experiment,
CuONPs of 200 nm size (1 mg L−1 dosage) had almost no
effect on anammox performance, while 40 nm CuONPs
showed a significant inhibition (30% inhibition compared to
the control). In the long-term experiment, CuONPs with 40
nm size would cause toxicity to anammox bacteria, as
evidenced by the decrease in SAA from 0.63 to 0.2 kg m−3 d−1.
In comparison, the SAA of sludge that was treated with 200
nm CuONPs decreased to 0.43 kg m−3 d−1.47 The above
results implied that the potential toxicity of ENPs with
smaller size on anammox sludge was higher.

2.3 Carbon-based ENPs

Benefiting from structural richness, superior mechanical and
electronic properties, and environmental benignity, carbon-
based ENPs have been widely applied in wastewater
treatment processes.48–50 Graphene, as a new carbon-based
nanomaterial, has attracted increasing research interest since
it was first deposited through mechanical exfoliation in
2004.51–53 Graphene oxide (GO) and reduced graphene oxide
(RGO) are two graphene derivatives. Supplying GO into the
anammox system results in an SAA activity improvement. For
example, the nitrogen removal performance increased by
10.26% after addition of 0.1 g L−1 GO.36 The study conducted
by Qiao and coauthors observed a similar phenomenon.38

RGO was also able to improve the anammox bacterial
activity. Batch experiments showed that the optimal dose of

Environmental Science: Nano Critical review
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100 mg L−1 RGO could increase the total NRE by 17.2%.37

The activities of hydrazine hydrolase, nitrite reductase and
nitrate reductase were stimulated by 0.70–2.75 times under
different RGO dosages. In addition, in vitro tests revealed that
RGO could restore hydrazine hydrolase activity more
efficiently than exogenous coenzyme Q, implying that RGO
showed better electron transfer ability than coenzyme Q.
Another study conducted by Yin et al.39 demonstrated that
100 mg L−1 RGO could accelerate the start-up of the
anammox reactor. Tomaszewski et al.40 evaluated the
possibility of applying RGO as an additive to support the
anammox metabolism at low temperatures. The results
showed that anammox activity increased by 28% after dosing
15 mg L−1 RGO at 13 °C. However, increasing the RGO dosage
at 20 °C resulted in an inhibition effect. It was speculated
that the optimal dose of RGO in the anammox system should
be within 20–45 mg g−1 VSS. Further long-term experiments
validated that RGO could stimulate anammox activity under
low temperature operating conditions (below 15 °C) by up to
17%.41

Besides the anammox bioreactor, GO was also added into
anammox-based unplanted subsurface-flow constructed
wetlands to explore its feasibility in improving nitrogen
removal performance. It was found that the addition of 1 and
10 mg L−1 GO promoted the total N removal and was
beneficial for the relative abundance improvement of
anammox bacteria.27 In addition to graphene, the impacts of
other carbon-based ENPs, such as multi-walled carbon
nanotubes, on anammox performance were also explored by
Song et al.23 However, no significant change in SAA within
the dosage range from 10 to 500 mg g−1 VSS was observed.

3. Main action pathways of ENMs on
anammox bacteria

The biological toxicity of ENPs is generally associated with
the destruction of cell structure and function.16 The possible
biotoxicity mechanisms of ENPs on anammox are mainly
reflected in cell membrane structure destruction, the
accumulation of toxic intermediates, and metabolic
disruption, as shown in Fig. 1. In fact, the toxicity of certain
ENPs to microorganisms may involve one or more of the
above approaches. Conversely, some ENPs have positive
effects on the activity of anammox, which may facilitate the
engineering application of the anammox-based process.

3.1 Metal ion release

Many studies have shown that the antibacterial mechanisms
of metal-based ENPs under hypoxic or anaerobic conditions
are attributed to the release of toxic metal ions.20 Metal ions
eluted from the ENPs can more easily penetrate into the
intracellular space than the nanoparticles, therefore causing
the toxic effects.44,54 Factors affecting the released metal ion
content include material type, dissolved oxygen, pH, etc.

One of the adverse effects of leached metal ions on
anammox bacteria would be causing the inactivation of key
enzymes. The dissolved metal ions would largely attach to
the cell surface and then penetrate into the cell, causing
the increased accumulation of metal ions in the bacterial
cytoplasm.55 For example, it was observed that more than
90% of leached Cu2+ was contained within the sludge,
rather than the extracellular polymeric substance (EPS) or
effluent.47 The leached metal ions could possibly replace
divalent cations, which are the key active sites of enzymes,
and inhibit the normal metabolism of anammox
bacteria.32,56 As revealed by Zhang et al.,42 the
dehydrogenase activity was greatly inhibited under the stress
of 5.0 mg L−1 CuNPs. Also, the functions of other enzymes
such as nitrite reductase, nitrate oxidoreductase, and
hydrazine dehydrogenase were also influenced after
exposure to SiO2, TiO2, Al2O3, and CeO2 ENPs.34 The
inhibition of hydrazine synthase and hydrazine
dehydrogenase led to the accumulation of toxic
intermediates (NO and N2H4). The presence of CuNPs at
5 mg g−1 suspended solids for 12 hours increased the
concentration of extracellular N2H4 by 16-fold. Under
exposure to 5 mg L−1 CuNPs for one month, N2H4

accumulated rapidly in the reactor, which was 83 times
higher than the normal level.42 There were also a series of
side effects such as a lack of electrons for ATP synthesis or
strong reduction induced by N2H4 causing intracellular
damage.22 Heme c is an indispensable cofactor for enzymes
such as nitrite reductase, hydrazine synthase, and hydrazine
dehydrogenase.57–60 Its content reflects the abundance of
these key enzymes in a short period of time. After 24 h of
exposure, the heme c content decreased with the increase of
ZnONP concentration, indicating that the viability of

Fig. 1 The fates of metal-based ENPs in the anammox system,
including dissolution, extracellular adsorption, transmembrane
transport, and intracellular accumulation.
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anammox bacteria decreased significantly.44 As the
concentration of NiONPs increased to 10 mg L−1, the
anammox activity was gradually inhibited, and the heme c
content was also reduced.32

The released metal ions might also destroy the integrity of
the cell membrane and inhibit the bacterial activity. The
exposure of CuNPs at 5 mg g−1 suspended solids stimulated
the production of lactate dehydrogenase, which is commonly
adopted as an indicator of membrane integrity.27,61,62 The
lactate dehydrogenase content increased significantly under
12.5 mg CuNPs g−1 suspended solids conditions and
continued to increase at higher dosages.22 Previous studies
have shown that the interaction of NPs with cell membranes
is complex, including changing the fatty acid position,
increasing the permeability by physical permeation, or
destroying the cell membrane by redox reaction.63

It is worth noting that the anammox reaction would result
in an alkalinity increase, which may contribute to the
dissolution of ENPs. Secondly, due to ligand exchange or
electrostatic attraction effects, a large amount of ENPs would
aggregate or precipitate on the cell surface, and then interact
with EPS, SMP and even cell membrane functional groups,
resulting in NP corrosion. These two processes can accelerate
or enhance the release of metal ions from NPs.

3.2 ROS accumulation

In most of the previous studies about ENP toxicity, ROS were
identified as one of the main approaches. High level ROS
content will cause oxidative damage to lipids and the cell
membrane,64 induce a series of intracellular reactions, and
then in turn affect normal metabolism of the microbe.42,65,66

ROS can be generated under the stimulation of metal ENPs
or released metal ions.44 Li and coauthors found that adding
1 and 10 mg L−1 of GO resulted in an intracellular ROS
improvement in unplanted subsurface-flow constructed
wetlands.27 In the same system, 10 mg L−1 AgNPs and
Fe3O4NPs also caused a significant increase in ROS.27,35

Another study revealed that ZnONPs cause ROS accumulation
and lead to anammox cell death.44 However, the work
conducted by Zhang et al. indicated a different phenomenon,
that exposing anammox sludge to CuONPs, ZnONPs, AgNPs,
CuNPs and maghemite nanoparticles would not result in
oxidative damage.22,25,26,33 In fact, to avoid it being restrained
by sunlight, the anammox reactor was wrapped with lucifuge
material in most of the studies. Under such anaerobic and
dark conditions, the attainable ROS is limited, which would
reduce the potential oxidative toxicity.61 Future studies on
the ROS accumulation level and its potential toxicity to
anammox bacteria are still warranted.

3.3 Surface oxygen functional groups

Compared to the metal-based ENPs, two-dimensional carbon
ENPs such as RGO showed a different interaction pathway to
anammox bacteria. It was found that RGO can serve as an
electron shuttle, which enables a strong electron transfer

ability and greatly enhances the enzyme activity of anammox
biomass.37 RGO has oxygen functional groups either at the
edge or plane of the graphene sheet. Such surface or edge
defects have high reactivity and are easily oxidized.41 The
above high activity properties may be involved in the
anammox reaction and then stimulate the nitrogen removal
rate. For example, Tomaszewski et al.41 explored the
feasibility of using RGO as an additive to increase the
anammox reaction rate under low temperature. They found
that the RGO was oxidized by the organic medium, which
was involved in the enzymatic reaction of the anammox
process. Divalent calcium ions (electrostatic force) promoted
the adsorption of RGO particles on anammox cells. The
above results implied that the oxygen functional groups
embodied on the surface of carbon ENPs played an
important role during the anammox reaction. However, the
interaction mechanism of RGO and other carbon-based
nanomaterials is still not fully understood and further
research is needed.

4. Mechanism of anammox bacteria
to resist the ENP toxicity
4.1 Increasing EPS excretion

Anammox bacteria were found to tend to excrete more EPS
content than other microorganisms.67–69 ENPs can easily
attach to individual bacteria and microbial flocs through
processes such as biosorption. EPS usually serves as the first
barrier to protect anammox cells from intoxication by ENPs
(Fig. 2).61,70 Herein, as a protective mechanism, bacteria tend
to excrete more EPS when ENPs are present.

It was observed that the EPS content of anammox sludge
increased significantly from 297.5 to 343.0 mg g−1 VSS when
the AgNP exposure increased from 1 to 50 mg L−1. Also,
visualization of AgNPs-EPS by stereoscopic imaging revealed
that large amounts of AgNPs aggregated in the outer layer of
the anammox granules.26 Zhang et al.42 also found that
increasing CuONPs would result in increased EPS
production. Other ENPs such as ZnO and maghemite
exhibited similar phenomena.33,55

The EPS of anammox sludge is mainly composed of
proteins, followed by a small level of polysaccharides.
Although the total EPS content was increased after ENP
exposure, the specific changes in protein or polysaccharide
content were different. For instance, with the increase of
AgNP concentration, the protein content in the EPS increased
gradually, while the polysaccharide content decreased
oppositely.26 The same trend occurred with long-term
exposure of 5–160 mg L−1 of CuONPs.42 Fourier transform
infrared spectroscopy analysis showed that the EPS of
anammox granules was rich in functional groups including
amino groups, carboxyl groups and hydroxyl groups.61,71

Such groups played an important role in the process of
binding metal ions. The carboxyl and the hydroxyl groups
associated with the amino acids could easily form a stable
complex with the metal ion.72
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4.2 Regulating the gene expression

After exposure to ENPs, anammox cells can up- or down-
regulate the abundance of major genes to maintain the
intracellular homeostasis.25 Investigations found that the
gene abundance associated with the Cus, Cop, and Pco
systems was significantly up-regulated when 5 mg L−1 CuNPs
was applied. Cus, Cop, and Pco are the important Cu-related
gene families that are involved in copper-resistant protein
synthesis to eliminate excess copper in cells.19 Under the
stress of 50 mg L−1 AgNPs, the abundance of AgĲI)-exporters
(mainly Ag+ efflux system membrane protein SilA)
significantly increased. The intracellular accumulation of
toxic Ag+ can be alleviated by enhancing the efflux of Ag+.26

Unlike CuNPs and AgNPs, anammox bacteria prevented
excessive iron accumulation in the cells by down-regulating
functional genes associated with iron assimilation and
utilization.19,26,28 However, on exposure to 10 mg L−1 ZnONPs
for 8 days, the NRR of the anammox reactor was still as high
as 7.5 kgN m−3 d−1, indicating that the resistance of the
anammox reactor to ZnONPs is enhanced.25 It was found that
the ZnĲII) transporter, i.e., ZntA, was up-regulated.73 This
result might explain the enhancement in anammox bacterial
resistance. Exposure to 1 mg L−1 AgNPs showed no
significant effect on TN removal, which was mainly due to
the up-regulation of functional genes associated with cell
biogenesis and repair.27

5. Outlook

At present, many studies have been carried out on the
performance and metabolism of anammox bacteria under
exposure to ENPs. Due to the special operating conditions of
the anammox bioreactor (i.e., avoiding sunlight and limited
oxygen), the impact of ENPs on the system might be different
from in other biological processes. However, the actual

mechanisms behind the impact of ENPs on anammox
bacteria have still not been thoroughly studied and future
research is still required.

Firstly, it is necessary to develop highly-sensitive
nanomaterial detection and analysis techniques to track their
fates in the anammox system. Inductively coupled plasma
mass spectrometry combined with size exclusion
chromatography enables the rapid determination of particle
size, mass and compositional element size distribution in
one step.74 This will be a promising approach for the
characterization, quantification, and identification of ENPs
in anammox bacteria. Also, the aggregation and chemical
transformation of ENPs in the anammox bioreactor can be
tracked by coupling the above process with hollow fiber flow
field-flow fractionation.75

Secondly, a deep understanding of the interactions
between ENPs and anammox bacteria is urgently required.
Information on how ENPs adhere to the cell surface is still
limited. Molecular vibrational spectroscopy (Raman and
infrared) imaging technology can directly obtain chemical
and structural morphology information for samples at high
spatial resolution.76,77 Hence, it might be used as an effective
tool to conduct an in-depth study on the interaction between
ENPs and anammox bacteria.

Also, intensive research is needed to reveal the response
and metabolic mechanisms of anammox bacteria under
nanomaterial stress by utilizing integrated molecular biology
techniques. Omics, referring to genomics, transcriptomics,
proteomics, and metabolomics, can be used to explore the
molecular biological variation of bacteria under ENM stress,
since pure strains of anammox bacteria are still
unavailable.78,79 Tang et al.80 used a metagenomics method
to explore the intra- and inter-species communication of the
microbial community during the startup of the anammox
reactor. Zhao et al.81 revealed potential cross-feeding in the

Fig. 2 The extracellular response of anammox aggregates to ENPs.
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anammox system by linking long-term reactor operations,
genome-centered metagenomics, community functional
structures, and metabolic pathway reconstruction. Meng
et al.82 used 16SrRNA sequencing analysis in combination
with iTRAQ-based quantitative proteomics to reveal the
response of microbial communities and functional proteins
to salinity in the anammox system.

Finally, environmentally friendly nanomaterials should be
developed to enhance the efficiency of anammox. Although the
anammox process has apparent advantages, the extremely slow
growth rate of anammox bacteria (doubling time of 10–30 d)
and low cell yield is still an important bottleneck impeding its
wide application.6,83 Various environmental conditions,
including temperature and wastewater composition (e.g., heavy
metals, organic matter, antibiotics, etc.) can greatly affect its
activity, thereby causing bioreactor performance instability.6 To
a certain extent, these internal and external factors may
become potential challenges for the widespread application of
the anammox process. Supplying ENMs, such as GO, RGO, or
NZVI, seems to be beneficial for the operation of the anammox
bioreactor. For instance, NZVI was found to accelerate the
start-up of the anammox bioreactor and be beneficial for
relieving low concentration oxygen inhibition. RGO proved to
be an effective material to resist low temperature inhibition
during the mainstream application of anammox. Although
anammox is efficient in nitrogen removal, excess nitrate is
simultaneously produced, which is unfavorable to effluent total
nitrogen control. Recently, it was found that several bacteria
can dissimilate iron oxidation for nitrate removal,84,85 which
may inspire iron-based ENM development and application.
From a practical application point of view, the synthesis and
fabrication of low-cost ENMs to enhance the activity of
anammox is welcomed.
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