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Nanoscale zerovalent iron (NZVI) is among the most widely used nanomaterials in environmental

applications. With such an increased use of NZVI, there is a need to understand its potential impact on

microorganisms, vital components of various ecosystems. Significant progress has been made in

elucidating the molecular mechanisms underlying NZVI toxicity in model bacteria, while recent research

has shifted toward evaluating its long-term impacts on environmental microbial systems. Herein, we first

revisit a range of studies on NZVI–single microorganism interactions under aerobic and anaerobic

conditions in an effort to make general conclusions regarding the NZVI toxicity mechanism at the cellular

level. Additionally, a comprehensive overview is provided on the effects of NZVI on complex bacterial

consortia in natural aquatic and soil environments, as well as in wastewater treatment systems. Finally, we

discuss future research directions for sustainable and environmentally friendly application of NZVI.

1. Introduction

Nanoscale zerovalent iron (NZVI), which combines the eco-
friendly and high reductive properties of ZVI (Fe(0)) with
enhanced particle reactivity due to its large specific surface
area at the nanoscale, is one of the most widely utilized
materials for wastewater treatment and soil and groundwater
remediation over the past few decades.1 In 1995, Glavee et al.
was the first to synthesize NZVI powder by reducing Fe(II)
ions with borohydride.2 Soon after, in 1997, Wang and Zhang
applied NZVI to transform trichloroethylene and

polychlorinated biphenyls, demonstrating its promising
potential for environmental applications.3 Since then,
numerous research papers and patents have been filed for
practical use of on-site contaminant removal, not just
laboratory-scale fundamental research.4 However, several
shortcomings are identified during its application. NZVI
tends to aggregate and rapidly undergoes surface passivation
in the presence of water or oxygen, which limits its reactivity
and mobility.5 To address these issues, NZVIs with diverse
compositions have been developed. Representative surface
modification materials include metals,6–8 sulfides,9–12 and
polymers13–17 (Fig. 1a), with dozens of different NZVI
compositions currently developed for diverse applications.
Surface-modified NZVIs have been reported to degrade
recalcitrant pollutants through radical generation, enhance
electrical conductivity, and improve mobility within
aquifers.1,5,10,14

From an ecotoxicological perspective, NZVI is a highly
intriguing material, as it is one of the engineered
nanomaterials intentionally introduced into the environment
through well-defined and predictable exposure pathways.18
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Environmental significance

Nanoscale zerovalent iron (NZVI) is one of the engineered nanomaterials intentionally introduced into ecosystems for environmental remediation.
Understanding its interactions with microorganisms and its potential toxicity is essential for sustainable applications of NZVI. Herein, we analyze the
current state of knowledge on the NZVI's impacts at cellular and community levels, showing that while NZVI adversely affects single bacteria, bacterial
communities exhibit compositional and functional resilience, recovering from initial negative effects following its application. This perspective also
emphasizes future research directions focused on environmentally relevant microorganisms in real-world settings to build NZVI application strategies that
balance remediation effectiveness with ecological safety.
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This has driven extensive research into its toxicity, safety, and
persistence in ecosystems.19 Any advancements in NZVI
synthesis or the expansion of their compositional and
structural diversity exert various toxicological impacts on
living organisms.20 For studies regarding NZVIs and their
interaction with microorganisms, bacteria are among the
most important organisms due to their small size and
importance as key players in ecosystem processes. Surface
modification of NZVI with stabilizing or reactive agents can
directly influence the nano-bio interface and microbial
toxicity by altering the surface charge and dissolution of
NZVIs.21–24 Nevertheless, a notable time gap existed between
the synthesis of NZVIs and their ecotoxicological evaluation
in microorganisms (Fig. 1b). For example, while the synthesis
of bimetallic NZVI was reported in 1998,6 its toxicity
assessment was not conducted until the early 2010s.22 In
2014, we compared the bacterial toxicity of bimetallic NZVIs
and bare NZVI, and demonstrated that bare NZVI was more
toxic than Pd/NZVI, which is the most reactive to
contaminants.25 However, in recent years, it has become
evident that the knowledge gap between the two is steadily
shrinking due to the growing interest in nanoparticle toxicity.

Herein, we present a perspective from the key findings
regarding the toxicological effects of NZVI on
microorganisms over the past decade. In addition to
discussing the mechanism underlying NZVI toxicity at
cellular and community levels in various environmental

settings, our perspective suggests future directions of
research in this field.

2. Ecotoxicological impacts of NZVIs

Previous studies assessing NZVI-dependent bacterial toxicity
have primarily utilized just a few, relatively well-
characterized, model organisms. However, more recently,
there has been a push to examine the long-term impacts of
NZVI exposure on the bacterial community structure and
function across ecosystems. This section will carefully
elaborate the underlying mechanisms associated with the
toxicological impacts of NZVIs on both single bacteria and
bacterial communities.

2.1. Toxicity of NZVI on pure cultures

Over the past decade, numerous investigations have
evaluated the toxicity of NZVI on single microorganisms
using in vitro toxicity assays. Most of them confirmed
significant adverse effects on cell viability, growth, membrane
integrity, and biological activity, and the extent of toxicity
differed with the oxygen levels and the specific
microorganisms tested.26

Upon application, NZVIs are exposed to varying oxygen
levels in the environment; for instance, oxygen
concentrations are higher in water than in soil. Oxygen levels
determine the oxidation state of iron, and thereby the means

Fig. 1 (a) Key breakthroughs in the synthesis of NZVIs. (b) Publications on the toxicity of NZVIs to pure bacterial cultures and bacterial
communities based on Web of Science data.
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by which cells acquire it.27 Under aerobic conditions, NZVI
reacts with molecular oxygen to generate various extracellular
reactive oxygen species (ROS) and form a surface oxide layer
(eqn (1)–(4)).28

Fe0 + O2 → Fe2+ + H2O2 (1)

Fe2+ + O2 → Fe3+ + HO2˙/O2
−˙ (2)

Fe2+ + HO2˙/O2
−˙ → Fe3+ + H2O2 (3)

Fe2+ + H2O2 → Fe3+ + OH− + ˙OH (4)

These ROS are likely to engage in uncontrolled oxidation
reactions with cell wall components and, after diffusion, with
intracellular biological molecules (e.g., proteins, lipids, DNA).
This leads to an increase in oxidative damage, adversely
affecting bacterial survival.29,30 The extent of cellular damage
in response to ROS is influenced by the type of
microorganism with different cell wall structures.31–33 A
number of studies comparing the toxicity of bare and
modified NZVIs on Gram-negative (Escherichia coli,
Pseudomonas fluorescens, Pseudomonas aeruginosa) and Gram-
positive bacteria (Staphylococcus aureus, Bacillus subtilis) have
shown that Gram-positive strains are more tolerant to NZVIs
than Gram-negative strains.34–38 Gram-positive bacteria have
a thick, tightly-structured peptidoglycan layer whilst Gram-
negative bacteria have a thin peptidoglycan layer covered by
an outer lipid membrane consisting of lipopolysaccharide
(LPS). ROS can react with both lipids and peptidoglycan, thus
causing structural changes in the cell envelope. However, the
outer membrane of Gram-negative bacteria, which have a
higher lipid content, is more susceptible to oxidation and
envelope damage than the peptidoglycan layer of Gram-
positive bacteria.31,32 The thick peptidoglycan layer of Gram-
positive bacteria also limits ROS diffusion into the cell,
leading to lower intracellular oxidative stress compared to
Gram-negative bacteria.39 Moreover, the negatively charged
LPS in the outer membrane of Gram-negative bacteria may
exhibit a higher affinity for Fe2+ ions released from NZVI,
potentially enhancing Fe2+ uptake and promoting subsequent
ROS generation, which provides another possible explanation
for the greater susceptibility of Gram-negative bacteria to
NZVI-induced toxicity.

Another often-suggested mechanism contributing to NZVI
toxicity is membrane disruption following the adhesion of
NZVI to the cell membrane.40,41 In 2014, we demonstrated
that the direct contact of bimetallic NZVI with E. coli had a
more pronounced impact on the NZVI cytotoxicity compared
to the generation of endogenous ROS.25 Similarly, surface
modification of NZVI with polymers or natural organic matter
(NOM) reduces toxicity by limiting the physical contact
between the particles and cell membranes.23,42 The
importance of particle adhesion to bacteria in NZVI toxicity
has been highlighted in previous studies.34,41 Consequently,
the interaction between NZVI and bacteria varies greatly

depending on the envelope composition of Gram-negative
and Gram-positive bacteria. The thick peptidoglycan layer in
the cell walls of Gram-positive bacteria can reduce NZVI
adhesion,38 while lipoteichoic acid, another cell wall
component, can form chemical bonds with NZVI, further
inhibiting its penetration into the cell.43 Thus, the observed
difference in inactivation efficacy between Gram-negative and
Gram-positive bacteria in the NZVI system may be attributed
to different reactions of ROS and the extent of NZVI
adsorption to the cell wall.

Under aerobic conditions, however, ROS-induced oxidative
stress and membrane disruption appear to be interrelated
processes that contribute to NZVI toxicity, rather than
affecting each separately.26 Given that ROS-induced oxidative
stress occurs within cells, nanoparticles should be
internalized through the cell membrane, resulting in
membrane damage during the process.

Despite NZVI being the most widely employed reductant
for in situ remediation of groundwater where anaerobic
conditions prevail, plenty of studies focus on its toxicity in
aerobic environments. Notably, NZVI has demonstrated
greater toxicity toward Gram-negative bacteria, such as E.
coli and P. putida, under anaerobic conditions compared to
aerobic conditions.30,44–46 Given the lack of extracellular
ROS production in the absence of oxygen, anaerobic
bacterial inactivation should be attributed to other
mechanisms. First, the bactericidal mechanism of NZVI is
associated with physical disruption caused by its attachment
to the bacterial cell membrane.30,43,47 The absence of oxygen
prevents the formation of a substantial oxide layer on the
NZVI surface. This lack of passivation enables more direct
interactions between NZVIs and bacterial cell membranes,
resulting in greater membrane disruption and increased
toxicity. Under anaerobic conditions, iron primarily exists in
its soluble, reduced Fe2+ form (eqn (5)), and can be taken
up directly by bacteria via dedicated pathways (e.g., the
FeoABC system).48,49

Fe0 + 2H2O → Fe2+ + H2 + 2OH− (5)

Intracellular Fe2+ causes cellular damage by displacing other
divalent metals in metalloproteins, reducing various
molecules to produce additional bactericidal compounds,
and generating organic radicals, such as glutathione
radicals.21,50 Furthermore, intracellular Fe2+ can trigger
excessive ROS production within the cytoplasm through the
iron-catalyzed Haber–Weiss reaction (eqn (4)).51 According to
Wang et al.'s study,46 it was shown that more ROS were
detected inside the E. coli cells after being exposed to NZVI
anaerobically than aerobically, and the intracellular ROS level
was positively correlated with intracellular Fe2+ concentration
and bacterial inactivation efficiency. Taken together, the
toxicity mechanism of NZVIs may not be unique compared to
that of other nanomaterials and may be a combination of
multiple mechanisms. Although the relative contribution of
each mechanism may vary depending on the types of NZVI
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and microorganisms, membrane disruption and oxidative
stress caused by both intracellular and extracellular ROS are
considered the main bactericidal mechanisms under aerobic
conditions, whereas membrane disruption, Fe2+ release, and
Fe2+-induced intracellular oxidative stress likely dominate
under anaerobic conditions (Fig. 2).

An increasing body of evidence suggests that bacteria
possess a range of defense mechanisms to cope with NZVI-
induced stress by regulating specific enzyme activity and
gene expression related to antioxidant defense and damage
repair.52 Key cellular antioxidant defense systems include
enzymes such as superoxide dismutase and catalase. These
enzymes are found to be upregulated to counterbalance the
presence of intracellular and extracellular ROS and thereby
prevent them from causing oxidative damage, in response to
ZVI exposure.53–55 On the other hand, membrane rupture
caused by NP exposure may induce alterations in the
expression of membrane proteins and transport-associated
proteins, contributing to the repair and maintenance of cell
envelope integrity.56 For example, although envelope gene
regulation was not examined in that study, partial repair of
the E. coli cell membrane following NZVI-induced damage in
the presence of a nutrient supply has been reported.57

Nevertheless, NZVI-induced bacterial toxicity involves a
combination of ROS generation, biomolecule damage, and
cell membrane disruption (Fig. 2), making it challenging for
bacteria to mount an immediate and comprehensive defense
against all simultaneous stressors.

2.2. Environmental impacts of NZVI on microbial
communities

The interactions of NZVI with microbial communities—key
drivers of ecosystem functioning and contaminant
degradation—remain a critical area of investigation. To
ensure sustainable remediation practices, it is crucial to
evaluate the environmental impacts of NZVI. Several studies

have shown that NZVI influences microbial communities in
diverse and often matrix-dependent ways, affecting their
diversity, structure, and functionality across various
environments ranging from aquatic and terrestrial ecosystems
to wastewater treatment plants (WWTPs) (Fig. 3).58–61

NZVI reacts with water and oxygen, altering oxidation–
reduction potential (ORP) and dissolved oxygen (DO) levels in
waters. For instance, the addition of 100 mg L−1 of NZVI into
river water initially caused a decline in ORP and DO, which
later stabilized as bacterial communities adapted. Despite an
increase in bacterial cell abundance and activity, the bacterial
community demonstrated resilience, with minimal changes
observed in diversity indices and rank-abundance patterns.58

This indicates that microbial communities in freshwater
environments can adapt to moderate NZVI exposure without
significant functional loss. In contrast, significant shifts in
bacterial diversity have been observed in groundwater
following NZVI injection, without any adverse impact on total
bacterial abundance. Specifically, populations of sulfate
reducers and methanogens increased, driven by the
reduction in ORP value and hydrogen production resulting
from the anaerobic reaction of NZVI with water.62

In soil environments, the impacts of NZVI are strongly
influenced by soil characteristics and NZVI type. Sandy-loam
soils, which have lower organic matter content, are more
vulnerable to NZVI-induced declines in bacterial abundance,
richness, and enzymatic activity compared to clay-loam soils
with higher organic content. This highlights the buffering
capacity of organic matter and clay in mitigating NZVI's
impacts.59 In contaminated soil, NZVI injection disrupts the
bacterial community composition, leading to a reduction in
pollutant biodegradation efficiency during relatively short-
term monitoring.63 However, long-term observations
following NZVI application reveal an increase in the
abundance of bacteria capable of degrading pollutants within
soil communities, eventually enhancing pollutant
degradation.64,65 Unlike bare NZVI, the introduction of
modified NZVIs, such as biochar-supported NZVI66,67 and
sulfidized NZVI,66,68,69 into soil can enhance bacterial
diversity in the native communities rather than reduce it.

Conflicting effects depending on the concentration of NZVI
are commonly observed in wastewater treatment processes. In
anaerobic digesters, a low dose of NZVI could enhance
methane production by releasing hydrogen, a critical electron
donor for hydrogenotrophic methanogenesis.61 In contrast,
excessive NZVI concentrations inhibit methane production by
creating high hydrogen partial pressures that favor alternative
anaerobic pathways or by elevating Fe(II) concentrations to
toxic levels to the microbial community.70 Similarly, low
concentrations of NZVI in denitrifiers and sequencing biofilm
reactors are shown to enhance process efficiency due to an
enrichment of bacterial species involved in denitrification
and pollutant biodegradation within the community.71–73 In
addition to NZVI concentration, particle size is a key factor
influencing microbial toxicity within bacterial communities.
It is shown that ZVI particle size significantly affects

Fig. 2 Proposed bacterial inactivation mechanisms of NZVI under
aerobic and anaerobic conditions.
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anaerobic methane production: 48 μm ZVI at 2 g L−1 increased
the methane yield by 84.12%, whereas 100 nm ZVI at 0.5 g L−1

led to only a 37.32% increase. ZVI particles with a range of 4–
48 μm also enhance microbial abundance, enzyme activity,
and direct interspecies electron transfer, while reducing
nanoscale cell lysis.74

Unique microbial traits, e.g., gene transfer, dormancy,
dispersal ability, or speciation rate, underpinning microbial
community assembly are intrinsically linked to microbial
resilience against disturbances,75 including NZVI exposure.
Although the impact of NZVI on microbial communities
varies depending on a range of factors, such as environmental
matrices, NZVI type, its concentration, and the presence of
contaminants, similar concentration-dependent responses
have been observed in both natural and engineered
ecosystems. While low doses of NZVI can enhance microbial
diversity and activities beneficial for bioremediation, higher
doses often disrupt the community structure and function.
On the other hand, surface modifications of NZVI
significantly influence its transformation behavior in soil
environments, thereby affecting the structure and function of
soil microbial communities. For instance, the aging of
polymer-coated NZVI into iron oxides has been linked to
shifts in microbial composition, particularly among iron-
reducing and iron-oxidizing bacteria (e.g., Bacillus,
Shewanella). The type of polymer coating material affects the
aging kinetics, with polyacrylic acid (PAA) accelerating and
carboxymethyl cellulose (CMC) retarding, ultimately leading

to distinct microbial responses.76 Similarly, sulfidized NZVI
undergoes surface transformations, resulting in the formation
of both iron oxides and sulfur-containing minerals, including
pyrite and iron polysulfides. These transformations are
attributed to notable changes in the microbial community
structure such as an increased abundance of magnetotactic
bacteria and enrichment of sulfur-cycling microorganisms.
Collectively, these observations underscore the reciprocal
interactions between NZVI surface chemistry and soil
microbial ecology, emphasizing the ecological importance of
surface modifications.60

Furthermore, the mobility of NZVI within environmental
matrices plays an important role in determining microbial
exposure. Increased mobility facilitates wider dispersion,
potentially exerting more extensive effects on microbial
communities by prolonging and expanding the spatial and
temporal extent of exposure.77 However, long-term studies
indicate that microbial communities frequently demonstrate
resilience to NZVI exposure, with adaptations that mitigate
initial disruptions. Practical application conditions of NZVI,
such as injection methods, frequency, dosage, and
environmental heterogeneity, also influence its fate and the
patterns of microbial exposure. Variations in these
parameters can markedly alter NZVI's spatial distribution,
aggregation behavior, and ecological impacts in realistic
remediation settings.16 Overall, NZVI has proven to be a
valuable material for environmental applications, even when
accounting for its environmental impact.

Fig. 3 Schematic diagram of microbial community shifts and adaptations induced by NZVIs across various environmental matrices.
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3. Summary and future
recommendations

NZVIs have garnered great attention for the toxicity and
potential environmental impacts due to their high reactivity,
broad potential for environmental applications, and scalable
synthesis. To ensure the sustainable use of NZVI in
environmental remediation while minimizing ecological
risks, several key considerations must be addressed.

Surface modification in NZVIs plays a pivotal role in
determining their properties and passivation behavior,
directly influencing their toxicity. However, not enough is
known about the environmental effects of surface-modified
NZVIs at the community level. Most of the work has focused
on the impacts of bare NZVI. To gain a better understanding
for accurate correlation between surface coatings and
environmental microbial processes, systematic investigations
using a model microbial community exposed to various types
of surface-modified NZVIs are needed. Such information will
be of great value for redesigning NZVIs that minimize
adverse biological interactions. Moreover, achieving a balance
between particle stability and remediation efficacy
necessitates the selection of stabilizers that preserve NZVI
dispersibility and reactivity, while simultaneously minimizing
unintended ecotoxicological effects. Future research should
prioritize systematic and comparative investigations into how
different stabilizers influence the resilience of microbial
communities.

Microbial communities are vital components of both
natural and engineered ecosystems. Assessing the impacts of
NZVI on microbial communities offers valuable insights into
ecological interactions in real-world environments. The
effects of NZVI exposure may be subtle, as microbial
communities can be highly resilient and can quickly return
to their original composition after being disturbed.78

Molecular approaches, such as metagenomics, proteomics,
and metabolomics, serve as highly sensitive and efficient
tools for revealing the molecular effects of nanoparticles and
identifying biological functions disrupted by nanoparticles.
Thus, combining omics techniques with conventional
methods will enable the detection of those subtle changes
and provide advanced evidence of NZVI's environmental
impacts on complex biological networks.

While NZVI holds significant promise for environmental
remediation, concerns remain regarding its long-term fate
and associated ecological risks, particularly in relation to its
persistence and interactions within environmental
compartments. Processes such as passivation, aggregation,
sedimentation, and complexation with NOM can prolong the
environmental residence time of NZVI, thereby resulting in
unintended ecological effects. Persistent NZVI particles or
their transformation products may disrupt microbial
communities and higher trophic levels, potentially altering
ecosystem functions and biodiversity over time. Microbial
community resilience—often assessed through compositional
recovery—varies across temporal scales due to differences in

microbial life spans and the time lag between functional and
structural responses. This complexity highlights the need for
long-term, field-scale studies that not only assess NZVI
accumulation and transformation but also monitor microbial
adaptation and recovery dynamics over extended periods.
Integrating comprehensive environmental risk assessments
with long-term monitoring will enable future research to
optimize the NZVI applications, ensuring a balance between
remediation efficacy and ecological safety. A deeper
understanding of microbial recovery mechanisms across
multiple time scales is essential for the development of
sustainable and ecologically responsible NZVI-based
remediation strategies that minimize disruption to native
microbial ecosystems.
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