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In this study, we presented a detailed investigation on the effects of typical engineered nanomaterials

(ENMs) (including Fe2O3 nanoparticles, Fe3O4 nanoparticles and multi-wall carbon nanotubes (MWCNTs))

on 4-nonylphenol (4NP) degradation based on the diversity and function of bacterial communities in sedi-

ments. The results demonstrated that iron oxides promoted 4NP degradation and enzyme activities in sedi-

ments, while MWCNTs inhibited these activities. LEfSe analysis suggested that iron oxides incorporation dis-

criminative enriched iron-reducing bacteria including Pantoea, Shewanella and Shewanellaceae

contributed to iron reduction and organic degradation. PICRUSt analysis demonstrated that 4NP contami-

nation promoted the expression of genes related to biodegradation, including amino acid metabolism, car-

bohydrate metabolism, energy metabolism and xenobiotic biodegradation and metabolism. Interestingly,

compared to MWCNTs, iron oxide incorporation resulted in enhanced expressions of iron-regulated pro-

teins including ferric uptake regulator (Fur), diphtheria toxin regulator (DtxR), and ferrous iron transport

(FeoB) and iron complex transport systems. These results indicate that iron oxides have a better advantage

in 4NP degradation; in contrast, the pragmatic evaluation of the prospects of MWCNTs is necessary due to

the persistence of 4NP in sediments. This study may be favorable to evaluate secure applications of ENMs

in the aquatic environment based on a full understanding of their environmental fate.

1. Introduction

The increase in the global production and application of
engineered nanomaterials (ENMs) has resulted in their in-
creasing release into the environment. A recent study esti-
mated that approximately 20 000 t of ENMs are expected to end
up in municipal incineration facilities worldwide on an annual
basis.1 Among numerous ENMs, iron-based and carbon-based
nanomaterials are widely applied and discharged. CNTs have
been proposed for large-scale applications, such as hydrogen
storage devices, quantum computers, agricultural smart deliv-
ery systems, chemical sensors, optical devices, catalyst
supports, and also environmental applications.2 Numerous
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Environmental significance

Given the complexity of evaluating the environmental implications of engineered nanomaterials (ENMs) (inevitable co-occurrence of chemical contami-
nants and microbes) in natural sediments, understanding their interactions is challenging. This study investigates the impacts of ENMs on 4-nonylphenol
(4NP) degradation based on the diversity and function of bacterial communities. Most importantly, iron-reducing bacteria, iron-regulated proteins and iron
cycles in sediment bacteria were innovatively investigated, considering their vital roles in 4NP degradation. The study may be favorable to evaluate the se-
cure applications of ENMs in the aquatic environment based on a full understanding of their environmental fate.
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studies have demonstrated the wide applications of iron ox-
ide nanomaterials (e.g., Fe2O3, Fe3O4 and FeOOH) in ce-
ramics, leather, catalysts and wastewater treatment.3,4

According to a market research report, the production capac-
ity for carbon nanotube (CNT) products was about 4065 tons
in 2010 and exceeded to 12 300 tons in 2015.5 The significant
expansion in the applications of these ENMs in large-scale
commercial applications led to their eventual accumulation
in the environment. Once released into the environment,
ENMs may accumulate in soils and/or sediments.

As the ultimate sink of various pollutants, aquatic sedi-
ments tend to be the primary storage for ENMs as well.
There is a growing concern about the fate of ENMs and
their interactions with co-existing contaminants due to their
potential effects on transformation and bioavailability.6,7 Ad-
ditionally, once accumulated in the soils/sediments, ENMs
may contact with soil particles, contaminants, and microor-
ganisms. Microorganisms, as a vital component in the eco-
system, play an important role in the fate of contaminants
and ENMs. The published data on the fate of ENMs in the
environment have primarily focused on their effect on the
transportation and bioavailability of contaminants usually
in a simulated porous medium or soil. For example, Hof-
mann and von der Kammer8 investigated the synergetic
transport between carbon nanomaterials and hydrophobic
organic pollutants (HOCs) in porous media and proved that
carbon nanomaterials can act as pollutant carriers to influ-
ence the transport of pollutants.

Specifically, 4-nonylphenol (4NP) has drawn increasing
concern due to its estrogenic effects and ubiquity in the envi-
ronment.9,10 For example, the production and consumption
loads of 4NP in the United States were reported to be 194 000
tons and 163 000 tons, respectively, in 2006.11 Meanwhile,
4NP is a breakdown product of nonylphenol ethoxylates
(NPEs) widely used in detergents, textiles and pesticides,12

but it is more persistent, lipophilic and toxic than the parent
NPEs.13 Approximately 60% of NP is released into the aquatic
environment via the discharge of wastewater treatment plant
(WWTP) effluents mainly as the intermediate product of
NPEs.14 Commonly, 4NP can be potentially removed by the
naturally occurring microorganisms present in sediments,
and bacterial strains with bioremediation potentials have
also been identified. Several bacterial strains isolated from
soils, sediments or activated sludge were found to participate
in the direct degradation of 4NP, and these include Pseudo-
monas sp.,15 Sphingomonas sp.16,17 and Stenotrophomonas
sp.18 Drastic shifts in microbial activity and bacterial commu-
nity members largely driven by organic contaminants have
been widely reported in pure soil or river sediment.19,20 Previ-
ous studies demonstrated that such contaminations stimu-
lated the enrichment of organic-degrading microbial commu-
nity.21,22 Exploring microbial communities can provide
invaluable information on the biological understanding of
biodegradation. However, only few studies have concentrated
on investigating the microbial response to the co-existence of
ENMs and organic contaminants, which is beneficial for con-

trolling the risks of ENMs based on the understanding of
their interactions. In particular, very few studies have been
done on natural sediments because of the uncertainty and
complexity of their dynamic characteristics.

To address the lack of information about the interactions
between NPEs and ENMs, especially how bacterial commu-
nity and functions are affected by and respond to the stress
associated with the co-existence of organic pollutants and
ENMs, this study aims to explore the interactions among
ENMs, environmental contaminants, and bacterial commu-
nities and their implications on the microbial functions in
sediments. Accordingly, the actual environmental risks
posed by ENMs are mainly determined by the species and
bioavailability of ENMs in the environment. Numerous stud-
ies have demonstrated the application of iron oxide nano-
materials (e.g., Fe2O3, Fe3O4 and FeOOH) and multi-wall car-
bon nanotubes (MWCNTs) to remove contaminants or lower
the bioavailability in wastewater.2–4 Hence, we chose Fe3O4

nanoparticles, Fe2O3 nanoparticles and MWCNTs, which are
widely applied and discharged,23–25 as representative ENMs.
Typically, our study combines distinctive bacterial function
analysis based on PICRUSt to provide a more complete in-
vestigation of the sediment microbiological state than that
typically reported. In this study, we aimed to (1) evaluate the
effect of typical ENMs on 4NP transformation and degrada-
tion in the water–sediment interface, (2) determine the bac-
terial community response in sediments driven by 4NP con-
tamination and ENM incorporation, and (3) explore the
variation of bacterial metabolism functions in these
perturbed sediments to elucidate the impacting mechanisms
associated with each ENM.

2. Materials and methods
2.1. Materials

Sediment samples were collected from the 5–15 cm layer
from the surface in the Xiangjiang River along the Xiaoxiang
road near the Hunan University in Changsha, China. After air
drying, sediments were ground and passed through a 2 mm
sieve prior to the experiments. The sediments had a neutral
pH (6.76) and an organic carbon content of 24.9 g kg−1. Fe2O3

nanoparticles and Fe3O4 nanoparticles (>99.5% purity) were
purchased from Jingkang New Material Technology Co. Ltd
(Changsha). MWCNTs (>98% purity) were purchased from
Chengdu Organic Chemicals Co. Ltd. of the Chinese Academy
of Sciences. Detailed information, including shape, size and
surface areas of MWCNTs and iron oxide nanoparticles, is
provided in Table S1 (ESI†). Ultrapure water was used
throughout the experiments.

2.2. Experiment setup

Natural sediment with ultrapure water was set as blank con-
trol (group A). Natural sediment with 4NP supernatant was
also used as a control setup (group B). ENM-incorporated
sediment was prepared by adding Fe3O4 nanoparticles (group
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C), Fe2O3 nanoparticles (group D) or MWCNTs (group E) at a
mass proportion of 0.5%. The prepared ENM–sediment mix-
tures were then homogenized via agitation at 30 rpm for 72
h. Then, 20 g of as-prepared sediment was weighed and
transferred into a serum bottle and 200 mL of 4NP solution
(10 mg L−1, dissolved in 10% methanol, pH 7.0) was added.
The samples were kept at 25 °C for 45 days, and the superna-
tant and sediment were collected at each time interval. Fur-
thermore, the sediments with 30 mg L−1 4NP (at the solid-to-
liquid ratio of 1 : 10) were also kept at 5, 15, 25 and 35 °C to
investigate 4NP sedimentation and degradation, simulating
the seasonal temperature variation in Changsha.

2.3. 4NP extraction and analysis

4NP concentrations were extracted by ultrasonic extraction
with the addition of acetone and n-hexane (1 : 1, v/v) solu-
tion.26 Sediments (2.0 g) were extracted by adding 15 mL
extracting solution and ultrasonic extraction for 30 min. The
supernatant was collected by centrifugation at 4 °C. The ul-
trasonic extraction process was repeated three times, and the
supernatant was mixed. The supernatant was removed by ro-
tary evaporation and then, 1 mL of methyl alcohol was added
to dilute the extracted 4NP. 4NP concentration was deter-
mined by HPLC equipped with a fluorescence detector.
Meanwhile, FeĲII) extraction and detection were carried out
following the method reported by Li et al.27

2.4. Sediment enzyme activity analysis

Urease (EC 3.5.1.5) activity was detected using the modified
method of Kandeler and Gerber.28 For urease activity detec-
tion, 2.0 g of sediments was mixed with 1 mL methylbenzene
for 15 min; then, 2 mL urea solution (100 g L−1) and 4 mL po-
tassium citrate buffer were added and incubated at 38 °C for
24 h before finally adding ultrapure water to a final volume
of 25 mL. The supernatant was filtered and the ammonium
concentration of the filtered extracts was determined by mea-
suring the absorbance at 578 nm via a UV-vis spectrophotom-
eter (UV 2550, Shimadzu). Dehydrogenase activity (EC 1.1.1.1;
DHA) was assayed according to the method reported by Tu
et al.29 Polyphenol oxidase (EC1.10.3.2, PPO) activity was de-
termined via evaluating the oxidation of catechol in the pres-
ence of phosphate buffer30 and expressed as μg of catechol
oxidized h−1 g−1 of sediments (based on dry weight).

2.5. FeĲII) extraction and analysis

Microbially available FeĲII) in sediments was extracted via 0.5
M HCl at the solid-to-liquid ratio of 1 : 10.31 After immediate
mixing, the mixture was vibrated at 120 rpm at 30 °C in dark
for 24 h. Thereafter, the extraction solution was centrifuged
(4000 rpm, 10 min) and filtrated for FeĲII) analysis. The con-
centrations of FeĲII) were determined by the FeĲII)-selective re-
agent ferrozine.32

2.6. DNA extraction and 16S rRNA high-throughput
sequencing analysis

The total genomic DNA was extracted from 0.5 g of wet sedi-
ments (sediments with 10 mg L−1 4NP at 30 °C, at days 2, 5,
15 and 30) using the E.Z.N.A. TM Soil DNA kit (Omega Biotek,
USA) according to the manufacturer's instructions. PCR ampli-
fication was carried out on a MyCycler thermal cycler (Bio-Rad,
Hercules, CA, USA) using the forward primer 341F and reverse
primer 806R, targeting the V3–V4 hypervariable regions. The
purified PCR amplicons were sequenced using the Illumina
Miseq (300 bp paired-end reads) platform at Mega Genomics
Technology Co., Ltd. (Beijing, China). The sequences were
aligned against the SILVA (http://www.arbsilva.de/) database
and clustered into operational taxonomic units (OTUs) at 97%
similarity. Alpha and beta diversities were then determined
using the Quantitative Insights Into Microbial Ecology (QIIME,
version 1.6) pipeline.33 Phylogenetic investigations of commu-
nities by reconstruction of unobserved states (PICRUSt) was
applied to evaluate the metabolic characteristics of the bacte-
rial communities in the sediments.34

2.7. Statistical analysis

Weighted and unweighted UniFrac35 distances were calcu-
lated from the normalized OTU tables for each experiment.
α-Diversity values were calculated by the function ‘diversity’
using the Shannon method in the R package Vegan.36 Addi-
tionally, principal coordinates analysis (PCoA) was used to vi-
sualize the variation in the microbial community composi-
tion among samples and potential clustering. A metagenomic
biomarker discovery approach was employed with LEfSe lin-
ear discriminant analysis (LDA) coupled with effect size mea-
surement, which performed a nonparametric Wilcoxon sum-
rank test followed by LDA analysis.

3. Results and discussion
3.1. Biodegradation rates of 4NP

In our study, the quick adsorption and sink of 4NP onto sedi-
ments were detected. For example, at day 5, the residual 4NP
concentration in the aqueous solution was detected to be be-
low 0.05 mg L−1 (Fig. 1a). The fast sedimentation of 4NP was
perhaps due to its high octanol–water partition coefficient
(average logKow: 4.48) and organic carbon partition coeffi-
cient (logKoc: 5.22 ± 0.38),9 causing the rapid sedimentation
of 4NP. This suggested that sediments tended to be the pri-
mary environmental sink of 4NP in surface aquatic systems.
The results were consistent with those of a previous study:
owing to its high hydrophobicity and octanol–water partition
coefficient,9 4NP tends to be easily adsorbed to soil/sedi-
ments, which in turn store it in the environment.

Hence, evaluating the degradation of 4NP in sediments is
important for understanding the fate of organic contami-
nants in an aquatic environment. Fig. 1b shows the dynamic
4NP residual levels in sediments. Almost complete removal
was observed at day 45 in sediments incorporated with iron
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oxides (below 1.0 mg kg−1), whereas 3.97 and 15.26 mg kg−1

were observed for sediments without ENMs and with
MWCNTs, respectively. Yuan et al.15 reported that the half-
lives of 4NP in river sediments varied from 13 to 99 d under
aerobic conditions, and 16 bacterial strains capable of aerobi-
cally degrading 4NP and NP1EO as carbon sources were iso-
lated. Meanwhile, as shown in Fig. S1,† the residual 4NP con-
centration in the sediment at 5 °C is higher than those at 15,
25 and 35 °C, suggesting that higher temperatures favored
4NP degradation. At day 8, the residual 4NP levels at 35 °C
were 66.95, 20.31, 30.18 and 115.28 mg kg−1 accompanied
with the degradation efficiencies of 77.68%, 93.23%, 89.94%
and 61.57%, respectively.

It was apparent that Fe3O4 and Fe2O3 nanoparticle incorpo-
ration significantly stimulated 4NP degradation. Accordingly,
the application of iron oxides to strengthen organic pollution
remediation has been widely recognized due to the advantages
of their higher chemical activity and good biocompatibility,
avoiding environmental and health risks caused by the addi-
tion of iron compounds. Hansel et al.37 found that the addi-
tion of iron oxides can promote the morphological transforma-
tion of valence elements in the environment, thus favoring the
degradation of organic matter. Bonneville et al.38 also observed
that nano α-Fe2O3, amorphous α-Fe2O3 and lepidocrocite
could be dissolved and transformed by Shewanella

putrefaciens. Typically, nano α-Fe2O3 was first attached to the
surface of the bacteria and then reduced to FeĲII) catalyzed by
FeĲIII) reductase, showing a higher iron reduction rate.

In contrast, MWCNT incorporation limited the 4NP degra-
dation in sediments, with relatively higher residual 4NP levels.
Accordingly, the significant inhibition of 4NP degradation
might be ascribed to two possible reasons: (i) MWCNTs can
act as the carriers of organic contaminants, which may pro-
long their existence in the environment in case of their lower
accessibility to microbes. For instance, Li et al.39 demonstrated
that CNTs restrained polyaromatic hydrocarbons by reducing
their bio-accessibility in soils, which was quite consistent with
our observations. (ii) The potential cytotoxicity and microbial
inactivation of MWCNTs might suppress the microbial degra-
dation of 4NP.40 Microbial inactivation is a theoretical pre-
testing indicator of CNT environmental impact and toxicity in
soils and sediments. Our previous studies also confirmed that
the inactivation of microbial activity and exacerbated micro-
bial inactivation occurred with MWCNTs along with reduced
Cd bioavailability.41 Accordingly, we inferred that the inhibi-
tion by MWCNTs for 4NP degradation could be associated
with their adsorption ability, resulting in lower bio-accessibil-
ity, and their potential toxicity to microbes in the sediments.

3.2. Temporal course of enzyme activity

Commonly, enzymes partially exist in solid or liquid phases
of soils in the combined or free state and are involved in the
breakdown or oxidation of organic matter.42,43 In our study,
the activities of polyphenol oxidase (PPO), dehydrogenase
(DHA) and urease were investigated. As shown in Fig. 2a, the
PPO activities in the 4NP-contaminated samples were signifi-
cantly higher than that of the controls, indicating that PPO
activity is stimulated in response to 4NP. The highest PPO ac-
tivity was observed at day 9 and then, it gradually decreased
accompanied by gradual 4NP degradation. In addition, the
PPO activity was significantly promoted in Fe2O3- and Fe3O4-
incorporated samples compared to the result for the samples
incorporated with MWCNTs. PPO is an important oxidore-
ductase ubiquitous in soils and sediments contributing to
the decomposition and transformation of aromatic com-
pounds.44 It is also responsible for catalyzing several differ-
ent phenols to produce o-quinones.29 Thus, the increased
PPO activity found could be responsible for the demand-
driven degradation of 4NP.

Comparatively, unlike the activity of PPO, the activities of
DHA and urease decreased immediately after 4NP contamina-
tion. Generally, the activities of urease and DHA reflect the
contamination level.42 As shown in Fig. 2(b and c), the initial
4NP contamination can singularly inhibit DHA and urease ac-
tivities due to the potential toxicity of 4NP to microorganisms.
Previous studies also reported rapid decline in the DHA activ-
ity in soils contaminated with heavy metals and organic pollut-
ants.45 Additionally, the inhibition of DHA and urease de-
creased with the addition of Fe3O4 and Fe2O3. MWCNT
incorporation represented the most serious and long-duration

Fig. 1 (a) Residual 4NP concentration in overlying water; (b) residual
4NP concentration in sediments incorporated with different
engineered nanomaterials (experimental conditions: initial 4NP
concentration: 10 mg L−1; ENM dosage: 0.5%; solid-to-liquid ratio: 1 :
10; temperature: 25 °C, pH: 7.0).
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enzyme inactivation, which possibly depended on the higher
residual 4NP level and potential toxicity of MWCNTs.

Considering the potential microbial toxicity of ENMs, a di-
rect comparison of the impacts on enzyme activity (PPO and
urease) was conducted with iron oxides and MWCNT incor-
poration. As shown in Fig. 2d, MWCNTs inhibit the PPO ac-
tivity, with the activity changing in response below 0.5, while
the addition of Fe3O4 and Fe2O3 nanoparticles elevates the
PPO activity in sediments. Similar results were found for ure-
ase activity, where MWCNTs were more toxic than iron ox-
ides. The results were consistent with previous observations,
showing that MWCNT exposure inhibited microbial biomass,
respiration and enzyme activities in soils and sediments.46 In
contrast, iron oxide nanoparticles were much more environ-
mentally friendly with good biocompatibility.3 Accordingly,
we speculated that the variation in microbial enzyme activi-
ties in our study was mainly affected in two ways: one by
influencing the 4NP degradation pathway and the other via
the intrinsic fate of iron oxide nanoparticles and MWCNTs.

3.3. Bacterial community composition and individual taxon
abundance

For the in-depth understanding of the microbial variation in
the sediments, pyrosequencing was used with 16S rRNA-specific

oligonucleotide primers. A mean of 69235 clean tags was
obtained. The total numbers of OTUs in the five different
groups were 12793, 17517, 17434, 17645 and 16446 for groups
A, B, C, D and E, respectively (Fig. S2†). There were noteworthy
overlaps in the differentially abundant OTUs. The similar OTUs
among the five groups were about 6926, and the unique OTUs
in groups A, B, C, D and E were 799, 886, 752, 1023 and 685, re-
spectively. Further analysis of the OTUs in the tested samples
showed that the core OTUs shared in all 20 samples were 832
(Fig. 3a) with the increase in the observed species in response
to 4NP contamination. The samples at day 2 and 5 exhibited
the most abundant unique OTUs in the 4NP-contaminated
samples. Furthermore, the decrease in the total and unique
OTUs in the MWCNT-incorporated samples suggested a possi-
ble microbial inhibitory role of MWCNTs.

The PCoA plot based on weighted UniFrac distances
suggested that the bacterial community structure varied signif-
icantly among 4NP-contaminated samples and the blank con-
trol (Fig. 3b). Additionally, within-sample diversity (α-diversity)
revealed variation in the five groups (Fig. 3c). The lowest num-
ber of the observed species was observed in the blank control,
while 4NP contamination elevated the number of observed
species greatly. Chao1 and Shannon index analyses further
demonstrated that 4NP contamination contributed to signifi-
cant promotion of bacterial biodiversity. The results suggested

Fig. 2 Dynamic variations in the activity of polyphenol oxidase (PPO, a), dehydrogenase (DHA, b) and urease (c); response of PPO (d) and urease
activity (e) to Fe3O4 nanoparticles, Fe2O3 nanoparticles and MWCNTs at day 9. Different letters indicate significant differences (p < 0.05)
(experimental conditions: initial 4NP concentration: 10 mg L−1; ENM dosage: 0.5%; solid-to-liquid ratio: 1 : 10; temperature: 25 °C, pH: 7.0).

Environmental Science: Nano Paper

Pu
bl

is
he

d 
on

 1
6 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
on

 7
/1

2/
20

19
 8

:1
5:

07
 A

M
. 

View Article Online

https://doi.org/10.1039/c9en00371a


2176 | Environ. Sci.: Nano, 2019, 6, 2171–2184 This journal is © The Royal Society of Chemistry 2019

Fig. 3 (a) OTU analysis in the tested samples at day 2, 5, 15 and 30; (b) α-diversity analysis in the five tested groups; (c) PCoA analysis based on
the distance of weighted UniFrac; (d) hierarchical cluster analysis based on weighted UniFrac distance in phylum level in the tested samples (group
A: control samples without 4NP and ENMs; group B: samples contaminated with 4NP; group C: samples incorporated with 4NP and Fe3O4; group
D: samples incorporated with 4NP and Fe2O3; group E: samples incorporated with 4NP and MWCNTs).
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that 4NP contamination stimulated bacterial growth, resulting
in a richer bacterial biodiversity. No significant differences
were found in the 4NP-contaminated sediments incorporated
with Fe2O3, Fe3O4 or MWCNTs.

Phylogenetic analysis assigned the 16S rRNA gene se-
quences to different taxa, allowing us to further explore the dy-
namics of the bacterial community (Fig. 3d). The taxonomic
distributions of each bacterial sample were determined at the
phylum and genus levels. Apparently, phyla distributions were
markedly different among 20 tested samples. The samples
could be simply classified into four subjects. In detail, subject
A included samples with 4NP contamination at day 15 (also in-
cluding the MWCNT-incorporated sample at day 30). Subject B
involved the samples with relatively high 4NP levels at initial
days 2 and 5. Subject C was classified as the samples without
4NP contamination (blank controls), while subject D contained
samples with 4NP contamination at day 30 (except for samples
with MWCNTs). The results demonstrated that 4NP contami-
nation significantly altered the bacterial communities.

Apparently, Proteobacteria were the dominant phylum and
did not vary significantly in all samples, which is indicative
of their remarkable tolerance to stress relative to 4NP. In
subject C, Proteobacteria and Firmicutes dominated the com-
munity, accounting for over 70% of all the sequences gener-
ated. Firmicutes are the most abundant phylum in natural
sediments with a relatively stable proportion of 36.86–
56.81%. Interestingly, the initial 4NP exposure (day 2, 5 and
15) led to a significant decrease in the proportion of
Firmicutes to below 17%. Meanwhile, we also observed the
recovery of Firmicutes at day 30 with 4NP degradation
(except for samples with MWCNTs with high levels of 4NP).
In subjects A and B with high levels of 4NP, Proteobacteria
(22.72–35.19%), Actinobacteria (15.46–27.76%) and
Acidobacteria (9.78–19.22%) were the most abundant groups.
Furthermore, Actinobacteria, Acidobacteria, Chloroflexi and
Gemmatimonadetes increased significantly in response to 4NP
contamination. The results indicated the vital roles of these
bacteria in organic tolerance and degradation in sediments.
Notably, Acidobacteria, which have been reported to be
abundant in soils and sediments, were characterized by their
ability to withstand metal-contaminated, organic-contami-
nated, acidic, and other extreme environments.47 Previous
studies also reported the role of Acidobacteria in the micro-
bial degradation of lignocellulosic plant biomass.48,49 More-
over, recent studies have reported that the members of
Chloroflexi are ubiquitous in the environment, and some of
them play important roles in organic matter degradation.50

The large proportion and stimulation in these phyla are indi-
cators of their contribution to biodegradation.51

Further comparison of the bacterial communities was
conducted at the class level to investigate the impact of 4NP
contamination and ENM incorporation (ESI,† Fig. S3). A
comparison between groups A and B revealed that 4NP
contamination led to sharp decrease in Bacilli, Clostridia,
Spartobacteria, Betaproteobacteria, Bacteroidia and Sphingobacteriia,
suggesting their sensitivity to 4NP contamination owing to

potential toxicity. In group B, Gammaproteobacteria and
Flavobacteria were observed to be in the highest abundance.
Meanwhile, the comparison among three groups with ENMs
revealed that Negativicutes, Acidobacteria, Caldilineae,
Themomicrobia and Ktedonobacteria were the dominant clas-
ses in groups C and D with iron oxide nanomaterials,
whereas the most represented bacterial classes in group E
were Soil Crenarchaeotic Group (SCG), α-proteobacteria,
Deinococci and Phycisphaerae. Although the dominant classes
varied among the treatments, most bacterial classes were
shared by all sediments. For example, Nitrospira, Chloro-
flexia, Acidimicrobiia, Acidobacteria, Gemmatimonadetes and
Thermoleophilia significantly increased in response to 4NP
contamination but did not vary significantly with various
ENM incorporations. These bacteria were also widely
reported to be involved in the degradation of organic contam-
inants and to have the potential ability to withstand other nu-
merous contaminants,52–54 which may reflect the ecological
coherence of the contaminated sediments.

3.4. Discriminative bacterial community analysis

To identify the taxa that differed significantly among the
4NP-contaminated samples, linear discriminant analysis
effect size (LEfSe) was employed. As shown in Fig. 4, 16 bac-
terial clades present statistically significant differences with
an LDA threshold of 2.0. Most bacteria were significantly
enriched in group E with MWCNTs, while only 1 and 2 clades
showed favored abundances in groups C and D, respectively.
For example, higher taxonomic levels of Thermales (including
Deinococcus, Deinococci, Thermales, Thermaceae and
Thermus), Phycisphaerae, Halieaceae, Flavitalea and Nitro-
sococcus were found in group E (Fig. 4a). Commonly,
Deinococcus, Thermus and Nitrosococcus are known to be ca-
pable of degrading phenolic compounds.55 Thus, the domi-
nance of these species indicated that they may have impor-
tant functions in biodegradation. However, although
consistently observed in contaminated environments, no sig-
nificant roles in organic contaminant biodegradation were
found for Halieaceae, Phycisphaerae and Flavitalea.

It was noteworthy that Nocardia was the dominant genus
as well as the biomarker in group C with Fe3O4 nanoparticles,
while Pantoea and Promicromonospora were significantly
more abundant in group D with Fe2O3 nanoparticles.
Nocardia, Pantoea and Promicromonospora species have been
widely reported as candidates for the removal of organic con-
taminants. Notably, Nocardia and Promicromonospora are
actinobacterial56 and play important roles as the recyclers of
organic matter.57 Typically, Nocardia has been reported to
synthesize biosurfactants, such as lipopeptides and glyco-
lipids, which are beneficial for the potential degradation of
hydrocarbon compounds.58 Chang et al.59 isolated Nocardia
sp. strain CYKS2 capable of degrading dibenzothiophene and
thiazole. Zeinali et al.60 also reported that Nocardia
otitidiscaviarum TSH1 could degrade phenol, n-alkanes and
some polycyclic aromatic hydrocarbons. Their predominance
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in groups C and D suggested that they were selectively
enriched by iron oxide incorporation and exhibited an impor-
tant function related to 4NP removal.

Considering the significant difference in 4NP degradation,
LEfSe analysis was further conducted between groups D and
E (group D vs. group E). LefSe analysis showed biomarkers
demonstrating significant differences between group D and
group E. As shown in Fig. S4,† group E with MWCNTs mainly
enriched members of Flavitalea, Lysobacter, Deinococcus, and
Oligoflexales, which was consistent with previous results
(Fig. S4†). Enterobacteriales (o) (including Enterobacteriaceae
(f) and Enterobacteriales (g)), Promicromonospora (g), and
Aquincola (g) were the discriminative taxa in group D with
Fe2O3 nanoparticles. Interestingly, iron-reducing bacteria, in-
cluding Pantoea, Shewanella and Shewanellaceae, were
discriminately detected in group D. It may be speculated that
iron-reducing bacteria proliferate in response to Fe2O3 nano-
particle incorporation. These iron-reducing bacteria, which
are capable of coupling microbial FeĲIII) reduction to the
oxidation of organic matter, play a significant role in global
geochemical cycling.61,62 Pantoea and Shewanellaceae families

are well-known ferric iron-respiring microorganisms (FRMs),
which use FeĲIII) as well as other metals as terminal electron
acceptors.63 Accordingly, FRMs such as Pantoea,64

Salinibacterium65 and Shewanella66 have been reported to be
capable of transforming, detoxifying, or immobilizing a
variety of metallic and organic pollutants. For example,
Pantoea bacterium, such as P. agglomerans SP1, is widely
reported to participate in microbial FeĲIII) reduction67 and is
linked to the biodegradation of numerous organic contami-
nants.68,69 Recently, Haleyur et al.64 reported that Pantoea sp.
could also utilize substrates from different biochemical cate-
gories (i.e., amino acids, phenolic compounds, carbohy-
drates, carboxylic acids and polymers) as carbon sources.
This suggested that iron oxide incorporation induced micro-
organisms with iron-reducing ability and endowed a better
advantage in 4NP survival and degradation.

3.5. Predicted functions based on PICRUSt analysis

We also explored microbial functions using the PICRUSt algo-
rithm.34 A total of 6372 KEGG functions corresponding to

Fig. 4 LEfSe results (a) and biomarker detection analysis of bacteria among the four tested groups (b) (group B: samples contaminated with 4NP;
group C: samples incorporated with 4NP and Fe3O4; group D: samples incorporated with 4NP and Fe2O3; group E: samples incorporated with 4NP
and MWCNTs).
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304 level 3 KO entries were identified by matching sequence
data based on KEGG enzyme nomenclature. The majority of
predicted protein sequences in the tested samples were asso-
ciated with the functions involved in metabolism (48.87–
52.04%), genetic information processing (15.68–16.03%), en-
vironmental information processing (12.82–15.31%) and un-
classified processes (13.06–13.40%) (Fig. 5a). Specifically,
4NP contamination resulted in significant increase in the
genes involved in relevant metabolic functions, including
amino acid metabolism (9.78–11.41%), carbohydrate metabo-

lism (9.38–10.83%), energy metabolism (5.27–6.03%), xenobi-
otic biodegradation and metabolism (2.87–4.64%), and repli-
cation and repair (6.47–7.31%), whereas enzyme families
(1.89–2.15%), cell mobility (2.88–4.60%) and membrane
transport (4.22–5.95%) were significantly depleted in re-
sponse to 4NP contamination (Fig. 5b). The results demon-
strated that 4NP contamination promoted genes for metabo-
lism, genetic information processing, environmental
information processing and cellular processes associated
with biodegradation pathways. Meanwhile, Fe2O3-

Fig. 5 (a) Variation of bacterial functions related to metabolism, genetic information processing, cellular processes and environmental information
processing at KEGG level 1; (b) variation of bacterial functions at KEGG level 2; (c) variation of bacterial functions related to xenobiotic
biodegradation and metabolism at KEGG level 3. Bacterial gene functions were predicted from 16S rRNA gene-based microbial compositions using
the PICRUSt algorithm to make inferences from KEGG annotated databases (group A: control samples without 4NP and ENMs; group B: samples
contaminated with 4NP; group C: samples incorporated with 4NP and Fe3O4; group D: samples incorporated with 4NP and Fe2O3; group E: sam-
ples incorporated with 4NP and MWCNTs).
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incorporated samples showed the most significant expression
in the genes related to carbohydrate metabolism (10.83%)
and membrane transport (5.95%). In contrast, MWCNT incor-
poration repressed these functional genes while promoting
the genes associated with amino acid metabolism and cell
growth- and death-related pathways.

Typically, 4NP contamination significantly enriched the
abundances of xenobiotic biodegradation pathways, includ-
ing the degradation of polycyclic aromatic hydrocarbons,
benzoate, bisphenol, xylene and drug metabolism (Fig. 5c).
Specifically, the samples incorporated with Fe2O3 nano-
particles possessed the most abundant functional genes cor-
responding to organic degradation, followed by the samples
with Fe3O4 nanoparticles, while those with MWCNTs showed
the least functional genes. The results demonstrated that
ENMs affected bacterial function in cellular processes and
metabolic pathways, thus also affecting the 4NP degradation
ability in sediments. The results agreed with those reported
by Kim et al.,70 who reported that FeĲOH)3 addition increased
cell numbers/viability and caused changes in cellular physiol-
ogy; this resulted in the enhancement of carbon tetrachloride
bioremediation mainly via stimulating microbial iron reduc-
tion and surface-bound FeĲII) production.

Additionally, it was interesting to note that the proteins re-
lated to iron regulation and transport also varied significantly
among different groups. In responding to the changes in the
environment, especially to iron oxide incorporation, response
regulators usually alter the expression of genes that promote

iron transport and availability. Here, these related functional
proteins were determined by PICRUSt prediction and are
presented in Fig. 6a. As is well-known, iron is the most abun-
dant transition metal in the environment and is an essential
co-factor for many metabolic enzymes involved in biological
reactions.61 Commonly, iron transport is usually controlled
via the ferrous iron transport system (composed of three pro-
teins FeoA, FeoB and FeoC) and iron complex transport sys-
tem having a substrate binding protein, iron complex out-
membrane receptor protein, permease protein and ATP bind-
ing protein.66 Meanwhile, ABC transporters can also translo-
cate heme and iron-siderophores across the cytoplasmic
membrane with important functions in iron metabolism.71

Meanwhile, iron uptake is usually regulated by the ferric up-
take regulator (Fur) and Fur-like proteins (including manga-
nese uptake regulator (Mur) and peroxide stress response
(PerR)). The diphtheria toxin regulator (DtxR) protein can
also regulate the iron uptake in some Gram-positive bacteria
(streptomyces, corynebacteria, mycobacteria, etc.).62,65 As
shown in Fig. 6a, the iron complex transport system compris-
ing permease protein, out-membrane receptor protein and
substrate-binding protein widely varied in all samples. The
mean percentage of these iron complex transport systems in
group C with Fe2O3 nanoparticles was higher than that in
group E with MWCNTs. It was apparent that iron oxide incor-
poration promoted the expressions of Fur family transcrip-
tional proteins, diphtheria toxin regulators (including Fur,
FhuF and DtxR) and the iron complex transport system

Fig. 6 (a) Variation of bacterial functions relating to iron regulated proteins (group A: control samples without 4NP and ENMs; group B: samples
contaminated with 4NP; group C: samples incorporated with 4NP and Fe3O4; group D: samples incorporated with 4NP and Fe2O3; group E:
samples incorporated with 4NP and MWCNTs); (b) HCl-extracted Fe(II) concentration in sediments; (c) Relationship between residual 4NP
concentration and HCl-extracted Fe(II) concentrations.
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(especially substrate-binding protein, permease protein and
ATP-binding protein) (Fig. 6a), which are responsible for iron
transport and iron cycling in the environment. However,
PICRUSt is only a means of predicting functional genes; thus,
further research is required to confirm the accuracy of gene
function information by other biology technologies.

To date, limited studies are available on the effects of ex-
ogenous iron oxide nanomaterial incorporation on the iron
regulation pathway and iron cycling in natural sediments.
Thus, to deepen the understanding of the possible roles of
iron oxide incorporation and iron reduction in 4NP degrada-
tion, microbial available FeĲII) concentrations in sediments
were determined (Fig. 6b). Apparently, gradual increase in
microbial available FeĲII) was found in all samples. In natural
sediments without ENMs, the FeĲII) concentration was ele-
vated from 77.26 mg kg−1 to 140.42 mg kg−1, which could
possibly be due to natural iron oxides in river sediments un-
dergoing reduction with increasingly available FeĲII).72 In-
deed, significant increase in the FeĲII) levels was found in
groups C and D with iron oxide incorporation, while the sedi-
ments incorporated with MWCNTs exhibited the lowest FeĲII)
levels during the entire duration of the 30 day study. The re-
sults demonstrated that iron oxide nanoparticle incorpora-
tion stimulated iron transport and cycling in sediments. The
observations were similar to those of previous studies
reporting that the microbial reduction of FeĲIII) to FeĲII) has
key roles in the iron cycle and organic matter mineralization
in the overlying water–sediment interface.73 Accordingly, iron
oxides could be dissolved in soil or sediment to form FeĲIII)
and could be further reduced to FeĲII) via microbial reduction
by anaerobic, facultative anaerobic and hyperthermophilic
microorganisms. Insoluble FeĲIII) oxides are generally the most
abundant potential electron acceptors for the oxidation of or-
ganic matter. In detail, iron-reducing microbes can transfer
electrons to the extracellular surface of iron oxides by respira-
tion; FeĲIII) acts as the electron acceptor and is converted to
FeĲII). Meanwhile, microbially driven Fenton reactions might
occur with the alternate production of H2O2 (via microbial O2

respiration) and FeĲII) (via microbial FeĲIII) reduction), which
might promote the degradation of organics74 through the cy-
clic transformation between FeĲIII) and FeĲII).75

In our study, significant negative correlation was found be-
tween residual 4NP levels and FeĲII) concentrations in the sedi-
ments (Fig. 6c), suggesting the coherence of lower residual
4NP and higher FeĲII) levels. The results agreed with those of
previous studies: crystalline iron oxides, including goethite
and hematite, can stimulate iron reduction and organic degra-
dation.76 Although the thermodynamic favorability of crystal-
line FeĲIII) oxide reduction increased compared to that of
amorphous FeĲIII) oxides, previous studies have suggested that
FRMs are capable of utilizing crystalline solid-phase FeĲIII) as
the electron acceptor.73,77 For example, Zhang et al.78 also
found that a variety of iron oxide-mediated iron reduction pro-
cesses significantly promoted the reduction of nitrate by Bacil-
lus sp., among which α-Fe2O3 and γ-Fe2O3 exhibited the most
notable enhancement. Meanwhile, even with weak FeĲIII) re-

duction ability, many fermentative microorganisms were
reported to be responsible for the production of fermentation
products, serving as electron donors for iron reduction.75 For
example, Shewanella species can transfer electrons from the
cell surface to FeĲIII) oxides by releasing soluble electron-
shuttling compounds, thus overcoming the insolubility of
FeĲIII) oxides.38 Furthermore, redox-reactive organic com-
pounds ubiquitous in sediments, such as humic acids and
plant exudates, can also serve as electron shuttles, which can
transfer electrons between a wide variety of both inorganic
and organic compounds in redox reactions.79 These findings
were consistent with those of the LEfSe analysis, which
showed that Shewanella species tended to be biomarkers in
Fe2O3-incorporated sediments. Herein, the results suggested
that such an enhancement in microbial-mediated hematite-
FeĲIII) reduction to microbial available FeĲII) might contribute
to the promotion of 4NP degradation. Accordingly, we inferred
that iron oxide nanomaterial-promoted 4NP degradation
might be attributed to two possible reasons: firstly, good
biocompatibility of iron oxides led to lower toxicity to sedi-
ment microbes; secondly, the exogenous addition of iron ox-
ides might increase the viability of iron reducing microbes
which use FeĲIII) as electron acceptors, thus stimulating
microbial iron reduction and promoting 4NP degradation.

4. Conclusion

Unlike cellular toxicity studies, which have been widely
performed, studies focusing on the environmental behavior
and fate of ENMs are still in their infancy. Investigations on
the interactions among ENMs, chemicals and environmental
organisms remain challenging. In this study, taking 4NP as a
target contaminant, we explored 4NP sedimentation, degra-
dation and bacterial response in a water–sediment interface
ecosystem. We found the following conclusions:

• Of the three kinds of ENMs used here, iron oxides pro-
moted 4NP degradation in sediments, whereas MWCNTs sig-
nificantly inhibited 4NP degradation.

• The observed bacterial response and LEfSe analysis re-
sults suggested that iron oxide incorporation stimulated iron-
respiring bacteria participating in iron reduction, thus en-
hancing 4NP degradation.

• PICRUSt analysis demonstrated that iron oxides elevated
the expressions of xenobiotic biodegradation, metabolism
proteins, iron-regulated proteins, including FeoB, Fur and
Fur-like proteins, and iron complex transport systems. In-
deed, such enhanced expressions might contribute to the
promotion of 4NP degradation in iron oxide-incorporated
sediments. In contrast, the reduction in these functional pro-
teins and severe microbial inactivation impeded 4NP degra-
dation in MWCNT-incorporated sediments.

• Given this information, we suggested that the good
biocompatibility and stimulation in the predominance of
iron-reducing bacteria probably had important functions in
sediments and resulted in a better performance in 4NP
degradation.
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• Further studies are required to confirm the accuracy of
gene function information by biology technologies (e.g.,
metagenomics, microarrays, single-cell genomics).
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