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Discoloration events in drinking water distribution systems (DWDSs) are usually considered an aesthetic
issue rather than a health concern, and the potential toxicity of the iron-based particles resuspended
from deposits in DWDSs has not been a focus. More importantly, it has not been recognized that the ironbased particles may have structural transformation under the complex condition in DWDSs which would
further increase their adverse effects. In the present study, iron particle-dominated loose deposits, which
were collected from a real DWDSs through pipe ﬂushing, were ﬁrstly found to possess obvious toxicity to
human liver cells. To further evaluate the potential harms of the deposits, FeOOH crystals (which is one of
the most representative components in the deposits of DWDSs) were grown with different types of
coexisting matters which may emerge in DWDSs. Results showed that the FeOOH had obvious structure
transformation with coexisting matters which further inﬂuenced their toxicity: the samples with sharp
surfaces had higher toxicity than those with smooth surfaces. Interestingly, although the FeOOH particles
formed with perﬂuorooctanoic acid (FeOOH-PFOA) did not have the sharpest surface or smallest particle
size among all the samples, they demonstrated the highest toxicity with strong generation of reactive
oxygen species. Experimental and theoretical studies veriﬁed that PFOA induced the electron migration
around Fe in FeOOH-PFOA particles. The FeOOH-PFOA not only was able to capture electrons directly
from DNA, but also generated ROS from O2 using DNA as an electron donor which might greatly enhance
the oxidative damage to cells. This study would broaden the understanding of the potential harms of
deposits in DWDSs.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
In drinking water distribution systems (DWDSs), iron pipes are
the most commonly used pipe material (Liu et al., 2017b), and thus,
iron oxide-dominated corrosion scales and loose deposits ubiquitously exist (Gauthier et al., 1999; Lytle et al., 2004; Zacheus et al.,
2001), which can have a variety of effects on the water quality in
DWDSs (Husband et al., 2008). The loose deposits have complex
origins, including residual matter from raw water (residual particles and residual metallic elements such as iron) and corrosion
products from the pipes. Certain types of organic and inorganic
contaminants have commonly been found in corrosion scales and
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loose deposits that were accumulated through adsorption or
coprecipitation (Gauthier et al., 1999). Notably, once a disturbance
occurrs (such as a pipe-burst event as shown in Fig. S1), particles
can be released or resuspended in the drinking water, resulting in
the deterioration of the water quality, such as increases in the
turbidity and discoloration (Liu et al., 2017a). Particle accumulation
could have numerous negative effects on the drinking water quality
and is one of the main threats to tap water quality (Liu et al., 2013).
Discoloration events caused by the resuspension of the particles are
important aspects of customer complaints throughout the world,
and they have attracted great interests from both the scientiﬁc and
societal communities (Vreeburg and Boxall, 2007). However, water
quality problems resulting from corrosion scales or loose deposits
in DWDSs are commonly considered as aesthetic issues rather than
health concerns (Sun et al., 2017).
Both the iron corrosion scales and iron-dominated loose deposits contain a large proportion of FeOOH particles (Peng et al.,
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2010; Yang et al., 2014). Metal oxides such as TiO2, CuO and ZnO are
reported to have toxic effects (Zhang et al., 2018), but iron oxide
particles including Fe3O4 and Fe2O3 are usually assumed to be nontoxic or low-toxic matter (Karlsson et al., 2008). Generally, particles
follow a trend of increasing toxicity with decreasing particle size
(Suresh et al., 2013), and the toxicity of nanoparticles has attracted
great attention for more than a decade. In addition to particle size,
particle shape is another important factor affecting toxicity. Suresh
et al., (2013) compared engineered nanoparticles with different
shapes, including pentagons, triangles, hexagons, squares, rods and
spheres. They found that particles with sharp edges and corners are
chemically and biologically reactive. Atoms at these positions are
weakly bound in comparison to the bulk atoms, which can inﬂuence their interactions and reactivities with microorganisms. In
addition, small spherical particles are more toxic than rod-like
particles because they can damage the cell membrane easier.
FeOOH nanoparticles usually have urchin-like nanostructures
(Zhuang et al., 2017) and high chemical reactivity in water, which
means they are potentially toxic. Applerot et al., (2009) found that
ZnO with smaller nanoparticles can produce higher levels of reactive oxygen species (ROS), resulting in a remarkable promotion of
oxidative stress. For the FeOOH nanoparticles, their ROS generation
is usually considered to happen in the presence of H2O2, which is
known as the Fenton reaction (Zhuang et al., 2017). However, it is
worthwhile to note that FeOOH was found to be able to generate
ROS without H2O2 when bonding with graphene through the
FeeOeC bonds induced by Fe-p interactions (Zhuang et al., 2019).
However, the toxicity harms of FeOOH particles in DWDSs have not
been recognized.
Iron ion released from iron-based pipes is the commonest
reason for colored water formation. Iron ion releases refers to its
transmission in soluble or particulate form from corrosion scales or
the pipe surface to the bulk water. Colored water is generated when
iron enters the bulk water as ferric particles, or as Fe2þ that oxidizes
and then forms ferric particles with FeOOH as a main form in loose
deposits (Sarin et al., 2004). Due to the complexity of environmental factors, metal oxide nanoparticles formed with different
types of coexisting matter may inevitably undergo structural
changes compared to the pristine materials. Metal ions such as
Mn2þ ions in drinking water were found to be able to form FeeMn
oxides during the formation of FeOOH (Bai et al., 2016). Organics
with hydroxyl groups such as alcohols were found to be able to
bond with the Fe2þ to guide the oxidation process of the iron oxides
(Zhuang et al., 2017). Structural changes of metal oxide nanoparticles may further strengthen the nanoscale toxicological effects
(Zhang et al., 2018). For example, in the presence of phosphate, ZnO
nanoparticles change from uniform spherical particles into larger
anomalous porous particles that are more toxic to mammalian cells
than the initial nanospheres (Lv et al., 2012). Most of the toxicity
studies only focused on the pristine nanoparticles which could not
fully elucidate the potential harms of nanoparticles under complex
environmental exposure conditions. Thus, it is necessary to understand the potential toxicity effects of FeOOH particles relating to
their possible nanostructure changes under DWDSs conditions.
To study the structure transformation and the potential harms
of the iron-based particles from deposits in DWDSs, in this work,
FeOOH particles were grown under the coexistence of various types
of common matters in DWDSs including inorganic matters (cation
ions Al3þ, Mn2þ, Mg2þ, and Ca2þ, anions silicate and phosphate)
and organic matters (bisphenol A, perﬂuorooctanoic acid and humic acid). The iron particle-dominated loose deposits were also
collected from a real DWDS. All the samples were analyzed in terms
of their structure and toxicity. The inﬂuence of the coexisting
matters on the particle structure and the bonding type between
iron species and organics were further investigated. Density

functional theory (DFT) and molecular dynamics calculations were
used to study the particle toxicity produced through the electron
transfer pathway. The toxicity mechanism related to free radical
generation was proposed based on the results. The ﬁndings could
give new understanding on potential harm of discoloration events.

2. Materials and methods
2.1. Preparation of FeOOH particles
The FeOOH particles were prepared through a hydrothermal
method. The FeOOH particles were prepared in the presence of
different coexisting compounds, including inorganic and organic
chemicals. Since the sulfate concentration is one of the most
important water quality parameters for a number of models and
indices, including the Larson index, and has usually been considered a main cause of red water under many conditions, FeSO4 was
used to prepare FeOOH particles (Sun et al., 2017). In a typical
procedure, 0.222 g of FeSO4$7H2O (Sigma-Aldrich, 99.9%) was dissolved in 80 mL of distilled water and stirred for approximately
10 min to obtain a uniform solution. Then, the solution was transferred into a 100 mL Teﬂon-lined stainless steel autoclave and
heated at 100  C for 24 h. The resulting product was collected by
centrifugation, washed with ethanol once, and then dried at 60  C
overnight. The inﬂuence of various types of coexisting matters on
the structure of FeOOH-based nanoparticles was studied using
coexisting matters as follows:
a. Inorganic matter: considering the widely distributed cation ions
Al3þ, Mn2þ, Mg2þ, and Ca2þ in drinking water, Al2(SO4)3, MnSO4,
MgSO4 and CaCl2 (1 mg/L) were introduced to generate FeOOH
particles named FeOOHeAl, FeOOHeMn, FeOOHeMg and
FeOOHeCa, respectively. Considering the possible leaching of
Zn2þ and Cu2þ from the metallic pipe materials, ZnSO4 and
CuSO4$5H2O were introduced to generate FeOOH particles,
which were named FeOOHeZn and FeOOHeCu, respectively. As
anions containing Si (such as clay minerals) and P (especially
under eutrophication) usually exist in drinking water, Na2SiO3
and Na2HPO4 were used to generate FeOOH particles, which
were named FeOOHeSi and FeOOHeP.
b. Organic matter: considering the widely used of bisphenol A
(BPA) in plastic product production, 1 mL of BPA was added into
79 mL of FeSO4 solution to generate FeOOH particles named
FeOOH-BPA. Perﬂuorooctanoic acid (PFOA) was selected as a
representative emerging persistent organic pollutant in drinking water for the preparation of FeOOH particles named FeOOHPFOA. For the commonly existing natural organic matter in
drinking water, humic acid (HA, obtained from drinking water
sample which was measured relying on total organic carbon
before ﬁltered through a 0.45 mm membrane, adapted to pH ¼ 2,
went through a XAD-8 macroporous resin and eluted by 0.1 mol/
L NaOH), which has been found to be able to form complexes
with metal ions (Frenkel et al., 2000; Korshin et al., 1998), was
used to generate FeOOH particles named FeOOH-HA.

2.2. Collection of iron-dominated particles from the DWDSs
We collected loose deposit particles using a net assembly from
real water supply pipes in Beijing, China consisting of old unlined
cast iron pipes and cement-lined iron pipes, which were named CA
and CE, respectively. All the particles were sieved and freeze-dried
before the experiments (Han et al., 2018).
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2.3. Characterization
The morphologies of all the iron-dominated particles from the
DWDSs and the FeOOH samples were characterized using ﬁeldemission scanning electron microscopy (FESEM, Hitachi S4800)
and transmission electron microscopy (TEM, FEI, Tecnai G2 F20). To
analyze the metal elements, the solid deposits were ﬁrst digested in
concentrated HNO3 at pH 2.0. The concentration of metals was
analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES, OPTIMA 2000, PerkinElmer, USA). The X-ray
diffraction (XRD) spectra were obtained on a Bragg-Brentano
diffractometer (Rigaku, D/Max-2200). The elemental compositions of the surfaces of the particles were analyzed by X-ray
photoelectron spectroscopy (XPS, EscaLab 250Xi). Electron spin
resonance (ESR) tests were performed on a Bruker model A300-10/
12 electron paramagnetic resonance spectrometer with 5-tertbutoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) as a spintrapping agent. The speciﬁc surface area, pore volume and pore
size distribution were tested with nitrogen adsorption/desorption
isotherms at 77.4 K using an accelerated surface area and porosimetry system (Micromeritics, ASAP 2020), and all the samples
were degassed at 373 K for 8 h before the measurements.
2.4. Toxicity evaluation
To quantitatively evaluate the cell cytotoxicity of the iron particles as well as the proliferation or viability of the cells with the
iron particles, a simple, nonradioactive and colorimetric 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was used (Pieters et al., 1989). Since dimethyl sulfoxide
(DMSO) can dissolve cell membranes, the absorbance value at
570 nm was used to reﬂect the number of living cells. The materials
used to collect and logarithmically count the LO2 cells were sterilized by ultraviolet irradiation for 30 min. The cell suspension concentration was adjusted, and then 100 ml of suspension was added
to each well of a well plate at a rate of 2  104 cells/well. A control
experiment was performed with no iron particles. The healthy
human liver cells used in the toxicity test were purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences. The cells
were cultured at 37  C in an incubator with a 5% CO2 atmosphere.
The culture medium was removed after 24 h, 48 h, 72 h, 120 h and
168 h. A 0.5 mg/ml MTT solution (200 ml) was added to each well.
After incubation, the medium was removed, and the formazan
crystals were solubilized by a 10 min treatment with 150 ml of isopropanol in the incubator. The absorbance of each well was
measured on a microplate reader (EPOCH2T, Biotek) at 570 nm. The
relative cell viability was calculated by conducting 3 duplicate experiments and taking the mean value. Microscopy images were
obtained for samples after 24 h and 48 h by an optical microscope
(DMI8, Leica) after treated by Calcein-AM.
2.5. Theoretical calculation
Density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package (VASP). A spinpolarized generalized gradient approximation Perdew-BurkeErnzerhof (GGA-PBE) functional, an all-electron plane-wave basis
set with an energy cutoff of 400 eV, and a projector augmented
wave (PAW) method were adopted. The conjugate gradient algorithm was used for optimization. The convergence threshold was
set to a total energy of 1  104 eV. All structures and energies were
allowed to relax below 0.01 eV/Å.
Molecular dynamics (MD) simulations were mainly completed
by the Forcite module of the Material Studio software package. The
PFOA-FeOOH system was constructed, and a water solution was
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added. A canonical ensemble (NVT) and a COMPASS force ﬁeld were
adopted. First, the SMART algorithm was used to minimize the
energy of the system; then, the NVT ensemble was used to simulate
the MD of the system. The Nose algorithm was used to control the
temperature of the system at 300 K, and each simulation step was 1
fs, while the system was simulated over 5 ns.
3. Results and discussion
3.1. Structural analysis
To study the structure of the FeOOH particles grown with
different types of coexisting matters which may emerge in DWDSs,
SEM images of the FeOOH particles are shown in Fig. 1, from which
it could be seen that most of the FeOOH particles have urchin-like
structures with sharp hairy surfaces. Zarzycki et al., (2015) reported
that inner-sphere Fe-complex formation requires electron transfer,
but electron transport from the outer sphere to inner sphere would
cost energy and prevent electron injection into some of the crystal
faces. Furthermore, they also found that the migration of the subsurface charge occurs parallel to the surface running along the iron
chains (Zarzycki et al., 2015). Due to the resistivity of the bulk
crystal phase, migration is more energetically plausible than conduction. It is reasonable to deduce that deposits with urchin-like
structures have kinetically fast growth along the laterally oriented crystal growth pathway, and then, the small nanorods, with a
raft-like alignment, are assembled through oriented base-attached
nucleation and grown from small spherical primary particles (Vu
et al., 2014). Moreover, it also can be seen from Fig. 1 that the
structure of FeOOH noticeably changes in the presence of different
coexisting compounds. Under the existence of other metal ions, the
particles do not have obvious changes from FeOOH. Among all the
samples, FeOOHeP is the only sample that does not have an urchinlike structure but has a diamond-like structure with the smoothest
surface. With the coexistence of organics, the particles have
obvious changes in the urchin-like structure, which may be because
the organics with various functional groups, such as hydroxyl and
carboxyl groups, can combine with iron ions to form complexes.
Then, the complexes hydrolyze and aggregate to form nanorods
before ﬁnally generating nanospheres (Wang et al., 2012; Zhang
et al., 2010). Among all the samples, the FeOOH-BPA has the
sharpest surfaces with abundant long thin spines. The FeOOH-PFOA
and FeOOH-HA consist of blunt nanorods comparing to the FeOOH.
It has been found that phosphate and natural organic matter (NOM)
changed the morphology of ZnO, thus resulting in higher toxicity
(Jiang et al., 2012; Lv et al., 2012). Therefore, the structural changes
in the FeOOH nanoparticles may also lead to changes in their
toxicities.
To study the structure of the iron particle-dominated loose deposits collected from a real DWDSs through pipe ﬂushing, Fig. 2
shows the SEM images of the iron-dominated particles from the
DWDSs. Interestingly, in all the samples urchin-like structures
consisting of nanorods or nanoplates can be found in the SEM
images, which is similar to the prepared FeOOH nanoparticles in
Fig. 1. In the CE sample under low magniﬁcation, nanoparticles with
a hexahedron shape can be observed along with the urchin-like
structures, which is similar to FeOOHeP in Fig. 1. The structures
and contents of crystals in the CA and CE are shown in Table 1 and
the high proportion of FeOOH crystals in the deposits in the DWDSs
is in good accordance with the previous reports(Peng et al., 2010;
Yang et al., 2014).
3.2. Toxicity evaluation
Iron nanoparticles were found to be quickly accumulated in the
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Fig. 1. SEM images of the FeOOH particles prepared with different types of coexisting matter.

Fig. 2. SEM images of the iron-dominated particles from the DWDSs.

liver and spleen through macrophage phagocytosis and entrapment (Briley-Saebo et al., 2011; Wang et al., 2001). Liver uptake has
been found to be the most effective elimination pathway of iron
oxide nanoparticles even when the nanoparticles are tuned for
speciﬁc targeting of tissues or organs (Briley-Saebo et al., 2011). The
size and stability of the iron oxide nanoparticles are considered to
be the most important factors in their biodistribution kinetics
(Arami et al., 2015). After drinking water containing FeOOH particles, humans have a high possibility of being exposed to the particles, especially in the liver.
To evaluate the toxicity of the FeOOH particles with different
morphologies and compositions, healthy human liver cells were

chosen as a target in this study. Fluorescence microscopy images of
the cells before and after treatment with the particle samples are
shown in Fig. 3a, in which the green cells are alive while the red
cells are dead. In the blank sample (without FeOOH particles), there
were no dead cells were observed after 24 h and 48 h. Obvious dead
cells were observed in all the samples after treatment with the
various materials. For the particles from the real DWDSs, CA and CE,
substantial red ﬂuorescence appeared after 24 h, which indicated
that numerous cells died within 24 h; moreover, the green color
after 48 h was weaker than that after 24 h, which further indicated
the damage to the live cells. The results suggest that the discoloration events in the DWDSs not only are an aesthetic issue but also
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Table 1
The structure and content of crystals in the particles from DWDS.
Content (%)

CA

CE

Quartz
Lepidocrocite
Goethite
Calcite
Plagioclase
Microcline
Kaolinite
Mica
Dolomite
Zeolite
Hematite

43
5
11
0
20
21
0
0
0
0
0

25
3
10
3
14
10
4
5
9
10
7

could cause potential toxicity effects. The relative viability results of
different FeOOH particles obtained by MTT assay are shown in
Fig. 3b. For the FeOOH particles grown without any coexisting
compounds, the viability was lower than that from the real DWDSs.
On the whole, the FeOOHeAl, FeOOHeMn, FeOOHeCa, FeOOHeCu,
FeOOHeSi, FeOOH-BPA and FeOOH-PFOA nanoparticles have
higher toxicity to human liver cells than pure FeOOH, which may be
a result of their sharper nanostructure surfaces than those of pure
FeOOH. The relatively lower toxicity of FeOOHeP (which is the only
one sample with a smooth surface among the FeOOH-based samples) further suggested the close relationship between the
morphology and toxicity. Xu et al., (2016) found that iron corrosion
products with thicker and more compact passivating layers are less
reactive due to the passivating layer preventing rapid electron and
mass transfer. Interestingly, although the FeOOH-PFOA particles did
not have a sharper surface or smaller particle size among all the
samples, they showed the highest toxicity with a viability of 29.6%
at 24 h, which is much lower than that of the pure FeOOH (81.6%)
and also lower than the sharpest FeOOH-BPA (60.2%). We deduced
that, in addition to the morphological and size factors, the interaction between FeOOH and PFOA might also be able to increase the
toxicity. In general, most of the samples with more urchin-like
structures had higher toxicity than pure FeOOH. The sample with
the smoothest surface (FeOOHeP) had the lowest toxicity while the
sample with the sharpest surface (FeOOH-BPA) had the second
highest toxicity. However, FeOOH-PFOA did not follow this regular
and had the highest toxicity while it does not have the sharpest
surface. This interesting phenomenon further indicated that besides morphology, there would be other mechanisms involved in
the toxicity of FeOOH-PFOA.
3.3. Mechanistic study
As organics with oxygen containing functional groups (such as
PFOA contains carboxyl groups) may bind with iron ions to guide
the growth of FeOOH, to study the toxicity mechanism, XPS analysis
was performed to further reveal the structures of the deposit CE
and the FeOOH-PFOA. In the full survey XPS spectrum shown in
Fig. S2, the binding energies at 711, 685, and 198 eV were attributed
to Fe 2p, O 1s and C 1s, respectively. Fig. 4a shows the O 1s XPS
spectrum of CE. The existence of FeeOeC bond indicates an interaction between the FeOOH nanoparticles and organic matter in the
real DWDSs. As determined from the spectrum in Fig. 4b, the
FeeOeC bond is stronger in FeOOH-PFOA than in the CE sample
due to the presence of nonmetal compounds in the particles from
the real DWDSs. The FeeOH bond in the deposits is weaker than the
FeeO bond, while FeOOH-PFOA exhibits an opposite trend, which
indicates that the FeOOH nanoparticles easily interact with other
inorganic and organic compounds that coexist in the complex
chemical environments of real pipes, which may lead to the
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transformation of the FeeOH bonds into FeeO or FeeOeC bonds. In
the Fe 2p spectra of the CE and FeOOH-PFOA, as shown in Fig. 4c
and d, respectively, the peaks at 711.1 eV (Fe 2p3/2) and 724.6 eV (Fe
2p1/2) are characteristic of Fe ions (Yamashita and Hayes, 2008). The
FeOOH-PFOA sample contains a higher Fe(II)/Fe(III) ratio than the
CE sample.
The transformation between Fe(II) and Fe(III) is a key factor in
the Fenton process. In a study using real iron-containing deposits as
novel catalysts, they exhibited good performance in pesticide
degradation through a heterogeneous Fenton reaction (Oliveira
et al., 2012). BMPO-trapped ESR tests were performed for the CE
and FeOOH-PFOA samples, as shown in Fig. 5a. Four BMPOeCOH
characteristic peaks appeared for both samples. In the presence of
H2O2, the deposits generated COH due to a heterogeneous Fenton
reaction between the Fe components and H2O2, which was in
accordance with the excellent catalytic performance of the deposits
in the literature (Oliveira et al., 2012). Interestingly, we found that
the FeOOH-PFOA nanoparticles could generate COH without the
addition of H2O2. During the oxidation of Fe(II) on the FeS surface,
O2 was found to be transformed into H2O2 as an intermediate
before ﬁnally generating COH (Tong et al., 2016). Thus, the COH
generation by FeOOH-PFOA may be from O2 through a Fenon-like
mechanism. Anipsitakis and Dionysiou, (2004) found that Fe(II)
and Fe(III) were the most efﬁcient transition metals for the activation of H2O2. With a higher Fe(II)/Fe(III) ratio, FeOOH-PFOA
obviously produced a much higher content of COH than the CE
sample. In addition, dual reaction centers were found to be formed
via metaleOeC bonds, which were responsible for the high efﬁciency of the heterogeneous Fenton process and the strong generation of COH (Lyu et al., 2018). For the FeOOH-based materials, Fe-p
interactions through the FeeOeC bonds could also induce the
formation of dual reaction centers, resulting in the generation of
ROS without the presence of H2O2 (Zhuang et al., 2019). Here, we
found that in addition to the cation-p interactions, the combination
of Fe and PFOA could also lead to the strong generation of COH. The
C
OH generation may be an important reason for the higher toxicity
of the FeOOH-PFOA among the FeOOH-based nanoparticles.
To further study the mechanism of COH generation by the
FeOOH-PFOA nanoparticles, DFT calculations were used. A colorﬁlled map of the two-dimensional valence electron density is
shown in Fig. 5b, and the inset shows the optimized geometric
structure and charge density difference. These results further
showed that electron-rich regions are formed around the Fe atoms
in the FeOOH-PFOA nanoparticles, while electron-poor regions are
formed around F. The CeF bond in PFOA has a high bond energy,
which could further increase the electron distortion around the
FeeOeC bond. Thus, the electron migration in the FeOOH-PFOA
nanoparticles was enhanced by the strong combination of the
FeeOeC bonds and CeF bonds to form a FeeOeCeF linkage. Dissolved oxygen (DO), which has been reported to compete with
pollutants for the electrons donated by zerovalent iron, may capture the electrons from the electron-rich regions of the FeOOHPFOA nanoparticles to generate ROS (Li et al., 2018). Therefore,
the presence of electron distortion in unique FeOOH-based nanoparticles has a higher likelihood of using O2 to generate COH. Thus,
PFOA could change the toxicity of FeOOH with regards to both
morphological and chemical interaction effects.
Due to the unique physical and chemical properties of nanomaterials, traditional toxicological methods are not always fully
applicable to the toxicity detection and safety evaluation of nanomaterials. Especially, when nanomaterial exposure occurs at low
doses (such as environmental exposure) without signiﬁcant
oxidative stress damage, several indirect toxic effects, such as secondary toxicity and compensatory damage, are often neglected.
Chen et al., (2017) found that nanomaterials could induce DNA
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100

(b)

CA
CE
FeOOH-Mg
FeOOH-Si
FeOOH-PFOA

FeOOH
FeOOH-Al
FeOOH-Ca
FeOOH-Zn
FeOOH-P
FeOOH-BPA
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FeOOH-Cu
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40
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0
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Fig. 3. (a) Fluorescence microscopy images of cells (green: live cells; red: dead cells) and (b) relative viabilities determined via an MTT assay of the particles. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

methylation changes and lead to abnormal metabolic processes as
well as signaling pathways, resulting in the alteration of various
cellular processes. DNA methylation induced by nanosilver and
graphene oxide can lead to abnormal metabolic processes and
signaling pathways, especially for membrane-related proteins,
membrane skeleton proteins, energy metabolism proteins and ion
channel proteins. Thus, to further evaluate the toxicity of the particles with respect to DNA changes, DFT calculations were further
used to analyze the interactions between the FeOOH-PFOA particles

and DNA using cytosine as a representative component. The optimized structures of FeOOH-PFOA and cytosine with numbered
atoms are shown in Fig. S3. The parameters of the chemical activity
analysis are shown in Table 2e4, which were calculated according
to equations S(1) to S(4). From Table 2, the electronegativity c of
FeOOH-PFOA is much higher than that cytosine, indicating that the
electrons can easily be transferred from cytosine to FeOOH-PFOA.
From Tables 3 and 4, the Fe(26) atom in FeOOH-PFOA has the

highest fþ
k , while the O(8) atom in cytosine has the lowest fk ,
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Fig. 4. (a) O 1s XPS spectrum of CE, (b) O 1s XPS spectrum of FeOOH-PFOA, (c) Fe 2p XPS spectrum of CE, and (d) Fe 2p XPS spectrum of FeOOH-PFOA.

Fig. 5. (a) BMPO spin-trapping ESR spectra for COH of the CE and FeOOH-PFOA samples and (b) DFT valence electron density color-ﬁlled map of FeOOH-PFOA (inset: the optimized
geometric structure and charge density difference), (c) binding mode of PFOA on the FeOOH surface (yellow-C, cyan-F, red-O, dotted line for hydrogen bond interactions and
distances), and (d) schematic illustration of the proposed toxicity mechanism. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web
version of this article.).

indicating that electron transmission occurs from Fe(26) in FeOOHPFOA to O(8) in cytosine. To further study the formation mechanism of the FeOOH-PFOA, MD calculations were used to study the

interaction between FeOOH and PFOA. Fig. S4a shows the molecular
structure of FeOOH. Noticeably, PFOA can be adsorbed onto the
surface of FeOOH after 5 ns of the MD simulation (Fig. S4b). The F in
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4. Conclusion

Table 2
Parameters of chemical activity analysis.
Molecule

FeOOH-PFOA

Cytosine

EHOMO
ELUMO
DELUMO-HOMO

0.47195
0.44577
0.00262
0.45886
0.45886
0.01309
8.04249

0.2023
0.0640
0.1374
0.1336
0.1336
0.0687
0.1299

m
c
h
u

Table 3
Fukui function of FeOOH-PFOA.
Atom

fþ
k

f-k

C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
F(9)
F(10)
F(11)
F(12)
F(13)
F(14)
F(15)
F(16)
F(17)
F(18)
F(19)
F(20)
F(21)
F(22)
F(23)
O(24)
O(25)
Fe(26)

0.045
0.037
0.037
0.037
0.037
0.038
0.040
0.049
0.038
0.044
0.038
0.032
0.032
0.032
0.032
0.032
0.032
0.030
0.032
0.033
0.030
0.028
0.038
0.045
0.043
0.091

0.045
0.037
0.036
0.037
0.037
0.038
0.039
0.049
0.038
0.044
0.038
0.032
0.032
0.032
0.032
0.032
0.032
0.030
0.032
0.033
0.030
0.028
0.038
0.045
0.043
0.091

Atom

fþ
k

f-k

N(1)
C(2)
C(3)
N(4)
C(5)
C(6)
N(7)
O(8)

0.081
0.108
0.055
0.111
0.036
0.204
0.051
0.072

0.070
0.021
0.143
0.092
0.056
0.069
0.083
0.210

Table 4
Fukui function of cytosine.

PFOA can act as hydrogen bond acceptors to form hydrogen bonds
with the hydroxyl groups of FeOOH. PFOA mainly binds to FeOOH
oriented along the surface (Fig. 5c). The length of the HeF hydrogen
bonds is between 2.6 and 2.9 Å, indicating that PFOA strongly
bonds with FeOOH to induce the electron migration.
Therefore, the iron-based nanostructures in particles have the
following large toxicity effects, which may be overlooked by
traditional toxicity assays: (i) the particles can directly capture
electrons from the DNA in cells due to the higher electronegativity
of the iron-based particles, and (ii) the particles can generate COH
from O2 and attack the cells, which can be further accelerated by
using the cells as electron donors due to the formation of the dual
reaction centers (Fig. 5d). Cell damage may cause further metabolic
changes or inherent toxicities.

Iron-based particles are widely existed in the deposits of
DWDSs, but their toxicities have not been fully recognized. Here,
structure transformation of iron-based particles was found to
happen and had inﬂuence on the toxicity. The real deposits from
DWDSs were demonstrated for the ﬁrst time to possess toxicity to
human liver cells. Among the FeOOH particles of various structures
which may exist in deposits, the particles with sharper surface
(especially FeOOH-BPA with sharpest ordered urchin-like structure) had the second highest toxicity while the sample with
smoothest surface (especially FeOOHeP in hexahedron structure
with no stabs) had the lowest toxicity. More importantly, we found
the special toxicity of FeOOH-PFOA which did not follow the rule of
morphology due to the generation of reactive oxygen species. PFOA
mainly binds to FeOOH oriented along the surface and the strong
bonds with FeOOH could enhance the electron migration. DO may
capture the electrons from the electron-rich regions of the FeOOHPFOA nanoparticles to generate ROS. Moreover, the particles might
also directly capture electrons from the DNA in cells due to the
higher electronegativity of the iron-based particles. Therefore, the
presence of electron distortion in unique FeOOH-based nanoparticles has a higher likelihood of using O2 to generate COH. This
study would give a new vision on the potential adverse effects of
discoloration events.
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