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ABSTRACT: The importance of arsenic metabolism by gut
microbiota has been evidenced in risk characterization from As
exposures. In this study, we evaluated the metabolic potency of
human gut microbiota toward As(V)-sorbed goethite and jarosite,
presenting different behaviors of As release, and the solid−liquid
transformation and partitioning. The release of As occurred mainly
in the small intestinal phase for jarosite and in the colon phase for
goethite, respectively. We found higher degree of As(V) and
Fe(III) reduction by human gut microbiota in the colon digests of
goethite than jarosite. Speciation analysis using high-performance
liquid chromatography coupled with inductively coupled plasma
mass spectrometry and X-ray absorption near-edge spectroscopy,
revealed that 43.2% and 8.5% of total As was present as As(III) in
the liquid and solid phase, respectively, after goethite incubation,
whereas almost all generated As(III) was in the colon digests of jarosite. Therefore, As bioaccessibility in human gastrointestinal tract
was predominantly contributed to Fe(III) dissolution in jarosite, and to microbial reduction of Fe(III) and As(V) in goethite. It
expanded our knowledge on the role of Fe minerals in human health risk assessment associated with soil As exposures.

■ INTRODUCTION

Arsenic (As) as a class 1 carcinogen is ubiquitous in the natural
environment, which presents a significant threat to human
health.1 For human exposure to contaminated soil and dust,
inadvertent oral ingestion becomes one main exposure
pathway, especially for children through outdoor hand-to-
mouth behavior.2 In the past 20 years, in vitro methodologies
have been developed to simulate the gastrointestinal tract.
Arsenic bioaccessibility is applied to evaluate risks to humans
associated with contaminated soils by many countries and
regions, defined as the fraction of As that is soluble in the
gastrointestinal environment and available for absorption.3,4

More efforts have been made to acknowledge in vitro
bioaccessibility methods as an appropriate surrogate to
accurately predict in vivo As relative bioavailability (RBA)
through in vivo−in vitro validation.5,6

The human gut harbors a vast (1014 bacteria in total) and
incredibly diverse microbial community, which can encode a
broad diversity of enzymes and modify the chemical structures
of xenobiotics; and there are concerns on gut microbial
interactions with xenobiotics.7 Comprehensive studies have
been carried out on the metabolic potency of human colon
microbiota toward metal(loid)s (e.g., As, selenium, and
antimony) and organic pollutants (polycyclic aromatic hydro-
carbons).8−10 Previous in vitro studies focused on As

bioaccessibility of contaminated soil in the gastrointestinal
phase, displaying the predominant As form as arsenate and
negligible speciation change. Speciation analysis is the key to
understand the toxicity, bioavailability, and environmental fate;
and As speciation can be affected by a lot of physiochemical
and biological factors in the environment.11 At the moment,
SHIME (Simulator of Human Intestinal Microbial Ecosystem)
provides the platform to demonstrate the important role of
human gut microbiota in As transformation, bioaccessibility,
and even metabolism.12,13 Arsenic biotransformation in the gut
leads to the speciation change including reduction and
methylation,13 as well as As thiolation with the involvement
of sulfate-reducing bacteria (SRB).14 The speciation, mobility,
and fate of As should be controlled by a combination of
various physicochemical and microbial processes.
Arsenic mineralogy in mine tailings and soils has insight into

the solubility of As-bearing minerals and the influence on As
bioaccessibility;15,16 and it is commonly accepted that As
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mobility mainly depends on various processes of adsorption/
desorption and coprecipitation with minerals.17−20 The most
extensive research is on understanding the competence of Fe
minerals in the natural environment. Iron oxides act as effective
adsorbents for both As(III) and As(V), most commonly in the
formation of strong inner-sphere complexes, as well as outer-
sphere and monodentate inner-sphere complexation.21−23 In a
neutral environment, the sorption of As(III) on goethite and
ferrihydrite was stronger than As(V) at high As concen-
trations.23 Generally, As(III) was sorbed more weakly than
As(V). Iron reduction by dissimilatory Fe-reducing bacteria
can induce As release from As-bearing Fe(III) oxides, which
was regarded as the primary pathway of As solubilization in
environments.24,25 During the reductive dissolution of Fe(III)
oxides, the importance of biogenic secondary Fe minerals (e.g.,
magnetite and vivianite) has been evidenced to exert a primary
driving force to sequester As.26,27 Despite the knowledge on
the influence of As mineralogy on the bioaccessibility in
contaminated soils,28,29 few efforts have been taken to study As
bioaccessibility from Fe minerals. The bioaccessibility in
As(V)-bearing ferrihydrite was low from 0 to 5% in the
small intestinal phase.30 Laird et al. (2010)31 reported As
bioaccessibility of under 20% for synthesized scorodite, and
human colon microbiota promoted As release with an increase
of As bioaccessibility up to 2-fold in the colon phase. The
similar trend in As bioaccessibility was observed in mine
tailings.32 In vitro bioaccessibility was 3−7% in the gastric
phase, and the dominant control factors were evaluated in
Fe(III)−As(V) coprecipitates systems.33 There is a general
lack of knowledge on the intervention of gut microbiota on As
bioaccessibility and As(V)-bearing Fe (hydr)oxides. It is an
urgent case to preliminarily explain the mechanism of As
release, transformation, and fate in human gastrointestinal
tract.
The desire to further understand the metabolic potency of

human gut microbiota toward As(V)-sorbed Fe minerals
motivates this study. The objectives of this study were (i) to
investigate As liberation and biotransformation during the
incubation with human gut microbiota, and further partition-
ing between the liquid and solid phases, and (ii) to determine
the influence of Fe minerals transformation mediated by
human gut microbiota on As behavior in human gastro-
intestinal tract. It will contribute to more accurate assessment
of health risks associated with soil As exposure.

■ MATERIALS AND METHODS

Preparation of As(V)-Sorbed Goethite and Jarosite.
Goethite was synthesized according to Schwertmann and
Cornell (2000),34 180 mL of 5 M KOH was mixed to 100 mL
of 1 M Fe(NO3)2 solution. The suspension was diluted to 2 L
with ultrapure water (Milli-Q) and then aged at 70 °C for 60 h.
After cooling to room temperature, the suspension was washed
five times with Milli-Q water and dried at 50 °C. Jarosite
synthesis was carried out following the Baron and Palmer
methodology (1996),35 5.6 g of KOH and 17.2 g of Fe2(SO4)3·
5H2O were dissolved with 100 mL Milli-Q water in a covered
beaker. The solution was stirred continuously at 95 °C for 4 h
on a heat collection type magnetic heating stirrer. The
precipitate settled and was washed five times with Milli-Q
water and subsequently freeze-dried. The synthesized solids
were finely ground and identified by X-ray diffraction (XRD,
D8 Advance, Bruker, D.E.) with Cu Kα radiation (40 kV, 40

mA) and scanned from 10° to 80° 2θ with a continuous scan
rate of 6°/min.
Two levels of initial As(V) solutions (6.67 mM and 0.67

mM) were mixed with goethite and jarosite (30 g/L) at pH 4.6
and 9.2.36 After equilibration for 24 h, the suspension of
As(V)-sorbed Fe minerals was centrifuged; subsequently, the
residual solids were rinsed five times with Milli-Q water, freeze-
dried, and finely ground in the <250 μm particle size fraction
for in vitro experiments. After microwave digestion (CEM
Mars6), Table 1 showed total concentrations of As in Fe

minerals, denoted as G-AC-LAs, G-AC-HAs, G-AK-LAs, G-
AK-HAs, and J-AC-LAs, J-AC-HAs, J-AK-LAs, J-AK-HAs,
respectively. In the digestion process, a reference soil (GSS-5,
National Institute of Metrology, China) and blanks were
included for quality control, where As recovery was 99.5 ±
2.8% (n = 5).

Dynamic SHIME. The colon microbial community was in
vitro cultured in a dynamic human gastrointestinal simulator
(SHIME), which consisted of five compartments to simulate
stomach, small intestine, ascending colon, transverse colon and
descending colon, respectively. Detailed information about the
SHIME has been described previously.37 Briefly, fresh fecal
microorganisms obtained from a 28-year-old Chinese male
volunteer (no antibiotic treatment for at least six months
before the study), were inoculated into the three different
colon compartments. The nutrition for the colon microbiota
was provided by three times per day. The SHIME reactor was
continuously stirred and regularly flushed with nitrogen gas to
ensure anaerobic environment. The temperature (37 °C) and
pH (5.6−5.9, 6.15−6.4, and 6.7−6.9 in the ascending,
transverse, and descending colon compartments, respectively)
were operated automatically. After 4 weeks of adaptation, a
stable microbial community was expected in the colon
compartments; subsequently, the microbial fermentation
activity and community composition were consistent with
previous reports (standard control of dynamic SHIME is
provided in the Supporting Information (SI)).37,38

Metabolic Potency of Colon Microbiota toward
As(V)-Sorbed Goethite and Jarosite. The preliminary
experiment was designed to test whether human colon
microorganisms induced Fe dissolution from goethite and
jarosite. The microbial fecal suspension (active and sterilized)

Table 1. Total Concentrations and Bioaccessibility of As in
the Small Intestinal and Colon Phases for As(V)-Sorbed Fe
Mineralsa

bioaccessibility (%)

mineral no. total As (mg/kg) small intestine colon

goethite G-AC-LAs 1238 ± 76 ND 55.0 ± 6.1
G-AC-HAs 5160 ± 71 6.0 ± 0.1 65.3 ± 2.6
G-AK-LAs 1197 ± 57 ND 52.6 ± 3.2
G-AK-HAs 4754 ± 464 7.3 ± 0.1 74.6 ± 1.7

jarosite J-AC-LAs 900 ± 10 45.6 ± 3.7 43.0 ± 2.6
J-AC-HAs 2836 ± 66 45.0 ± 7.7 60.3 ± 3.0
J-AK-LAs 909 ± 14 41.2 ± 5.4 38.0 ± 0.4
J-AK-HAs 2124 ± 44 32.3 ± 1.8 46.8 ± 2.6

aAC-LAs, AK-HAs, etc. represented As(V) absorption at low (LAs)
or high (HAs) As(V) concentrations at the acidic (AC, pH 4.6) and
alkaline (AK, pH 9.2) conditions. Values are mean ± SD in triplicate.
ND, not detected.
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and Fe minerals were mixed in 100 mL serum bottles, which
were flushed with N2 gas for 20 min to make anaerobic, and
capped with butyl rubber stoppers. All samples were incubated
at 37 °C and 150 rpm for 48 h.
The physiologically based extraction test (PBET) combined

with the SHIME was used to continuously simulate the
stomach and small intestine (PBET) and colon (SHIME)
conditions.10 In brief, As-sorbed goethite and jarosite (0.3 g, in
triplicate) was added to polypropylene conical centrifuge tubes
(50 mL) with the gastric digest (30 mL) at the solid/solution
ratio of 1:100. After 1 h of the gastric phase, the pH was
adjusted from 1.5 to 7.0 with NaHCO3, and the bile salt and
pancreatin were added in the small intestinal digest. Following
transition from the small intestinal (4 h) to the colon phase
(48 h), the digests were transferred without loss into anaerobic
serum bottles (100 mL) with active descending colon solution
(30 mL) at a solid/solution ratio of 1:200. Subsequently, the
bottle was capped with butyl rubber stopper and immediately
flushed with N2 gas for 20 min to obtain anaerobic conditions.
To evaluate As release by human gut microbiota from the
remaining soil after the small intestinal phase, a contrastive
experiment in the colon phase was conducted in the absence of
small intestinal digest. The small intestinal digest was
centrifuged and the supernatant was decanted. The colon
solution was incubated with the residual solid at the solid/
solution ratio of 1:100. The entire in vitro digestion process
was maintained at 37 °C and on a shaker at 150 rpm, and pH
monitoring was provided in the SI. Samples taken from at the
end of each phase were centrifuged, and supernatants were
filtered (0.45 μm, Millipore, Billerica, MA) and stored at −80
°C until analysis.
Aqueous Phase Analysis. Total and bioaccessible

concentrations of As and Fe were determined using inductively
coupled plasma optical emission spectrometry (ICP-OES,
PerkinElmer, Waltham, MA.) and inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7500a, U.S.). Ferrous
iron was quantified via the phenanthroline spectrophotometry
method.39 Arsenic speciation analysis was conducted using
HPLC (Agilent 1100) and ICP-MS. The chromatographic
recovery of this method validated previously,10,40 was
satisfactorily high: 109 ± 5% (mean ± SD) in the study (SI

Table S1). More details for the parameters and validation of
HPLC-ICP-MS are provided in the SI.

Solid Phase Characterization. X-ray absorption spectra
of Fe and As in selected samples were recorded on beamline
1W1B (multipole wiggler) at the Beijing Synchrotron
Radiation Facility (BSRF) in China. Arsenic speciation was
quantified by least-squares linear combination fitting (LCF) of
the K-edge XANES spectra to reference standards using the
Athena software (Demeter 0.9.20). The LCF fits of both Fe K-
edge XANES spectra and k3-weighted EXAFS oscillations were
carried out to ensure Fe speciation. EXAFS data processing
and fitting were performed with Artemis software (Demeter
0.9.20).41 Details on the collection and analysis of X-ray
absorption spectra are provided in the SI. In addition, changes
in mineralogy of selected solid-phase samples was examined by
XRD. The micromorphology of residual solids was examined
via field-emission scanning electron microscope (SEM; Hitachi
SU8020, Tokyo, Japan) with an energy dispersive X-ray
spectrometer (EDX; Horiba EX-350) for elemental composi-
tion analysis.

■ RESULTS AND DISCUSSION

Characterization of As(V)-Sorbed Goethite and
Jarosite. Adsorption experiments showed that the sorption
capacity for As(V) on goethite was stronger than on jarosite
under the same conditions (Table 1). The maximum As(V)
absorption was determined to be 5160 mg/kg in goethite and
2836 mg/kg in jarosite at pH 4.6, and lower concentrations of
As(V) was observed at pH 9.2. For initial As(V) solution of
0.67 mM, As(V) sorbed to jarosite was at least 900 mg/kg, and
a similar increase for goethite was found (1197 mg/kg).

As Release and Bioaccessibility. In the small intestinal
phase (Table 1), the bioaccessible As was below detection limit
of G-AC-LAs and G-AK-LAs; and for goethite (G-AC-HAs
and G-AK-HAs) with high concentrations of As(V), the
bioaccessibility was just 6.0% and 7.3%. But higher As
bioaccessibility in jarosite was found from 32.3% to 45.6%. A
significant amount of dissolved Fe (4.4−16.4 mg/L) in jarosite
was presented, whereas lower Fe values (0.6−1.9 mg/L) were
shown in goethite (SI Table S2). It showed that under neutral
condition, the dissolution of Fe(III) minerals contributed a lot
to As release, especially for jarosite. A strong correlation was

Figure 1. Concentration (mean ± SD) of chromatographically detected As species in colon digests of As(V)-sorbed Fe minerals (n = 3). AC-LAs,
AK-HAs, etc. represented As(V) absorption in goethite (G) or jarosite (J), at low (LAs) or high (HAs) As(V) concentrations at the acidic (AC, pH
4.6) and alkaline (AK, pH 9.2) conditions. C, colon; NIC, the colon phase without small intestinal digests.
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demonstrated by linear regression between dissolved concen-
trations of As and Fe (R2 = 0.86) in the small intestinal digests.
In the colon digests, As bioaccessibility was determined by the
sum of all chromatographically detected As species, including
As(III), As(V), MMA(V), and DMA(V). Following the
transition from small intestinal to colon phase (Table 1), we
observed the intense dissolution from As(V)-sorbed goethite
with the bioaccessibility of 52.6−74.6%. For jarosite, the
bioaccessible As of J-AC-HAs and J-AK-HAs increased up to
1.4-fold in the colon phase (P < 0.05), but As bioaccessibility
in J-AC-LAs and J-AK-LAs was congruent with that of small
intestinal phase. The contrastive colon experiment in the
absence of small intestinal digests showed that human gut
microbiota resulted in As release especially from goethite
(Figure 1). The colon digests of goethite displayed As
dissolution from 40.2% (480.9 mg/kg, G-AK-LAs) to 56.8%
(2698.3 mg/kg, G-AK-HAs). On the contrary, a low degree for
jarosite was found, the range being 5.2% (47.4 mg/kg, J-AK-
LAs) to 18.6% (526.7 mg/kg, J-AC-HAs). The similar
behavior was observed that human gut microbiota can directly
induce the further release of As from the remaining soil after
the small intestinal phase.28 Studies on the effects of soil
mineralogy on As bioaccessibility have showed that higher
values were attributed to the presence of As associated with
jarosite than goethite.15 Foster and Kim (2014)42 found
significant positive correlations between the amount of
bioaccessible As and As(V)-bearing jarosite in mine-impacted
soils. Human colon microbiota promoted As release from
poorly crystalline scorodite and mine tailings as described
previously.31,32 The presence of Fe minerals in soils played an
important role in regulating As retention, and the increase in
As bioaccessibility would be associated with an increase in Fe
solubility.43 In addition, organic composition of the in vitro
assay may inhibit As sorption onto the surfaces of Fe oxide or
enhance Fe solubilization to increase As solubility in the in
vitro digests.6,29

Fe Dissolution and Reduction. The preliminary experi-
ment assessed the effect of human gut microbiota on Fe(III)
dissolution. After the incubation with active colon microbiota
for 48 h, a certain amount of dissolved Fe was measured to
being 4.7 mg/L for jarosite about 5-fold higher than that of
goethite (SI Table S3). No Fe release (<50 μg/L) was
observed in the control treatment of high-temperature
sterilized colon microbiota, which suggested that human gut
microbiota may play a role in Fe dissolution. Following
modification of small intestinal to colon phase (SI Table S2),
dissolved Fe was significantly increased by 12−30 folds for
goethite (4.0−12.9 mg/L) and 2−7 folds for jarosite with
higher concentrations (10.0−30.0 mg/L). The data of
contrastive experiment showed that human gut microbiota
gave rise to further Fe release from residual solids, being about
1.6−2.3 mg/L for goethite and 2.3−16.9 mg/L for jarosite. No
correlation between dissolved Fe and As was found in the
colon digest (P > 0.05). The effect of human gut microbiota
accelerated the mobility of Fe and As. The first observation is
that Fe dissolution in the colon phase was lower, whereas the
contrastive experiment displayed Fe release from soils by
human gut microbiota.28

Dissolved Fe(II) was monitored at the end of the incubation
with gut microbiota (SI Figure S1). Fe(II) concentrations
ranged from 1.5 mg/L (G-AK-LAs) to 4.5 mg/L (G-AC-HAs),
being 24.9−38.0% of total Fe in colon digests of goethite. The
reduction for colon digests of jarosite displayed Fe(II)

concentrations of 1.7 mg/L (11.4%, J-AC-LAs) to 2.6 mg/L
(19.7%, J-AK-HAs). Dissolved Fe(II) were 1.1−1.9 fold higher
in Fe minerals with high concentrations of As(V). In the
absence of small intestinal digests (NI-colon phase), the degree
of Fe(III) reduction was found to resemble the trend in the
colon phase. A small amount of Fe(II) was also detected in the
NI-colon digests, with 1.6 mg/L for goethite and 1.8 mg/L for
jarosite. The reduction process was mediated by gut micro-
biota considering no obvious Fe release compared to sterilized
conditions, which contributed to Fe dissolution in the colon
digests. Dissolved Fe(II) in the colon digests was low, and
Fe(III) reduction in goethite was 1.4 times higher than the
value of jarosite. This can in part be explained by the
differences in specific surface area.44,45 Goethite with more
sorption sites may be likely to adhere to human gut microbiota,
leading to a little higher reduction of Fe(III). Overall, dissolved
Fe was higher in jarosite incubation. Early studies indicated the
influence of mineral forms in soil on As bioaccessibility, and As
associated with jarosite may contribute to As bioaccessibility
more than goethite.15 In addition, sulfidization by sulfate-
reducing bacteria (SRB) is also one importance pathway of
jarosite dissolution, which can enhance As mobilization.45 The
SRB activity from the human gut has been evidenced by
measuring hydrogen sulfide production.14 The role of
sulfidization in As liberation from Fe minerals deserve further
elucidation. Laird et al. (2010)31 pointed out that the most
likely alternative mechanism explaining the increase in As
bioaccessibility was dissimilatory Fe reduction. In the presence
of Fe(III)-reducing bacteria, reductive dissolution of Fe(III)
can accelerate As release.46,47 For As(V)-sorbed jarosite, As
release was mainly due to Fe(III) dissolution and partly
contributed to reductive dissolution of Fe(III). However, for
goethite, it suggested that reductive dissolution of Fe(III) by
human gut microbiota played an important role in enhance-
ment of As mobilization.

As Speciation and Partitioning. The metabolic potency
of in vitro cultured human colon microbiota has been
evidenced toward soluble As(V) and As bound to various
contaminated media, including food, soil, and minerals.12,13,32

Speciation analysis indicated that the predominant form in the
colon digests was inorganic As (97.5−100%). Significant
microbial As(V) reduction was observed for the in vitro
experiment of As(V)-sorbed goethite and jarosite (Figure 1).
For goethite, As(III) was predominantly present in colon
digests, being 59.5−76.7% (2.0−13.5 mg/L). The colon
digests of jarosite also displayed a reduction percentage of
45.4−65.6% (0.9−5.6 mg/L). A similar observation was
reported that up to 40% of the bioaccessible As released
from scorodite was reduced to As(III) in the presence of
human colon microbiota.31 The contrastive experiment
revealed that human gut micrbiota not only resulted in
As(V) release from residual Fe oxides but took on the strong
reduction ability of As(V). The reduction percentage for colon
digests of goethite was 71.2−85.0% (3.6−22.9 μg/L), higher
than that of jarosite displaying 44.6−78.2% (0.2−4.1 μg/L).
Microbial reduction of As(V) to As(III) was suggested to be
responsible for As dissolution that could be facilitated due to
weaker binding of As(III) on Fe minerals.48 Aqueous As(III)
was detected with lower concentrations due to weak As(V)
reduction in jarosite incubation by Shewanella putrefaciens
CN32.47 Dissolved As(V) was reduced much more quickly
than As(V) adsorbed to mineral surfaces, such as goethite and
ferrihydrite.44 However, we found an extremely low degree of
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methylation (0−2.5%) for the colon digests (Figure 1). The
colon digests of goethite (G-AC-LAs) displayed a relatively
high methylation percentage of 2.5% with MMA(V) (71.1 μg/
L) and DMA(V) (29.3 μg/L). In most cases, few methylated
As species were detected in the colon digests (<5 μg/L). The
absorption of As metabolites produced by human gut
microbiota has been evidenced using epithelial cell line
Caco-2 derived from human colon carcinoma.29,49 It is
commonly accepted that the toxicity and bioavailability vary
with As species. In comparison with all studied cases up to
now, some researchers found a high degree of methylation for
colon digests of dissolved inorganic As, As-contaminated food
and soil.10,12,13 With the increase of the Fe/As molar ratio (SI

Figure S2), the degree of As transformation trended to weaken.
Yu et al. (2016)50 found that lower concentrations of Fe (0.1
and 0.3 mg/L) significantly increased As methylation. In this
study, it suggested that the inhibition of As methylation may be
because of the deficiency of methyl donor and high dissolved
Fe in the colon digests.11,50

Arsenic K-edge XANES spectra of reference samples and
residual solids at the end of incubation with colon microbiota
were shown in Figure 2, SI Figure S3 and Table S4. The linear
combination fitting (LCF) analysis indicated that As(III) had a
great increase for As(V)-sorbed goethite, and the content
ranged from 31.2 mg/kg (G-AC-LAs, 5.6%) to 379.4 mg/kg
(G-AC-HAs, 21.2%) after 48 h of incubation. In contrast,

Figure 2. Normalized As XANES spectra comparing reference materials and residual solids after the colon incubation. AC-LAs, AK-HAs, etc.
represented As(V) absorption in goethite or jarosite, at low (LAs) or high (HAs) As(V) concentrations at the acidic (AC, pH 4.6) and alkaline
(AK, pH 9.2) conditions. C, colon; NIC, the colon phase without small intestinal digests. G-As(III/V), As(III/V) sorbed goethite; J-As(V), As(V)
sorbed jarosite.

Figure 3. Percentages (%) of As(III) and As(V) between the solid and liquid phases. G-AC-LAs, J-AK-HAs, etc. represented As(V) absorption in
goethite (G) or jarosite (J), at low (LAs) or high (HAs) As(V) concentrations at the acidic (AC, pH 4.6) and alkaline (AK, pH 9.2) conditions. C,
colon; NIC, the colon phase without small intestinal digests. L, liquid phase; S, solid phase; O−As, methylated As species.
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As(III) was just found in J-AC-HAs, displaying 135.2 mg/kg
(12.0%). Finally, no significant change was observed in other
jarosite samples. Interestingly, based on the data of the
contrastive experiment, we found a similar increase of As(III)
for the residual solids of goethite, from 52.3 mg/kg (G-AK-
LAs, 7.3%) to 569.0 mg/kg (G-AK-HAs, 33.3%). As a whole,
the proportion and content of solid-phase As(III) for goethite
were 19.6% and 242.8 mg/kg on average, respectively.
Nevertheless, As(V) was the only form in the solid phase of
jarosite. In comprehensive consideration of speciation analysis,
As partitioning between the solid−liquid phase was shown in
Figure 3. For As(V)-sorbed goethite, 48.6% of As(V) was
reduced to As(III) (35.2−64.4%), and 16.0% of generated
As(III) was detected on residual solids. For jarosite, 17.3% of
As(V) was reduced and present in the colon digests. In the pH
6 to 9, As(III) sorption was similar or greater than that of
As(V) on goethite; subsequently, it suggested that concurrent
processes of microbial As(V) reduction and reductive
dissolution of Fe(III) were required to increase As
mobility.23,51 As previously reported, no reduction of As(V)
to As(III) occurred with lower concentrations of dissolved
Fe(II) (<10 mM),46 or within 72 h during the dissolution of
Pb−As jarosite by Shewanella putrefaciens under anaerobic
conditions.47

The fit results of EXAFS data of the raw and postexperiment
samples were summarized in Table 2, with Figure 4 showing
the radial structure functions (RSFs) obtained from Fourier
transformation of the χ data. The As EXAFS of As(V)-sorbed
goethite and jarosite was consistent with As coordination of
four O atoms with the As−O distance of 1.70 Å.22,52 It
corroborated that As(V) formed bidentate binuclear com-
plexes at the surface of Fe(III) minerals.53,54 In the colon

incubation of goethite, a decrease in As−O coordination
number at 1.70 Å was observed from 4.0 to 3.8 with similar
Debye−Waller factor. It could be due to trigonal pyramidal
As(III) with the first coordination sphere of three O atoms;
subsequently, in the presence of Fe(II) due to microbial
Fe(III) reduction, the formation of ternary binuclear−
bidentate complexes explained As(III) adsorption by goe-
thite.55 It was consistent with XANES data for goethite that
20% of total As was present as As(III) in the residual solid
phase. For jarosite, the fits of the raw EXAFS spectra yielded a
remarkably constant distance and coordination number, except
sample J-AC-HAs with 12.0% As(III) and the first coordina-
tion sphere of 3.8 O atoms. These parameters were identical to
those of arsenate and confirmed that As remained in the + V
oxidation state as with XANES data. The sorption of As(III) to
goethite should be stronger than jarosite under neutral
conditions. Generally, As is associated with Fe minerals
through adsorption or coprecipitation, which could be
determined by a sequential extraction method56 or XAS
analysis.57 The small peak (gray dash line in Figure 2) at
∼11 880 eV of As XANES spectra and the split (red solid line
in SI Figure S4) at ∼4.5 Å−1 of As EXAFS spectra were not
clearly observed after the colon incubation, which suggested
that no new atomic shells emerged around arsenic. It indicated
that As coprecipitation into Fe minerals should contribute little
to the fate of As in the residual solids after colon incubation.
The increase in As(III) ratio of the residual solids should be
the result of two processes including reduction and read-
sorption of dissolved As(V) and reduction of As(V) sorbed to
goethite. It uncovered that the effect of human gut microbiota
was more obvious on the release and transformation As(V)
associated with goethite than jarosite.

Mineralogy Characterization of Residual Solid. For Fe
K-edge XANES spectra and k3-weighted χ functions, LCF fits
showed no significant change in Fe phases and over 90% of the
residual solids still was respectively goethite or jarosite (Figure
5, SI Figure S5 and Table S5). Likewise, no obvious change in
the coordination environment of Fe was observed in the fit
results of Fe EXAFS data (Figure 5). On the basis of the
principle that contributions below 5% are not significant,55 the
formation of some secondary Fe minerals was also found,
including hematite, lepidocrocite, and FeSO4. Thereinto, the
residual solid of goethite displayed a percentage of 7.4% with
lepidocrocite for G-AC-HAs. During jarosite incubation, we
found FeSO4 of 7.3% for J-AC-HAs and 5.9% for J-AK-HAs.
The biogenic formation of Fe minerals was inhibited because
of the sufficient organic carbon source in the colon digests.27

High dissolved Fe(II) (10 and 20 mM) resulted in rapid
transformation of jarosite to the green rust intermediary and
subsequently to the precipitation of goethite, while lower
Fe(II) concentrations (1 and 5 mM) induced the formation of
lepidocrocite.46 At neutral pH condition, both As(V) and
As(III) strongly sorbed onto the surfaces of Fe minerals such
as goethite, ferrihydrite, maghemite, and jarosite.51,55,56

Human gut microbiota resulting in reduction of both As(V)
and Fe(III) have a pronounced influence on As partitioning,
which should be the result of concurrent processes.
X-ray diffractometry spectra showed that no new character-

istic peaks were found after 48 h of incubation with colon
microbiota and Fe minerals (SI Figure S6). Surface
morphology of SEM observations showed the abundant
presence of the initial Fe minerals for acicular goethite
(needle-like crystals) and spherical jarosite (spherical aggre-

Table 2. Fitting Results of As EXAFS Data for As(V)-Sorbed
Fe Minerals and Residual Solids after the Colon (-C) phase
of In Vitro Experimentsa

sample R (Å) N ΔE0 (eV) σ2 (Å−2) R-factor

Goethite
G-AC-LAs 1.70 4.0 13.0 0.0018 0.011
G-AC-LAs-C 1.70 3.8 11.4 0.0018 0.015
G-AC-HAs 1.70 4.0 13.6 0.0018 0.011
G-AC-HAs-C 1.71 3.7 15.4 0.0010 0.003
G-AK-LAs 1.69 4.0 12.6 0.0018 0.005
G-AK-LAs-C 1.71 3.8 16.0 0.0034 0.012
G-AK-HAs 1.70 4.0 13.7 0.0016 0.011
G-AK-HAs-C 1.70 3.8 14.4 0.0017 0.002

Jarosite
J-AC-LAs 1.70 3.9 13.0 0.0013 0.009
J-AC-LAs-C 1.70 3.8 13.8 0.0017 0.005
J-AC-HAs 1.69 4.0 12.3 0.0014 0.006
J-AC-HAs-C 1.70 3.8 13.4 0.0017 0.004
J-AK-LAs 1.69 4.0 13.0 0.0025 0.012
J-AK-LAs-C 1.70 3.9 13.2 0.0020 0.002
J-AK-HAs 1.70 4.0 13.8 0.0016 0.010
J-AK-HAs-C 1.71 3.9 14.3 0.0019 0.009

aAC-LAs, AK-HAs, etc. represented As(V) absorption at low (LAs)
or high (HAs) As(V) concentrations at the acidic (AC, pH 4.6) and
alkaline (AK, pH 9.2) conditions. Amplitude reduction factor was
constrained to 1. R = interatomic distance (±0.02 Å). N =
coordination number (±20%). ΔE0 = energy shift. σ2 = Debye−
Waller factor (±25%). R-factor = overall goodness of fit.
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gate). Definitely, a handful of new crystals with different sizes
were both observed in the delineated areas with platelet-,
sphere-, and oblong-like shapes for goethite and with a platelet-
like shape for jarosite (Figure 6). The surface of some jarosite
ranged from smooth to rough. SI Figure S7 showed the EDX
spectrum recorded in the elemental mapping and line scans
from selected SEM image of the residual solids. After the colon
incubation, there has been a marked change in O/Fe atom
ratio, for goethite from 2.0 (typical, scan 1) low to 0.5 and for
jarosite from 4.7 (typical, scan 4) up to 6.8 approximately. The
As signal was also recorded in corresponding scan position,
and it ought to be taken as evidence of the formation of
secondary Fe minerals contributing little to the retention of the
freed As.25,27,46

Environmental Implications. In the case of oral exposure,
the importance of gut microbial metabolism must be
considered an important integrant of xenobiotic metabolism
and toxicity studies.9,13 The metabolic potency of human gut
microbiota toward As has been evidenced,7 bringing about

more accurate assessment of potential health risk when present
in contaminated soil and food.
Our results highlight the metabolic potency of human gut

microbiota toward As(V)-sorbed goethite and jarosite, having
been underappreciated previously. First, human gut microbiota
can increase As dissolution from Fe minerals, especially for
goethite, while As release behavior presented mainly in small
intestinal phase for jarosite. The second highlight was a high
degree of As(V) reduction. Overall, about half of As(V)
associated with goethite was reduced to As(III) with high
toxicity, with almost 80% of generated As(III) present in the
colon digest that could be absorbed base on previous research
in Caco-2 cells.28,49 The As(III) produced by microbial
reduction of dissolved As(V) is predominantly present in the
colon digest of jarosite. Based on greater sorption of As(III)
than As(V) on goethite,23,51 8.5% of total As present as As(III)
in the solid phase should likely result from (i) As(V) reduction
on the surface of goethite and (ii) reduction and readsorption
of the freed As(V) due to Fe(III) reduction. Finally, no
methylated As species were almost detected in the colon

Figure 4. Fourier-transformed EXAFS spectra for raw As(V)-sorbed Fe minerals, and residual solids after the colon (C) incubation. AC-LAs, AK-
HAs, etc. represented As(V) absorption in goethite or jarosite, at low (LAs) or high (HAs) As(V) concentrations at the acidic (AC, pH 4.6) and
alkaline (AK, pH 9.2) conditions.

Figure 5. Fe k3-weighted and Fourier-transformed EXAFS spectra for As(V)-sorbed Fe minerals, and residual solids after the colon (C) incubation.
AC-LAs, AK-HAs, etc. represented As(V) absorption in goethite or jarosite, at low (LAs) or high (HAs) As(V) concentrations at the acidic (AC,
pH 4.6) and alkaline (AK, pH 9.2) conditions.
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digests, and high levels of dissolved Fe (>4 mg/L) should be

primarily responsible for blocking As methylation.50 Generally,

As methylation as a detoxification process, at a low degree

could exacerbate the potential health risks.

Our study reveals the interactions between Fe minerals and

gut microbiota, (i) a number of Fe(III) was released into the

gastrointestinal digests, which should be likely process of As

release for As(V)-sorbed jarosite. (ii) Dissolved Fe(III) was

Figure 6. Scanning electron microscopy images of Fe minerals collected after 48 h of incubation with gut microbiota showing typical goethite (A,
acicular), jarosite (B, spherical), and secondary Fe minerals (white oval).
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reduced to Fe(II) in the colon digests with the percentage of
30% for goethite and 15% for jarosite, respectively. For
goethite, As mobilization was more significantly enhanced by
microbial Fe(III) reduction. (iii) some secondary Fe minerals
was observed, including hematite, lepidocrocite, and FeSO4.
These Fe minerals can provide the primary driving force to
immobilize As.23,56

Overall, our research uncovered As liberation and
biotransformation in human gastrointestinal tract, as well as
the effects from the transformation of Fe minerals. Arsenic
behavior should be controlled simultaneously by As reduction
and methylation, Fe(III) reductive dissolution, and As
sequestration on biogenic Fe minerals. This motivates us to
further investigate the role of multiple minerals in As
metabolism by human gut microbiota. Our results will lead
to more accurate risk assessment from oral ingestion of soil As,
and contribute to the development of remediation strategies
for As-contaminated soils.
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