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The bioaccumulation and transformation of U(VI) by sporangiospores of Mucor circinelloides under diﬀerent
environmental conditions (e.g., reaction time, pH, carbonate, sporangiospores concentration, and temperature)
was investigated by batch, XPS and EXAFS techniques. The bioaccumulation kinetics and isotherms can be ﬁtted
by the pseudo-second-order kinetic mode and Langmuir model, respectively, due to the high correlation coefﬁcient. The maximum bioaccumulation capacity of sporangiospores for U(VI) was 166.13 mg/g at pH 6.0, which
was signiﬁcantly higher than that of other mycelia or spores. The intracellular and extracellular morphology of
sporangiospores were signiﬁcantly changed after U(VI) bioaccumulation, and levels of intracellular H2O2, O3−,
GPx and SOD compounds in sporangiospores increased signiﬁcantly. XANES analysis conﬁrmed that the intracellular U(VI) was reduced to U(IV) by sporangiospores, and U(IV) might be stably associated with oxygenbearing functional groups by EXAFS analysis. These results show that the sporangiospores can be used a promising adsorbent for the bioaccumulation and transformation of U(VI) from aqueous solutions, which has important scientiﬁc signiﬁcance for the immobilization of U(VI) in environmental remediation.
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1. Introduction

contamination by sporangiospores.

Due to the depletion and non-sustainability of fossil fuels, more and
more countries pay attention to the development and utilization of
economic and eﬃcient nuclear energy, and consider or start the construction of nuclear power plants [1]. Uranium (235U) is the main fuel
for nuclear power in the world for a long time in the future. From its
exploitation to the disposal of nuclear waste, radionuclides will enter
the environment, which may endanger human health [2,3]. How to
repair and control the pollutions of these radionuclides has attracted
the attention of people all over the world. In most cases, physicochemical methods (e.g., ﬂocculation, ultraﬁltration, dialysis, and adsorption) are used to treat radionuclides in wastewater [4–8]. However,
these methods are expensive to handle and are not easy to manage and
operate, which cause secondary pollution.
In recent years, removal of radionuclides on microorganisms has
become a research hotspot in the ﬁeld of radionuclide remediation
because of no secondary pollution, good eﬀect and low cost [9–11].
Among them, the ﬁlamentous fungus is prone to grow in moist environments, especially in acidic media, which are similar to radionuclides-contaminated medium. The mycelium of ﬁlamentous fungal
has been extensively applied to remove radionuclides due to high adsorption capacity and abundant surface groups. For example, Lujanienė
et al. showed that approximately 100% of Pu(V) was removed by the
ﬁlamentous fungus (i.e., Penicillium chrysogenum) at pH 4.1 [12]. Vinichuk et al. found that Arbuscular mycorrhizal (Glomus mosseae) presented the high adsorption capacity for 137Cs in sandy loam soil and
loam soil, and promoted sunﬂower [13]. However, Zhao et al. showed
that the adsorption of U(VI) on Pleurotus ostreatus only reached
∼20 mg/g at pH 4.0 [14]. The Aspergillus niger as a common resistant
ﬁlamentous fungus was found to eﬃciently adsorb Co(II) and Eu(III) in
our previous studies [15]. Besides, radionuclides could produce
amounts of reactive oxygen species (H2O2 and O3−) in ﬁlamentous
fungi under radionuclides stress, while antioxidant enzymes such as
glutathione peroxidases (GPx) and total superoxide dismutases (SOD)
were induced by ﬁlamentous fungi to deal with H2O2 and O3− damage
[16–18].
X-ray absorption ﬁne structure (XAFS) as a widespread synchrotron
radiation technique has been applied to study the transformation mechanism of radionuclides on ﬁlamentous fungi [19]. Günther et al.
found the formation of inner-sphere surface complexation between U
(VI) and ﬁlamentous fungus by phosphate groups of cell by EXAFS
analysis [20]. Yu et al. demonstrated that the ﬁlamentous fungus of
Acremonium strictum promoted the conversion of lanthanides in the
process of bivalent manganese biooxidation using XANES [21]. In our
previous studies, it is observed that U(VI) can be reduced to U(IV) by
Mucor circinelloides, while the reducing ability was signiﬁcantly decreased in the presence of As(V) [22]. The eﬀect of mycelia on radionuclides has been investigated, whereas little attention to the inﬂuence
of spores on radionuclides was paid in these studies. In fact, the mycelium of ﬁlamentous fungi is inevitably mixed with spores. Filamentous fungi mainly rely on the production of a variety of asexual or
sexual spores for reproduction, which has a strong reproductive ability
in nature. Spores (containing conidiospores, sporangiospores, arthrospores, etc.) have diﬀerent characteristics such as morphological
color, long dormancy, and strong resistance [23–25]. However, few
studies regarding bioaccumulation mechanism of U(VI) on spores of
ﬁlamentous fungi using XAFS analysis were available.
Spores produced by Mucor circinelloides mainly were sporangiospores, and the production and morphology of sporangiospores
were investigated in this study. The aims of this study were to (1) explore the bioaccumulation of radionuclide U(VI) by sporangiospores;
(2) investigate oxidative stress and anti-oxidative stress levels of sporangiospores towards U(VI), (3) elucidate intracellular transformation
mechanism of U(VI) in sporangiospores by XAFS technique. The results
will provide the theoretical basis for the repair of radionuclide

2. Experimental details
2.1. Materials and methods
The strain of Mucor circinelloides was screened, identiﬁed and preserved [22]. Brieﬂy, the Mucor circinelloides culture after activation was
transferred to Czapek-Dox liquid medium, and then incubated at 26 °C
for 6 d to produce sporangiospores. These sporangiospores were harvested with Milli-Q water by a shaker with 100 rpm for 10 min prior to
the subsequent experiments. The concentration of the sporangiospores
in the suspension was calculated around 107 CFU/mL.
U(VI) stock solution (1000 mg/L) was prepared by dissolving
UO2(NO3)2·6H2O (99.99% purity, Sigma-Aldrich) into Milli-Q water
under glovebox conditions, and it was diluted for batch experiments
from 5 mg/L to 300 mg/L. We synthesized UO2(s) solid using the
method of Ulrich et al [26]. All other reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and used directly without further puriﬁcation.
2.2. Characterization of sporangiospores
The morphologies of sporangiospores were performed using SEM
(FEI-JSM 6320F, Japan) with an energy dispersive X-ray analysis (EDX)
and TEM (JEM-2010, Japan). Zeta potentials were measured using 90
Plus particle size analyzer with BI-Zeta option (Brookhaven Instruments
Corporation, TX, USA). Brieﬂy, fungal sporangiospores before and after
U(VI) bioaccumulation were added in 5% glutaraldehyde at 4 °C for 4 h,
and then were washed with 0.1 mol/L phosphate buﬀer. The suspensions were dehydrated by sequentially adding 10, 30, 70, 90 and 100%
ethanol, ﬁnally critical-point-dried under room temperature. A drop
suspension was on copper grids with gold coated for SEM analysis.
However, the samples for TEM analysis were pre-ﬁxed with 5% glutaraldehyde and were inﬁltrated with resin, and then were sectioned to
a 70-nm thickness with an ultramicrotome (Leica EM UC7, Austria).
2.3. Preparation and analysis of XANES and EXAFS spectra
The samples for XANES and EXAFS spectra were prepared as followed protocols: the Czapek-Dox liquid medium containing diﬀerent U
(VI) concentrations and mycelia were added into 250 mL ﬂask bottles.
The values of pH were adjusted to pH 6.0 at 26 °C. The suspensions
were reacted at glovebox conditions for 5 h, 5 d and 15 d. After reaction, the solid were separated from liquid phase by centrifuging at
6000 rpm for 30 min and washing with sterile deionized water. The wet
pastes of sporangiospores were sealed in Teﬂon sample holders with
Kapton tape for XANES and EXAFS analysis. U LIII-edge XANES and
EXAFS spectra were collected using Si (111) monochromator with 32element Ge detector at Shanghai Synchrotron Radiation Facility
(BL14W, Shanghai, China). The analysis and ﬁtting of EXAFS data were
analyzed using Athena and Artemis of IFFEFIT 7.0 software, respectively [27]. The theoretical paths of U-Oax, U-Oeq, U-C shells were
derived from uranyl acetate.
2.4. Batch bioaccumulation experiments
Batch bioaccumulation experiments of U(VI) sporangiospores on
under various environmental conditions (e.g., reaction time, pH, carbonate, sporangiospores concentration, and temperature) were carried
out in 10-mL plastic centrifuge tube under glovebox conditions. The
bioaccumulation kinetics was conducted by adding 1.5 mg sporangiospores and 30 mg/L of U(VI) into 10-mL plastic centrifuge tube at
pH 6.0. The eﬀect of pH on U(VI) bioaccumulation at 0, 20 and 100 mg/
L Na2CO3 was carried out over wide pH ranging from 2.0 to 11.0 by
adding ignore volume of 1.0–0.01 mol/L HCl or NaOH. Eﬀect of
82
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between the addition of 200 mg/L U(VI) and 100 mg/L U(VI) was
found. This results indicated that the growth of mycelia and sporangiospores were suppressed under U(VI) stress [22].

sporangiospores doges and U(VI) concentration under diﬀerent temperature (299, 319 and 339 K) on U(VI) bioaccumulation was performed at pH = 6.0 for exposure time 48. Then the solid was separated
from liquid phase by centrifugation at 8000 rpm for 15 min. After
bioaccumulation equilibrium, the solid was separated from the liquid
phase by centrifugation at 8000 rpm for 15 min. The concentration of U
(VI) in supernate was measured by Inductively Coupled Plasma-mass
Spectrometry (ICP-MS, Shimazu). The blank experiments without
sporangiospores indicated that U(VI) accumulation to tube walls was
negligible. Bioaccumulation percentage (%) and capacity (Qe, mg/g)
were described as Eqs. (1) and (2):

Bioaccumulation % = (C 0 − Ce) × 100%/C0

(1)

Qe = (C0 − Ce) × V/m

(2)

3.2. Characterization of sporangiospores
Fig. 1b shows the zeta potentials of sporangiospores under diﬀerent
pH conditions. The zeta potential of sporangiospores is negative at
pH > 3.0. Moreover, the values of zeta potential signiﬁcantly decreased with the increase of pH. Due to the existence of a large number
of polar surface groups on of sporangiospores, these surface groups
were ionized, and the double electric layer was formed when sporangiospores was dissolved in the aqueous solutions [30–32]. This results of zeta potentials indicated that sporangiospores had negative
charges on the surface, which are responsible for high eﬀective adsorption of positive ions by electrostatic attraction at low pH.
The SEM images of sporangiospores before and after adding U(VI)
were shown in Fig. 2a and b, respectively. Without U(VI), the abundant
short rod-like sporangiospores were accumulated together (Fig. 2a).
However, the morphology of most sporangiospores after adding U(VI)
appeared sunken and damaged (Fig. 2b) [30]. The EDX spectra indicated that the main constituents of sporangiospores after adding U
(VI) were C, O, U, N, P, K and S (the area indicated with golden arrow in
Fig. 2b). TEM images of sporangiospores before and after adding U(VI)
were shown in Fig. 2c and d, respectively. As shown in Fig. 2c, the
particle sizes of sporangiospores were approximately 4 µm
length × 2 µm width. After adding U(VI), it was observed that all
visible cell wall displayed the blur and shrink signiﬁcantly. The electron-dense areas (indication with golden arrow in Fig. 2d) were found
around intracellular and extracellular sporangiospores after U(VI) exposure. The same phenomenon was found in Aspergillus niger under Cr
(VI) stress [33]. Besides, U(VI) could lead to lysis of sporangiospores
and release of intracellular substances, resulting in the death of sporangiospores [34].

where C0 and Ce (mg/L) are initial and equilibrium concentrations of U
(VI), respectively. m and V are the mass of adsorbent and volume of
suspension, respectively. All experimental data were the average of
triplicate determinations and error bars of plotted data were given
within ± 5%.
2.5. Analysis of biochemical parameters
The change in H2O2, O3−, GPx and SOD levels of sporangiospores
after 0, 100, 200 and 300 mg/L U(VI) exposure as a function of exposure time were performed at T = 299 K and pH = 6.0. Brieﬂy, 1.5 mg
sporangiospores and U(VI) solution with diﬀerent concentrations (0,
100, 200 and 300 mg/L) were added into 10 mL centrifuging tubes,
then pH was adjusted to 6.0 under glovebox conditions and were reacted at diﬀerent reaction times. After centrifugation, sporangiospores
were frozen under liquid nitrogen and then were ground into powder,
and then 10 mL of extraction solution (50 mmol/L Na3PO4, 1% PVP,
and 0.1 mmol/L EDTA) was added. The concentrations of H2O2 and
O3− in sporangiospores after U(VI) exposure were detected using a
Hydrogen Peroxide Test kit and Ozone test kit, respectively. The GPx
activity was assayed by using the Ransel kit (Randox Laboratories Ltd.,
UK) [28], and SOD activity was monitored by measuring its ability to
inhibit photochemical reduction of nitro blue tetrazolium at 560 nm
[29].

3.3. Eﬀect of reaction time
Fig. 3a shows the U(VI) bioaccumulation by sporangiospores under
diﬀerent reaction time. The high bioaccumulation rate (more than
80%) at the ﬁrst stage (0–24 h), could be attributed to the quick combination of U(VI) with the abundant functional groups of the sporangiospores. At the second stage (24–48 h), the low bioaccumulation
rate was due to intraparticle diﬀusion of U(VI) into the intracellular
process [35]. The pseudo-ﬁrst-order and pseudo-second-order kinetic
models were employed to simulate accumulation kinetics (see Table S1
in SI for details). Compared to the pseudo-ﬁrst-order kinetic model
(R2 = 0.953), the pseudo-second-order kinetic model can better ﬁt the
kinetics of U(VI) bioaccumulation by sporangiospores (R2 = 0.999).
Wang and Cui demonstrated that the adsorption kinetic of Cu2+ on
Aspergillus niger was well ﬁtted by pseudo-second-order kinetic model
[30].

2.6. Statistical analysis
The data obtained from triple experiments were presented as
means ± S.D by SPSS 19.0. The fulﬁlment of the one-way analysis of
variance (ANOVA) requirements, speciﬁcally the normal distribution of
the residuals and the homogeneity of variance, was tested by means of
the Shapiro–Wilk’s and the Levene’s tests, respectively. Statistical signiﬁcances between groups were evaluated by ANOVA with a StudentNewman-Keuls post-test (if data fulﬁlled homoscedasticity) or
Tamhane’s T2 post-test (if data did not fulﬁll homoscedasticity). A pvalue < 0.05 between two independent groups was considered to the
statistically signiﬁcant diﬀerence.

3.4. pH eﬀect
3. Results and discussion
Fig. 3b showed the eﬀect of pH on U(VI) bioaccumulation by
sporangiospores with diﬀerent Na2CO3 concentrations. It was observed
that the bioaccumulation amount rapidly increased from pH 2.0 to 5.0,
and high bioaccumulation was maintained between pH 5.0 and 7.0, and
the bioaccumulation amount rapidly decreased at pH > 7.0. The speciation of U(VI) in aqueous solution is calculated by MINEQL 3.0 code
and their chemical equilibrium constants were derived from Lawrence
Livemore National Laboratory (LLNL) data [36]. More details regarding
the distribution of U(VI) speciation were showed in Fig. S1 and Table S2
in SI. The main U(VI) species in the absence of carbonate was mainly
UO22+ and UO2(OH)42− species at pH < 5.0 and pH > 8.0, respectively, whereas UO2(CO3)22− and UO2(CO3)34− species in the presence

3.1. Production of sporangiospores
Fig. 1a shows the production of sporangiospores under diﬀerent U
(VI) stress. The production of sporangiospores in the absence of U(VI)
increased logarithmically in the ﬁrst 6 days (d), and then production
rate increased slowly after 6 d. However, the number of sporangiospores signiﬁcantly decreased with increasing U(VI) concentrations. After 8 d of exposure, approximately 50, 20 and 5 × 108 U/mg
were observed at 0, 100 and 300 mg/L U(VI), respectively. The signiﬁcant diﬀerence (p < 0.05) between the addition of 300 mg/L U(VI)
and 100 mg/L U(VI) was observed, whereas no signiﬁcant diﬀerence
83
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Fig. 1. a: The number of sporangiospores (108) grown under diﬀerent U(VI) stress; b: Zeta potential.

Fig. 2. Characterization of sporangiospores. a and b: SEM images of sporangiospores under 0 and 200 mg/L U(VI) stress, respectively; c and d: TEM images of
sporangiospores under 0 and 200 mg/L U(VI) stress, respectively, T = 299 K.

of carbonate were observed at pH > 8.0. As shown in Fig. 1B, the
negative charge of sporangiospores was observed at pH > 3.0.
Therefore, the increased bioaccumulation of U(VI) by sporangiospores
at pH 2.0–7.0 was attributed to the surface complexation and electrostatic attraction between positive U(VI) species and negatively charged
sporangiospores. The decreased accumulation of U(VI) at pH > 7.0
could be due to the electrostatic repulsion between negative U(VI)carbonate complexes and negatively charged sporangiospores.

decreased with increasing Na2CO3 at pH > 7.0. The increased bioaccumulation of U(VI) with the increase of Na2CO3 at pH 0 ∼ 5.0 could be
due to the formation of complexes such as SO-UO2-CO3 due to the
electrostatic attraction [3]. As shown in Fig. S1b, the main carbonatocomplexes are observed at pH 6.0–10.0, such as (UO2)2CO3(OH)3−,
UO2(CO3)22− and UO2(CO3)34− species. The decreased accumulation
of U(VI) at pH > 7.0 was due to the mutual exclusion of negatively
charged U(VI) and negatively charged sporangiospores.

3.5. Carbonate eﬀect

3.6. Eﬀect of sporangiospores concentration

Fig. 3b also showed the eﬀect of carbonate on U(VI) bioaccumulation from pH 2.0 to pH 11.0. U(VI) bioaccumulation on sporangiospores
at pH < 6.0 remarkably increase with the increase in Na2CO3, whereas
the bioaccumulation rate of U(VI) on sporangiospores dramatically

Fig. 3c showed the eﬀect of sporangiospores concentration on U(VI)
bioaccumulation on sporangiospores. The bioaccumulation percentage
of U(VI) in solution increased with the increase of sporangiospores
concentration and reached the maximum bioaccumulation at 0.3 g/L,
84
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3.8. Detection of intracellular H2O2 and O3− levels

and then almost remained unchanged with increasing sporangiospores
concentration. As sporangiospores concentration increased, the surface
functional group of sporangiospores increased, providing more eﬀective
reactive sites for U(VI) bioaccumulation. It also can be seen from Fig. 3c
that the maximum bioaccumulation capacity of U(VI) of sporangiospores tended to decrease with the increase of sporangiospores
concentration. The bioaccumulation site of sporangiospores surface
presents diﬀerent binding energies. At lower sporangiospores concentration, the surface sites can complex U(VI) in solution, and the sites
quickly reached bioaccumulation saturation, leading to the high
bioaccumulation of U(VI). At higher sporangiospores concentration, the
surface site with low binding energy was almost occupied, whereas U
(VI) was not easily adsorbed on a surface site with high binding energy,
causing a decrease in the amount of U(VI) bioaccumulation [37].

The survivability of sporangiospores under U(VI) stress was conducive to the U(VI) bioaccumulation. Toxicological parameters (H2O2,
O3−, GPX and SOD levels) were conducted to detect the resistance of
sporangiospores against U(VI) poisoning. To test the possibility of U(VI)
induced oxidative stress, intracellular H2O2 and O3− levels was investigated in Fig. 4. The concentration of H2O2 and O3− in sporangiospores after adding U(VI) signiﬁcantly increased with the increase
of culture time. At 1 d of culture time, approximately 55 and 35 mg/L of
H2O2 were detected at 300 and 100 mg/L U(VI), respectively. Similarly,
1.0 and 0.7 mg/L of O3− were observed at 300 and 100 mg/L U(VI),
respectively. The signiﬁcant diﬀerences (p < 0.05) were observed at
300 mg/L U(VI) and 200 mg/L U(VI). Similar phenomena were reported that A431 cells responded induced by silver nanoparticles [40].

3.7. Bioaccumulation isotherms
3.9. Antioxidase activity
Fig. 3d showed the bioaccumulation isotherms of U(VI) on sporangiospores at 299, 319 and 339 K. The previous studies demonstrated
that bioaccumulation capacity was strongly dependent on temperature
[38,39]. At low initial U(VI) concentrations, the U(VI) bioaccumulation
increased with the increase of U(VI) concentration, and then the highlevel bioaccumulation was observed at high initial U(VI) concentrations. The data of isothermal bioaccumulation of U(VI) on sporangiospore were simulated by Langmuir and Freundlich models. The
relevant parameters of the Langmuir and Freundlich models were listed
in Table S3 in SI. It can be seen from Fig. 3d that the Langmuir model
was more suitable for the simulation of U(VI) bioaccumulation by
sporangiospores.
At
pH
6.0,
T
299 K,
the
maximum bioaccumulation capacities (Csmax) of U(VI) bioaccumulation by
sporangiospores was 166.13 mg/g, which was signiﬁcantly higher than
that of other mycelia or spores (Table S4 in SI).

The cells generally produce many antioxidant enzymes (e.g., GPx
and SOD) and antioxidants to resist oxidative stress, which can maintain cell homeostasis [18,41–43]. Fig. 5 showed the GPx and SOD activity of sporangiospores exposure with diﬀerent U(VI) concentrations.
The GPx activity increased slowly as culture time increased before 6 d,
and then it remained almost unchanged after 6 d (Fig. 5a). The similar
trends were also observed for the SOD activity (Fig. 5b). At 6 d of
culture time, approximately 80 and 30 U/mg of GPx content were observed in the absence and presence (300 mg/L) of U(VI), respectively.
The signiﬁcant diﬀerences were observed between 100, 200, and
300 mg/L U(VI) (p < 0.05). Yin et al. found that SOD as superoxide
played a critical role in the reduction of silver [44]. Azevedo Neto et al.
also demonstrated that GPx and SOD activities in leaves of maize under
salt stress increased with increasing culture time [45].
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reduced to U(IV) [54]. However, the other U-S/N shell was not observed due to the coordination with hard oxygen atoms rather than soft
sulfur atoms [55]. Keramidas et al. also demonstrated that UO22+ was
more prone to coordination with carboxylic acid groups [56]. Therefore, the results of EXAFS analysis indicated the high eﬀective bioaccumulation of U(VI) on sporangiospores by inner-sphere surface complexation. The absorbed U(VI) can gradually be reduced to U(IV) with
increasing culture time [53].

3.10. XANES and EXAFS analysis
Fig. 6a and 6b show the uranium LIII-edge XANES and EXAFS analysis at diﬀerent conditions, respectively. Aqueous UO22+ and solid
UO2 were used as standards for test samples. As shown in Fig. 6a, the
valence state of intracellular U changed signiﬁcantly with reaction
time. The absorption edge energies of XANES spectra at 17,175 and
17178 eV correspond to UO2(s) and UO22+, respectively [46–48]. The
absorption-edge energies of U-bearing sporangiospores at 5 h and 15 d
were similar to that of UO22+ and UO2(s), respectively, whereas the
peak position of U-bearing sporangiospore at pH 6 and 5 d was located
between UO2(s) and UO22+. The previous studies demonstrated that
ﬁlamentous fungi as a natural antioxidant displayed the strong reduction capacity [22,49]. The results of XANES indicated that the main
species of uranium bioaccumulation sporangiospores after exposure 5 h
and 15 d were U(VI) and U(VI), respectively, whereas partial U(VI) was
reduced to U(IV) for sporangiospores after exposure 5 d.
EXAFS technology was also used to determine the coordination
microenvironment of uranyl ions with proteins [50,51]. As shown in
Fig. 6b, the ﬁrst and second Fourier transform (FT) feature for Ubearing sporangiospores at pH 6 and 5 h and 5 d can be ﬁtted by a two
axial oxygen shell (U–Oax) at 1.8 Å and ﬁve equational oxygen shell (UOeq) at 2.32 Å, respectively [52]. The weak peaks at 2.7 Å can be ﬁtted
by the U-C shell, indicating the formation of inner-sphere surface
complexation (Table 1) [52]. The standard EXAFS spectra of a crystalline UO2 were derived from the previous study [53]. Enough interested, the new FT feature for U-bearing sporangiospores at 5 d and 15 d
at approximately 3.89 Å can be ﬁtted by U-U coordination in UO2,
moreover U-U coordination number and coordination peak signiﬁcantly
increased with increasing culture time, indicating that U(VI) was
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We investigated the ability of immobilised sporangiospores of Mucor
circinelloides to bind and remove U(VI). The bioaccumulation of radionuclides U(VI) by sporangiospores was mainly inﬂuenced by time, pH,
carbonate, sporangiospores concentration, and temperature. The
bioaccumulation equilibrium ﬁtted with the Langmuir model, and the
Csmax of sporangiospores was 166.13 mg/g at pH = 6.0, T = 299 K,
which was signiﬁcantly higher than that of other mycelia or spores. The
intracellular and extracellular morphological structure changed signiﬁcantly from SEM and TEM, and levels of intracellular H2O2, O3−,
GPx and SOD compounds in sporangiospores increased signiﬁcantly
under U(VI) stress. XANES analysis conﬁrmed that the intracellular U
(VI) of sporangiospores was reduced to U(IV), and reduced U(IV) might
be associated with a light element oxyanion ligand by using EXAFS
analysis. The results demonstrate the feasibility and eﬀectiveness for
the removal of U(VI) from wastewater and suggest the potential for the
use of this biomaterial for the removal of other radionuclides.
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Table 1
Uranium LIII-edge EXAFS spectra for U(VI) bioaccumulation by sporangiospores
at diﬀerent conditions.
Samples

Shell

R(Å)a

CNb

σ2 (Å2)c

pH = 6.0, t = 5 h

U–Oax
U-Oeq
U-C

1.79
2.35
2.70

2.01
5.51
3.60

0.008
0.006
0.004

pH = 6.0, t = 5 d

U–Oax
U-Oeq
U-C
U–U

1.82
2.32
2.69
3.89

2.02
5.11
2.70
3.69

0.002
0.004
0.004
0.005

pH = 6.0, t = 15 d

U–O
U-C
U–U

2.33
2.71
3.92

4.04
1.90
5.61

0.025
0.007
0.006

a
b
c
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